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Abstract

Computer-enhanced light microscopy imaging and magnetic resonance imaging (MRI)
have emerged as leading techniques for in vivo monitoring of intact organisms.
Employing the advantages of both techniques, a set of bifunctional, polymeric imaging
agents is presented. A high-molecular weight, membrane impermeable scaffold such as
dextran was chosen, so that the imaging agent would be trapped inside cells after
injection. The molecular framework is covalently functionalized with multiple units of
both gadolinium-diethylenetriaminepentaacetic acid and a fluorescent dye, such as 1,1°-
dioctadecyl-3,3,3,3’-tetramethylindocarbocyanine (Dil). The synthesis of this class of
reporter probes is versatile, allowing for varying wavelengths of attached fluorophores

and types of MRI agents to be used.



1 Introduction

The investigation of cell lineage and patterning of the central nervous system is an
active area of research.'® Such studies are crucial to the understanding of adult
vertebrate development and involve the tracing of individual cells or tissues, including
their progeny, any rearrangements, migrations, interactions, and even cell death.””! Direct
observation of this complex intermingling of events is further complicated by the opacity
of the developing embryo and the sheer number of optically indistinguishable cells
involved."]

The study of the movements and fates of cells in intact, living embryos has been
revolutionized by the emergence of computer-enhanced light microscopy and magnetic
resonance imaging (MRI) as the two predominant imaging techniques currently used in
research and clinical applications, respectively.”'") Both techniques use contrast agents,
which are molecular entities that enhance the signals of the images obtained. In light
microscopy, photoluminescent compounds called fluorophores are injected into the
specimens and viewed with a fluorescence microscope. For MRI, chelated paramagnetic
metal centers are injected and subsequently increase the measured signal of neighboring
water molecules, thus creating contrast from bulk water.

Throughout the development of both optical and magnetic imaging techniques,
there has been great impetus for the development of contrast agents that go beyond just
their detection within living systems. Contrast agents are continually being synthesized to

[12-14] and these

express a known property or serve a specific function within that system,
functions include specific organelle binding, detection of enzymatic activity, responses to

pH and temperature, and many more. Though the agents used for fluorescence



microscopy and MRI are generally chemically different (organic fluorophores vs. metal
centers), specific agents can be covalently linked to form conjugates useful for either
application. As a result, two disparate imaging methods are combined at the molecular
level in the synthesis of a single compound that enhances both optical and magnetic

signals.

2 Background

2.1 Fluorescence Microscopy Basics

Fluorescence microscopy is one of the most ubiquitous imaging techniques used
in developmental biology. Fluorescence is a physical property by which light is absorbed
by molecules at a particular wavelength and subsequently emitted at a longer wavelength.
The difference in excitation and emission wavelengths, the Stokes shift, is dependent
upon the fluorescent molecules under study and with the aid of single-wavelength
excitation sources and optical filters, offers a certain degree of chemical selectivity in
microscopy experiments.

Several naturally occurring substances such as NADH, riboflavin, and flavin
coenzymes fluoresce at a detectable level, particularly at wavelengths below 300 nm, and
the virtual omnipresence of these species gives rise to a baseline optical signal in nearly
all biological specimens. With some exceptions,'” this autofluorescence is often
discarded as background noise. In order to create optical contrast between structures of
interest and background autofluorescence, fluorescent probes are injected into samples.
These probes consist of natural fluorescent dyes, such as green fluorescent protein and
related substances extracted from deep-sea jellyfish among other sources, but are often

synthetic fluorophores, which can be constructed to fit specific optical attributes. The



most desirable fluorophores exhibit high photostability, high extinction coefficients, high
quantum yields, and a large Stokes shift."® There is also a vast field of synthetic
fluorescent dyes demonstrating antibody receptor targeting,[”] organelle affinity, and
chemical sensing.['®

In general, fluorescence microscopy is highly sensitive, needing as few as fifty
fluorescent molecules per cubic micrometer for detection in cellular studies.'® The
method is also able to reach subcellular resolution, with the actual resolution limit
depending on the objective lens and aperture of the microscope employed.["?!" However,
the major limitation involved is the depth at which samples can be imaged. Most modern
optical techniques can view only the top hundred or so microns, due to optical aberrations
coupled with absorption and scattering of light by tissue.?”! To circumvent this problem,
many experiments are limited to exterior features and events, and when interior
information is of interest, specimens are subject to histological procedures at different
embryonic stages and sectioned to allow imaging of deep structures. In that scenario,
some of the observations are derived from inference and are therefore contaminated by
manipulation artifacts.

Optical microscopy techniques remain the most widely used imaging methods in
biological laboratories. However, in order to observe cellular phenomena within

embryos that have developed beyond the transparent stages, high-resolution magnetic

resonance imaging has emerged as a powerful technique.



2.2 MRI Basics

Magnetic resonance imaging was developed during the 1970s as the result of the
discovery of nuclear magnetic resonance (NMR) thirty years earlier and has since
become a leading diagnostic device as well as an important method for imaging large-
scale biological specimens.”® MRI makes use of the most abundant molecule in
biological tissues, water. When subjected to a magnetic field, the spin vectors of the
protons of water molecules orient themselves along the magnetic field vector. When a
radio-frequency pulse is then applied to the system, the proton spin vectors are
randomized and reorient themselves to the original magnetic field vector over a
measurable amount of time. This process of realignment is called relaxation, and it is the
signal resulting from the measured relaxation times, T; (spin-lattice) and T, (spin-spin),
that gives rise to any MR image.

Water protons in different tissues will relax at inherently different rates, rendering
various tissues distinguishable from one another.  However, greater detail and
experimental versatility are achieved by the addition of MRI contrast agents, which are
materials that modify neighboring water proton relaxation rates and thus enhance the
local signal. Certain agents, referred to as Ti-weighted agents, feature a paramagnetic
metal center that interacts directly (inner-sphere) and remotely (outer-sphere) with water
protons and dramatically accelerates their T relaxation rates.

In theory, any paramagnetic metal can be used as an MRI contrast agent, but in
practice, the most widely used is the lanthanide ion, Gd**, whose seven unpaired
electrons give it the highest magnetic moment (u> = 63BM?) of any mononuclear

[24]

species®! and a symmetric electronic ground state (S%). However, the Gd** aqua ion is



extremely toxic and must be chelated to a strongly binding ligand to reduce toxicity. It is
this chelation restraint, though, that makes the chemistry of contrast agents so rich. Gd**
typically has nine coordination sites, and when fewer than nine coordination sites are
bound by a chelate, at least one site remains free to interact with water molecules.
Hence, the foremost challenge in developing MRI contrast agents is the design of
chelates that bind Gd** strongly enough to render the ion nontoxic and yet allow enough
interaction with water to generate a strong MRI signal.

At the present time, scores of MRI contrast agents exist and have been thoroughly
reviewed elsewhere.'”***! Some of the more common contrast agents are shown in Figure
1. Each of these three agents makes use of an octadentate ligand with hard donating
carboxy and amine groups, which bind especially well to the Gd*" ion. The ninth
remaining site binds weakly with the oxygen-donor of water molecules, and this site is in

rapid exchange with water molecules from the bulk solution.

[GA(DTPA)(H,0)]* [GA(DOTA)(H,0)I [Gd(HP-DO3A)(H,0)]
Magnevist™ Dotarem' ™ ProHance ™

Figure 1. Common MRI contrast agents.

There is currently a major experimental thrust towards the development of novel,
more elaborate MRI contrast agents. Within the past decade, contrast agents have been

synthesized, which sense changes in temperature*?®! and pH,[zg'3 31 detect Ca?? ions, P



[11,37] [14]

and report on enzymatic activity and gene expression, among other functions,

including targeting and sensory applications.***”]

Such extensive interest in contrast agents derives from the usefulness of MRI as a
technique. Since only the water proton spin relaxation rates are measured, MRI is
completely non-invasive, as long as the contrast agent can be safely excreted. The non-
invasive nature of MRI differs from fluorescence microscopy, in which toxic effects
result from phototoxic byproducts released by photobleaching of some of the fluorescent
dyes. MRI is also a truly three-dimensional (3D) imaging technique; three field gradients
are set orthogonally, and the resulting image comes from a matrix of intensities
representing individual volume elements (voxels). 3D images are indeed obtainable by
fluorescence microscopy as well, but require a longer time scale, due to the necessary
sectioning and staining procedures, and are subject to the imaging artifacts outlined
above.

Compared to light microscopy, resolution in MRI is low, but is still able to reach
the cellular level (ca. 10um).*” This makes MRI ideally suited for larger specimens,
from developing embryos to adult vertebrates. Since MRI does not rely on optical
inspection, completely opaque samples are amenable.

The combination of fluorescence and MR techniques creates a powerful imaging
arsenal. Specifically for developing embryos, fluorescence microscopy allows for the
precise observation of cell labeling at the earliest embryological stages, while MRI can be
applied for long-term monitoring of cell lineage and interaction throughout the later
stages. In the case where a singular bifunctional agent is employed, the power of both

techniques can be exploited to monitor the local environment of one molecule in a single



biological specimen, thus simplifying the system and allowing for its thorough

investigation.

2.3 Bifunctional Agents
The development of bifunctional agents for twofold imaging purposes is not a

new idea. Multiple units of fluorescent dyes and MRI contrast agents have been tethered

[41-43]

to biomolecules,

and single-unit monomeric examples have recently become

o8’
NM82 Me2N® O NM92

Gd(thoda-DOTA) GRIP

Figure 2. Two examples of bifunctional fluorescence and MRI contrast agents:
Gd(rhoda-DOTA) and GRIP.



accessible due to the increasing availability of metal chelates bearing amine-reactive
functional groups.[**! One recent agent taking advantage of such dual-purpose chelates
is the monomeric Gd(rhoda-DOTA) (Figure 2) which is characterized by one Gd-DOTA
complex covalently attached to one unit of the fluorescent dye tetramethylrhodamine by a
p-thiourea-benzyl linker.” This agent was proposed as a tool for investigating
membrane permeability and fusion, gap-junctional communication, and lesions.
Fluorescence microscopy is particularly sensitive; therefore, an agent bearing only
one fluorescent dye is sufficient for most purposes. MRI is less sensitive, and since MRI
studies are often long-term and are carried out in larger specimens, MRI contrast agents
are subject to considerable dilution inside the system being analyzed. As a result, it is
advantageous for MRI agents to bear multiple units of the paramagnetic metal.”” Many
molecular scaffolds are suitable and have been used for multiple MRI contrast agent

labeling. These include but are not limited to polypeptides,*” dendrimers,**%

(2] and simple hydrocarbon polymers.” One polypeptide system, in

polysaccharides,
particular, offers an ideal scaffold for dual fluorophore/MR contrast agent conjugation.
With its already available reactive amines, poly-D-lysine has been functionalized with
multiple units of Gd-DTPA chelates and tetramethylrhodamine dyes.[*?! This agent,

known as GRIP (Figure 2), is membrane impermeable and therefore suited to cell lineage

studies.

2.4 Dextran and MION Particles
Along with Gd(rhoda-DOTA) and GRIP, the Hiiber paper described a

bifunctional contrast agent built onto a dextran backbone. This polysaccharide system has



the advantage of being extremely water-soluble and completely inert unlike GRIP, whose
abundant amines had to be protected in order to curb toxicity. In the original article,*”! a
dextran conjugate analogous to GRIP was synthesized with multiple units of Gd-DTPA
complexes and tetramethylrhodamine. It was thought that the dextran scaffold
represented an exceptionally versatile system for synthesizing a wider array of
multifunctional conjugates involving different fluorophores and types of MR contrast
agent.

Another less developed system envisioned as a versatile support for
multifunctional imaging agents is the microcrystalline iron oxide nanoparticle (MION).
This nanometer-sized particle is composed of paramagnetic iron oxide clusters, which
accelerate the T, relaxation rates of nearby water protons, and are additionally coated
with reactive amines amenable to conjugation with other imaging agents. This system is
convenient in that it already has the MR contrast agent built in, and with MION particles,
the less studied area of T,-weighted imaging agents can be further explored.

In previous work with the dextran system, some synthetic details were ambiguous
or missing, and some of the conjugates were not well characterized at the molecular level.
Herein is described a more thorough synthetic approach and optimization for an MRI
active dextran template and its conjugates involving a range of fluorescent dyes. Also
discussed are the beginnings of synthetic conjugates, which use MION particles as

foundations for conjugating fluorescent dyes and other bioactive molecules.



3 Synthesis of Conjugates

3.1 Dextran Conjugates

Dextran is a membrane-impermeable polysaccharide of glucose monomers
connected by 1,6 a-glycosidic linkages and can vary in molecular weight from about
3000 to 40+ million daltons. Dextran chains of moderate size (less than a hundred
thousand daltons) are exceptionally water soluble, making dextran a suitable scaffold for
contrast agent labeling. Many fluorescent dyes and some MRI contrast agents do not
dissolve well in aqueous systems. A large number of these agents can essentially be
“dragged” into solution by the covalent bonds that attach them to the water-soluble
dextran backbone.

The most conventional route for single labeling of dextran involves
monofunctionalization at the reducing terminus of the chain. Every dextran chain
contains exactly one aldehyde group at the terminus, even when branching exists." By
reductive amination, the aldehyde can be reacted either with a diamine to yield a singly
labeled dextran-amine or directly with the free amines of peptides or other biomolecules.
This approach is especially useful in cancer treatment when the terminus is labeled with a
targeting agent that recognizes cancer-cell membrane receptors, while the rest of the
dextran is covalently decorated with multiple units of a drug or radionuclide.””

For fluorescence and MR imaging purposes, a higher load of imaging labels is
needed. Unlike poly-D-lysine, the monomers of dextran have no obvious functional
groups for attaching multiple contrast agents and must therefore be modified with
reactive linkers, and several synthetic routes for this have been established.P%*!! For

example, reaction of dextran with periodate results in the oxidation of multiple glucose
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alcohols to aldehydes, thus creating the more reactive polyaldehyde dextran. As with the
terminus aldehyde chemistry described above, reductive amination subsequently offers

two modes of conjugation.

3.1.1 Dextran Amination

Since many fluorophores and chelates for MRI agents are available in several
amine reactive forms, a multiply aminated dextran is most desirable in the present study.
Although the polyaldehyde dextran route is often employed, polyamino dextran is
isolated more directly from a one-pot synthesis via activation with cyanogen bromide
(BrCN) and subsequent reaction with a diamine. In basic aqueous solution, BrCN
deprotonates slightly acidic alcohols to form a cyanooxy group, which is hydrolyzed to a
primary carbamate in sifu, which then reacts with primary amines to form a secondary

carbamate (Scheme 1).

0 0
BrCN H,0 )k RNH, /lk R
P S —— P St —w B Ny NH, —> N
H

Scheme 1. Reaction scheme of cyanogen bromide activation and subsequent hydrolysis
and carbamate formation.

The reaction sequence in Scheme 1 is versatile in that a wide array of molecules
can be attached to the parent alcohol. In the case of the dextran scaffold, multiple units of
R can be attached, and any side products can be washed away easily by purification of
the resulting dextran conjugate. This attribute has been exploited in a host of applications

where biomolecules of interest have been conjugated directly to dextran by cyanogen
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bromide activation. Enzymes have been conjugated for immobilization for the purpose of
added stability and preservation of enzymatic activity.[***! Multiple covalent linking of

[65]

dextran has been used in the delivery of certain tumor targeting agents,> enzyme

(67 and drugs'®*"! for prolonged pharmaceutical activity and better control of

inhibitors,
the drugs’ properties.

When RNH,; in Scheme 1 is a diamine, one amine is used for the carbamate formation,
while the other amine remains available for further conjugation to another agent. In the
reaction with dextran, BrCN activation takes place selectively at the alcohol of the 5-
carbon position, since that is the only position  to three other electron-withdrawing

oxygen atoms and therefore creates the most acidic alcohol. Subsequent hydrolysis and

reaction with 1,6-diaminohexane leads to the multiply aminated dextran, DexAm (1)

(Scheme 2).
N . L =
HO O HO o
6 1) BrCN, pH 10.7 -
O O . O=<O (6]
2) H,N NH
HO HO
OH §_ O=I<o ol
" H,N NH "
Dextran 1: DexAm H,N

Scheme 2. Amination of dextran by BrCN activation and reaction with 1,6-
diaminohexane.

Throughout this study, a dextran chain of average molecular weight 10,500 was

used, which corresponds to a 65-monomer chain length. For the purpose of conjugating
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imaging agents to this chain, any alkyl or aryl diamine can be used for the reaction in
Scheme 2, and ethylene diamine has been employed previously. [70] Use of the longer and
extremely flexible 6-carbon alkyl diamine offers the advantage that the resulting
conjugates bear imaging agents spaced farther from the dextran backbone, and this would
presumably alleviate any potential disruption of the contrast agents’ properties by the
relatively massive polysaccharide.

In this study, conditions for carrying out the amination step in Scheme 2 were
taken from a literature method designed in the Meade group by Hiiber et al™? This
protocol had been adapted from a previously reported synthesis using the same basic
reagents,’!) but the Hiiber preparation was slightly ambiguous and lacking in some
experimental details. For example, the final DexAm polymer was purified by FPLC
using a phosphate buffer as the eluent, but no details of removal of the phosphate and
counter ions from the product are supplied. In a first attempt to follow this preparaﬁon,
the DexAm product was isolated with phosphate buffer impurities, and removal of these
ions was attempted by a combination of gel chromatography techniques including a C18
reverse-phase column. In each case, phosphate ions were detected in the final product by
3P NMR spectroscopy. Several attempts to purify DexAm by FPLC without the use of
phosphate buffers were carried out. Using a buffer-free eluent, i.e. pure water, gave poor
separation. Several volatile buffers were also probed as possible eluents, such as
ammonium carbonate and ammonium acetate, but these eluents tended to give
inconsistent chromatograms that rarely contained peaks of isolable product. As a result,

the method of FPLC was abandoned, and purification by dialysis was inspected.
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Dialysis offers the advantage that it can be set up and basically ignored for several
days while carrying out other tasks, as opposed to FPLC, which required literally
hundreds of injections for the purification of any sample amounting to more than a gram.
The crude reaction mixture was simply loaded into dialysis bags of molecular weight cut-
off (MWCO) 3500 and placed in a bath of stirring water, and the water was changed
every morning and evening, until it was determined by monitoring the supernatant water
by UV-vis spectroscopy that no further dialysis was required (until no UV signal was
detectable against a deionized water blank). In the preparation in Scheme 2, the only
mononuclear ions used in the synthesis of DexAm were Na', CI', and Br, and none of
these three elements was detectable in the dialysis purified product by elemental analysis.
This led to the conclusion that dialysis was a suitable purification method for DexAm,
and dialysis would then be used in later steps.

In producing the DexAm polymer, all reactive amine groups for later conjugation -
are provided in a single step. As a result, all subsequent steps are limited by the yield of
amines resulting from this first step. For this reason, it was deemed appropriate to invest
time into quantifying the number of free amines available on each dextran chain of
DexAm, which had not been measured in the Hiiber preparation. This quantification
would ultimately lead to a means of optimizing the yield of free amines.

Methods for detecting and quantifying primary amino groups are readily available

in the literature.”*””) Two prevalent spectroscopic methodologies are by use of the

[76-78] [79,80]

ninhydrin and fluorescamine reagents, which represent absorption and
fluorescent techniques, respectively. As shown in Scheme 3, free amines react with

ninhydrin to form Ruhemann’s purple, which absorbs intensely at 570 nm, while

14



ninhydrin itself absorbs negligibly at 570 nm. However, reactions with ninhydrin require
heating to temperatures of 100°C or greaters and, in experiments with DexAm, did not
consistently run to completion, thus thwarting quantification. With fluorescamine,
primary amines react at room temperature within a few hundred milliseconds to form a

fluorescent compound (Scheme 3) while fluorescamine itself is not fluorescent.

O Oe o

OH A

+ RNH, ——————>» N

OH

@) O (0]
Ninhydrin Ruhemann's Purple
Amax =570 nm
R
R-N

(@)
+ RNH, ——» Q -
COOH

Fl ; Fluorescent Product
torescamine Aoy =389 nm Ay, = 490 nm

Scheme 3. Reaction of ninhydrin and fluorescamine with primary amines to form
spectroscopically quantifiable products.

Experiments to probe this technique resulted in the observation that, at least in the
DexAm matrix, the fluorophore generated is subject to self—qﬁenching pathways and
leads to erratic measurements. This was evidenced by plots of emission versus
concentration that were linear only within a range but were not one-to-one outside that

range. The data from within the linear range did not agree with the amine quantification
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using elemental analysis (results shown later), and the method of using fluorescamine
was abandoned in favor of more reliable methods.

Other attempts to quantify the number of free amines on the DexAm polymer
included titration of an aqueous solution of DexAm with a standardized solution of HCI.
The resulting pH curve inflection points were too numerous and not sharp enough to
derive conclusive values for the number of free amines. The inflection points that were
present did indicate that for the 65mer glucose polymer used, somewhere between 5 and
30 free amines were present. Though this was not a concrete quantification, it was
evidence that the anticipated load of 10 to 20 amines per 65mer chain was a reasonable
estimation.

As one final effort to quantify the free amines in DexAm, elemental analysis was
employed as a tool that does not rely on the solution behavior of the amines present. As a
preliminary trial, elemental analysis was carried out on every element that had come into
contact with DexAm during the synthesis and purification, i.e. C, H, N, O, Na, Cl, and
Br. In each sample measured, no Na, Cl, or Br was found above the detection threshold.
As a result, it was logically presumed that the only matter in the purified sample was
aminated dextran. In order to quantify the number of aminétions on the dextran chain, it
is simpler to view the sample as a mixture of two components, glucose and the 6-
aminohexylcarbamate entity conjugated to the glucose during amination (Scheme 4).
Addition of the sums of the individual masses of the two components gives the total mass
of the sample. In Scheme 4, DexAm is broken into its individual glucose (Glu) and 6-
aminohexylcarbamate (Am) components, which contribute molecular weights of 162 and

144, respectively. By considering a sample of total mass, z, and defining variables for the
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total moles of Glu and Am, x and y respectively, then simple algebra allows us to find the
ratio of aminated glucose to total glucose monomers present, y/x. By these definitions, X
represents all glucose monomers, whether aminated or not. The number of aminations, y,
in a given sample of mass z is determined by spectroscopy. In the case where elemental
data is used, z is given an arbitrary mass (e.g. 1 g), and y is calculated as z times
(%N/14)/2. Division by two is necessary because each aminated monomer contributes
two nitrogen atoms, and both N atoms are measured in elemental analysis. Multiplication
of the ratio y/x by 65 gives an estimate for the number of aminations per 65mer dextran
on a sample of DexAm. As mentioned above, the expression derived in Scheme 4 can be

applied to data collected from either elemental analysis or spectroscopic measurements.

Let x = total moles of Glucose monomers in sample
Let y = moles of aminated monomers in sample
Let z = total mass of sample

(x moles Glu)(162 g/mol) = 162x
(y moles Am)(144 g/mol) = 144y
162x + 144y =2z

x = (z-144y)/162

y/x = fraction of Glu monomers aminated
65(y/x) = number of aminations per 65mer dextran

MW =162 / Glu monomer

MW =144 / Amination

Scheme 4. Mathematical derivation of the number of aminations per 65mer dextran.
This expression can be utilized for elemental analysis data and/or spectroscopic data.

Given a means for amine quantification, the synthesis of DexAm was ready for
optimization. In the Hiiber preparation,[42] the experimental description is ambiguous in

that the stoichiometric relationship of the BrCN to dextran is unclear. As a way of
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simplifying and thus better communicating the experimental conditions, the synthesis of
DexAm should be presented in terms of the number of monomers of glucose employed
rather than the amount of dextran. In those terms, the number of equivalents BrCN
reacted per equivalent glucose in previous Meade group protocol was 0.38. It was
hypothesized that increasing the BrCN concentration per glucose equivalent would
enhance the final load of primary amines on DexAm. Because other variables may
influence the efficiency of the reaction, it was decided to vary the equivalents of BrCN
per Glu monomer, temperature, and concentration of the dextran in aqueous solution.
Shown in Table 1 are some of the combinations of conditions surveyed. Increasing the
equivalents of BrCN and/or temperature led to immediate crosslinking of the dextran
chain, as evidenced by the reactants precipitating out of solution and creating a white to

off-white tar-like material that was insoluble even in boiling DMSO (189°C).

Entry Equiv. BrCN Temp Vol. H;O /g Dex Result
1 0.38 RT 200 mL unoptimized yield of -NH;
la 1.20 40°C 200 mL extensive crosslinking
1b 2.50 RT 200 mL immediate crosslinking
lc 1.20 RT 200 mL extensive crosslinking
1d 0.90 RT 200 mL crosslinking evident
le 0.67 RT 200 mL crosslinking evident
1f 0.67 RT 400 mL no observed crosslinking

Table 1. Optimization of dextran amination. * - Entry 1 represents the conditions used in
the literature preparation* and previous laboratory protocol, both of which served as
starting conditions for optimizing.

18




Even at slightly less than one equivalent BrCN per Glu (Entry 1d), crosslinking
was evident. So, by lessening the amount of BrCN to 0.67 equivalents per Glu and by
lowering the concentration of dextran in solution to 400 mL H,O per g dextran, a suitable
product was obtained. Although more combinations of conditions were available, the
resulting product in Entry 1f would suffice for further synthetic steps. In comparison to
the conditions previously used (Entry 1%¥), the product from Entry 1f showed a greater
abundance of nitrogen by elemental analysis, 2.68% in Entry 1f versus 1.75% in Entry
1*. By using the equation in Scheme 4, these translate to 12 versus 7 primary amines,
respectively, per 65mer dextran. For Entry 1f, the amount of dextran used was 2.30g.
Attempts to scale up this reaction to the 8 g level were successful but not very practical
because of the large volumes of water that had to be evaporated for purification (on this
scale, approximately 3400 mL water must be evaporated, which takes about 20 hours,
and this is unavoidable because the crude DexAm reaction solution must be concentrated
before dialysis).

There are no published reports of NMR spectra for DexAm. In earlier usage of
DexAm for conjugation of imaging agents, the final conjugates were characterized based
on their imaging properties, and synthetic intermediates were not characterized
thoroughly. However, the role of DexAm as a limiting factor in dictating the maximum
number of agents to be conjugated makes the first step the most important.

The '"H NMR spectrum of DexAm in D,O shows a cluster of multiplets between
3.3 and 3.8 ppm and a slightly broadened doublet at 4.95 ppm, which correspond to the
glucose monomer ring protons. In addition, broad peaks appear at 1.33, 1.55, 2.86, 3.04,

and 3.14 ppm, which show the amino alkyl protons, with the latter two peaks shifted
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downfield from the parent 1,6-diaminohexane due to the electron-withdrawing carbamate
functionality. In the >C NMR spectrum, six peaks between 67 and 99 ppm represent the
six glucose monomer carbons, while six peaks are found upfield and are identifiable as
the amino alkyl carbons. A small cluster of peaks is observed between 155 and 165 ppm,
which is typical for >C carbamate resonances.®!! This verifies that the amino alkyl
groups are attached covalently to the dextran chain. The carbamate linker is further
evidenced by the IR spectrum of DexAm, in which absorbances appear at 1713 and 1230
cm’, typical for carbamate groups.®!! Although the spectroscopic data confirms the
presence of product, 1,6-diaminohexane may exist as an impurity, which would not be
detected by elemental analysis or spectroscopy. To check for the presence of free 1,6-
diaminohexane (MW = 117), an electrospray mass spectrum was taken of DexAm and
did not reveal a peak for 1,6-diaminohexane, while a positive control consisting of
DexAm spiked with 1,6-diaminohexane did show a peak at m/z = 117.2. With elemental,

spectroscopic, and mass data, it was then concluded that DexAm was a pure product.

3.1.2 DTPA Addition

Subsequent to the amination step, DexAm was covalently modified with multiple
units of an MRI contrast agent by reaction with a suitable Gd** chelate. The well-known
diethylenetriaminepentaacetic acid (DTPA) chelate was chosen for this system for the
following reasons: the conjugation of Gd-DTPA complexes to polysaccharide chains has
been described,l’! and reaction of the commercially available DTPA dianhydride with
primary amines readily affords the amido-DTPA derivative. This reaction in the dextran

conjugation sequence is shown in Scheme 5.
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Scheme 5. Reaction of DTPA dianhydride with DexAm.

Nucleophilic attack of the primary amines of DexAm on the electron deficient
carbonyl groups of the cyclic anhydride functional groups leads to the amide linkage.
This yields the DTPA chelate both covalently bound to the mother dextran chain and in
tetracarboxylate form, which is suitable for Gd** chelation. This reaction must run in
anhydrous conditions as each anhydride functional group is susceptible to the same
nucleophilic attack by water. The reaction is run under large excess of DTPA
dianhydride in order to reduce the number of crosslinked dextran chains. Once the
reaction is finished, the entire mixture is quenched with water in order to open up the
other cyclic anhydride.

The DTPA addition does not run in 100% vyield. Herein lies the key to
bifunctionality of dextran systems conjugated to imaging agents. It was desired that the

final dextran conjugates be loaded with as much of the MRI contrast agent as possible
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since larger loads of MRI agents are needed than for fluorescence. The aim in this study
was to conjugate DTPA to all but a few amines on aminated dextran, leaving a few sites
open for attachment to a fluorophore. As shown for the poly-D-lysine system and in
previous studies in this lab with the dextran system, 100% yield of DTPA addition is not
possible. Hence all DexAm templates in this study are loaded with as much DTPA as
possible, since any large excess of DTPA dianhydride still leaves a few reactive amines
for fluorophore attachment. At the end of each reaction, a quick gualitative test (which
does work, as opposed to the guantitative analyses) with ninhydrin or fluorescamine
reveals the presence of primary amino groups, which confirms that subsequent
fluorophore conjugation would still be accessible.

The purification of DexAmMDTPA (or DAD) can be carried out in a number of
ways. One problem that arose was the elimination of DMSO, which was not volatile
enough to remove on the rotary evaporators or vacuum lines available. Dialysis was
employed as a means of washing out the DMSO in exchange for pure water. Crude
DMSO solutions were loaded into the dialysis bags to one-third or less capacity in order
to allow for the influx of water; otherwise the bags would burst. Although dialysis proved
sufficient for purification of DAD, it was time-consuming, and the DAD was exposed to
copious amounts of water, which was undesirable since any aqueous metal impurities,
Zn*" in particular, coordinate to the DTPA chelates and inhibit Gd** metallation. This
water exchange of DMSO through dialysis was questionable since the pore sizes of
dialysis membranes are often affected adversely by large proportions of non-aqueous

solvents. After all experiments in this study were completed, it was speculated that some
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form of aqueous extraction with CH,Cl, or Et;0 might be a more efficient technique and
should be examined in future studies.

Characterization of DAD was not considered to be as imperative as with DexAm
since Gd** metallation in the next step would quickly show how much of the MRI
contrast agent had been conjugated. As with the Hiiber paper, elemental analysis (C, H,
N, O) served as an easy tool to measure the load of nitrogen. In most samples of DAD
synthesized in this study, elemental analysis revealed that the quantity of nitrogen
exceeded that of the theoretical case of 100% load of DTPA. This indicated that some
DTPA (unconjugated) still remained in the sample as an impurity. It was decided that
metallation with an excess of Gd** and subsequent purification would rid the sample of
DTPA and any Gd-DTPA formed, and the next product could then be characterized based

on its Gd content and aqueous relaxation properties.

3.1.3 Gd** Metallation

Once the free DTPA ligand is conjugated to the dextran chain, Gd** metallation is
straightforward. Reaction of DAD with GdCl; in H,O eliminates HCl, and by
maintaining the pH at neutral or slightly basic levels and heating to 80°C, the reaction
was presumably complete after 24 hours. This complexation with DAD is shown in
Scheme 6.

The synthesis of Gd-DAD represents a vital stage in that, as previously
mentioned, the load of MR contrast agent is of extreme importance for an operational
bifunctional agent for long-term imaging. The characterization of Gd-DAD was carried

out mainly via elemental analysis (C, H, N, O, Gd) and relaxivity data. The utility of

23



elemental data hinges on the ability to extract a measurement of the load of Gd-DTPA

complexes per 65mer dextran.
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Scheme 6. Metallation of DAD with Gd**.

In the following description is a mathematical derivation for the ratio of Gd-
DTPA complexes (w) to the number of glucose monomers (z) on the parent dextran
chain. The situation in Gd-DAD is much more complex than with DexAm (Scheme 4),
in which only two species were present in the sample. In pure Gd-DAD, there are
theoretically four monomer species present, which will be referred to as Glu, GluAm,
GluAmDTPA (GAD), and Gd-GAD, and these are shown in Scheme 7.

The presence of GAD is included in recognition that Gd** metaliation reactions
do not always go in 100% yield, and this approach is more comprehensive than excluding

the GAD species. The derivation for the ratio w/z is then based on the number of element
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atoms each monomer species supplies in the sample. The only elements considered here
are C, N, O, and Gd. Although H analysis is readily accessible, the amount of hydrogen

is unreliable because several protonateable/deprotonateable functional groups are present
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Scheme 7. Mathematical set-up of variables based on the number of element atoms each
monomer type contributes.

that could shift the hydrogen content as a result of pH and wetness of the sample. Also,

in contrast to DexAm, the Gd-DAD sample is more likely to contain salt impurities since

25



the conjugated Gd-DTPA complex is monoanionic and may be balanced by either
protons or by alkali metals, such as the Na* used for pH adjustment during the reaction.
Dialysis would presumably eliminate any alkali ions, but whether this is true or not
becomes inconsequential because of the manner of elemental data manipulation. With
this system, the absolute element percentages are not considered, but rather their relative
ratios. As is shown below in the completed mathematical workup, elemental molar ratios
from experimental data are used, and these correspond to the measured elemental
percentage ratios. As such, any impurity that does not contain C, N, O, or Gd will not
affect the outcome of the ratio w/z. It is assumed that free Gd-DTPA and free Gd** have
been washed out by dialysis; clearance of Gd-DTPA and Gd** was confirmed by T,
measurements of the supernatant bath. If these species were present in significant
quantity, the ratio w/z would not accurately reflect the composition of Gd-DAD.

The total number of element atoms present in the sample can be expressed in
terms of the variables in Scheme 7. By multiplying by the appropriate elemental

molecular weight (12 for C, 14 for N, etc.), the number of moles of each element is

expressed.
#C =6z +7y +14x molC = 72z + 84y + 168x (1)
#N = 2y+3x molN = 28y +42x 2
#O=5z+y+9x molO = 80z + 16y + 144x 3)
#Gd=w molGd = 157.3w @)

Equations 1 - 4. Quantity of each element in terms of variables w, x, y, z.

At this point, three new variables must be defined, a, b, and c, the values of which

are obtainable directly from the elemental data. Even though a, b, and ¢ are expressed in
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mole ratios, they can be stated interchangeably as elemental analysis percentage ratios.
In the rest of this derivation, the variables a, b, and ¢ are treated as constants, since their

values are from experimental data and will be known when using the derived expression

for w/z.
1 1Gd
Define: . {xd ®) b= B (6) c= - @)
molC molN molO
157.3w 157.3w 157.3w
Then, a= (8) Jy o e )} c= (10)
72z + 84y + 168x 28y +42x 80z + 16y + 144x
157.3w - 168ax - 84ay - 72ax =0 (11)
Rearranging, 157.3w - 42bx - 28by =0 (12)
157.3w - 144cx - 16¢cy - 80cz=0 (13)

Equations 5 - 13. Definitions of experimental values a,b,c.

Substitution then leads to a system of three equations in four unknowns. This

system is best manipulated in matrix form.

1573 -168a -84a -72a
1573 -42b -28b

w
X
7
1573 -l44c -16c -80c]|

Equation 14. Matrix form of derived system of equations.

Since this system has more variables than equations, the only completely

obtainable solution set is the trivial solution, that is, w = x = y = z = 0. The desired ratio
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w/z is accessible through a sequence of elementary Gaussian elimination operations,

which require a sequence of algebraic steps not shown here.

il 44abc as)

157.3(bc - 14 ac - L ab)
5 20

Equation 15. Solution of w/z in terms of C,N,0,Gd elemental data.

A quick mathematical check of this solution can be carried out by considering the
theoretical situation, in which only monomers of the Gd-GAD type exist in the sample
(i.e. w = x = y = z). In that case, elemental ratios are calculated based on the Gd-GAD
monomer. These would be calculated as follows: a = 157.3/(27-12) = 0.4855, b =
157.3/(5-14) = 2.247, and ¢ = 157.3/(15-16) = 0.6554. Substitution of these values into
Eq. 15 gives w/z = 1, which should be true for the case that w = x = y = z, and this helps
justify the solution derived.

Though this approach from elemental data from C, N, O, and Gd will work, there
is still the issue of the unreliability of measurements of oxygen content. Whenever alkali
metals or even lanthanides are present, which is likely the case in all Gd-DAD samples
produced, oxygen measurements can be skewed by the formation of metal oxides. In
addition, samples of Gd-DAD or hygroscopic and can either be wet upon synthesis or can
even become wet during measurement of elemental content, thus thwarting accurate
oxygen determination. The value in working through the above exercise, though it may
not be used in every case, is that it serves as the mathematically purest approach to Gd-

DTPA quantification. Every batch of Gd-DAD is different, depending on the researcher
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who synthesized it, and it is important to quantify based on the most thorough approach
(the above exercise) and compare with the simplified approach shown below. With both
mathematical methods, the researcher producing Gd-DAD gets an idea of which method
of quantification is more useful.

In order to manipulate elemental data that is absent of oxygen figures, only three
monomer species can be considered; otherwise, too many equations will be present in the
derived system. By assuming, however, that x is approximately equal to w, i.e. no GAD
monomers exist and all DTPA chelates are complexed to Gd**, the situation presented in

Scheme 8 results.

HO 0,
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NH HO 0,
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- - o=(NH p
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GluAm: 13 2 0 HNo o
d-GAD: 27 § 1
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Letw =#Gd-GAD w =#Gd-GAD O
Gd-GAD

Scheme 8. Mathematical set-up of variables assuming no GAD present.
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In this scenario, the mathematical treatment is the same as in the above case, and
the algebra is much less involved. This results in the following solution for w/z. As with
the previous solution, this simplified solution is easily checked by considering the

theoretical case that all monomers are Gd-GAD.

72ab
fz = 1
W2 = 157.3b - 471.9a - 42ab (16)

Equation 16. Solution of w/z in terms of C,N,Gd elemental data.

Regardless of the method of data analysis used, multiplication of the resulting w/z
value by 65 gives the number of Gd-DTPA complexes on a typical 65mer dextran chain.
For the samples of Gd-DAD synthesized in this study, between 5 and 10 Gd-DTPA
complexes were found per 65mer. The principal Gd-DAD sample used in most of the
subsequent fluorophore conjugation reactions had a load of 8 Gd-DTPA complexes (as
calculated from the data presented for Gd-DAD in the Experimental Section). This value
is lower than desired; however, this is a higher load, by 1 to 2 Gd-DTPA units, than the
samples synthesized just before this study, as shown by elemental analyses of samples
left over from previous researchers in this lab. For Gd-DAD samples in the current study,
the result was the same to one significant figure, whether Eq. 15 or Eq. 16 was used. This
indicates that, for simplicity sake, Eq. 16 should suffice for most purposes. It should be
noted here that during the preparation of this manuscript, a comprehensive method for
quantifying Gd-DTPA units on biomolecular scaffolds was reported.[sz]

The goal of this work was to create a conjugate with a both a high load of Gd-

DTPA and a relaxivity (based on moles Gd) comparable to free Gd-DTPA. To show that
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Gd-DAD could function as an MRI contrast agent, Ti data was gathered for several
concentrations of Gd-DAD. Normally, a plot of 1/T; versus molar concentration of the
sample gives a linear trend, the slope of which is the relaxivity, r; (reported in units mM’
1s'l), of the substance. In this case, molar concentration is essentially meaningless since
Gd-DAD represents a conglomeration of molecules of different molecular weights;
although the dextran used as starting material had a known average molecular weight, the
product Gd-DAD has gone through a series of modifications and has an unknown
molecular weight. For comparative magnitudes of relaxivity, Gd-DAD samples were
measured in terms of grams rather than moles. Based on the elemental data of that same
sample (i.e. by using the elemental data to convert mass quantities of Gd-DAD into molar

1 could be

quantities of Gd*" in the sample), a measurement of relaxivity in mM's
calculated. For the Gd-DAD sample used in subsequent conjugations, the relaxivity was
5.82 mM's™. This value is significantly higher than the relaxivity measured for Gd-
DTPA by the Aime group (4.3 mMs™)*3! and more recently by the Tweedle group (3.8
mM's )4, This increase in relaxivity of the Gd&-DTPA complexes when conjugated to
the dextran system is not surprising. One of the DTPA carboxylate groups is tied up in
the amide bond to the hexyl carbamate group, thus weakening the donating ability at one
position of the chelate, as amide carbonyls donate more weakly than carboxylate anions.
This renders the Gd** center more exposed to the aqueous environment, thus creating
more direct interaction with water molecules and accelerating their proton relaxation
times. In addition, Gd** complexes tethered to biomacromolecules tend to display higher

relaxivities as a result of the increase in rotational correlation time.'®”! The overall result

is an MRI agent with more power per Gd complex (higher ;) but presumably with less
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stability and potentially higher toxicity than unconjugated Gd-DTPA. Though other
groups have used Gd-DTPA chelates tethered to other molecules by the same or similar

chemistry,[*>%

only an in vivo study (shown later in this thesis) will show whether
toxicity will be a concern for the particular case of Gd-DAD conjugates. With Gd-DAD
synthesized, the dextran system can be reacted with a host of fluorophores to produce a

series of bifunctional agents.

3.1.4 Bifunctional Dextran Agents

Many fluorophores are available with amine-reactive functional groups. Some of
the more common functional groups that readily couple to amines include acid chlorides,
carboxylic acids, sulfonyl chlorides, succinimidyl esters (SEs), and isothiocyanates
(ITCs). In the case of acid chlorides, carboxylic acids, and SEs, extremely stable amide
bonds are formed upon reaction with primary amines. With sulfonyl chlorides and ITCs,
sulfonamides and thioureas are formed, respectively, and these are mostly stabile, with
some decomposition occurring over time for the thiourea groups.® ITCs have been used
for conjugation to the amine functionality of Gd-DAD in the Hiiber preparation of GRID,
a dextran agent bearing multiple Gd-DTPA complexes and tetramethylrhodamine units.
This molecule was also synthesized in the current study, along with two other
bifunctional agents that use the ITC group on the fluorophores fluorescein and pyrene.
These syntheses are represented in Scheme 9.

Although many bifunctional conjugates are accessible via ITC derivatized
fluorophores, reactions with ITC groups must be run in anhydrous conditions due to the

sensitivity of the ITC group to hydrolysis. In order to run reactions in water and thus
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open up more versatility in the fluorophore conjugation to Gd-DAD, fluorophores
bearing succinimidyl ester groups were surveyed for their use in this step. These reactions
are run in aqueous buffer adjusted to pH 8.0. A pair of conjugates made via the SE

functionality is shown in Scheme 10.
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Scheme 9. Reaction of Gd-DAD with the amine-reactive fluorophores

tetramethylrhodamine-5(6)-isothiocyanate (5(6)-TRITC), fluorescein-6-isothiocyanate
(6-FITC), and pyrene-1-isothiocyanate (1-PyITC) to make compounds 4, 5, and 6,
respectively.

Synthesizing a variety of bifunctional fluorescence and MRI agents begins to
form an entire class of agents that offer a wide range of excitation/emission wavelengths.
Nearly every fluorophore in current imaging use exists in some type of reactive form, the
most common of which react with amine functionalities as described above. The goal in

synthesizing the above agents is to show that the common amine reactive forms indeed

work well with the Gd-DAD system.
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Scheme 10. Reaction of Gd-DAD with the amine-reactive fluorophores Alexa Fluor
carboxylic acid, succinimidyl ester (AF568SE) and Oregon Green 488-6-carboxylic acid,
succinimidyl ester (6-OG488SE) to make compounds 7 and 8, respectively.

In this study, the initial aspiration and motivation for making a series of
bifunctional agents was the synthesis of a singular fluorescence/MRI agent that was
simultaneously water-soluble and lipophilic. Such an agent would offer a means of
monitoring cell lineages of the developing neural system extracellularly, as this agent
would be envisioned to “stick” to the outsides of cell membranes and bring the imaging
moieties along via the covalent linkers. The fluorescent probe 1,1’-dioctadecyl-3,3,3°,3’-
tetramethylindocarbocyanine (Dil), along with other carbocyanine dyes, has been used
extensively in cell lineage studies.® The two 18-carbon alkyl chains make it extremely
lipophilic, allowing the alkyl chains to infiltrate the cell membrane and pull the

conjugated ring system along with it.18¢)
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Figure 3. 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine (Dil)

In routine applications of Dil in biological systems, this agent must be injected as
an aqueous solution comprising about 20% ethanol, in order to achieve a suitable
concentration, as Dil is not especially soluble in water. Dextran is highly water soluble,
so the conjugation of Dil to the dextran template would then achieve water solubility and
allow for injections without the use of ethanol (a high ethanol content is undesirable for
injections since physiological fluids are essentially 100% aqueous). The utility of this
proposed agent is convenient in that the lipophilic portion of the overall agent is inherent
in the fluorophore itself, so no further synthetic steps are necessary to achieve this effect.

Dil is not commercially available in any typical amine reactive form, although the
acid chloride and isothiocyanate exist in the patent literature.®” Synthesis of the
isothiocyanate form from a commercially available amine precursor would be possible,
but the precursor is exceedingly expensive. Rather than take this route, it was found that
the commercially available Cell Tracker™ form of Dil contained a (4-chloromethyl-
benzoylamino)-methyl linker at the 5-position. Though this agent is not marketed as an

amine-reactive form, the chlorobenzyl functionality has been shown as a useful linker to
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groups containing secondary amines.®®! It was understood that primary amines would be
more reactive to the chlorobenzyl group than secondary amines, and indeed, reaction of
5-[(4-chloromethyl-benzoylamino)-methyl]-Dil (CM-Dil) proceeded in DMSO at 80°C in

the presence of K2CO3, as shown in Scheme 11.
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Scheme 11. Synthesis of Gd-DAD-Dil by use of chlorobenzyl functionality.

Using a KNOj;(sat.)/H,O/CH3CN (1:6:93) solution, the reaction was monitored by
TLC until CM-Dil could no longer be detected. The synthesis of the Gd-DAD-Dil agent
represents the initial goal of this project, and its accomplishment should provide for many
useful biological studies involving the development of the central nervous system in
vertebrates.

The first test of Gd-DAD-Dil was to investigate whether a developing embryo can

function normally once injected with the agent. In an initial trial that is used as a standard
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procedure for testing toxicity of imaging agents, a series of chick embryos was injected
with 10 ms pulses at 30 psi with a 10 mg/mL solution of Gd-DAD-Dil in DI water in the
hindbrain of the neural tube at Hamburger/Hamilton (H/H)[89] Stage 12 and allowed to
incubate overnight at 40°C. The following day, all seven embryos had survived and had

developed normally to about H/H Stage 17. Six of the seven embryos were fluorescent.
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Figure 4 shows a typical embryo in this study using confocal fluorescence

microscopy. The most important observation is that Gd-DAD-Dil is not toxic. This is in

a7



contrast with agents based on the poly-D-lysine scaffold, which exhibited fatal toxicity.
Also, Gd-DAD-Dil is readily taken up by cells throughout the neural tube. This can best
be seen in Figure 4B, where migration of the neural crest cells can be seen by
fluorescence. It is speculated that the agent, due to the impermeability of dextran, is
latching onto the outer cell membranes of these cells via alkyl chain infiltration of the
Dil.

Measurements of T; were carried out with Gd-DAD-Dil, and the relaxivity in
water was found to be approximately 6.1 mM's”, comparable to that found for the parent
Gd-DAD (5.82 mM's™). However, preliminary trials to find an MRI signal in the labeled
chick embryo after fixation failed in an 11.7 T magnet with a series of different pulse
sequences. One explanation for a pronounced T effect in solution but not in the a chick
embryo is that, upon fixation, water access is blocked because the agent is tightly adhered
to cell membranes. There is also the effect that agent is likely to be diluted during
development, which would decrease 1/T; and give a low signal. Future studies will focus
on the utility of this and other Gd-DAD based agents for MR imaging in both living and

fixed tissue.

3.1.5 Toward Trifunctional Agents

During the synthesis of Gd-DAD, it was observed that even though a large
amount of Gd®>" was complexed by the DTPA chelates, there were still a few available
uncomplexed DTPA units. This was shown as a matter of happenstance by the addition
of Eu®" ions to an aqueous solution of Gd-DAD. Since the Eu** ion does not have a

symmetric electronic ground state, it complexes easily at room temperature to DTPA,
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whereas Gd>* complexation with GdCl; takes hours or even several days at 80°C or more.
This additional complexation of Eu** to Gd-DAD was first evidenced by the slow
decrease in pH after EuCls addition and neutralization, which normally occurs during
complexation due to the release of HCl. Purifying the Gd/Eu-DAD species by dialysis
and obtaining elemental analysis (C,H,N,Gd,Eu) showed a significant content of Eu in
addition to the approximate Gd content already observed for Gd-DAD. Since Eu’" has a
longer fluorescence lifetime in aqueous solution than Gd** (though not as much as most
transition metal complexes), Eu®* complexes have found applications in fluorescence
microscopy.P**" As a result, the new heterobimetallic species Gd/Eu-DAD is already a
bifunctional agent even before attaching an organic fluorophore. This means that a
trifunctional should be accessible through conjugation of a non-imaging agent to the
remaining free amine.

With the free amine, a molecule that serves another purpose can be attached. One
could conjugate another fluorophore which fluoresces at wavelengths different from Eu-
DTPA and obtain a multiwavelength agent that also enhances MRI signals. Or, a
completely different function can be served at the free amine. Scheme 12 shows the
reaction of the Eu/Gd-DAD species with an amine-reactive form of biotin. Biotin is a
stereogenic molecule that selectively binds the polypeptide avidin with a binding affinity

2] making biotin

stronger than any other naturally occuring noncovalent interaction,
especially useful in molecular targeting applications. Biotin has already been used in

studies involving immobilization of polysaccharides.®® The Eu/Gd-DAD complex was
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Scheme 12. Heterobimetallation of DAD and subsequent addition of biotin-X to form
trifunctional imaging agent.

purified and isolated and characterized based on elemental data. Upon reaction with 6-
((biotinoyl)amino)hexanoic acid, sulfosuccinimidyl ester, sodium salt (biotin-X, SSE),
the agent was isolated and shown qualitatively to have retained the biotin-X molecule by
the HABA-avidin assay.[94'96] In this assay, the chromophoric molecule 2-(4’-
hydroxyazobenzene)benzoic acid (HABA), is complexed to the avidin protein, and since
biotin has a stronger binding affinity, it displaces the HABA molecule and changes the
absorbance in the UV-vis spectrum. However, a small quantity of Ew/Gd-DAD-biotinX
was isolated and thus prevented further characterization. Nonetheless, this serves as
evidence of a trifuntional agent, and it follows that the Eu/Gd-DAD species would serve

as a template for investigating other multifunctional agents.
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3.2 MION Particle Conjugates

Multifunctional agents can assume a wide variety of forms. A system entirely
distinct from the dextran scaffold is a class of nanometer-scale paramagnetic iron beads
called microcrystalline iron oxide nanoparticles (MION particles). As opposed to the
Gd®* complexes already described, the MION particles serve as To-weighted agents
rather than Ti-weighted agents. T, agents are relatively unexplored and are not as widely
used in clinical applications as T;-weighted agents. The MION applications will be
distinct from the dextran agents since nanometer-sized beads will inherently behave
differently in living systems, which may or may not be advantageous. One key advantage
of the MION system is that the MRI agent is already in the system, so that only full
recovery of the beads during further conjugation is required for 100% yields of the MRI
agent. In a very preliminary study, a set of carboxy/amino-coated MION particles were
conjugated to a fluorophore for fluorescence imaging and concomitantly to biotin for
molecular recognition or targeting to the avidin protein. Since the bead supplier
recommends always keeping the beads in a minimum 80% aqueous solution, the
succinimidyl ester functional group was chosen as the mode of conjugation. The
fluorophores tetramethylrhodamine (TR) and Alexa Fluor 568 were chosen for the
fluorescence agents. TR is a well characterized and widely used fluorophore, and Alexa
Fluor 568 is a member of the new and novel class of two-photon®” dyes that have
recently been reported.”*'® The MION conjugation with biotin-XX and Alexa Fluor

568 is shown in Scheme 13.
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Scheme 13. Conjugation of biotin-XX and Alexa 568 to iron oxide MION particles to
make [Fe]-biotinXX-AF568.

An advantage of this dual conjugation is that, after each step, the beads could be
purified from the reaction mixture by magnetic filtration (Experimental Section — General
Methods) in which the magnetic entities are retained and impurities are washed away. In
this study, the final product [Fe]-biotinXX-AF568 was isolated and characterized by
HABA-avidin assay for the biotin and by UV-vis and fluorescence spectroscopies for the
Alexa Fluor 568. By HABA assay, the biotin molecules were indeed detectable and even
quantifiable (in Scheme 13, y = ca. 30,000). The Alexa Fluor 568 was also detectable but
very weak in both the UV-vis and fluorescence spectra. Tetramethylrhodamine
conjugates also gave positive readings for biotin but weak signals in the UV-vis and
fluorescence spectra. It was first speculated that conjugation to relatively macroscopic

beads had adversely affected the optical properties of the fluorophore. However, a

42



secondary hypothesis that the magnetic filtration was somehow not giving full recovery
of the iron beads was tested. A series of filtrations was run on the iron beads alone and
their T, relaxation rates measured in standardized volumes. The filtrations were shown to
recover only about one-fifteenth the original iron bead content. The reason the biotin
readings were better than the fluorophore was that the MION particles were first isolated
from a proprietary buffer with the magnetic filtration system. However, magnetic
filtration yielded only one-fifteenth the total particles used. Biotin was then added in a
quantity consistent with the original (MION as purchased) quantity of amines present.
But since fewer amines than expected were present, biotin was actually added
unknowingly in large excess. This reaction presumably labeled nearly all available
amines, leaving almost no amines for conjugation to the fluorophore. Future work in this

area would first need to address a bead/filtration combination that yields full recovery.

4 Conclusions and Future Directions

Shown in this manuscript is a more detailed approach to synthesizing dextran-
based multifunctional conjugates for simultaneous fluorescence and MR imaging. Paying
close attention to some of the finer synthetic details of dextran conjugate production has
allowed for purer intermediates, higher agent loads, more thorough characterization, and
a better idea for what is happening in this complex system than in previous studies.

A series of multifunctional dextran agents has been produced with one type of
MR agent (Gd-DTPA) and a range of fluorescent molecules. One future direction for this
work would be to vary the MRI agent, perhaps with a T,-weighted agent or a more rigid

system that would exhibit a better tumbling correlation with the macromolecular scaffold
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and increase relaxivity. In this latter scenario, the load of MRI agent would not have to be
as high, which would ease the constraint of making new multifunctional agents. Another
direction would be to explore the targeting capability of the dextran agents. For instance,
a molecule such as biotin or one that recognizes certain other protein receptors is tethered
to a macromolecular agent with a high payload of MRI agent. With both fluorescence and
MRI capabilities on this agent in large concentration (multiple units of each imaging
moiety), certain Jow concentration proteins or antibodies could be followed both short-
and long-term. One similar study would be the attachment of a polypeptide bearing the
CAAX (cysteine-aliphatic-aliphatic-variable) sequence, which becomes immobilized in
the éytosol by a particular enzyme that recognizes the CAAX sequence. This peptide has
been previously conjugated to a dextran Ca®* indicator,!'® and with the knowledge that
this conjugate has been immobilized at a known enzyme whose localization has been
studied, novel long-term lineage studies could be carried with the added MRI capabilities.
This and related experiments open the door to a multitude of variations on the theme of

multifunctional agents and what can be learned from them.

5 Experimental Section

General Methods. All aqueous manipulations were carried out in Nanopure
water, except for dialysis baths, in which house deionized (DI) water was employed.
Dialysis purifications were done using buffer-treated membranes purchased from
Spectra/Por; unless indicated otherwise, the molecular weight cut-off (MWCO) was 3500
for each experiment. Amino/carboxy polymer coated ferrofluid was purchased from

Immunicon as a colloid of magnetic Fe nanoparticles (110-140nm), conjugated to
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roughly 5 x 10° amino and carboxy groups per particle and suspended in a proprietary
buffer (pH 7.5) containing Bovine Serum Albumin (BSA) and Proclin300. Magnetic
filtrations were carried out with tMACS high gradient separation columns and magnetic
unit purchased from Miltenyi Biotec.  Dextran (MW = 10,500 avg) and
diethylenetriaminepentaacetic (DTPA) dianhydride were purchased from Sigma, and all
fluorescent dyes and biotin reagents were bought from Molecular Probes, Inc. All other
reagents were widely available from commercial sources and were used without further
purification. DMSO was dried and stored over activated 4A molecular sieves prior to
use. Injections into brown chick embryos were performed at Hamburger-Hamilton stage
12 of 13, incubated overnight at 40°C, and viewed by confocal fluorescence

microscopy at stage 17 or 18.

Instrumentation. 'H, °C, and *'P NMR spectra were obtained on a Varian
Mercury spectrometer at 300, 75.5, and 123 MHz, respectively. Elemental analyses were
carried out at Desert Analytics Laboratory in Tuscon, Arizona. Mass spectrometry was
performed by electrospray (ESI) ionization, quadrupole mass spectrometry in the
PPMAL - Protein/Peptide MicroAnalytical Laboratory, Beckman Institute, California
Institute of Technology. FTIR samples were analyzed as nujol mulls on a Perkin Elmer
1600 series FTIR spectrophotometer. Thin-layer chromatography was performed on
aluminum-backed 0.2mm-thick silica gel 60 Fjs4 (Merck) and was analyzed with a
254nm- and 365nm lamp. UV-vis spectra were obtained with a Hewlett-Packard diode
array spectrophotometer with cell temperature maintained at 22.0°C. Fluorescence
spectra were recorded on a Hitachi F-4500 fluorescence spectrophotometer.

Conductivity measurements were carried out with a Bio-Rad conductivity monitor
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referenced to house deionized water. Longitudinal water proton relaxation rates (T;) were
measured at 60 MHz by using a Bruker mq60 NMR Analyzer (Bruker Canada, Milton,
Ont. Canada) operating at 1.5 T, by means of the standard inversion-recovery technique
(10 data points, 8 scans each). A typical 90°pulse length was 6.16us, and the
reproducibility of the T; data was #0.3%. The temperature was maintained by the
instrument at 40°C, and all samples were prepared in buffer containing 10mM 3-[N-
morpholino]propanesulfonic acid (MOPS) and 100mM NaCl at pH 7.4. Confocal
fluorescence microscopy was carried out on a Zeiss 410 confocal microscope (Serial No.

840091).

DexAm (1). Dextran (2.30 g, 14.2 mmol based on Glu monomers) was weighed
into a 3-neck, 2L round-bottom flask with stirrer. 800 mL of water was added, and the
mixture was stirred for 15 minutes. The solution pH was adjusted to 10.7 with dropwise
addition of NaOH (0.15 N). BrCN (1.05 g, 9.91 mmol, 0.7 equiv. based on Glu
monomers) was added by rinsing with water through a pressure-equilized addition funnel
at about one drop per second. After addition, thepH was maintained between 10.4 and
10.7 by addition of 0.15N NaOH. After 4 hours from the start of BrCN addition, the pH
was adjusted to 7.8 with HCI (0.10 N), and 1,6-diaminohexane (2.47 g, 21.3 mmol) was
added at once as a solid. The solution was allowed to stir further for two hours. The
solution was concentrated from about 1300 mL to 100 mL by rotary evaporation and
purified through dialysis. The aqueous supernatant bath was monitored by UV-vis
spectroscopy, and about 6 bath changes (every 12 hours) with DI water were sufficient.

DexAm solution was collected in 250mL one-neck round bottom flask and concentrated
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to 50 mL by rotary evaporation and lyophilized, giving DexAm as a fluffy, white powder.
Yield: 2.14 g. DexAm: C, 41.88%; H, 6.46%; N, 2.68%. 'H NMR (D20): 6 =1.20 (br),
1.41 (br), 2.65 (br), 3.3 - 3.8 (m), 4.83 (d); >°C NMR (D20): 8 = 25.7 (br), 28.2 (br), 39.8
(br), 60.6 (br), 65.6 (s), 69.6 (s), 70.3 (s), 71.5 (s), 73.5 (8), 97.8 (s); IR (nujol mull):

v(carbamate) = 1713 (C=0), 1230 (C-N) cm’".

DexAmDTPA (DAD) (2). DexAm (830 mg) was weighed into a 3-neck, 1L
round-bottom flask with stirrer. The flask was stoppered, evacuated and purged with Ar
twice, and 210mL dry DMSO was added. A suspension formed, and most or all of the
DexAm went into solution after 30 minutes. DTPA dianhydride (5.0g, 14.0mmol) in
100mL dry DMSO was added via addition funnel over 10 minutes. The resulting yellow
solution was allowed to stir for 12 hours. 50mL water was added, and the solution was
allowed to stir 30 minutes. The solution was filtered through a course glass-sintered frit
and loaded into dialysis bags large enough to hold 3 times the volume (influx of
supernatant water). Aqueous supernatant bath was changed every 12 hours with DI water
and was monitored by scent, pH, and finally UV-vis spectroscopy until pH steadied and
UV-vis signal vanished (about 7 bath changes). The solution was collected in a 2L flask
and concentrated to about 50mL by rotary evaporation and lyophilized, giving
DexAmDTPA as an off-white powder. Yield: 862mg. DexAmDTPA: C, 36.4%; H,

5.38%; N, 8.08%.

GdDexAmDTPA (Gd-DAD) (3). DexAmDTPA (850mg) was weighed into a

one-neck 250mL round-bottom flask with stirrer. 150mL water was added, and the
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solution was allowed to stir 15 minutes. A 20mL aqueous solution of GdCls-6H2O
(2.20g, 5.92mmol) was added all at once. The pH was adjusted to 6.0 with 0.15N NaOH,
bringing the total volume to 200mL, and the flask was fitted with a reflux condenser and
heated to 80°C for 24 hours under Ar. The solution was allowed to cool and was purified
by dialysis. The supernatant bath was monitored by a combination of UV-vis
spectroscopy, conductivity, and T; until no Gd>* was detected (about 5 bath changes).
The retained solution was collected and concentrated to about 30mL by rotary
evaporation and lyophilized, giving GdDexAmDTPA as a fluffy, white powder. Yield:
871mg. Gd-DAD: C, 37.5%; H, 5.68%; N, 2.86%; Gd, 6.86%. Relaxivity: 2539.8
(gymL) s (based on mass of sample) = 5.82 mM's! (based on molarity of Gd content,

as computed from elemental data).

GRID (4). Gd-DAD (216mg) was weighed into a 2-neck 100mL round-bottom
flask with stirrer. The sealed flask was evacuated and purged with Ar twice. 10mL dry
DMSO was added, and the suspension was allowed to stir for 10 minutes. Dry pyridine
(58uL) and dibutyltin dilaurate (35uL) were added via pipet against a backflow of Ar,
and the suspension was heated. The suspension dissolved completely at about 70°C,
yielding a yellowish solution. Tetramethylrhodamine-5(and-6)-isothiocyanate (5(6)-
TRITC) (30mg, 0.067mmol) in 30mL dry DMSO was added dropwise through an
addition funnel. The deep-red solution was heated further to 80°C and allowed to stir for
15 hours in the absence of light. The solution was allowed to cool and was loaded into
dialysis bags large enough to hold 3 times the volume (influx of supernatant water).

While constantly protected from light, the supernatant bath was changed frequently with
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DI water and was monitored by observation of color (pink) and finally by UV-vis
spectroscopy. The retained solution was collected and filtered through a medium glass-
sintered frit. The filtrate was concentrated to 15mL by rotary evaporation and lyophilized
to give a red powder. Yield: 240mg. GRID: C, 41.87%; H, 6.35%; N, 2.77%; Gd,

5.20%; S, 1.25%.

Gd-DAD-FI (5), Gd-DAD-Py (6). Analogous procedures to making GRID were
employed with the isothiocyanate derivatives fluorescein-6-isothiocyanate (6-FITC) and

1-pyreneisothiocyanate (1-PyITC), respectively.

Gd-DAD-OG488 (8). Gd-DAD (40mg) was stirred in 4.0mL 0.1M NaHCO3 at
pH 8.4 for 15 minutes in a 20mL scintillation vial. A solution of Oregon Green™ 488-6-
carboxylic acid, succinimidyl ester (6-OG488SE) (5mg, 9.8umol) in dry DMSO (0.5mL)
was added dropwise. The orange solution was stirred at RT for 1 hour and subsequently
purified by dialysis. The dialysis bath was monitored by UV-vis spectroscopy and
required about 8 changes with DI water over three days. The solution was then filtered

through a fine glass-sintered frit and lyophilized to give an orange powder. Yield: 37mg.

Gd-DAD-AF568 (7). Analogous procedure to making Gd-DAD-OG488 was
employed with Alexa Fluor 568 carboxylic acid, succinimidyl ester (AF568SE) (0.32mg,

0.81umol) and Gd-DAD (30mg). Yield: 20.6 mg.

49



Gd-DAD-Dil (9). Gd-DAD (30mg) and K>COs3 (0.7mg, 2 equiv. based on dye)
were weighed into a one-neck 20mL round-bottom flask with stirrer. 5-[(4-chloromethyl-
benzoylamino)-methyl]-Dil (CM-Dil) (5mg, 0.0048mmol) was added as a dry DMSO
solution (2mL). The flask was evacuated and purged with Ar twice and then heated to
80°C in the absence of light. The reaction was monitored by TLC with
KNOs(sat.)/H20/CH3CN (1:6:93) as the mobile phase until the disappearance of the CM-
Dil spot (Rf=0.42). After 22 hours, only the dextran conjugate spot (R¢ = 0) and several
decomposition spots remained. The solution was cooled and loaded into dialysis. With
constant protection from light, the supernatant bath was changed frequently with DI
water and was monitored by UV-vis spectroscopy (about 5 bath changes). The retained
solution was collected and filtered through a fine porosity glass-sintered frit. The filtrate
was concentrated to SmL by rotary evaporation and lyophilized to give a pink-purple

powder. Yield: 23mg.

Gd/Eu-DAD (10). DexAmDTPA (300mg) was weighed into a one-neck 250mL
round-bottom flask with stirrer. SOmL water was added, and the solution was allowed to
stir 15 minutes. A 10mL aqueous solution of GdCl;-6H,O (103mg, 0.276mmol, a
subcess based on DTPA units calculated from elemental data on DexAmDTPA) was
added all at once. The pH was adjusted to 6.0 with 0.15N NaOH, and the flask was fitted
with a reflux condenser and heated to 80°C for 15 hours under Ar. The solution was
allowed to cool to 40°C, and EuCl36H20 (109mg, 0.299mmol, an excess of the
remaining DTPA ligands) in 10mL H2O was added. The pH was adjusted to 6.0, and the

solution was allowed to stir and cool to RT for one hour. The product was purified by
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dialysis and the supernatant bath was monitored by conductivity until no ions were
detected (about 5 bath changes). The retained solution was collected and pumped to
dryness by rotary evaporation, giving Gd/Eu-DAD as shiny yellow flakes. Yield:

190mg. Gd/Eu-DAD: C, 29.5%; H, 4.47%; N, 6.09%; Gd, 8.51%; Eu, 7.81%.

Gd/Eu-DAD-biotinX (11). Eu/Gd-DAD (91mg) was stirred in 8.0mL 0.1M
NaHCOs; at pH 8.4 for 15 minutes in a 20mL scintillation vial. A dry DMSO solution
(1.0mL) of 6-((biotinoyl)amino)hexanoic acid, sulfosuccinimidyl ester, sodium salt
(biotin-X, SSE) (10.0mg, 17.9umol) was added dropwise, and the resulting light yellow
solution was stirred 1 hour and then purified by dialysis. The supernatant bath was
monitored by UV-vis spectroscopy until no biotin-X was detectable (7 changes over 4
days). The dialyzed solution was collected, filtered, and dried by rotary evaporation to

give an off-white powder. Yield: 12 mg.

[Fe]-biotinXX-AF568 (12). Amino/carboxy polymer coated ferrofluid (0.750mL,
1.2 x 107 mol -NH) was separated from the proprietary buffer by magnetic filtration and
taken into a 10mL round-bottom flask without stirrer with 1.50mL 0.1M NaHCOs3 buffer
at pH 8.4. The flask was loaded onto a Mini Vortexer (VWR Scientific Products) set at
continuous gentle vibration. 6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic acid,
sulfosuccinimidyl ester, sodium salt (biotin-XX, SSE) (0.0017mg, 2.5 x 10® mol) was
added as a dry DMSO solution (0.150mL), and the colloid was stirred by vortex for one
hour. The biotinylated particles were purified by magnetic filtration and taken into the

same flask with 1.50mL fresh bicarbonate buffer. With gentle vibration, Alexa Fluor
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568, carboxylic acid, succinimidyl ester (0.32mg, 0.81ptmol) was added as a dry DMSO
solution (0.100mL), and the colloid was stirred by vortex for one hour. The doubly
labeled particles were purified by magnet filtration and taken into the original proprietary

buffer (0.750mL) and 0.750 of additional bicarbonate buffer.
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