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(57) Abstract: Thc present application discloscs trcating watcr insoluble nanoparticles, particularly nanoparticles of mctals and
metal compounds which find utility in diagnostic imaging such as MR and X-ray imaging, with an alpha- hydroxyphosphonic acid
conjugate with a hydrophilic moiety to render the nanoparticles sufficiently hydrophilic to find utility in diagnostic imaging.
Among thc modificd hydrophilic nanoparticlcs discloscd arc those in which the hydrophilic moictics of the modifying conjugatc
are ethylene oxide based polymers and copolymers and zwitterions and the nanoparticles are composed of transition metal oxides
such as superparamagnetic iron oxide and tantalum oxide. Disclosed are nanoparticles which are sufficiently hydrophilic to form
stable aqueous colloidal suspensions. Also disclosed is diagnostic imaging such as MR and X-ray using the modified hydrophilic
nanoparticles as contrast agents.
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TREATING WATER INSOLUBLE
NANOPARTICLES WITH HY DROPHILIC ALPHA-
HYDROXYPHOSPHONIC ACID CONJUGATES,
THE SO MODIFIED NANOPARTICLES AND
THEIR USE AS CONTRAST AGENTS

BACKGROUND

[0001] The invention relates generally to treating nanoparticles, particularly
those based on transition metal oxides, to render them sufficiently hydrophilic to form
stable aqueous suspensions and therefore be useful in applications requiring
hydrophilicity such as contrast agents in diagnostic imaging such as MRI and X-ray,
to the hydrophilic nanoparticles resulting from said treatment, to said stable aqueous
suspensions and to the usc of said hydrophilic nanoparticles as contrast agents in said
imaging. Nanoparticles, i.c particles whose diameters are appropriately measured in
nanometers, have been considered for a wide variety of end uses. Some of these uses
require some degree of hydrophilicity but the material upon which some nanoparticles
are based may lack this attribute. For instance, nanoparticles with appropriate imaging
properties for use as contrast agents for MR and X-ray imaging are typically based on
transition metal oxides which lack suitable hydrophilicity. Therefore efforts have been
made to modify the surfacc propertics of these nanoparticles to be more compatible
with aqueous media and give these nanoparticles the ability to form stable aqueous
suspensions. However, in some applications such as use as contrast agents it is also
desirable that the nanoparticles have a monodisperse particle size distribution and any
surface treatment that results in a polydisperse particle size distribution such as non-
uniform aggregation by complexation in a biological matrix based on carbohydrates
with carboxylate groups is problematic. In addition, in some applications such as in
vivo use as contrast agents it is desirable that the surface treatment have a well defined

reproducible structure and be amenable to safety testing. Silane based surface
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treatments can be problematic because they can undergo self condensation that

interferes with these goals.

[0002] In addition, there has been a need for hydrophilic nanoparticles that do
not suffer a degradation of their hydrophilicity as a result of purification and display
suspension stability in aqueous mediums containing electrolytes. For instance, in the
preparation of contrast agents for in vivo use in human subjects the candidate
nanoparticles would typically be subjected to filtration and be expected to show
suspension stability in isotonic aqueous media, i.¢. media containing about 150 mM
NaCl. There have been efforts to use the adhesion of phosphates for transition metal
oxides to impart this type of hydrophilicity to nanoparticles using phosphate based
materials alone, such as polyphosphoric acid, or linked to hydrophilic moieties, such
as polycthylenc glycol. In this regard, there is a preference for hydrophilic moictics
with an essentially neutral zeta potential for in vivo use in human subjects to avoid
undesirable interactions with human tissue. However, such efforts have not yielded so
hydrophilically modified nanoparticles that display the desired stability as a colloidal
suspension in a 150 mM NaCl aqueous medium after filtration. For instance, such
efforts have not yielded suspensions which display an essentially stable (no increase
in hydrodynamic diameter (D)) particle size as measured by dynamic light scattering
(DLS) after tangential flow filtration with a 30 kDa cut off and storage for more than

a week in such an aqueous medium.
BRIEF DESCRIPTION

[0003] The present invention involves the discovery of the superior
performance of conjugates of o-hydroxyphosphonic acid and a hydrophilic moiety
which are linked via the carbon atom carrying the o-hydroxy group as agents to
improve the hydrophilicity of water insoluble nanoparticles, particularly nanoparticles
based on transition metal oxides. The conjugate linkage preserves all three of the a-
hydroxyphosphonic acid’s hydroxyl groups and this is believed to give the conjugate
superior adhesion to nanoparticles. In some embodiments the conjugate has the

following Structure I:
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Structure 1

wherein S is a spacer, L is a linkage between S and R and R is a hydrophilic moiety
and m and p are 1-5 and n and o are 0-5. In some embodiments, S is a direct bond, an
unsubstituted or substituted aliphatic or cycloaliphatic group, an unsubstituted or
substituted aryl group, a heteroaliphatic group or a heteroaryl group and in some cases
1s a straight chain alkyl group of 1 to 10 carbon atoms in length and L is a direct bond,
carbonyl group, ether group, ester group, secondary or tertiary amine, quaternary
amine group, amide group, carbamate group or urea group. Suitable nanoparticles are
those which are not soluble in water in the classic sense in which the the individual
molecules of the solute are uniformly dispersed in the solvent in the manner of sugar
or table salt in water. Thus the treatment of nanoparticles which possess some degree
of suspensability in water with the alpha-hydroxyphosponic acid conjugates and the
resultant nanoparticles with the conjugates adhered are included in the present

invention.

[0004] It is of particular interest that the conjugate not include groups or
moieties which could have undesirable reactions with human tissue. Thus, it is
convenient that the conjugate display a zeta potential between about 40 mV and 40
mV, preferably between about —15 mV and 15 mV when adhered to a nanoparticle
with it being especially interesting that it display an essentially neutral zeta potential
when so adhered. This is conveniently accomplished by utilizing zwitterions or non-

ionic moieties as the hydrophilic moiety.

[0005] The hydrophilic moictics may bc monomeric or polymeric but it is
convenient that they have an essentially neutral net ionic charge. Among the
polymeric hydrophilic moieties those polyethers at least partially based on ethylene
oxide units such as ethylene oxide/propylene oxide copolymers and polyethylene

glycol are of especial interest. Monomeric hydrophilic moieties with no net charge,
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particularly zwitterions, are convenient for conjugates used to treat nanoparticles to be
used in vivo with human subjects because of the greater ease in characterizing them
for safety evaluations. Among these those based on 4-piperadinecarboxylic acid are

of especial interest.

[0006] It is also convenient for conjugates used to treat nanoparticles to be
used in vivo with human subjects that the linkage between the a-hydroxyphosphonic
acid and a hydrophilic moiety be a hydrocarbon, i.e. in Structure I A is a single bond.
This minimizes the probability of any interaction between such treated nanoparticles
and human tissue. In this regard, conjugates of the following Structures IT and 11T are

of particular interest:
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Structure 11 Structure 111

[0007] The conjugate is preferably sufficiently hydrophilic that when it is used
to treat nanoparticles at a ratio of about two conjugates per nanoparticle it will render
the nanoparticles capable of forming stable colloidal suspensions in aqueous media
with a Dy determined by DLS of about 500 nm or lcss. It is particularly convenicnt
that it render so treated nanoparticles hydrophilic enough to display a value of less
than onc for the log of the distribution cocfficicnt between equal volumes of n-octanol

and 0.1 M pH 7.0 3-(N-morpholino) propanesulfonic acid (MOPS) buffer.

[0008] The nanoparticlcs that arc trcated with the conjugatce to achicve greater
hydrophilicity are preferably based upon transition metals and transition metal

compounds such as oxides, carbides, sulfides, nitrides, phosphides, borides, halides,
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selenides, tellurides and combinations thereof. Oxides are of particular interest. It is
believed that the oxide structure contributes to the adhesion of the a-
hydroxyphosphonic acid. Transition metal compounds are useful for preparing
contrast agents for MR and X-ray imaging. The transition metals of the third period of
the Periodic Table of Elements are useful for forming compounds that display
paramagnetism and conveniently superparamagnetism and therefore are useful as
MRI contrast agents. Especially convenient are superparamagnetic nanoparticles
based upon iron oxide and optionally cobalt, copper, manganese, nickel or
combinations thereof. Of these, the most convenient are nanoparticles based upon
magnetite, maghemite or combinations that are about 15 nm or less in diameter and
display superparamagnetism. These are commonly referred to as superparamagnetic
iron oxide (SPIO) particles. Transition metals with atomic numbers greater than 34
and zinc are useful for preparing compounds useful as X-ray contrast agents. Among
these hafnium, molybdenum, silver, tantalum, tungsten, and zirconium are of
particular interest with tantalum and particularly tantalum oxide being the most

convenient.

[0009] The hydrophilically modified nanoparticles typically have a Dy as
determined by DLS of 500 nm or less. It is convenient that their Dy be 50 nm or less,
more preferably 30 nm or less and most preferably that Dy be between 3 and 30 nm.
If the hydrophilically modified nanoparticles are destined for in vivo use in human
subjects as, for instance, MRI or X-ray contrast agents, a particularly convenient Dy is

about 8 nm or less.

[0010] The hydrophilically modified nanoparticles are conveniently prepared
by reacting them with the conjugate. A convenient approach is to form a colloidal
suspension of the nanoparticles in an organic solvent such as tetrahydrofuran (THF)
and then mix it with an organic solution of the conjugate in the same or a different
organic solution. The mixture may then be held for an elevated temperature for an
extended period until the reaction is essentially complete. Typically temperatures of

50° C or more for 16 hours or more are convenient.
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[0011] Stable monodisperse aqueous colloidal suspensions of the
hydrophilically modified nanoparticles are readily obtained. Such suspensions should
preferably be stable against filtration such as tangential flow filtration against a 30
kDa cut off and the addition of electrolytes such as the addition of NaCl to render the
aqueous medium isotonic, i.e. about 150 mM of NaCl. Preferably the suspensions are
stable for storage periods of one week or greater and more preferably are stable
against not only sedimentation but also against growth of the Dy as determined by
DLS of the suspended nanoparticles. If the suspensions are intended for in vivo use in
human subjects it is convenient to render them isotonic by the addition of NaCl,

dextrose or combinations thereof.

[0012] The stable monodisperse aqueous colloidal suspensions are
conveniently preparcd by diluting a colloidal suspension in an organic solvent. A
convenient approach is to simply dilute the organic solvent or solvents in which the
nanoparticles have been reacted with the conjugate by the addition of water. Another
approach is to react a colloidal suspension of the nanoparticles in an organic solvent
with the conjugate in water. In either case it is convenient to remove the unreacted
reactants by filtration or organic extraction with a solvent such as hexane or a
combination. Any volatiles in the aqueous phase after solvent extraction can be
removed by the application of a partial vacuum. Then the hydrophilically modified

nanoparticles can be purified by tangential flow filtration against a 30kDa filter.

[0013] The hydrophilically modificd nanoparticlecs may be convenicently used
as contrast agents in diagnostic imaging. Common types of such diagnostic imaging
are MR and X-ray imaging. In either case, it is convenient to use hydrophilically
modified nanoparticles which have a zeta potential between about —15 mV and 15
mV. A convenient approach in the in vivo imaging of human subjects is to administer
the nanoparticles intraveneously, preferably as a stable isotonic aqueous suspension.
If the imaging is to be by MR the nanoparticles should comprise a paramagnetic,
preferably superparamagnetic species, and most preferably they should be iron oxide
based such as magnetite or maghemite. If the imaging is to be by X-ray the
nanoparticles should comprise a transition metal compound of a metal with an atomic

number greater than 34 or zinc, preferably gold, hafnium, molybdenum, silver,
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tantalum, tungsten or zirconium and most preferably they should be tantalum oxide
based. In a particularly interesting embodiment, the hydrophilically modified
nanoparticles have a Dy of 8 nm or less and clear the body of the subject via the

kidney.
DRAWINGS

[0014] These and other features, aspects, and advantages of the present
invention will become better understood when the following detailed description is
read with reference to the accompanying drawings in which like characters represent

like parts throughout the drawings, wherein:

[0015] FIG. 1 is a generic structural formula for suitable alpha-hydroxy

phosphonic acids with which to make hydrophilic nanoparticles.

[0016] FIG. 2 is the structural formula for a particularly interesting alpha-
hydroxy phosphonic acid with which to make hydrophilic nanoparticles wherein Me

is a methyl group.

[0017] FIG. 3 is a synthetic route to alpha-hydroxy phosphonic acids with
attached hydrophilic moieties R.

[0018] FIG. 4 is a synthetic route to the particularly interesting alpha-hydroxy
phosphonic acid shown in FIG. 2.

[0019] FIG. 5 is a hypothetical schematic representation of the attachment of
an alpha-hydroxy phosphonic acid of the type whose synthesis is illustrated in FIG. 3
with a hydrophilic moiety R attached to a superparamagnetic iron oxide SPIO

nanoparticle.

[0020] FIG. 6A is a T; weighted image (TE = 4.1 ms) of a tumor in

accordance Example 12 without contrast agent.

[0021] FIG. 6B is a T; weighted image (TE

accordance Example 12, 30 minutes after the administration of the nanoparticle

4.1 ms) of a tumor in

contrast agent of Example 4.
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[0022] FIG 6C is a difference map of the differences between FIG. 6A and
FIG. 6B.
[0023] FIG. 6D is a T,*-weighted image (TE = 18.4 ms) of a tumor in

accordance Example 12 without contrast agent.

[0024] FIG. 6E is a T,*-weighted image (TE = 18.4 ms) of a tumor in
accordance Example 12 30 minutes after the administration of the nanoparticle

contrast agent of Example 4.

[0025] FIG. 6F is an Ry* rclaxation diffcrence map of the differences between

FIG. 6D and FIG. 6E exhibiting a clear distinction between tumor and muscle tissue.
DETAILED DESCRIPTION

[0026] The conjugates of the present invention are broadly defined to have a
wide variety of linkages and hydrophilic moieties. The key feature is that the
conjugate has the three hydroxyl groups of the a-hydroxy phosponic acid that are
chemically and sterically accessible. While the structurc has chiral centers it is
expected that all of the individual enantiomers and possible racemic mixtures would

be suitable to impart hydrophilicity to water insoluble nanoparticles.

[0027] These conjugates may have any of the commonly known chemical
linkages between the a-hydroxy phosponic acid structure and the hydrophilic moiety
including those based upon carbon, nitrogen, oxygen and sulfur. Groups of particular
interest are hydrocarbon, carbonyl, ester, ether, secondary or tertiary amine,
quaternary amine, urea, carbamate and amide. The intended end use of the
nanoparticles to be treated with the conjugate may impact the choice of linkage group.
For instance if the nanoparticles are to be used in vivo, particularly in human subjects,
it may be desirable to avoid linkages such as quaternary groups which might result in
interactions with tissue components such as proteins. The most interesting linkage

group from the standpoints of inertness is a hydrocarbon.

[0028] The hydrophilic moiety can be any of those moieties known to have

good compatibility with water including those known as surfactants. They can be
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anionic, cationic or non-ionic. The hydrophilic moiety may be a carbohydrate such as
mono, di or oligosaccharide, a non-carbohydrate monomeric polyalcohol, a polyether
with ethylene oxide groups, a non-carbohydrate polymer, other than a polyethers with
ethylene oxide groups, which has pendant hydroxyl groups such as polyvinyl alcohol,

poly(ethylene imine), an aliphatic or cycloaliphatic amine and combinations thereof.

[0029] In some embodiments, the hydrophilic moieties are based on cthylene
oxide with the poly(ethylene oxides) being of specific interest, particularly those with
molecular weights equal to or less than about 5000 daltons, especially those with
molecular weights equal to or less than about 2000 daltons. The poly(ethylene oxides)

with molecular weights of about 350 daltons are of particular interest.

[0030] The hydrophilic moiety can also be a zwitterion having one or more
positively charged moieties, one or more negatively charged moieties and a spacer
group in between the charged moieties. For the purposes of this application,
combinations of positively charged moieties and negatively charged moieties are
considered zwitterions if at physiological pH values they display essentially no net
charge. Suitable positively charged moictics include protonated primary amincs,
protonated secondary amines, protonated tertiary alkyl amines, quanternary alkyl
amines, protonated amidines, protonated guanidines, protonated pyridines, protonated
pyrimidines, protonated pyrazines, protonated purines, protonated imidazoles,
protonated pyrroles or combinations thereof, suitable negatively charged moieties
includc deprotonated carboxylic acids, dcprotonated sulfonic acids, deprotonated
sulfinic acids, deprotonated phosphonic acids, deprotonated phosphoric acids,
deprotonated phosphinic acids, or combinations thereof and suitable spacer groups
include unsubsituted and substituted aliphatic, cycloaliphatic and aryl groups,
heteroaliphatic groups, heteroaryl groups, ethers, amides, esters, carbamates, ureas, or
combinations thereof. In one embodiment, spacer groups include straight chain alkyl

groups of 1 to 10 carbon atoms in length.

[0031] If the intended end use of the nanoparticles is compatible with the
modified hydrophilic nanoparticles with the adhered alpha-hydroxyphosponic acid

conjugates having a nct ionic charge, the hydrophilic moicty may be any of the
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positively charged moieties or any of the negatively charged moieties discussed above

as suitable for the formation of zwitterions.

[0032] The intended end use of the nanoparticles to be treated with the
conjugate may impact the choice of hydrophilic moiety. For instance if the
nanoparticles are to be used in vivo, particularly in human subjects, it may be
desirable to avoid hydrophilic moieties such as ionic groups which might result in
interactions with tissue components such as proteins. For in vivo use, hydrophilic
moieties with essentially no net charge such as zwitterions and polyethers with
ethylene oxide units are of particular interest. For use with human subjects,
hydrophilic moicties that are casily and reproducibly characterized for safety
evaluation such as monomeric moieties are particularly convenient. Particularly
convenicnt hydrophilic moictics arc thosc bascd on 4-pipcradinccarboxylic acid
which are both monomeric and as zwitterions carry no net charge. For applications in
which toxicity is less of a concern such as the in vitro inoculation of cell cultures

poly(ethylene)imines may be appropriate hydrophilic moieties.

[0033] Particularly suitablc zwittcrions arc disclosed in U.S. Patent
Application 12/344,604 filed 29 December 2008, incorporated by reference herein.
These include hydrophilic moieties which contain cationic nitrogens and anionic
carboxylic, phosphoric and sulfonic acid based groups such as N,N-dimethyl-3-sulfo-
N-(3-propyD)propan-1-aminium, 3-(methyl)propyl)amino)propane-1-sulfonic acid, 3-
(propylamino)propanc-1-sulfonic acid, 2-(cthoxy(hydroxy)phosphoryloxy)-N,N,N-
trimethylethanaminium, 2ethyl(hydroxy)phosphoryloxy)-N,N,N-
trimethylethanaminium,  N,N,N-trimethyl-3-(N-propionylsulfamoyl)  propan-1-
aminium,  N-((2H-tetrazol-5-yl)methyl)-N,N-dimethyl-propan-1-aminium,  N-(2-
carboxyethyl)-N,N-dimethyl-propan-1-aminium,  3-(methylpropyl)amino)propanoic
acid, 3-(propylamino) propanoic acid, N-(carboxymethyl)-N,N-dimethyl-propan-1-
aminium, 2-(methylamino)acetic  acid, 2-(propylamino)acetic acid, 2-(4-
propylcarbamoyl) piperazin-1-yl)acetic acid, 3-(4propylcarbamoyl) piperazin-1-
yl)propanoic acid, 2-(methyl(2-propylureido) ethyl)amino)acetic acid and 2-(2-

(propylureido)ethyl)aminoacetic acid.

10
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[0034] Suitable hydrophilic polyether based hydrophilic moieties are
disclosed in U.S. Patent 5,916,539 issued 29 June 1999, which is incorporated herein
by reference. These include polyethylene glycols (PEG’s) of various molecular
weights with various terminal groups including amino and hydroxyl as well as

copolymers with polypropylene glycol (PPG).

[0035] The conjugate 1s preferably sufficiently hydrophilic that it can render
nanoparticles able to form stable aqueous suspensions when it is reacted with the
nanoparticles at a ratio of two moles of conjugate to one mole of the metal basis of the
nanoparticle. In this regard, the nanoparticle will typically be based on a transition
metal compound such as an oxide or a transition metal itself. It is convenient to
specify the reaction ratio using the moles of elemental metal as this can be readily
obtaincd from an clemental analysis of the starting suspension of nanoparticles in
organic solvent. From a knowledge of the chemical make up of the nanoparticles and
their average size before treatment, a rough calculation can be made of the amount of
conjugate per nanoparticle. It is particularly convenient that the conjugate be
hydrophilic enough to give nanoparticles of iron oxide or tantalum oxide of less than
15 nm treated at this ratio sufficient hydrophilicity to display a value of less than one
for the log of the distribution coefficient between equal volumes of n-octanol and 0.1

M pH 7.0 MOPS buffer.

[0036] It is of particular interest that the modified hydrophilic nanoparticles
with an adhcred alpha-hydroxyphosphonic acid conjugate be sufficiently hydrophilic
to form a stable aqueous colloidal suspension that exhibits no substantial change in
hydrodynamic diameter (Dy) as determined by dynamic light scattering (DLS) in 150
mM NaCl water after tangential flow filtration and storage for one week at room

temperature.

[0037] The nanoparticles that are to be treated with the conjugate can be of
any water insoluble material that can be formed into particles of 500 nm or less to
which the a-hydroxy phosphonic acid portion of the conjugate will adhere. It is of

interest to use nanoparticles that have utility as contrast agents in MR or X-ray

11
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imaging. However, nanoparticles for other end uses such as infusion of cell cultures

for transfection of genes are also of interest.

[0038] For use as MRI contrast agents the basis of the nanoparticles should be
a metal or its compounds that are paramagnetic, with those that are superparamagnetic
being of particular interest. These metals are conveniently drawn from the transition
metals of Period 111 of the Periodic Table of Elements beginning with manganese and
ending with zinc. A particularly interesting group of materials are those based upon
iron oxide. Especially convenient materials are those known as SPIO’s. These
materials have the general formula [Fe2+Og]X[Fe2+03(M2+O)]1,,( where 1> x> 0. M*
may be a divalent metal ion such as iron, manganese, nickel, cobalt, magnesium,
copper, zinc or a combination thereof. When the metal ion (M*") is ferrous ion (Fe*")

and x = 0, thc matcrial is magnctitc (Fc;04), and when x = 1, the material is

maghemite (y-Fe,0s).

[0039] In general, superparamagnetism occurs when crystal-containing
regions of unpaired spins are sufficiently large that they can be regarded as
thermodynamically indcpendent, single domain particles called magnctic domains.
These magnetic domains display a net magnetic dipole that is larger than the sum of
its individual unpaired electrons. In the absence of an applied magnetic field, all the
magnetic domains are randomly oriented with no net magnetization. Application of
an external magnetic field causes the dipole moments of all magnetic domains to
reoricnt resulting in a nct magnctic moment. In somc cmbodiments, these matcrials
demonstrate a spinel crystalline structure as shown by transmission electron

microscope (TEM) analysis.

[0040] For use as X-ray contrast agents, the basis of the nanoparticles should
be a metal or its compounds that are substantially more radiopaque than materials
typically found in living organisms. It is convenient to use materials with an effective
atomic number greater than or equal to 34 when at a concentration of approximately
50 mM. Such materials are likely yield appropriate contrast enhancement of about 30
Hounsfield units (HU) or greater, which is a minimum enhancement of particular

intercst. Examples of transition mctal clements that may providc this property include

12
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tungsten, tantalum, hafnium, zirconium, molybdenum, silver, and zinc. Tantalum
oxide is one particular example of a suitable core composition for use in X-ray
imaging applications. Of especial interest are materials that lead to a CT signal in a

range from about 100 Hounsfield to about 5000 Hounsfield units.

[0041] The modified hydrophilic nanoparticles to which the alpha-
hydroxyphosphonic acids have been adhered may be used as contrast agents i
diagnostic imaging. In such an application, these nanaparticles are administered to a
subject, in some embodiments a mammalian subject, and then the subject is subjected
to imaging. These nanoparticles have particular utility in MR and X-ray imaging
though they may also find utility as contrast agents in ultrasound or radioactive tracer

imaging.

[0042] When used in diagnostic imaging, particularly of mammalian subjects
and more particularly of human subjects, the modified hydrophilic nanoparticles to
which the alpha-hydroxyphosphonic acids have been adhered are typically taken up in
a pharmaceutically acceptable carrier which may or may not comprise one or more
cxcipicnts. If the administration is to be by injection, particularly parcnteral injection,
the carrier is typically an aqueous medium that has been rendered isotonic by the
addition of about 150 mM of NaCl, 5% dextrose or combinations thereof. It typically
also has the physiological pH of between about 7.3 and 7.4. The administration may
be intravascular (IM), subcutaneous (SQ) or most commonly intravenous (IV).
Howcver, the administration may also be via implantation of a depot that then slowly

releases the nanoparticles to the subject’s blood or tissue.

[0043] Alternatively, the administration may be by ingestion for imaging of

the Gl tract or by inhalation for imaging of the lungs and airways.

[0044] The administration to human subjects, particularly IV administration,
requires that the modified hydrophilic nanoparticles to which the alpha-
hydroxyphosphonic acids have been adhered be non-toxic in the amounts used and

free of any infective agents such as bacteria and viruses and also free of any pyrogens.

13
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Thus, these nanoparticles should be stable to the necessary purification procedures

and not suffer a degradation in their hydrophilicity.

[0045] These nanoparticles may be delivered to the site of administration as a
stable aqueous colloidal suspension with the proper osmolality and pH, as a
concentrated aqueous colloidal suspension suitable for dilution and adjustment or as a

powder, such as obtained by lyophilization, suitable for reconstitution.

Example 1
[0046] Synthesis of a PEG-350 Conjugatc
[0047] Synthesis of PEG-350 mono(methyl ether) acetaldehyde. To a

solution containing PEG-350 mono(mcthyl cther) (3.438 g, 9.82 mmol) dissolved in
CH,Cl, (98 mL) was added Dess-Martin Periodinane (5.00 g, 11.79 mmol) and the
resulting solution was stirred at rt for 20 h. During the reaction a fine, white
precipitate was formed and was removed at the end of the reaction via filtration
through a celite pad. The solvent was removed from the filtrate in vacuo to leave a
white solid suspended in a yellow oil. The solid was triturated with diethyl ether, and
the solid was removed by filtration through a celite pad. Removal of the solvent from
the filtratc in vacuo lcft the product PEG-350 mono(mcthyl cther) acctaldchyde (3.42
g, 100 %) as a yellow oil. 'H NMR (CDCL) 69.73 (t,]=4 Hz, 1H), 4.16 (d, ] =4 Hz,
2H), 3.65 (m, 24H), 3.38 (s, 3H) ppm. IR (neat) 2873, 1732, 1455, 1350, 1109, 1040,
948,851, 749 cm™.

[0048] Synthesis of diethyl o-hydroxy PEG-350 mono(methyl ether)
phosphonate. To a solution containing PEG-350 mono(methyl ether) acetaldehyde
(3.71 g, 10.7 mmol) dissolved in tetrahydrofuran (53 mL) was added diethyl
phosphite (1.77 g, 12.8 mmol). The solution was cooled to 0 °C, and 1,8-
diazabicyclo[5.4.0Jundcc-7-cne (1.94 g, 12.8 mmol). Aftcr stirring at 0 °C for 10 min,
the rxn was warmed to rt and stirred for an additional 24 h. The solvent was removed
in vacuo to leave a dark yellow yellow oil which was purified via column

chromatography (100% CH,Cl, to 15% MeOH/ 85% CH,Cl,) to give 3.30 g (64 %)
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of the desired diethyl a-hydroxy PEG-350 mono(methyl ether) phosphonate product
as a yellow oil. '"H NMR (CDCl) & 4.19 (m, 6H), 3.65 (m, 24H), 3.38 (s, 3H), 1.34
(m, 6H) ppm. *'P NMR (CDCl:) & 23.1 ppm. IR (neat) 3343, 2872, 1725, 1453, 1248,
1105, 965, 850, 791 cm™.,

[0049] Synthesis of a-hydroxy PEG-350 mono(methyl ether) phosphonic
acid. To a solution containing diethyl o-hydroxy PEG-350 mono(methyl ether)
phosphonate (3.61 g, 7.43 mmol) dissolved in methylene chloride (74 mL) was added
trimethylsilyl bromide (3.41 g, 22.3 mmol) and the resulting solution was stirred at rt
for 2 h. The solvent was removed in vacuo to leave a brown oil. The resulting oil was
dissolved in acetone (74 mL) and water (0.5 mL) and the resulting solution was
stirred at rt for 1.5 h. The solvent was then removed in vacuo to leave the desired a-
hydroxy PEG-350 mono(methyl ether) phosphonic acid product (2.66 g, 84 %) as a
golden oil. "H NMR (CDCL) & 3.65 (m, 24H), 3.38 (s, 3H). *'P NMR (CDCls) & 24.0
ppm. IR (neat) 3460, 2870, 1727, 1456, 1351, 945, 849 cm’™.

Example 2
[0050] Synthesis of a PEG-1900 Conjugate
[0051] Synthesis of PEG-1900 mono(methyl ether) acetaldehyde. To a

solution containing PEG-1900 mono(methyl ether) (16.32 g, 8.60 mmol) dissolved in
CH,Cl, (86 mL) was added Dess-Martin Periodinane (4.00 g, 9.44 mmol) and the
resulting solution was stirred at rt for 20 h. During the reaction a fine, white
precipitatc was formed and was removed at the end of the rcaction via filtration
through a celite pad. The solvent was removed from the filtrate in vacuo to leave a
white solid which was recrystallized from THF/hexanes to give the desired product
(11.6 g, 71 %) as a white solid. '"H NMR (CDCL) & 9.74 (t, ] = 1 Hz, 1H), 4.17 (d, ] =
1 Hz 2H), 3.83 (m, 2H), 3.65 (m, 170H), 3.39 (s, 3H).

[0052] Synthesis of diethyl o-hydroxy PEG-1900 mono(methyl ether)
phosphonate. To a solution containing PEG-1900 mono(methyl ether) acetaldehyde
(10.74 g, 5.66 mmol) dissolved in tetrahydrofuran (57 mL) was added diethyl
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phosphite (0.938 g, 6.79 mmol) followed by 1,8-diazabicyclo[5.4.0]undec-7-ene (1.03
g, 6.79 mmol). The reaction was stirred at rt for 72 h. The solvent was removed in
vacuo to leave an orange yellow solid which was recrystallized from THF/hexanes to
give the desired product (11.08 g, 96 %) as an off white solid. '"H NMR (CDCls) &
4.18 (m, 4H), 3.64 (m, 172H), 3.38 (s, 3H).

[0053] Synthesis of a-hydroxy PEG-350 mono(methyl ether) phosphonic
acid. To a solution containing diethyl a-hydroxy PEG-1900 mono(methyl ether)
phosphonate (11.08 g, 5.44 mmol) dissolved in methylene chloride (54 mL) was
added trimethylsilyl bromide (2.49 g, 16.3 mmol) and the resulting solution was
stirred at rt for 3 h. The solvent was removed in vacuo to leave a brown oil. The
resulting oil was dissolved in acetone (54 mL) and water (0.5 mL) and the resulting
solution was stirred at rt for 16 h. The solvent was then removed in vacuo to leave an
orange solid, which was recrystallized from THF/hexanes to give the desired product
(10.77 g, 86 %) as an off white solid. '"H NMR (CDCl) 8 4.12 (m, 2H), 3.65 (m,
170H), 3.38 (s, 3H).

Comparativc Examplc 3
[0054] Synthesis of a hydrophilic phosphate

[0055] Synthesis of diphenyl PEG-350 mono(methyl ether) phosphate. To
a solution containing PEG-350 mono(methyl ether) (8.54 g, 24.4 mmol) dissolved in
CH,Cl, (80 mL) was added triethyl amine (3.68 g, 36.6 mmol) followed by 4-N,N-
dimethylaminopyridine (0.298 g, 2.44 mmol). The resulting solution was cooled to 0
°C and diphenyl chlorophosphate (7.87 g, 29.3 mmol) was added dropwisc and the
reaction was stirred at 0 °C for 10 min. The reaction was then warmed to rt and stirred
for an additional 16 h. The reaction was quenched with the addition of 10% HCI (80
mL) and the resulting layers were separated. The organic layer was washed with water
(80 mL) and brine (80 mL) and was dried over anhydrous MgSQ,. Filtration and
removal of the solvent in vacuo left the desired product (14.2 g, 100%) as a golden
oil. '"H NMR (CDCls) § 7.34 (m, 4H), 7.22 (m, 6H), 4.38 (m, 2H), 3.73 (m, 2H), 3.64
(m, 24H), 3.54 (m, 2H), 3.38 (s, 3H).
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[0056] Synthesis of PEG-350 mono(methyl ether) phosphoric acid. To a
solution containing diphenyl PEG-350 mono(methyl ether) phosphate (14.2 g, 24.4
mmol) dissolved in acetic acid (108 mL) was added platinium(IV) oxide hydrate (200
mg) and the resulting suspension was heated to 50 °C and placed under an atmosphere
of H, until hydrogen uptake ceased. The reaction was filtered through a celite pad to
remove catalyst and the solvent was removed in vacuo to leave the desired product
(10.49 g, 100%) as a clear, yellow oil. "H NMR (CDCls) & 4.20 (m, 2H), 3.67 (m, 24
H), 3.56 (m, 2H), 3.39 (s, 3H).

Example 3

[0057] Synthesis of superparamagnetic iron oxide (SP1O) nanoparticles.
A 100 mL three-necked round bottom flask was charged with Fe(acac); (0.706 g, 2.0
mmol) and anhydrous benzyl alcohol (20 mL). The resulting solution was sparged
with nitrogen and heated to 165°C for 4 hours under a nitrogen atmosphere. The
resulting colloidal suspension of 5 nm iron oxide particles (As determined by DLS)

was then cooled to, and stored, at room temperature.
Example 4

[0058] Synthesis of a-hydroxy PEG-350 mono(methyl ether) phosphonate
coated superparamagnetic iron oxide nanoparticles. To a colloidal suspension of
superparamagnetic iron oxide nanoparticles of Example 3 in THF at 1 mg Fe/mL was
added the a-hydroxy phosphonic acid conjugate of Example 1 (At a ratio of 1 mol of
conjugate per mol of Fe) and the resulting suspension was heated at 50 °C for 16 h.
The recaction was then cooled to rt, diluted with water, and the brown aqucous solution
was washed three times with hexanes. Any remaining volatiles in