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(57) ABSTRACT

Provided herein are block copolymers comprising a hydro-
philic polymer segment and a hydrophobic polymer segment,
wherein the hydrophilic polymer segment comprises a poly-
mer selected from the group consisting of: poly(ethylene
oxide) (PEO), poly(methacrylate phosphatidyl choline)
(MPC), and polyvinylpyrrolidone (PVP), wherein the hydro-
phobic polymer segment comprises wherein R' is —H or
—CH,, wherein R is —NR'R?, wherein R! and R, are alkyl
groups, wherein R! and R? are the same or different, wherein
R! and R? together have from 5 to 16 carbons, wherein R* and
R? may optionally join to form a ring, wherein n is 1 to about
10, and wherein x is about 20 to about 200 in total. Also
provided are pH-sensitive micelle compositions for therapeu-
tic and diagnostic applications.
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Figure 1C
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Figure 4A
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Figure 4C
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NOVEL BLOCK COPOLYMER AND
MICELLE COMPOSITIONS AND METHODS
OF USE THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§119(e) of U.S. Provisional Applications Ser. Nos. 61/470,
441 filed Mar. 31,2011, 61/471,054 filed on Apr. 1,2011, and
61/385,422 filed on Sep. 22, 2010, the contents of each of
which are incorporated herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant Numbers RO1CA129011, RO1CA102792 and
R21EB005394 awarded by the National Institute of Health.
The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] Multifunctional nanoparticles have received atten-
tion in a wide range of applications such as biosensors, diag-
nostic nanoprobes and targeted drug delivery systems. These
efforts have been driven to a large extent by the need to
improve biological specificity with reduced side effects in
diagnosis and therapy through the precise, spatiotemporal
control of agent delivery in various physiological systems. In
order to achieve this goal, efforts have been dedicated to
develop stimuli-responsive nanoplatforms. Environmental
stimuli that have been exploited for pinpointing the delivery
efficiency include pH, temperature, enzymatic expression,
redox reaction and light induction. Among these activating
signals, pH trigger is one of the most extensively studied
stimuli based on two types of pH differences: (a) pathological
(e.g. tumor) vs. normal tissues and (b) acidic intracellular
compartments.

[0004] Forexample, due to the unusual acidity of the tumor
extracellular microenvironment (pH_~6.5), several pH -re-
sponsive nanosystems have been reported to increase the
sensitivity of tumor imaging or the efficacy of therapy. How-
ever, for polymer micelle compositions that release drug by
hydrolysis in acidic environments, it can take days for the
release of the drug. In that time period, the body can excrete
or break down the micelles.

[0005] To target the acidic endo-/lysosomal compartments,
nanovectors with pH-cleavable linkers have been investigated
to improve payload bioavailability. Furthermore, several
smart nanovectors with pH-induced charge conversion have
been designed to increase drug efficacy. Despite these
advances, specific transport and activation of nanoparticles
and their interactions with different endocytic organelles dur-
ing endocytosis in living cells is not well understood. The
endocytic system is comprised of a series of compartments
that have distinctive roles in the sorting, processing and deg-
radation of internalized cargo. Selective targeting of different
endocytic compartments by pH-sensitive nanoparticles is
particularly challenging due to the short nanoparticle resi-
dence times (<mins) and small pH differences in these com-
partments (e.g. <1 pH unit between early endosomes and
lysosomes).

[0006] Angiogenesis, the formation of new blood vessels,
plays an essential role in normal physiological processes such
as development and wound repair. Pathological angiogenesis
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occurs in tumors as well as a range of non-neoplastic diseases
(e.g. diabetic retinopathy, endometriosis). In cancer, the for-
mation of new blood vessels from an existing vasculature
network is necessary for sustained tumor growth and
exchange of nutrients and metabolic wastes. In the tumor
microenvironment model of carcinogenesis, angiogenesis
represents the last critical step to overcome the ischemia
barrier. Acquisition of the angiogenic phenotype results in
rapid tumor expansion, as well as facilitation of local invasion
and cancer metastasis.

[0007] Tumorangiogenesis is a complex biological process
that is orchestrated by a range of angiogenic factors. Initially,
stressed tumor cells (e.g. under hypoxia) secrete growth fac-
tors and chemokines (e.g. VEGF-A) that stimulate quiescent
vascular endothelium from adjacent host vessels to sprout
new capillaries. These growth factors activate or upregulate
the expression of integrins (e.g. ., f5, &, p5) on blood vessels,
which promote endothelial cell migration and survival in the
creation of new vessel sprouts. Mechanistic understanding of
tumor angiogenesis has propelled the rapid development of a
variety of antiangiogenesis agents. Bevacizumab (Avastin®,
Genentech) is a humanized anti-VEGF antibody that inhibits
VEGF binding to and signaling through VEGFR1 and
VEGFR2 receptors that are over-expressed on angiogenic
endothelial cells. It is clinically approved in combination with
cytotoxic chemotherapy for the treatment of colorectal can-
cer, non-small cell lung cancer, and breast cancer. Sunitinib
(Sutent®, Pfizer) and sorafenib (Nexavar®, Bayer Pharm.
Corp.) are small molecule inhibitors of multiple receptor
tyrosine kinases including the VEGF receptors. They have
been approved by the FDA for the treatment of renal cell
carcinoma, GI stromal tumors (sunitinib), and unresectable
liver cancer (sorafenib). A variety of other targeted agents are
currently in late stage clinical trials (e.g. Vitaxin and Cilen-
gitide, which target o f3; integrin, are in phase II/III clinical
trials for treatment of metastatic melanoma and prostate can-
cer).

[0008] Angiogenesis imaging holds considerable promise
for early detection of cancer, as well as post-therapy assess-
ment of many new molecular-targeted antiangiogenic thera-
pies. Two main strategies, functional and targeted imaging,
are currently employed in angiogenesis imaging. Functional
imaging strategy measures the blood flow, tumor blood vol-
ume and vascular permeability of solid tumors. These imag-
ing techniques include Doppler ultrasound, dynamic con-
trast-enhanced CT or MRI. The major advantages are that
they can be easily adapted and have already been clinically
implemented to monitor the efficacy of antiangiogenic drugs.
The major drawback is that these methods are not very spe-
cific toward tumor angiogenesis. Recently, targeted imaging
strategy is under intensive investigation with potential advan-
tage of more precise characterization of the state of endothe-
lium in a tumor. Among key angiogenesis targets are VEGF
and its receptors, integrins (e.g. ., p; and o, f5), and matrix
metalloproteases. Various imaging modalities, such as PET,
MRI, optical imaging, ultrasound, are being investigated with
different degrees of success.

[0009] For cancer molecular imaging applications, achiev-
ing high contrast sensitivity and specificity remains a formi-
dable challenge. Currently, most conventional imaging
probes utilize an always ON design of contrast probes and the
contrast sensitivity arises from the difference in tissue accu-
mulation of the imaging payloads. Low tissue concentrations
of intended biomarkers, lack of an amplification strategy to
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increase signal output, and high background signals are sev-
eral major limiting factors. For small molecular radiotracers
(e.g. ¥*Cu-labeled cRGD), although the detection sensitivity
is very high (e.g. <107'2 M), the contrast sensitivity is limited
by their relatively low binding affinity to the targeted recep-
tors and insufficient accumulation of imaging payloads in the
targeted tissues. Monoclonal antibodies (mAbs) have shown
superb affinity and specificity to a variety of cancer cell sur-
face markers. However, radiolabeled or fluorescently labeled
mAbs are limited in molecular imaging applications due to
their slow clearance times and persistent high background
signals in blood. In many conventional contrast agents, the
contrast sensitivity is intrinsically limited by the relatively
low tissue concentrations of cancer biomarkers on one hand,
and high non-specific background signals from the always
ON nanoprobes on the other.

[0010] Whatis neededare improved pH-responsive micelle
compositions for therapeutic and diagnostic applications, in
particular compositions having one or more of: increased
imaging and/or drug payloads, prolonged blood circulation
times, high contrast sensitivity and specificity, rapid delivery
of drug at the target site, and responsiveness within specific
narrow pH ranges (e.g. for targeting of tumors or specific
organelles).

SUMMARY OF THE INVENTION

[0011] Inone aspect of the invention is a block copolymer
comprising a hydrophilic polymer segment and a hydropho-
bic polymer segment, wherein the hydrophilic polymer seg-
ment comprises a polymer selected from the group consisting
of: poly(ethylene oxide) (PEO), poly(methacrylate phos-
phatidyl choline) (MPC), and polyvinylpyrrolidone (PVP),
wherein the hydrophobic polymer segment comprises

R

wherein R' is —H or —CH,, wherein R is —NR'R?, wherein
R! and R? are alkyl groups, wherein R and R? are the same or
different, wherein R* and R? together have from 5 to 16
carbons, wherein R' and R? may optionally join to form a
ring, whereinn is 1 to about 10, wherein x is about 20 to about
200 in total, and wherein the block copolymer optionally
comprises a labeling moiety. In some embodiments, the
hydrophilic polymer segment comprises PEO. In some
embodiments, n is 1 to 4. In some embodiments, n is 2. In
some embodiments, R'is —CHj;. In some embodiments, R'is
—H. In some embodiments, x is about 40 to about 100 in
total. In some embodiments, x is about 50 to about 100 in
total. In some embodiments, x is about 40 to about 70 in total.
In some embodiments, x is about 60 to about 80 in total. In
some embodiments, x is about 70 in total. In some embodi-
ments, R' and R? are each straight or branched alkyl. In some
embodiments, R and R? join to form a ring. In some embodi-
ments, R and R? are the same. In some embodiments, R* and
R? are different. In some embodiments, R' and R? each have
3 to 8 carbons. In some embodiments, R' and R? together
form a ring having 5 to 10 carbons. In some embodiments, R*
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and R? are propyl. In some embodiments, propyl is iso-pro-
pyl. In some embodiments, R* and R? are butyl. In some
embodiments, butyl is n-butyl. In some embodiments, R* and
R? together are —(CH,)s—. In some embodiments, R* and
R? together are—(CH,)s—. In some embodiments, the block
copolymer comprises a compound of Formula I:

(Formula I)

O O (6]
/Ln( R /Lm< L
wherein L is a labeling moiety, wherein y is 0 to about 6,
wherein R" is —H or —CHj;; wherein m is 1 to about 10;
wherein z is such that the PEO is about 2 kD to about 20 kD
in size, wherein R'™ is any suitable moiety, and wherein the
following portion of the structure:

R
R"

(@) 0 O (@]
/g(R /L’”<L

may be arranged in any order. In some embodiments, R" is
—CH,. In some embodiments, R" is —H. In some embodi-
ments, m is 1 to 4. In some embodiments, m is 2. In some
embodiments, the PEO is about 2 kD to about 10 kD in size.
In some embodiments, the PEO is about 4 kD to about 6 kD
in size. In some embodiments, the PEO is about 5 kD in size.
In some embodiments, z is about 114. In some embodiments,
y is 0. In some embodiments, y is 1 to 6. In some embodi-
ments, y is about 3. In some embodiments, L is a fluorescent
label. In some embodiments, the fluorescent label is tetram-
ethyl rhodamine (TMR). In some embodiments, L is a near-
infrared (NIR) label. In some embodiments, the NIR label is
cypate. In some embodiments, the NIR label is a cypate
analog. In some embodiments, R™ is an end group resulting
from a polymerization reaction. In some embodiments, R is
Br. In some embodiments, R™ is thiolate. In some embodi-
ments, R™ is a thioester. In some embodiments, the following
portion of the structure:

R R"

X ¥
(6] O O (6]
/g(R /L’”<L
is randomized. In some embodiments, the block copolymer
forms a pH-sensitive micelle.

[0012] In another aspect of the invention is a composition
comprising a pH-sensitive micelle, wherein the pH-sensitive
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micelle comprises a block copolymer as described herein. It is
to be understood that any of the block copolymers described
herein may be utilized in making a pH-sensitive micelle. In
some embodiments, the micelle has a size of about 10to about
200 nm. In some embodiments, the micelle has a size of about
20 to about 100 nm. In some embodiments, the micelle has a
size of about 30 to about 50 nm. In some embodiments, the
micelle has a pH transition range of less than about 1 pH unit.
In some embodiments, the micelle has a pH transition range
of less than about 0.5 pH unit. In some embodiments, the
micelle has a pH transition range of less than about 0.25 pH
unit. In some embodiments, the micelle has a pH transition
value of about 5 to about 8. In some embodiments, the micelle
has a pH transition value of about 5 to about 6. In some
embodiments, the micelle has a pH transition value of about
6 to about 7. In some embodiments, the micelle has a pH
transition value of about 7 to about 8. In some embodiments,
the micelle has a pH transition value of about 6.3 to about 6.9.
In some embodiments, the micelle has a pH transition value of
about 5.0 to about 6.2. In some embodiments, the micelle has
a pH transition value of about 5.9 to about 6.2. In some
embodiments, the micelle has a pH transition value of about
5.0 to about 5.5. In some embodiments, the micelle further
comprises a targeting moiety. In some embodiments, the tar-
geting moiety binds to VEGFR2. In some embodiments, the
targeting moiety is a Fab' fragment of RAFL-1 mAb. In some
embodiments, the targeting moiety binds to a3 integrin. In
some embodiments, the targeting moiety is cRGD1IK. In some
embodiments, the targeting moiety binds to an angiogenesis
biomarker. In some embodiments, the angiogenesis biomar-
ker is VEGF-VEGFR complex or endoglin. In some embodi-
ments, the composition further comprises a drug encapsu-
lated within the micelle. In some embodiments, the drug is
hydrophobic. In some embodiments, the drug has a log p of
about 2 to about 8. In some embodiments, the drug is a
chemotherapeutic agent. In some embodiments, the drug is
doxorubicin. In some embodiments, the drug is beta-lapa-
chone. In some embodiments, the drug is paclitaxel.

[0013] In another aspect of the invention is a method for
treating cancer in an individual in need thereof, comprising
administration of an effective amount of a pH-sensitive
micelle composition comprising a chemotherapeutic agent as
described herein. In some embodiments, the cancer com-
prises a solid tumor.

[0014] In another aspect of the invention is a method for
imaging a tumor in an individual, comprising a) administer-
ing a pH-sensitive micelle composition as described herein to
the individual, wherein the block copolymer comprises a
labeling moiety, and b) determining the distribution of the
block copolymer in its disassociated form. In some embodi-
ments, the method is used to diagnose a tumor in the indi-
vidual. In some embodiments, the method is used to monitor
a tumor in the individual.

[0015] In another aspect of the invention is a method for
delivery of a drug to early endosomes, comprising adminis-
tration of a pH-sensitive micelle composition comprising a
drug as described herein to an individual in need thereof,
wherein the micelle has a pH transition value of about 5.9 to
about 6.5.

[0016] In another aspect of the invention is a method for
delivery of a drug to late endosomes or lysosomes, compris-
ing administration of a pH-sensitive micelle composition
comprising a drug as described herein to an individual in need
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thereof, wherein the micelle has a pH transition value of about
5.0 to about 5.5. In some embodiments, the drug is a lysoso-
mal storage disease drug.

[0017] In another aspect of the invention is a method for
imaging early endosomal activity in an individual, compris-
ing a) administration of a pH sensitive micelle composition as
described herein to the individual, wherein the block copoly-
mer comprises a labeling moiety, and wherein the micelle has
a pH transition value of about 5.9 to about 6.5, and b) deter-
mining the distribution of the block copolymer in its disasso-
ciated form.

[0018] In another aspect of the invention is a method for
imaging late endosomal or lysosomal activity in an indi-
vidual, comprising a) administration of a pH sensitive micelle
composition as described herein to the individual, wherein
the block copolymer comprises a labeling moiety, and
wherein the micelle has a pH transition value of about 5.0 to
about 5.5, and b) determining the distribution of the block
copolymer in its disassociated form.

[0019] In another aspect of the invention is a compound of
the formula:

C6A-MA

O\/\N

[0020] Inanotheraspectofthe invention is a polymer of the
compound C6A-MA.

[0021] In another aspect of the invention is a compound of
the formula:

C7A-MA

O\/\N

[0022] Inanotheraspectofthe invention is a polymer of the
compound C7A-MA.

[0023] In another aspect of the invention is a compound of
the formula:

DBA-MA

O\/\N/\/\

[0024] Inanotheraspectofthe invention is a polymer of the
compound DBA-MA.
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BRIEF DESCRIPTION OF THE FIGURES

[0025] FIGS. 1A and 1B illustrate examples of block
copolymers of the invention.

[0026] FIG. 1C illustrates the design principle of an
example of a micelle comprising a fluorescent label (using
TMR as an example). At high pH, micelle assembly results in
fluorescence quenching due to homoFRET and photoinduced
electron transfer (PET) mechanisms. At low pH, micelle dis-
assembly leads to dramatic increase in emission. At high pH,
the amine in the hydrophobic polymer segment is not proto-
nated. At low pH, the amine group in the hydrophobic poly-
mer segment is protonated.

[0027] FIG. 2A illustrates an example of synthesis PEO-b-
PR copolymers by atom transfer radical polymerization
(ATRP) method.

[0028] FIG. 2B illustrates an example of synthesis of PEO-
b-(PR-r-TMR) nanoprobes.

[0029] FIG. 3A shows the normalized fluorescence inten-
sity of pHAM nanoprobes 3, 4, 6, 7 as a function of pH. The
pH response (ApH, ; g00,) Was <0.25 pH unit and F,,, /F
was up to 55 fold.

[0030] FIG. 3B shows stopped-flow fluorescence measure-
ment of nanoprobe 4 (pH,=5.4) after pH activation at 4.9.
Fluroesence recovery time (T, ,,) was 3.7 ms.

[0031] FIG. 4A shows the pH titration curves of two rep-
resentative PEO-b-PR block copolymers, 5 and 7, and their
corresponding monomers.

[0032] FIG. 4B shows deuterated NMR spectra of two rep-
resentative PEO-b-PR block copolymers, 5 and 7, at different
ionization states of tertiary amines.

[0033] FIG. 4C shows transmission electron microscopy
(TEM) of PEO-b-PR block copolymer 7 in aqueous solution,
demonstrating the formation of micelles above its pKa (6.7)
at pH 7.4 and complete micelle dissociation at pH 5.5. Aver-
age diameter of micelles was 45 nm.

[0034] FIGS. 5A and 5B show quantification of activation
of pHAM nanoparticles in H2009 cells and culture medium
upon acidification. FIG. 5A shows signal to noise ratios
(SNRs) of 3 inside H2009 cells and medium over time. FIG.
5B shows a comparison of SNR between H2009 cells and
medium before and after the addition of HCI. A large contrast
(SNR,;/SNR,,. /31 at 60 min) was observed before HCI
addition and the trend is reversed (SNR,;/SNR,,. ~0.74)
after HCI. P-values were calculated using the Student’s t-test.
[0035] FIG. 6A shows an examination of the subcellular
locations (early endosomes (Rab5a) and late endosomes/ly-
sosomes (Lamp1)) for pHAM activation of nanoprobe 3 over
time using confocal imaging.

[0036] FIG. 6B shows an examination of the subcellular
locations (early endosomes (Rab5a) and late endosomes/ly-
sosomes (Lamp1)) for pHAM activation of nanoprobe 4 over
time using confocal imaging.

[0037] FIG. 6C and FIG. 6D depict the different processes
of intracellular uptake and activation of the two nanoprobes.
[0038] FIG. 7 shows doxorubicin release from PEO-b-
PC6A micelles at different time points in various pH envi-
ronments.

[0039] FIG. 8 illustrates syntheses of NIR-NHS ester and
PEO-b-(PR-r-NIR) copolymers for the development of NIR-
pHAM.

[0040] FIG. 9 illustrates syntheses of maleimide-termi-
nated PEG-b-PR copolymers.

[0041] FIG. 10A shows fluorescence intensity of HUVEC
cells differently treated with cRGD-encoded pHAM nano-

min
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probes, cRAD-pHAM, free cRGD block (N>10 for each
group) and cell culture medium, respectively.

[0042] FIG. 10B shows contrast to noise ratio (CNR) of
HUVEC cells treated with cRGD-pHAM over the cRAD-
pHAM and dRGD block controls.

[0043] FIG. 11 shows the in vivo pharmacokinetics studies
of cRGD-encoded pHAM (targeted micelles) and cRGD-free
pHAM (nontargeted micelles) in A549 tumor-bearing mice.

[0044] FIG. 12 illustrates an example of pH-activatable
(pHAM) nanoprobes for imaging of angiogenesis biomarkers
(e.g. VEGFR2, a f3;) in vascularized tumors. These nano-
probes will stay “silent” (or OFF state) during blood circula-
tion, but can be turned ON by pH activation after receptor-
mediated endocytosis in angiogenic tumor endothelial cells.
[0045] FIG. 13 illustrates an example of intracellular acti-
vation mechanism for a vascular targeted pHAM inside acidic
intracellular organelles (i.e. endosomes/lysosomes).

[0046] FIGS. 14A and 14B show pH-dependent micelliza-
tion behaviors ((14A) normalized light scattering intensity
and (14B) pyrene 1,/1; emission ratio as a function of pH)
from 4 different PEG-b-PR copolymers having a concentra-
tion at 0.1 mg/ml.

[0047] FIG. 15 illustrates selective targeting of drug deliv-
ery to a tumor by a larger macromolecule such as a micelle of
the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0048] The present invention provides block copolymers
and micelle compositions comprising one or more of said
block copolymers that are useful in one or more therapeutic
and/or diagnostic applications, such as treatment of cancer,
cardiovascular disease, inflammation, an autophagy-related
disease, or lysosomal storage disease, tumor imaging, and/or
imaging of intracellular organelles such as early endosomes,
late endosomes and lysosomes. The invention further pro-
vides methods for using the micelle compositions in such
therapeutic and diagnostic applications.

[0049] The block copolymers of the invention comprise a
hydrophilic polymer segment and a hydrophobic polymer
segment, wherein the hydrophobic polymer segment com-
prises an ionizable amine group to render pH sensitivity. The
block copolymers form pH-activatable micellar (pHAM)
nanoparticles based on the supramolecular self-assembly of
these ionizable block copolymers (see e.g. FIG. 1C). For
example, FIG. 1C illustrates the design principle of a non-
limiting example of a micelle of the invention. At higher pH,
the block copolymers assemble into micelles, whereas at
lower pH, ionization of the amine group in the hydrophobic
polymer segment results in dissociation of the micelle. With-
out wishing to be bound by theory, micelle formation and its
thermodynamic stability are driven by the delicate balance
between the hydrophobic and hydrophilic segments. The ion-
izable groups may act as tunable hydrophilic/hydrophobic
blocks at different pH values, which may directly affect the
dynamic self-assembly of micelles. Without wishing to be
bound by theory, micellization may sharpen the ionization
transition of the amines in the hydrophobic polymer segment,
rendering fast and ultra-sensitive pH response. Different
block copolymers may be selected to provide micelles having
different transition pH values within physiological range, in
order to achieve selective activation within various environ-
ments, such as tumors (e.g. the extracellular environment of
tumors), or within specific endocytic compartments such as
early or late endosomes or lysosomes.



US 2014/0023590 Al

[0050] For therapeutic applications, a drug may be incor-
porated into the interior of the micelles. Specific pH condi-
tions (e.g. acidic pH present in tumors and endocytic com-
partments) may lead to rapid protonation and dissociation of
micelles into unimers, thereby releasing the drug. In some
embodiments, the micelle provides stable drug encapsulation
at physiological pH (pH 7.4), but can quickly release the drug
in acidic environments. The micelles of the invention may
provide one or more advantages in therapeutic applications,
such as: (1) disassociation of the micelle (and rapid release of
drug) within a short amount of time (e.g. within minutes)
under certain pH environments (e.g. acidic environments), as
opposed to hours or days for previous micelle compositions;
(2) encapsulation of a high percentage of drug; (3) selective
targeting of drug delivery to the desired site (e.g. tumor or
lysosome), which may enhance drug efficacy and reduce
toxicity to healthy cells (see e.g. FIG. 15); (4) prolonged
blood circulation times; (5) responsiveness within specific
narrow pH ranges (e.g. for targeting of specific organelles),
and (6) image-guided therapy, where imaging signals can be
a predictive factor for the therapeutic efficacy for the treat-
ment.

[0051] For diagnostic applications, a labeling moiety may
be conjugated to the block copolymer. In some embodiments,
the label (e.g. a fluorescent label) is sequestered inside the
micelle when the pH favors micelle formation, and seques-
tration results in a decrease in label signal (e.g. via fluores-
cence quenching, see e.g. FIG. 1C). Specific pH conditions
(e.g. acidic pH present in tumors and endocytic compart-
ments) may lead to rapid protonation and dissociation of
micelles into unimers, thereby exposing the label, and
increasing the label signal (e.g. increasing fluorescence emis-
sion). The micelles of the invention may provide one or more
advantages in diagnostic applications, such as: (1) disasso-
ciation of the micelle (and rapid increase in label signal)
within a short amount of time (e.g. within minutes) under
certain pH environments (e.g. acidic environments), as
opposed to hours or days for previous micelle compositions;
(2) increased imaging payloads; (3) selective targeting of
label to the desired site (e.g. tumor or particular endocytic
compartment); (4) prolonged blood circulation times; (5)
responsiveness within specific narrow pH ranges (e.g. for
targeting of specific organelles); and (6) high contrast sensi-
tivity and specificity. For example, the micelles may stay
silent (or in the OFF state) with minimum background signals
under normal physiological conditions (e.g. blood circula-
tion), but imaging signals can be greatly amplified when the
micelles reach their intended molecular targets in vivo (e.g.
extracellular tumor environment or cellular organelle). As a
non-limiting example, upon specific targeting to angiogenic
biomarkers (e.g. &, f3;), micelle nanoprobes can be turned ON
by pH activation inside endosomes/lysosomes after receptor-
mediated endocytosis. FIG. 12 illustrates an example of pH-
activatable (pHAM) nanoprobes for imaging of angiogenesis
biomarkers (e.g. VEGFR2, o f;) in vascularized tumors.
These nanoprobes will stay “silent” (or OFF state) during
blood circulation, but can be turned ON by pH activation after
receptor-mediated endocytosis in angiogenic tumor endothe-
lial cells. FIG. 13 illustrates the intracellular activation
mechanism for a vascular targeted pHAM inside acidic intra-
cellular organelles (i.e. endosomes/lysosomes).

Definitions

[0052] As used herein, “alkyl” indicates any saturated
hydrocarbon moiety, including, for example, straight chain,
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branched chain, or cyclic (including fused and spiro bicyclic
and polycyclic) saturated hydrocarbon moieties which may
optionally be substituted with one or more additional satu-
rated hydrocarbon moieties.

[0053] As used herein, “pH-sensitive micelle”, “pH-acti-
vatable micelle” and “pH-activatable micellar (pHAM) nano-
particle” are used interchangeably herein to indicate a micelle
comprising one or more block copolymers, which disassoci-
ates depending on the pH (e.g. above or below a certain pH).
As a non-limiting example, at a certain pH, the block copoly-
mer is substantially in micellar form. As the pH changes (e.g.
decreases), the micelles begin to disassociate, and as the pH
further changes (e.g. further decreases), the block copolymer
is present substantially in disassociated (non-micellar) form.
[0054] A “nanoprobe” is used herein to indicate a pH-
sensitive micelle which comprises an imaging labeling moi-
ety.

[0055] As used herein, “pH transition range” indicates the
pH range over which the micelles disassociate. In some
embodiments, the pH transition range is the pH response
sharpness. An example of determining pH response sharpness
is described in Example 2 below. Briefly, the fluorescence
intensity versus pH is measured for a block copolymer which
comprises a fluorescent label that is sequestered within the
micelle (quenching fluorescence) when the block copolymer
is in micellar form (see e.g. FIG. 1C). As the pH changes (e.g.
decreases), the micelle disassociates, exposing the fluores-
cent label and resulting in fluorescence emission. Normalized
fluorescence intensity (NFI) vs. pH curves permit quantita-
tive assessment of the pH responsive properties of the
micelle. NFI is calculated as the ratio of [F-F,,, |/[F,,.—
F,...l, where F is the fluorescence intensity of the micelle at
any givenpH, and F,,, andF,,,, are the maximal and minimal
fluorescence intensities at the ON/OFF states, respectively.
pH response sharpness is ApH ;_o,%, the pH range in which
the NF1 value varies from 10% to 90%. For label-free copoly-
mers, dynamic light scattering (DLS) or an external fluoro-
phore (e.g. pyrene) can be used to characterize the pH-depen-
dent micellization behaviors. For example, FIG. 14A shows
the normalized light scattering intensity of several PEO-b-PR
copolymers at 0.1 mg/mL concentration as a function of pH.
At different pH values, dramatic increase of light scattering
intensity was observed due to the formation of micelle nano-
particles from unimers in solution. The hydrodynamic diam-
eters of the resulting micelles were measured at 40-50 nm.
The light scattering data was further supported by examining
the 1,/1; ratios (at 372-374 and 382-384 nm, respectively) of
pyrene emissions (A, =339 nm) (FIG. 14B).I,/1, ratio reflects
the polarity of the pyrene environment where a partition of
pyrene in the micelle core leads to decreased I,/1; values.
[0056] As used herein, “pH transition value” (pH,) indi-
cates the pH at which half of the micelles are disassociated.
An example of determining pH transition value is described
in Example 2 below. Briefly, for a block copolymer which
comprises a fluorescent label that is sequestered within the
micelle (quenching fluorescence) when the block copolymer
is in micellar form, the pH transition value is the pH at which
the fluorescence emission measured is 0.5x(F,,, +F,.),
where F,, . and F, . are the maximal and minimal fluores-
cence intensities at the ON/OFF states, respectively. For
label-free copolymers, dynamic light scattering (DLS) or an
external fluorophore (e.g. pyrene) can be used to characterize
the pH-dependent micellization behaviors. For example, F1G.
14A shows the normalized light scattering intensity of several
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PEO-b-PR copolymers at 0.1 mg/ml. concentration as a func-
tion of pH. At different pH values, dramatic increase of light
scattering intensity was observed due to the formation of
micelle nanoparticles from unimers in solution. The hydro-
dynamic diameters of the resulting micelles were measured at
40-50 nm. The light scattering data was further supported by
examining the I,/I; ratios (at 372-374 and 382-384 nm,
respectively) of pyrene emissions (A, =339 nm) (FIG. 14B).
1,/1; ratio reflects the polarity of the pyrene environment
where a partition of pyrene in the micelle core leads to
decreased 1,/I; values. Both light scattering and pyrene
experiments yielded similar pH transition values. The pH,
values were 5.0, 6.2, 7.0, and 7.2 for PEO-b-PDBA, PEO-b-
PDPA, PEO-b-PC7A, PEO-b-PC6A, respectively.

[0057] As used herein, the term “treating” refers to a clini-
cal intervention designed to alter the natural course of clinical
pathology of the disease or disorder being treated (e.g., can-
cer). Desirable effects of treatment include, for example,
ameliorating or palliating the disease state, slowing or revers-
ing the progression of the disorder, remission, or improved
prognosis.

[0058] As usedherein, the term “effective amount” refers to
an amount effective, at dosages and for periods of time nec-
essary, to achieve the desired therapeutic, prophylactic, or
diagnostic result. An effective amount can be provided in one
or more administrations.

[0059] As used herein, “individual” indicates an animal,
preferably a mammal, including humans, primates, labora-
tory animals (e.g. rats, mice, etc.), farm animals (e.g. cows,
sheep, goats, pigs, etc.), pets (e.g. dogs, cats, etc.), and sport
animals (e.g. horses, etc.). In some embodiments, an indi-
vidual is a human.

[0060] Reference to “about” a value or parameter herein
also includes (and describes) embodiments that are directed

to that value or parameter per se.
As used herein and in the appended claims, the

[0061]
singular forms “a,” “an,” and “the” include plural reference

unless the context clearly indicates otherwise.
[0062] Itis under