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Abstract

This paper reports the design, physicochemical characterization and in vitro cytotoxicity of a
thermally responsive chimeric polypeptide (CP), derived from an elastin-like polypeptide (ELP).
The CP self-assembles into ~40 nm diameter nanoparticles upon conjugation of multiple copies of
doxorubicin (Dox), and displays a nanoparticle-to-aggregate phase transition between 39-42 °C in
media, a temperature range suitable for mild hyperthermia of solid tumors. The CP-Dox
nanoparticle is stable upon dilution to low micromolar concentrations, and is cytotoxic at both 37
and 42 °C. A thermally responsive nanoparticle formulation of Dox may prove to be broadly
useful in hyperthermia targeted chemotherapy of a variety of solid tumors.
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1. Introduction

We have recently developed a class of recombinant chimeric polypeptides (CPs) for delivery
of small molecule chemotherapeutics. CPs have two components: (1) the N-terminal
segment is a hydrophilic elastin-like polypeptide (ELP), a class of macromolecular carriers
inspired by tropoelastin, which consists of multiple repeats of Val-Pro-Gly-Xaa-Gly, where
the guest residue “Xaa” is any amino acid except proline [1, 2]; and (2) the C-terminal
segment contains a variable number of periodically spaced cysteine (Cys) residues arranged
in a Cys-(Gly-Gly-Cys), motif to which small molecule chemotherapeutics can be attached.
We have shown that the attachment of multiple copies of doxorubicin (Dox) to Cys residues
at the C-terminus of a recombinant CP results in the spontaneous self-assembly of CP-Dox
conjugates into near monodisperse nanoparticles, such that Dox is sequestered in the
nanoparticle core while the hydrophilic CP forms the hydrated nanoparticle corona [3]. In
this scheme, Dox is attached to a CP through an acid-labile hydrazone linker to enable
intracellular release of the drug within acidic compartments such as endosomes and
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lysosomes. Notably, we find that nanoparticles of the CP-Dox conjugate accumulate in
tumors at higher levels than free drug, and show good efficacy in a s.c. murine model of a
colon carcinoma [3]. In the next stage of evolution of these drug-loaded nanoparticles, we
are interested in improving their accumulation in solid tumors by “active” targeting.

Affinity targeting is the most common approach for “active” targeting of nanoparticles, in
which the nanoparticle exterior is decorated with tumor specific ligands such as antibodies
and their fragments [4-7], or aptamers [8] that interact specifically with high affinity
receptors over-expressed by a tumor [9]. Conventional receptor-targeted drug delivery has
several limitations: (1) the spatial heterogeneity of receptor expression within a tumor [10-
12], between patients with the same cancer [13], and across tumor types [14] limits
application of an affinity targeted drug carrier to a narrow range of tumors that overexpress
the target receptor; (2) expression of the target receptor in healthy tissues at baseline levels
leads to significant off-site targeting and hence, systemic toxicity.

These limitations of affinity targeting have led us to investigate an alternative, receptor
independent physical-targeting approach that takes advantage of focused mild hyperthermia
of solid tumors by “thermally” targeting CP-Dox nanoparticles to tumors. This goal is
motivated by previous studies that showed that triggering the phase transition of an ELP can
increase its accumulation in solid tumors that are externally heated by mild hyperthermia
[15-17]. CPs can be used to build a thermally-responsive nanodelivery system because they
—similar to the ELPs that they are derived from— undergo a lower critical solution
temperature (LCST) phase transition, defined by an inverse transition temperature (Ty), or
LCST, below which a CP is soluble and above which the CP desolvates and forms micron-
sized aggregates.

CP-Dox nanoparticles also undergo a phase transition in response to an increase in
temperature, causing the CP-Dox nanoparticles to collapse into micron-sized aggregates.
This transition is also defined by a Ty, which is the solution temperature for the onset of
aggregation of CP-Dox nanoparticles. The T; of the CP-Dox nanoparticles in our previous
study was above the upper limit of 42 °C that is necessary for targeting by externally-
focused mild hyperthermia [3], so that those nanoparticles were not useful for thermal
targeting of solid tumors. However, the T; of CP-Dox nanoparticles, like the CPs from
which they are derived, can be tuned by controlling the CP composition and chain length,
which provides a rational approach for the design of a CP that responds to mild
hyperthermia. In an effort to improve the therapeutic efficacy of CP-Dox nanoparticles, we
report herein the design, physico-chemical characterization, and /n vitro cytotoxicity of a
thermally responsive CP-Dox nanoparticle that undergoes a transition from a nanoparticle to
a microscopic aggregate in response to mild hyperthermia under physiological conditions.

and Methods

Restriction enzymes, T4 DNA ligase and calf intestinal phosphatase (CIP) were purchased
from New England Biolabs (Ipswich, MA). The pET-24a+ cloning vector was obtained
from Novagen Inc. (Madison, WI), and all custom oligonucleotides were synthesized by
Integrated DNA Technologies Inc. (Coralville, IA). The DNA miniprep, gel purification,
and PCR purification kits were purchased from Qiagen Inc. (Germantown, MD). EB5a™
and BL21™ E. coli cells were purchased from Edge BioSystems (Gaithersburg, MD). All £.
coli cultures were grown in TBDry™ media purchased from MO BIO Laboratories, Inc
(Carlsbad, CA). Doxorubicin-HCI was purchased from Tecoland (Edison, NJ). BMPH and
TCEP were obtained from Thermo Scientific (Rockford, IL). Kanamycin was purchased
from CalBioChem (San Diego, CA).

J Control Release. Author manuscript; available in PMC 2013 May 10.
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2.2 Synthesis of chimeric polypeptides

CPs were synthesized from purchased oligomers using plasmid reconstruction recursive
directional ligation (complete details can be found in the supporting information) [18]. The
nomenclature used herein indicates the different CP sequences (1-4, determined by the guest
residue composition). CPs conjugated to Dox (CP-Dox) imply nanoparticle formulations
whereas unconjugated CPs are unimers. The T; was tuned by varying the guest residue ratio
of alanines to valines. The CP sequences that were synthesized in this study are shown in
Table I.

2.3 Expression and purification of CPs

CPs indicated by an asterisk in Table | were expressed from a modified pET-24a+
expression vector [18], using a previously published hyperexpression protocol, which relies
on the leakiness of the T7 promoter [19].

2.4 SDS-PAGE

SDS-PAGE of purified CPs was performed on Bio-Rad Ready Gels™ with a 4-20% Tris
gradient. The gels were visualized by copper staining (0.5 M CuCly).

2.5 Conjugation of Dox to CP

The conjugation of Dox to the CPs was performed as described elsewhere [3]. The degree of
Dox conjugation to the CP was measured for each sample by resuspending 10-20 mg of
lyophilized CP-Dox in 1 mL of PBS, and then dividing the concentration of Dox,
determined via absorbance spectroscopy, by the concentration of CP. The CP concentration
was determined gravimetrically on the lyophilized sample by adjusting for the added mass
from the attached Dox-linker.

2.6 Temperature programmed turbidimetry

The transition temperature (T;) of each sample was calculated by recording the optical
density at 650 nm as a function of temperature (1 °C/min ramp) on a temperature controlled
UV-Vis spectrophotometer (Cary 300 Bio; Varian Instruments, Palo Alto, CA). The T; was
defined as the inflection point of the turbidity profile. All samples were analyzed in PBS or
complete cell media (RPMI-1640 supplemented with 10% FBS, 4.5 g L™ D-glucose, 10
mM HEPES, and 1 mM sodium pyruvate) across a wide range of CP concentrations (2 uM
to 100 uM).

2.7 Light scattering

Dynamic light scattering (DLS) was performed to determine the hydrodynamic radius (Rp,)
of the CPs and CP-Dox nanoparticles at 25 pM CP concentration and 25 °C using a Dynapro
plate reader (Wyatt Technology; Santa Barbara, CA), following filtration through 0.22 pm
Millex-GV filters (Millipore; Billerica, MA). The data was analyzed with a regularization fit
of the percent mass for Raleigh spheres. The ALV/CGS-3 goniometer system (Germany)
was used to perform both dynamic and static light scattering. Samples for the ALV/CGS-3
goniometer system were prepared in PBS with 5 mM TCEP and filtered into 10 mm
disposable borosilicate glass tubes (Fischer) that had been previously cleaned with filtered
ethanol (0.2 uM cellulose acetate filter). Measurements were obtained at 25 °C for angles
30° — 150° at 5° intervals, with each measurement consisting of 3 runs sampled for 10 — 30
seconds each. The ALV Static and Dynamic Fit and Plot algorithm was used to fit partial
Zimm plots for each concentration, providing the absolute molecular weight and the Ry. The
Rg and Ry, measured on the ALV/CGS-3 system were used to calculate the shape factor of
CP-Dox nanoparticles.
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2.8 Cytotoxicity

C26 murine colon carcinoma cells were maintained in complete media consisting of
RPMI-1640 supplemented with 10% FBS, 4.5 g L™1 D-glucose, 10 mM HEPES, and 1 mM
sodium pyruvate. Cells were maintained at 37 °C and 5% CO5 and passaged every 3 days. /n
vitro cytotoxicity was determined through the use of a colorimetric assay. 5x103 C26 cells
were seeded per 100 pL media on BD Falcon™ 96-well cell culture plates (BD; Franklin
Lakes, NJ) and allowed to adhere for 24 h. The cell media was then removed and replaced
with 120 puL complete media containing Dox, CP nanoparticles, or unconjugated CP. The
plates were treated at 37 or 42 °C for 1 h, after which they were incubated at 37 °C for 24 to
72 h. The plates were then removed and 20 pL of CellTiter 96 AQueous™ (Promega;
Madison, WI) 3-(4,5,-dimethyl2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) reagent was added to each well. Following incubation for 30 min, the
absorbance of the solution was measured at 490 nm with a Victor3 microplate reader (Perkin
Elmer; Waltham, MA). To calculate the ICsg, the data was fit to the equation: Viability =1/
(1 + (Cpox/ICs50)P), where Cpoy is the effective Dox concentration in the well, the I1Cgq
measures the necessary dose to kill 50% of the cell population, and p represents the slope of
the sigmoidal curve.

2.9 Fluorescence microscopy

For visualization of Dox delivery with CP nanoparticles, 4x103 C26 cells were seeded on
Lab-Tek® Il CC2™ chamber slides (Electron Microscopy Sciences, Hatfield, PA) and
allowed to adhere for 24 hours. Cell media was replaced with complete media containing CP
nanoparticles and incubated for 1 hr at 37 °C or 42°C. Following treatment the media was
removed and cells were incubated for 10 min with 2 uM Hoechst 33342 to stain cell nuclei.
The cells were then washed twice in PBS at room temperature. Cells were fixed for 20 min
in 4% paraformaldehyde and the chamber wells were removed from the underlying slide on
which the cells were adhered. The slide was mounted with Fluoromount-G (Electron
Microscopy Sciences, Hatfield, PA) prior to visualization on a Nikon TE-2000U widefield
fluorescence microscope with a 60x oil-immersion objective. Hoechst 33342 dye was
detected with a standard UV-2E/C filter set and Dox was detected with a 450-490 nm
excitation filter, 505 nm long pass dichromatic mirror, and 590-650 nm emission filter set.

3. Results

We designed a family of CPs to precisely tune the phase transition behavior of CP-Dox
nanoparticles, with the goal of identifying at least one CP that would provide a nanoparticle
with a T within the required 39-42 °C upon Dox conjugation. This spans the temperature
window from physiological conditions to mild hyperthermia. We chose the specific CP
sequences for synthesis based on a large body of experimental evidence that we have
collected in the past decade on the effect of two orthogonal variables — the guest residue and
the molecular weight — on the T; of ELPs [16, 20-22]. These studies suggest that different
combinations of Val, Ala, and Gly residues at the 4, guest residue position would yield
CPs with a T; of ~40 °C in a relevant physiological fluid such as plasma [16, 17].

Using this information as a guide, we synthesized 22 genes that encode four sets of CPs with
varying guest ratios of valine (V) and alanine (A) and a range of MWSs. Genes encoding low
molecular weight constructs (MW < 15 kDa) were not expressed because low MW CPs tend
to express with low yield and have very high T;’s. Of the remainder, 11 CPs were expressed
in E. coli and were purified to homogeneity to determine how the T; of these CPs varied as a
function of their composition and molecular weight. We measured the T¢’s of the 11 CPs in
PBS to determine which CPs were likely to exhibit Tt’s within the range of clinical
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hyperthermia following assembly into nanoparticles. Based on their measured Tt’s (SI
Figure 2), we next conjugated one CP from each set of unique compositions to Dox.

Multiple copies of Dox were attached to the cysteine rich C-terminus of each CP to drive
nanoparticle assembly, as previously described [3], using a pH-sensitive linker with an
internal hydrazone bond that enables intracellular release of the drug from the CP under the
conditions of low pH (<5.5) found in the endosomes and lysosomes [23]. Upon conjugation
of multiple copies of Dox, all of the CP-Dox conjugates self-assemble into near-
monodisperse spherical nanoparticles that are approximately 20 nm in radius (Table II). The
degree of Dox conjugation per CP is also reported in Table I1. Typically, the number of drug
molecules conjugated per CP range from 5 to 6.5, which corresponds to 4-5 wt% loading of
drug. We did not attempt to optimize the drug loading of these conjugates any further by
tuning the number of reactive cysteine residues, as a single injection of a CP-Dox
formulation with ~5 wt% loading of Dox proved to be remarkably effective in a previous
study in abolishing a syngeneic colon carcinoma in a s.c. model in balb/c mice [3].

Next, we measured the T; of the CP-Dox nanoparticles as a function of the CP concentration
in PBS (Figure 1B) and in 90% FBS. The T; of the CP-Dox nanoparticles is primarily a
function of the CP composition rather than their concentration in the range of 1-100 uM,
which is in sharp contrast to CP unimers (no Dox attached) whose transition temperatures
vary significantly with their composition and concentration (Figure 1A). In PBS, the T; of
the CP-Dox nanoparticles ranged from 39.7 °C for CP4-Dox to 46.8 °C for CP1-Dox. We
also examined the thermal response of the CP-Dox nanoparticles in 90% FBS (a close
approximation to physiological conditions), with the expectation that the presence of serum
proteins would lower the transition temperature. We found that the T; of all four CP-Dox
nanoparticles decreased by ~3.5 °C, consistent with previous results.

We chose CP4-Dox for the remainder of the /n vitro studies performed herein, as its T; was
in the range of 39-42 °C in PBS (39.7 °C at 50 pM) and cell culture medium (40.4 °C at 50
uM). However, we recognize that its T; of 36.5 °C in 90% FBS is too low for thermal
targeting after systemic administration /n vivo. As the other three CP-Dox nanoparticles
exhibited phase transitions between 39.4 and 42.1 °C in 90% FBS, which approximates the
environment in systemic circulation, we have in hand three potential CP-Dox nanoparticles
that have the thermal profile to make them suitable for /n vivo studies. Because of the
extraordinary stringent design requirement imposed by the narrow 5 °C temperature range
necessary for tumor targeting by mild hyperthermia, these results also highlight the
importance of designing a library of CPs with a systematic difference in composition, and
hence Ty, so as to ultimately provide one or more thermally responsive CPs that have the
appropriate thermal profile for in vivotumor targeting by externally applied, mild
hyperthermia of solid tumors.

We next characterized the CP4-Dox conjugate (160 pentapeptides) in detail because its
thermal properties are in the temperature range of mild hyperthermia. This conjugate forms
nanoparticles with a radius of 23.6 £ 2.4 nm (Figure 2A). This size is optimal to exploit the
EPR effect, which facilitates passive accumulation of macromolecular carriers in a tumor by
extravasation through the nanoscale pores in the leaky tumor vasculature. While these pores
can range in size up to 100’s of nanometers [24, 25], mild hyperthermia dramatically
increases the pore cutoff size —up to four-fold— in some tumors, so that hyperthermia can
further amplify passive targeting [26]. The sub-100 nm size of these nanoparticles also
suggests they will benefit from prolonged circulation, accumulate in solid tumors by virtue
of their extravasation through the tumor vasculature, and then be degraded over time [27].
This is in contrast to other thermally responsive synthetic polymers, such as poly(N-
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isopropylacrylamide) (polyNIPAAmM), which can only be used at low molecular weights due
to their lack of degradation /n vivo [28, 29].

We next examined the thermal phase behavior of the CP4-Dox nanoparticles as a function of
the CP concentration in more detail. The self-assembly of nanoparticles upon Dox
conjugation to CPs has two important effects on its thermal behavior. First, the T; of the
nanoparticle is reduced with respect to the corresponding CP unimer at the same CP
concentration (Figure 2B). This change in T; is consistent with the conjugation of a
hydrophobic entity to a CP, similar to the introduction of hydrophobic amino acids in the CP
guest residue position. The second significant effect is that the concentration dependence of
the CP-Dox nanoparticle Ty is drastically reduced as compared to CP unimers (Figure 2C).
While the nanoparticle T; (red) remains within the hyperthermia window (black lines) over a
wide range in concentration, unimers (green, blue) only do so within a narrow concentration
window. The green line represents the most commonly used ELP (a unimer) for thermal
targeting in the literature [15-17, 30-32]. Clearly, this ELP would only exhibit thermal
responsiveness to mild hyperthermia within a relatively small concentration range if it were
injected /n vivoas a unimer.

Chilkoti and Meyer defined the CP unimer T; in terms of a critical T (Ty; °C), the critical
concentration (C,; M), the length of the sequence (L; pentapeptides), the concentration of
the CP (C; uM), and k (°C), a proportionality constant (Equation 1) [22].

Ti=Tc+k/L In(C./C) @

The T; is highly sensitive to concentration changes at low concentrations and relatively
insensitive to changes at higher concentrations because of the logarithmic dependence of the
unimer T; upon concentration (Figure 2D). In contrast, self-assembly of CPs into
nanoparticles upon conjugation with Dox largely abolishes the dependence of the T; on the
CP concentration. We believe that this occurs because nanoparticle formation simply shifts
the effective CP concentration from the low concentration regime into the high
concentration regime over all concentrations, with the consequence that the concentration
dependence of the CP is driven not by the overall nanoparticle concentration, but by the high
local and invariant concentration of the CP in the CP-Dox nanoparticles. For instance, a
simple calculation suggests that 20 CP chains packed within a 20 nm radius nanoparticle
results in an effective local concentration of 1 mM. This effect is important because CPs are
generally used at concentrations of 10-50 UM /n vivo, placing them in the low concentration
regime that makes their T; very sensitive to concentration. In contrast, the T; of CP-Dox
nanoparticles, at the same 10-50 uM overall CP concentration, is largely insensitive to the
CP-Dox concentration. This effectively means that the T; of a CP-Dox nanoparticle is
insensitive to its solution concentration (on a CP basis) as long as it remains above the
critical aggregation concentration (CAC) of the nanoparticle.

We also studied how varying the stoichiometry of Dox influences the self-assembly of CP-
Dox nanoparticles and their thermal behavior in aqueous solution. For instance, increasing
the average number of Dox molecules conjugated to CP4 from 2.4 to 5.4 does not cause a
statistically significant shift in the nanoparticle Ty, as the CP conjugated with 2.4 Dox per
chain had a T; of 40.3 °C + 0.13 and the CP conjugated with 5.4 Dox per chain CP had a T¢
of 40.0 °C £ 0.24 (two-tailed t-test, p> 0.05). This remains true as long as the conjugation
ratio is sufficient to induce nanoparticle formation, as we observe that as few as 2.4 Dox/CP
is sufficient to drive nanoparticle assembly. While the range of drug loading examined here
only ranges from ~2—6 wt%, this insensitivity of the T, on the precise degree of conjugation
—as long as it is above the threshold required for self-assembly- is important as it makes the
system robust enough to be used for thermal targeting for different levels of drug loading.

J Control Release. Author manuscript; available in PMC 2013 May 10.
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To calculate the critical aggregation concentration (CAC) of these nanoparticles, static light
scattering (SLS) was performed on a dilution series of CP4, with and without attached Dox.
Detailed SLS data are reported in the Supplementary Information (SI). The CAC describes
the concentration at which aggregation occurs, below which only soluble polymer chains —
unimers— are present. The number of CPs/NP ranged from 8.0 at 50 uM to 5.3 at 0.5 pM, the
sensitivity limit of the instrument. The ratio of the Rq to the Ry, —the shape factor— was
averaged over 6 concentrations between 50 and 3 uM to yield the value 0.77 £ 0.1, closely
approximating the theoretical value for a hard sphere (0.775). These data suggest that the
CP-Dox nanoparticles are most likely star-like micelles [33], which is consistent with their
short hydrophobic tail and much longer hydrophilic segment. While these data do not
provide the precise CAC, they clearly indicate that the CAC is in the sub-micromolar
concentration regime. The CP4 unimer exhibits an average aggregation number of 0.99 CPs/
NP indicating that in the absence of Dox conjugation, the CP is, as expected, a unimer.

Next, we investigated the cytotoxicity of the CP-Dox nanoparticles at 37 and 42 °C.
Fluorescence images of cells after 1 h incubation with CP4-Dox nanoparticles (30 pM Dox
equivalent) at 37 or 42 °C (Figure 3A-B) illustrate that the second requirement of cellular
uptake and drug release is also met. The conjugated Dox rapidly colocalized with the
Hoechst nuclear stain with or without applied heat, indicating that the Dox was able to reach
its site of action, presumably because the Dox was released from the CP due to the low pH
of the endosome [23]. We next examined the thermal reversibility of the CP-Dox
nanoparticles in physiological media. Figure 3C shows that the phase transition remains
fully reversible and exhibits the desired T; in complete cell media. Finally, the /in vitro
cytotoxicity of the CP-Dox nanoparticles was investigated by a cell viability assay. Figure
3D shows that over a concentration range greater than the CAC, the conjugated drug
remains cytotoxic following cellular exposure to the nanoparticles over 1 hour at 42 °C.
Upon extravasation from the tumor vasculature to the extravascular space of the tumor
tissue, the CP concentration is expected to drop below the CAC, thereby inducing
disassociation of the nanoparticles into unimers. Figure 3E—F shows that at low carrier
concentrations, the drug conjugate has a similar 1Csq value as the free drug, indicating that
neither the biopolymer itself nor the conjugation chemistry adversely affects drug toxicity.
This relationship was maintained after a 1 h exposure at 37 °C (IC5p: CP-Dox: 1.9 £ 0.5 pM;
Dox: 0.3 £0.1 uM) or 42 °C (ICsp: CP-Dox: 1.5 + 0.4 uM, Dox: 0.2 + 0.1 uM). CP in the
absence of conjugated Dox caused no toxicity over the equivalent CP range at either
temperature (data not shown). These /n vitro tests suggest that CP-Dox nanoparticles are
thermally responsive delivery vehicles that can be taken up by cells at 37 and 42 °C, and
release Dox into the nucleus, all of which are essential for future studies of the /n vivo
efficacy of this thermally targeted nanoparticle delivery system.

4. Discussion

We have previously shown that intravenously injected, thermally responsive ELPs allow
thermal targeting of solid tumors by the application of mild hyperthermia to a solid tumor.
This was achieved by tuning the ELP transition temperature between 39 °C (slightly above
physiological temperature) and 42 °C (the temperature achieved with mild clinical
hyperthermia) [34]. Because the physiological temperature is below the Ty, the ELP
circulates systemically as a soluble unimer; upon reaching a heated tumor in which the
temperature is above the Ty, the ELP undergoes its inverse phase transition and forms
micron-sized aggregates that adhere to the tumor vasculature [16]. The localized aggregation
of ELP in a tumor has been shown to increase uptake through two separate mechanisms.
First, upon cessation of hyperthermia, the resolubilization of the ELP aggregates creates a
steep transvascular concentration gradient that drives ELP extravasation into the tumor by
diffusion. This effect was amplified by thermally cycling tumors in a two step process: (1)

J Control Release. Author manuscript; available in PMC 2013 May 10.
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inducing the accumulation of ELP aggregates by the application of mild hyperthermia to the
implanted tumors; and (2) redissolving the ELP aggregates by turning off hyperthermia,
which leads to an increase in drug accumulation within the tumor compared to passive
diffusion under normothermic conditions or to a single cycle of hyperthermia [15]. Second,
by complementary /n vitro cell culture studies, we have previously shown that the
combination of hyperthermia and thermally triggered aggregation of ELP unimers increases
cellular uptake by 2-fold /n vitro, mediated through the interactions of the hydrophobic
microscopic ELP aggregates with the cell membrane [32].

While these results were encouraging, two limitations needed to be solved to move this
system into relevant preclinical animal models. First, the /n vivo demonstration of thermal
targeting with ELPs was performed with polypeptides that lacked a relevant therapeutic
cargo (typically fluorophore or radionuclides were used in these studies) and these markers
were attached at low conjugation ratios (< 1 wt%) to a single reactive site on the ELP [15,
16, 30-32]. We solved this problem by converting the ELP into a chimeric polypeptide by
appending a drug conjugation peptide segment that provides a tunable number of reactive
sites (typically 8 per CP though this number can be increased at will) so as to increase the
number of drug molecules conjugated per polypeptide chain.

The second problem —that of the steep dependence of the ELP transition temperature— was
more critical, as it only provides a narrow temporal window in which focused mild
hyperthermia of tumors could be applied, especially if repeated cycles of hyperthermia were
required to increase the accumulation of the ELP within a tumor. This is because the
temperature required to trigger aggregation of the ELP steeply increases as the ELP
concentration within the blood is reduced through renal clearance, degradation, and normal
tissue or tumor uptake. Once the transition temperature increases above the tumor
temperature (42 °C) because of dilution effects, the ELP loses its thermal targeting
capability. The self-assembly of a CP into nanoparticles upon the attachment of Dox
provides a solution to this problem, as these drug-loaded nanoparticles display almost no
dependence on concentration in their thermal phase behavior and enable a useful amount of
drug (~5 wt%) to be loaded into the nanoparticle via chemical conjugation, a strategy that
we have previously shown provides a nanoparticle formulation of Dox that is highly potent
in vivo [3]. However, in that study, the CP-Dox nanoparticle was not designed for thermal
targeting and consequently had a T; that was far too high to be useful for tumor targeting by
mild hyperthermia. To address this limitation, we have shown herein that the CP can be
redesigned to display a thermally triggered phase transition from nanoparticles to
microscopic aggregates in a physiological milieu in response to mild hyperthermia, without
compromising drug loading, stability, or cytotoxicity. These attributes will finally allow us
to exploit thermal targeting for the /n vivo delivery of chemotherapeutics to solid tumors in
relevant preclinical animal models. These studies are currently in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Inverse transition temperature (T;) of a series of: (A) CPs and (B) CP-Dox nanoparticles as a
function of CP concentration in PBS. The dashed line represents the best fit.
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Figure 2.

(A) Dynamic light scattering results for the CP4 unimer without Dox conjugation (blue) and
the CP-Dox nanoparticle (red) at 25 uM CP concentration in PBS at 25 °C. (B) Turbidity
profiles of CP4 unimer without Dox conjugation (blue) and the CP-Dox nanoparticle (red) at
25 UM CP concentration in PBS. The shaded region indicates the hyperthermia window (39
— 42 °C) of interest for /n vivothermal targeting. (C) The CP4-Dox nanoparticle (red) shows
virtually no dependence of its T on concentration and hence remains within the
hyperthermia window (black lines) over a wide concentration range whereas the CP4 unimer
(blue) and a CP unimer commonly used in previous hyperthermia studies (ELP5: green;
X=A,G3Vs; data from [17]) show a strong concentration dependence and hence are
thermally responsive over a narrow range of concentration. (D) Representative relationship
between the T and the concentration for CP4 unimer (blue line) and the CP-Dox
nanoparticle (red line). The inset displays a magnified view of the low concentration regime
for the CP4 unimer and CP4-Dox nanoparticle.
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Figure 3.

In vitro cytotoxicity of CP-Dox nanoparticles. (A) Fluorescence microscopy of C26 cells
following 1 h incubation at 37 °C or (B) 42 °C with CP-Dox nanoparticles at 5.6 uM (30 uM

Dox equivalents). Colocalization of Dox (red) with Hoechst stain (blue) suggests that the

Dox localizes to the nucleus with and without the application of heat. Scale bars indicate 25

um. (C) The phase transition of CP4-Dox is fully reversible in complete cell media. CP4-

Dox transitions within the hyperthermia window (shaded) at 40.2 °C at 25 pM CP. (D)

Viability of C26 cells after mild hyperthermia (1 h at 42 °C) and 24 h incubation with Dox

at 37 °C (red) or CP-Dox nanoparticles (blue). (E) Viability of C26 cells followinga 1 h

J Control Release. Author manuscript; available in PMC 2013 May 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDaniel et al.

Page 14
exposure at 37 °C or (F) 42 °C and a 72 h incubation in Dox (red) or CP-Dox nanoparticles

(blue). Concentrations below 0.1 uM likely result in the disassembly of the nanoparticle
system.
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Table |

CP libraries. CP libraries are described by their guest residue composition, number of pentapeptide repeats and
the theoretical molecular weight of the CP incorporating both the leader (Ser-Lys-Gly-Pro-Gly) and the trailer
[Cys(Gly-Gly-Cys)7] sequences. CPs 1-4 are listed in order of increasing hydrophobicity.

Xaa (A:V) Pentamers MW (Da) Expressed

CP1 1:0 5 4315.8
10 6223
20 10037.3
40 17665.9 *
80 32923.2 *
160 63437.8 *
CP2 14:1 15 8158.2
30 13907.7
60 25406.8 *
120 48404.9
150 59904 *
CP3 9:1 10 6251
20 10093.4
40 17778.2 *
80 33147.6 *
160 63886.6 *
CP4 4:1 5 4343.9
10 6279.1
20 10149.5
40 17890.4 *
80 33372.1 *
160 64335.5 *

The * indicates CPs that were expressed in £. coli from their plasmid-borne synthetic gene.
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