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Summary In most drug delivery systems the clinician does not have control over the location
of drug delivery after the therapeutic has been administered. As the location of the tumor mass
is often known in many patients, a therapy system which enables the clinician to play an active
role in nanomedicine localization would provide an advantage. Here, we show a new approach
Prostate cancer;
GRP78;
Photothermal therapy

wherein a laser can be used to tag tumor tissue and enhance the delivery of targeted polymer
therapeutics. Plasmonic gold nanorods are delivered to the cancerous tissue and heated by
a laser to promote a targetable, hyperthermic response. Concurrent administration of a heat
shock targeted polymer therapeutic thereby enhances site specific delivery.
© 2012 Elsevier Ltd. All rights reserved.
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ncorporation of anticancer agents within nanocarriers rep-
esents an effective way of delivering hydrophobic drugs in
he blood as well as altering their organ distribution in the
ody [1]. These nanomedicines have been designed to tar-

et sites of disease and enhance delivery to solid tumors.
espite substantial progress, clinical translation has been
low due to limited accumulation in the target site [2].
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The delivery of targeted nanomedicines to solid tumors
tilizes a two-pronged approach [1]. First, their nanoscale
ize (∼5—500 nm) is leveraged to reduce the accumulation
n healthy organs while maximizing extravasation into the
umor mass. While the junctions between vascular endothe-
ial cells in healthy tissues are too small (∼2—6 nm) to allow
ermeation, larger gaps (up to 1.2 �m), which are present in
he tumor’s poorly developed and leaky vasculature, allow
hem to partition out of the blood and into the tumor mass
3]. Described as the enhanced permeability and retention
EPR) effect [4], this passive targeting approach has been
pplied ubiquitously in the delivery of nanomedicines [5].

econd, once in the tumor interstitial space, contact with
eceptors expressed on the cancer cell surface immobilizes
hem and triggers their internalization via endocytosis fol-
owed by drug release [6]. This binding and uptake can be
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Guided delivery of polymer therapeutics

further increased through active targeting by conjugating
receptor specific ligands to the nanocarriers [7].

Polymer-based nanomedicines have the advantage of
solubilizing hydrophobic drugs and exhibiting stealth-like
characteristics thereby evading immune recognition [8]. In
such systems drugs can be covalently linked to the polymer
backbone and specifically released by enzymatic degra-
dation or hydrolysis [9]. These polymer-drug conjugates
are typically 5—15 nm in hydrodynamic diameter and can
therefore be cleared by urinary excretion [10]. This is advan-
tageous due to rising safety concerns of nanomedicines
which are not eliminated from the body [11—14]. The small
size however comes with a cost as rapid renal elimination
reduces the availability of the conjugates to accumulate in
tumors by the EPR effect [15]. With these advantages and
limitations in mind, there is therefore a need to develop
a strategy which maximizes the delivery of polymer ther-
apeutics within the window of opportunity before renal
clearance.

This need is particularly apparent considering conju-
gates, which aim to maximize tumor delivery, have to
date demonstrated only moderate clinical benefit. For
example, early generation polymer-drug conjugates such
as N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-
doxorubicin and poly(ethylene glycol) (PEG)-camptothecin
have not obtained the same success in the clinic as other
nanomedicines such as Doxil® (liposome-doxorubicin) and
Abraxane® (albumin-paclitaxel) [8]. While much of this may
be related to other variables such as drug release kinet-
ics, the lack of sufficient delivery to the tumor (�15% of
the injected dose) represents the primary barrier to suc-
cess. Recent efforts to improve this delivery such as using
high molecular weight biodegradable polymers which exhibit
prolonged blood circulation as well as using polymers with
different architectures (i.e. dendrimers and branched poly-
mers) have achieved some success. However, greater control
over both passive and active targeting strategies is desirable
[16].

One method which has been described as a tempo-
rary means of enhancing the delivery of macromolecules
such as albumin, liposomes and other nanomedicines is by
inducing tumor hyperthermia [17—22]. Under conditions of
elevated temperatures and increased blood perfusion, it has
been found that the tumor microvascular permeability and
therefore EPR effect is significantly increased [23]. This is
believed to be a result of cytoskeletal disaggregation in
endothelial cells leading to further expansion of the fen-
estrae that already surround them [24—27]. Unfortunately,
current techniques for inducing tumor hyperthermia such
as radiofrequency ablation or hyperthermic intraperitoneal
perfusion are restrictive in their capacity to selectively
deliver heat towards cancerous tissue [28].

More recently several laboratories have initiated hyper-
thermia by taking advantage of unique nanoscale events
that occur when light is absorbed by plasmonic gold nanos-
tructures. In brief, when light with a wavelength that
matches the tunable surface plasmon resonance (SPR) of
gold nanostructures interacts with these particles, coher-

ent oscillations of electrons in the conduction band allow
the light to be absorbed and photothermal conversion to
occur [29]. When such particles are delivered to cancerous
tissue by EPR, this phenomenon can be used as a tool to

e
e
(
s
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electively induce hyperthermia [30]. Such plasmonic pho-
othermal therapy has been used to achieve tumor selective
emperatures varying from 50 ◦C to over 70 ◦C, well above
he threshold required for vascular damage [31—35]. Previ-
usly, it has been shown in our lab as well as others that this
eat delivery technique at reduced temperatures (42—45 ◦C)
an be applied to selectively increase the perfusion and per-
eability of the tumor vasculature and hence the delivery

f nanomedicines during laser radiation [36—40]. In this way,
he delivery of nanoworms, liposomes and micelles have
hown to be recruited to the treatment site and sensitized
or targeting and drug release [38—40].

In this work, we aim to remotely modify the tumor
icroenvironment with laser mediated plasmonic pho-

othermal therapy to increase both passive and active
olymeric drug targeting. We use this technique immedi-
tely following injection of HPMA copolymers to augment
PR at the treatment site and drive their delivery into the
umor interstitial space while the copolymer is at its peak
oncentration in the blood (Fig. 1). Once at the tumor site,
e take advantage of the natural response of tissue to heat

hock by conjugation of a targeting ligand which binds to
eat shock proteins (HSPs). This is because the expression
f HSPs is significantly increased following exposure to heat
hock [26]. In this way, the targetability of these cancer cells
an be elevated so that the copolymer is retained in the
umor and taken up by cells to a higher extent.

We therefore introduce a technique wherein a laser can
e used to direct the localization and retention of poly-
er therapeutics in solid tumors. With this technique, we
elieve that polymer-drug conjugates can be administered
o patients by clinicians and efficiently guided towards the
ocation of disease to maximize treatment efficacy, while
inimizing toxicity.

aterial and methods

ynthesis and characterization of PEGylated gold
anorods

old nanorods were synthesized using the seed-mediated
rowth method [41]. Optimization of silver nitrate con-
ent and seed amount yielded gold nanorods with an aspect
atio such that the SPR peak was between 800 and 810 nm.
he gold nanorods were then centrifuged and washed
hree times with deionized water to remove excess hex-
decyltrimethylammonium bromide (CTAB). PEGylation was
one by addition of methoxy-PEG-thiol (5 kD, Creative PEG-
orks, Winston Salem, NC) to the gold nanorod suspension.
he suspension was then thoroughly dialyzed against deion-

zed water and sterile filtered. In the final step, the gold
anorods were centrifuged, washed three times with DI
ater to remove unreacted PEG and concentrated. The final
roduct was stored at 4 ◦C for a maximum of two months
efore use. The size and shape of the gold nanorods were
etermined by transmission electron microscopy (TEM) and
he light absorption profile was measured by UV spectrom-

try. Zeta potential was measured in DI water by measuring
lectrophoretic mobility using laser Doppler velocimetry
Zetasizer Nano ZS, Malvern Instruments Ltd, Worcester-
hire, UK).
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Figure 1 Schematic of laser guided approach. Following delivery of gold nanorods to tumors, a laser is applied to the right tumor
t his e
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o heat the gold nanorods and induce a heat shock response. T
ell as the cell surface expression of heat shock proteins (HSPs

ynthesis and characterization of HPMA
opolymer-drug conjugates

he comonomers were synthesized as described pre-
iously [42,43]. Precursor copolymer conjugates con-
aining reactive carboxyl groups (thiazolidine-2-thione)
ere prepared by free radical copolymerization in
ethanol using azobisisobutryonitrile (AIBN) as initia-

or. For the conjugates containing drug, aminohexylgel-
anamycin (AHGDM) was conjugated to the N-methacryloyl-
lycylphenylalanylleucylglycine (MA-GFLG-OH) lysosomally
leavable linker prior to copolymerization. Finally, copoly-
erization with the monomer N-methacryloyl-tyrosinamide

MA-Tyr-CONH2) allows for radiolabeling of the conjugates
r 5-[3-(methacryloylaminopropyl)thioureidyl] fluorescein
APMA-FITC) for fluorescent tracking of cellular uptake
n cells. Heat shock targeted conjugates were obtained
y aminolysis of precursor copolymers with the GRP78
argeting peptide (WIFPWIQL), synthesized by solid phase.
ntargeted conjugates were obtained by hydrolysis of pre-
ursor copolymers in the presence of aqueous sodium
ydroxide. Copolymer conjugates were purified by dialysis
gainst deionized water, lyophilized, and stored at −20 ◦C.
eight average molecular weight (Mw), number average
olecular weight (Mn), and polydispersity (Mw/Mn) were
stimated by size exclusion chromatography (SEC) using
PMA homopolymer fractions of known molecular weight.
he amount of the anticancer agent AHGDM present was
uantified by UV spectrometry, and the amount of the

C

C
c

ffectively increases the pore size in the tumor vasculature as
sulting in increased tumor accumulation and retention.

RP78 targeting peptide was quantified by amino acid
nalysis (HPLC method). 125Iodine was conjugated to tyro-
ine residues to obtain radiolabeled copolymers using the
odogen method with slight modification [44]. Each copoly-
er (2 mg) and 0.5 mCi Na—125I were dissolved in 0.5 M
aH2PO4 pH 7.0 and incubated at room temperature in

odogen tubes for 10 min. Free radiolabel was removed by
ialysis against saline and verified by SEC.

n vitro cell surface GRP78 expression

ell surface GRP78 expression was evaluated as a function of
ime by flow cytometry. Human prostate cancer DU145 cells
ere subjected to heat shock (43 ◦C/30 min incubation) or
ontrol (37 ◦C, continuous incubation). At each time point,
ells were removed and incubated with an anti-GRP78 rab-
it polyclonal antibody (Enzo Life Sciences, Farmingdale,
Y) followed by incubation with a goat anti-rabbit phyco-
rythrin (PE) conjugated secondary antibody (Santa Cruz
iotechnology, Santa Cruz, CA). Cells were then fixed in 1%
ormaldehyde in phosphate buffered saline (PBS) and ana-
yzed by flow cytometry. Incubation with secondary antibody
lone served as an additional control for non-specific bind-
ng.
ellular uptake of FITC-labeled conjugates

ellular uptake was evaluated qualitatively by confo-
al microscopy. DU145 cells were exposed to heat shock
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Guided delivery of polymer therapeutics

(43 ◦C/30 min incubation) or control (37 ◦C, continuous incu-
bation). Eight hours post-heat shock, cells were incubated
with 0.5 mg/mL of heat shock targeted or untargeted con-
jugates for four hours. Cells were then washed, plasma
membrane stained with TRITC-lectin (10 �g/mL, 10 min at
37 ◦C, Sigma #L5266) and fixed with 4% paraformaldehyde
in PBS. The cells were mounted to a slide using mounting
medium containing DAPI and imaged using a confocal laser
scanning microscope (Olympus FluoView® FV1000, Olympus,
Center Valley, PA). Cellular uptake as a function of time was
quantified by flow cytometry. DU145 cells were exposed to
heat shock (43 ◦C/30 min incubation) or control (37 ◦C, con-
tinuous incubation). Eight hours post-heat shock, cells were
incubated with 0.1 mg/mL of heat shock targeted or untar-
geted conjugates. At each time point, cells were washed,
harvested, fixed in 1% formaldehyde in PBS, and analyzed
by flow cytometry.

In vitro cytotoxicity of conjugates bearing the
anticancer agent AHGDM

DU145 cells in 96 well plates (3 × 103 cells per well)
were exposed to heat shock (43 ◦C/30 min incubation)
or control (37 ◦C, continuous incubation). Eight hours
post-heat shock, cells were incubated for four hours
with increasing concentrations of heat shock targeted
or untargeted conjugates or AHGDM free drug controls.
After 72 h total incubation, cell viability was assessed
using a 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-
8) cell viability assay (Dojindo Molecular Technologies,
Rockville, MD). IC50 values were calculated by non-linear
regression and thermal enhancement defined as IC50

observed for control/IC50 observed following heat shock.

In vivo induction of heat shock via photothermal
therapy

Anesthetized 6—12 week old athymic nu/nu mice were sub-
cutaneously injected with 107 DU145 cells on each flank and
tumors were allowed to grow until approximately 5—7 mm
in diameter. Animals were then administered PEGylated
gold nanorods (9.6 mg/kg) via tail vein injection. After 48 h,
mice were anesthetized, and tumors were swabbed with
50% propylene glycol to enhance laser penetration depth
[45]. Tumors on the right flank only were then radiated for
10 minutes using an 808 nm fiber coupled laser diode (Oclaro
Inc., San Jose, CA) with collimating lens (Thorlabs, New-
ton, NJ). Intratumoral temperature was monitored using
a 33 gauge needle thermocouple (Omega, Stamford, CT)
and tumor temperature was maintained between 42 ◦C and
43 ◦C. Tumors on the left flank served as internal controls.

In vivo GRP78 expression in tumors following
photothermal therapy
Eight hours following induction of heat shock, mice were
euthanized and tumors on the right (laser) and left (con-
trol) flanks were removed and snap frozen in liquid nitrogen.
Immunohistochemical analysis of GRP78 expression was then
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Figure 2 HPMA copolymer schematic and gold nanorod characterization. (a) Representative HPMA copolymer with all monomers
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sed in the study listed. For individual polymer composition, se
bsorption profile of synthesized gold nanorods.

erformed on 4-micron thick sections of formalin-fixed,
araffin-embedded tissues using a goat polyclonal anti-
RP78 antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
nd a polyclonal rabbit anti-goat biotinylated antibody. Pos-
tive signal was visualized using a streptavidin-HRP system,
tilizing DAB (3,3′-diaminobenzidine) as the chromogen. The
ections were counterstained with hematoxylin. The sec-
ions were placed in iodine to remove any precipitates, and
hen dipped in sodium thiosulfate to clear the iodine. The
ections were dehydrated in graded alcohols (70%, 95% 2×
nd 100% 2×), cleared in xylene, coverslipped and imaged.

umor accumulation and biodistribution

rior to induction of heat shock via photothermal therapy,
ice were intravenously administered via the tail vein a

ingle bolus dose of 50 mg/kg 125I radiolabeled conjugates
untargeted or heat shock targeted). At each time point,
ice were euthanized, blood immediately collected, fol-

owed by blood perfusion with saline. Tumors and major
rgans were then collected and analyzed by gamma count-
ng. Percent injected dose per gram of blood/tissue (%ID/g)
as calculated and expressed as a function of time.
esults and discussion

o begin, the HPMA copolymers were synthesized via free
adical polymerization and characterized (Fig. 2a, Table 1).

T
a
t
c

ble 1. (b) Transmission electron micrograph (TEM) and (c) light

olecular weight for the conjugates varied from 60 to
0 kDa, and was maintained slightly above renal threshold
o take advantage of the EPR effect. For drug contain-
ng conjugates, AHGDM content was approximately 15% by
eight. To generate a targetable HPMA copolymer, the WIF-
WIQL peptide was conjugated to the HPMA backbone via
minolysis of thiazolidine-2-thione side chains, resulting
n copolymers with approximately 20% peptide content by
eight. This peptide was chosen due to its known affinity

o glucose-regulated protein-78 (GRP78), a member of the
SP70 family of proteins [46]. Previously, we have shown
hat this receptor—ligand approach can be used to effec-
ively deliver HPMA copolymer-drug conjugates to prostate
ancer cells [42]. Full details regarding the feed compo-
itions and resulting polymer characteristics are given in
able 1.

Gold nanorods were used in this study because they have
greater light absorption cross section per unit size relative

o those with other geometries (i.e. shells and spheres) [47],
nd are capable of inducing heat shock in tissue upon laser
xcitation [31,35,37—39,48]. Before use, the gold nanorods
ere grafted with a PEG surface coating to reduce the
xtent of protein adsorption and improve blood circulation
ime [49]. This resulted in a zeta potential of −10.0 mV.
he aspect ratio (4.1), size (58.8 × 14.4 nm ± 6.5 × 2.1 nm)

nd therefore SPR peak at 800 nm was chosen as light at
his wavelength is capable of penetrating tissue several
entimeters (Fig. 2b and c). By this method, as determined
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Figure 3 In vitro investigation of heat shock targeting. (a) After induction of heat shock, the cell surface expression of the heat
shock protein GRP78 in prostate cancer cells is quantified with peak expression occurring at 12 h. (b,c) Cellular binding and uptake
of fluorescently labeled (green) HPMA copolymers in cells. Scale bar, 10 �m. Prior treatment with heat shock results in significantly
increased uptake of heat shock targeted conjugates. (d,e) Polymer-drug conjugate anti-cancer activity (IC50) and related thermal
enhancement of toxicity with prostate cancer cells. Treatment with heat shock causes increased toxicity to cells (lowered IC50,
greater thermal enhancement), particularly for those which are heat shock targeted. ***Indicates a statistically significant difference

repre

c
q
F
b
i
t
t
r

t
d

(p < 0.001) by one-way analysis of variance (ANOVA). Error bars

in a previous study, 1.22% of the injected dose is delivered
to the tumor [50].

To determine if heat shock could be used to regulate
the targetability of these conjugates, the prostate can-
cer cell surface expression of GRP78 was measured as
a function of time post-heat shock (43 ◦C, 30 min). This
was done by incubation with an anti-GRP78 rabbit poly-
clonal antibody followed by evaluation of expression by
flow cytometry. Indeed, it was observed that the recep-
tor’s expression increases after heat shock with maximum
expression between 8 and 12 h post-heat shock (Fig. 3a).
Next, fluorescently labeled HPMA copolymers with and
without the heat shock targeting peptide were introduced
to cells eight hours post-heat shock (43 ◦C, 30 min) or
control (37 ◦C, continuous incubation). Visualization by

i
t
f
g

sented as ±standard deviation.

onfocal microscopy (four hour incubation, Fig. 3b) and
uantification by flow cytometry (selected time points,
ig. 3c) of uptake in cells indicates significantly increased
inding and uptake of heat shock targeted conjugates which
s in agreement with our previous results [42]. This observa-
ion was much more pronounced (three-fold increase), when
he cells were first treated with heat shock due to increased
eceptor expression.

New conjugates containing the anticancer drug deriva-
ive AHGDM via a degradable linker were then prepared to
etermine if this increased uptake can be correlated with

ncreased activity. Cells were heat shock treated as before,
hen exposed to the HPMA copolymer-AHGDM conjugates
or four hours and evaluated for growth inhibition. In all
roups (free drug, untargeted, and heat shock targeted),
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Figure 4 Laser guided delivery of polymeric conjugates in mice. (a) Schematic of experimental procedure. (b) Changes in intra-
tumoral temperatures during laser radiation (10 min) of left (control) and right (laser) tumors. (c) Cell expression of heat shock
protein GRP78 (red color) in prostate tumors with or without laser treatment. Scale bar, 50 �m. Tumors which have been laser
radiated have higher expression of GRP78. (d) Tumor accumulation of radiolabeled polymers (untargeted and heat shock targeted)
with or without laser treatment. Data expressed as experimental points with pharmacokinetic modeled lines. Laser radiation results
in a burst accumulation (0—4 h), which is only maintained (>24 h) for the heat shock targeted polymers due to increased GRP78
expression. (e) Total area under the tumor concentration vs. time curve (AUC) indicates a four-fold increase in exposure to polymers.
* nd p
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and *** indicates a statistically significant difference (p < 0.05 a
rror bars represented as ±standard deviation (b,e) and standa

reatment with heat shock resulted in greater activity
Fig. 3d). While this effect was only slight for free drug and
ntargeted conjugates, a four-fold thermal enhancement in
onjugate activity was observed for those which were heat
hock targeted (Fig. 3e).

Next, the overall hypothesis of enhancing the delivery
f these conjugates to laser radiated tissue was tested in
ice bearing prostate tumors. Mice bearing two tumors,

ne on each flank, were intravenously (i.v.) administered
EG coated gold nanorods and allowed 48 h for the particles
o accumulate in the tumors via EPR (Fig. 4a) [50]. Radi-

labeled conjugates (heat shock targeted and untargeted)
ere then administered i.v. followed immediately by laser

adiation of the right tumor only for 10 minutes. During laser
adiation the temperature in the right tumor was maintained

a
s
i
(

< 0.001 respectively) by one-way analysis of variance (ANOVA).
ror of the mean (d).

etween 42 ◦C and 43 ◦C by controlling laser power such that
nly moderate hyperthermia was induced to avoid vascular
ollapse at higher temperatures (Fig. 4b) [51]. It is impor-
ant to note here that by directing the laser at the right
umor only, it is possible to directly compare the delivery of
olymeric conjugates to tumors in the presence and absence
f laser radiation in the same animal.

While the increased HSP expression profile of prostate
ancer cells following heat shock was confirmed in vitro,
t was necessary to confirm this phenomenon in vivo. The
eft (control) and right (laser treated) tumors were evalu-

ted for GRP78 expression by immunohistochemistry. Heat
hock treatment of the right tumors by laser resulted in
ncreased HSP expression compared to the untreated tumors
Fig. 4c).
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Guided delivery of polymer therapeutics

Following administration of the polymeric conjugates,
a comparison of the laser radiated and control tumors
15 minutes and four hours following laser treatment indi-
cates that a two-to-three fold increased burst accumulation
occurred in the laser radiated tumors (Fig. 4d). This obser-
vation indicates that the treatment of tumors with heat
causes increased tumor blood flow and augments the EPR
effect by increasing vascular pore size [19,20,37]. This burst
accumulation was not maintained after four hours for the
untargeted conjugates. As intended in the treatment design,
the heat shock targeted conjugates were retained in the
radiated tumor up to 12 h after which elimination began to
occur. This observation is supported by GRP78 expression
data (Fig. 3a), which shows that HSP expression is reduced
after 12 h. When this data is expressed as the total area
under the tumor concentration vs. time curve (AUC), a four-
fold increase in exposure is observed for tumors which have
been laser radiated (Fig. 4e).

The biodistribution of the radiolabeled conjugates in
major organs was also evaluated (see Supplementary data).
Similar concentrations in the blood were observed over 72 h
for untargeted and heat shock targeted conjugates. How-
ever, significant accumulation was observed for the heat
shock targeted conjugate in the liver, spleen, and kid-
neys. We speculate that this non-specific accumulation is
most likely due to the increased hydrophobic nature of the
heat shock targeted conjugate due to the presence of the
hydrophobic WIFPWIQL peptide (cLog P = 3.9). This increased
hydrophobicity can potentiate interactions with biological
tissues and increase uptake in reticuloendothelial system
(RES) organs [52]. It is anticipated that such non-specific
interactions can be minimized by reducing the hydrophobic
nature of the conjugates by either reducing the targeting
peptide content or utilizing more hydrophilic targeting moi-
eties.

Polymer accumulation and elimination data was analyzed
using a three compartment pharmacokinetic model link-
ing the plasma and the tumor (see Supplementary data).
The model was set up to differentiate between the tumor
extracellular and intracellular space in order to understand
the roles of laser treatment and targeting on the rate
and extent of tumor accumulation and elimination. Laser
treated tumors showed an increase in the rate of absorp-
tion into the tumor extracellular space whereas the rate of
elimination was reduced for heat shock targeted conjugates,
possibly due to improved intracellular delivery.

Conclusions

In summary, we have demonstrated that it is possible to
direct the delivery of targeted polymer therapeutics using
plasmonic photothermal therapy by exploiting the phys-
iologic response of tumors to heat. These findings help
overcome one of the limitations of polymer therapeutics
which is poor tumor accumulation. By using laser directed
application of heat via gold nanorods, a burst accumula-
tion of the therapeutics in the region of interest is possible

while they are at their highest concentration in the blood. By
incorporation of a heat shock targeting ligand in the copoly-
mer design, high concentration can be maintained as the
targeting receptors become increasingly available following

[

[
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eat induction. Ultimately, in a clinical setting, we antic-
pate that clinicians will value this additional tool to help
uide drug delivery to solid tumors.
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