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Nanotechnology is poised to make significant contributions

to the fight against cancer, both in diagnostics and in novel

treatment technologies.[1] Previously, nanoparticles such as

carbon nanotubes,[2] gold nanoshells,[3,4] and gold nanorods

(GNRs)[5] have been used to selectively induce cell death in

cancer cell lines and animal models. These nanoparticles strongly

absorb near-infrared (NIR) radiation and produce localized

cytotoxic heat upon NIR irradiation.While heat is independently

cytotoxic, there is an established synergistic interaction between

thermal therapy and certain chemotherapeutics, which has not

been explored in the context of nanotechnology.

Traditional chemotherapeutic agents developed over the

past 50 years have contributed greatly to reductions in cancer

mortality, but these drugs cause adverse reactions such as liver

and kidney damage,[6] hair loss,[7] nausea, and cardiac toxicity.[8]

Many of these side effects stem from the systemic nature of

standard drug administration and the lack of drug specificity

toward tumorigenic cells.[9] Ultimately, a system that is capable

of simultaneously lowering effective dose while increasing

cytotoxic efficacy would alleviate some of these side effects.

The combination of heat and chemotherapeutic agents is an

especially encouraging approach to optimize cancer therapy.[10–17]

Hyperthermia combined with certain chemotherapeutic drugs,

such as alkylating agents, often results in superadditive or

synergistic effects that are greater than the projected sum of
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the two treatments alone.[18] Unfortunately, the controlled

delivery of heat to tissues is often challenging.

Traditional heat delivery methods for cancer include whole

body heating with hot water baths or perfusion with heated

blood, regional heating with external electromagnetic or

ultrasound radiation, and invasive heating with interstitial

laser or microwave applicators.[19] While these methods

efficiently heat tissue, they also present either a risk of systemic

toxicity from whole-body heat exposure, require invasive

surgery or probes, or may damage healthy tissues due to non-

targeted heating in the area of interest.[20,21]

Nanoparticles can be designed to efficiently kill tumorigenic

cells by hyperthermia after optical excitation in the NIR,

permitting the design of a technology for targeted heat

delivery. Tissue is optically transparent in the NIR from ca.

700–1100 nm, allowing efficient penetration of light at these

wavelengths that selectively heats only nanoparticle-containing

regions.[22] Current research efforts have focused on character-

izing and optimizing the proper conditions for hyperthermia

cancer therapy in cell culture and tumor-bearing models,[4] yet

assays used in these studies have only begun to characterize

nanoparticle-based hyperthermia cell death.[23] Most studies

involving nanoparticle-mediated NIR thermal therapy have

used dye-exclusion assays to measure cell death immediately

following laser treatment. Other indicators of cytotoxicity are

needed to fully understand the success of nanoparticle-induced

hyperthermia, such as long-term proliferation assays and

molecular staining in combination with flow cytometry. These

techniques are capable of detecting more subtle aspects of

cellular damage such as the initiation of apoptosis and can

quantify the number of cells which are too damaged to undergo

cellular division.

In this Communication, we explore the use of heat-

producing GNRs to augment the dosing of chemotherapeutic

agents in cultured mammalian cells. Nanoparticle-based

hyperthermia exemplifies a fundamental change in the vehicle

for heat delivery in which energy originates intra- and not

extracellularly, as compared to traditional hyperthermal therapy.

Localized, region-specific heat delivery negates systemic toxicity

resulting from whole-body heating, but synergistic effects with

chemotherapeutics require investigation. The findings reported

heremark one of the first instances in which nanoparticle heating

has been combined with chemotherapy. This permits the design

of novel combinatorial therapy in which the partnership between

nanoparticle hyperthermia and chemotherapeutic agents can

provide effective treatment with minimal side effects.
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GNRs ((29.1� 0.8) nm by (8.8� 0.2) nm, zeta potential¼
(þ67.2� 0.4) mV) were used for this study because of their

tuneable absorption in the NIR, ease of synthesis, negligible

cytotoxicity, and strong extinction coefficient at 810 nm.[24,25]

(See Supporting Information for characterization of GNRs.)

To examine the combined therapy of GNRs with chemother-

apeutics intracellularly, the GNRs were coated with a positively-

charged polymer which provides control over nanoparticle

uptake, as recently published.[26] Experimental conditions such

as nanoparticle incubation times and nanoparticle concentra-

tions were selected based on previous literature.[27,28]

We examined three types of cells (OCI AML3 human

myeloid leukemia, Jurkat T-cells, and MCF-7 breast cancer

cells) to determine the best cells for this study since the

different cells take up nanoparticles at different rates. With the

given experimental conditions, Figure 1 shows that the OCI

AML3 andMCF-7 can take upGNRs at a concentration higher

than the Jurkat cells. Data quantifying the uptake of nano-

particles of varying size and shape are slowly becoming

available,[27–29] but detailed information regarding the uptake

of particles by various cell lines is not currently known. Acute

myeloid leukemia cells such as OCI AML3 derive from

myeloid progenitor cells, and as a result, we expect that they

possess some of the phagocytic properties exhibited by
Figure 1. Cellular uptake of gold nanorods in three cell lines. A) Trans-
mission electron microscopy images of cells exposed to positively charged
polymer-coated gold nanorods and embedded in resin (for visual repres-
entation only, not quantitative analysis of cellular GNR content). B) Uptake
of gold nanorods by cell type as assessed by ICP-AES elemental analysis. All
error bars indicate standard error (n¼ 3).
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granulocytes and macrophages, which also derive from this

progenitor.[30] Jurkat cells, on the other hand, are malignant

T-lymphocytes,[31] and are not expected to be capable of

significant phagocytosis (the nonspecific uptake of solid

particles by cells), since the primary role of T-cells in the

immune system is secretory rather than phagocytic. We

selected the OCI AML3 over the MCF-7 cells because

the OCI AML3 are non-adherent and can be plated without

the need for trypsinization which can further damage cells

already compromised by hyperthermia.[32]

The purpose of any cancer therapy is to halt the proliferation

of malignant cells without harming healthy tissue. Conse-

quently, the laser power density at 810 nm was varied to

identify the minimum power density required to halt

proliferation in cells with and without GNRs.

While cell proliferation is an important indicator of

treatment success, cells were also stained with markers for

apoptosis (e.g., dye-conjugated Annexin-V and caspase-

specific markers). Apoptosis is controlled cell death, in which

cells undergo an orchestrated death sequence. Unlike necrosis,

which is death caused by traumatic damage, apoptosis prevents

the release of harmful cellular waste and minimizes inflamma-

tion and damage to surrounding cells.[33] Since laser heating

with nanoparticles can induce high temperatures,[3] it is

interesting to differentiate apoptotic versus necrotic cellular

destruction. An exclusion dye, 7-AAD, was used to stain dead

cells with permeable membranes. Physiological conditions

were simulated by performing experiments inside a 37 8C
incubator at 5% CO2, as shown in Figure 2A. The scheme of

experiments is given in Figure 2B.

While the final temperature reached through light-induced

nanoparticle heating is directly related to the laser power

density, the desired temperature for hyperthermia therapy lies

in a narrow range, traditionally from 41–43 8C.[17,34] Lower

temperatures are therapeutically ineffective, and higher

temperatures may cause adverse side effects. Therefore, the

measurement of cell suspension temperatures during laser

excitation is crucial for the characterization of GNR

hyperthermia, and was performed using a thermal camera

(Fig. 2C). Equilibrium irradiation temperature was calculated

by curve-fitting temperature profiles, as shown in Figure 2D,

according to Equations 1 and 2:

T tð Þ ¼ T0 þ Ti 1� e�kt
� �

(1)

TEq ¼ T0 þ Ti (2)

Where TEq is the equilibrium temperature, Ti is the

temperature change, T0 is the starting temperature, k is the

rate constant, and t is the time after the start of the irradiation.

The temperature trends with and without rods are shown in

Figure 2E, and demonstrate that at 2Wcm�2 the solution

temperature in cells with GNRs is above (46.4� 1.9) 8C; a
ag GmbH & Co. KGaA, Weinheim www.advmat.de 3833
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Figure 2. Experimental apparatus and thermal imaging data. A) Set up of the experiment in a 37 8C incubator at 5% CO2. B) Scheme of experiments in this
paper, proceeding from optimization of power density to optimization of cisplatin concentration. C) Sample temperature measurements obtained with a
FLIR thermal camera. Boxes in each figure represent the area used to find the average temperature of the sample. D) Sample temperature profiles and fitted
curves. Arrow indicates onset of laser irradiation. E) Plotted average temperatures at 0Wcm�2, 0.5Wcm�2, 1Wcm�2, 2Wcm�2, and 4Wcm�2, with and
without GNRs. All error bars indicate standard error (n¼ 3).

3834
highly cytotoxic temperature. Cell proliferation assays are the

most reliable indicator of therapeutic success, and Figure 3A

shows that at eight days after irradiation, a power density of

2Wcm�2 causes proliferative arrest in GNR-containing cells,

but does not affect GNR-free cells. The doubling time of these

cells is 1.3 days, and changes in proliferation are most evident

after eight days of culture (days 1 and 2 after irradiation are

shown in the Supporting Information). To confirm that the

treatment is cytotoxic and to distinguish between necrosis and
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
apoptosis, proliferation analysis was followed by cell staining

and flow cytometry.

Figure 3C shows the end results from Annexin-V apoptosis

staining, and caspase staining was used for confirmation of

apoptosis (Supporting Information). Apoptosis is most evident

within a few days after treatment, before cells are completely

dead. At 2Wcm�2, the entire cell population with rods was

either dead or apoptotic after eight days of culture, suggesting

that 2Wcm�2 would be an ideal power density for the selective
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 3832–3838
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Figure 3. Flow cytometry and proliferation data for OCI AML3 cells exposed to varying levels of laser power density and chemotherapy. Proliferation data
after eight days of culture for A) variation of power density without cisplatin, and B) variation of cisplatin at a constant laser power density of 1Wcm�2. Flow
cytometry results of Annexin-Vand 7-AAD stained samples for C) power variation experiment, and D) chemotherapy experiment, comparing live, dead, and
apoptotic cell populations. All error bars indicate standard error (n¼ 3). All chemotherapy experiments were performed at a constant power density of
1Wcm�2. ‘‘*’’ indicates significance at a¼ 0.05.
destruction of OCIAML3 cells with GNRs alone. At the lower

power density of 1Wcm�2, as early as one day after treatment,

cells with GNRs show a 250% higher occurrence of apoptosis

and dead cells. Using hyperthermia alone (41.6� 1.7) 8C (at

1Wcm�2) is the minimum temperature required to cause cell

damage,[33] and consequently results in a wide distribution of

responses in cells, as seen in Figure 3C and D. 1Wcm�2 is the

threshold at which cellular damage begins, and since a

significant population of live cells still exist at this power

density, we chose to combine irradiation at 1Wcm�2 with

cisplatin treatment in a search for synergism between chemo-

therapy and hyperthermia.

Cisplatin (cis-diammine-dichloroplatinum(II)) is a che-

motherapeutic drug which has a known synergy with heat.[11,34]
Adv. Mater. 2008, 20, 3832–3838 � 2008 WILEY-VCH Verl
Cells were irradiated with 1Wcm�2 at five concentrations of

cisplatin, both with and without GNRs while assessing

proliferation and apoptosis. Figure 3B shows that at a cisplatin

concentration of 75mM, ‘‘unheated’’ (cells without GNRs) and

heated cells both exhibit significant proliferative arrest as a

result of the high cisplatin dose. However, at 25mM cisplatin,

the heated cells show significantly less proliferation than the

unheated cells. Flow cytometry in Figure 3D confirms that two

days after combination treatment, 19% of unheated cells are

apoptotic or dead, compared to 56% heat-treated cells.

Based on Hahn et al.’s seminal paper, the purely additive

interaction of heat and a chemotherapeutic can be calculated

bymultiplying the percentage reduction in proliferation caused

by heat by the percentage reduction caused by the drug,[18] that
ag GmbH & Co. KGaA, Weinheim www.advmat.de 3835



C
O
M

M
U
N
IC

A
T
IO

N

0

5

10

15

20

To
ta

l C
el

ls
 a

t 8
 D

ay
s 

(1
0

6
)

*

No
    Treatment

Projected
Additive

25 µM
Cisplatin

T   = 42 ºC T   = 42 ºC
+ 25 µM
Cisplatin

Eq Eq

Figure 4. Synergistic behavior of OCI AML3 cells exposed to GNR
hyperthermia, chemotherapy, and combination treatments. The combi-
nation treatment results in a significantly lower cell count after eight days of
culture than a purely additive model would predict. The combined treat-
ment is significantly lower than the predicted additive value (a¼ 0.05 using
a t-test). The projected additive value is calculated by multiplying the
surviving fraction of cells from one independent treatment by the surviving
fraction of the second independent treatment. All error bars indicate
standard error (n¼ 3).

Figure 5. Cell counts for three cell lines eight days after different treat-
ments, each normalized relative to untreated cells of the same lineage (the
total cells for each condition of a particular cell type were divided by the
total cells of that cell type not exposed to either laser irradiation or
cisplatin). For the MCF-7 and OCI AML3 lines, 2Wcm�2 irradiation heating
conditions is enough to arrest cell growth, while both GNR heating and
cisplatin combination therapy is required to significantly arrest proliferation
of Jurkat cells, due to their lower uptake of GNRs. All error bars indicate
standard error (n¼ 3).

3836
is,PAdditive ¼ fA � fBð ÞP0, wherePAdditive is the final population

after an additive interaction, P0 is the starting population, fA is

the fraction of surviving cells after treatment A, and fB is the

fraction of surviving cells after treatment B.

Figure 4 shows that the effect of combined therapy is

significantly more cytotoxic than the two therapies indepen-

dently, even at 1Wcm�2, which represents a mean TEq of

(41.6� 1.7) 8C. This temperature is comparable to literature

values required for synergy, which are typically 41–43 8C.[17]

Combining GNR heating with cisplatin lowers the cytotoxic

drug dosage requirements to roughly 33% of the unheated

amount to achieve comparable cytotoxicity, and this has

important implications to the dose-dependent renal side-

effects of cisplatin.[6] Chemotherapeutics generally have small

therapeutic windows and consequently there is a delicate

balance between maintaining a high enough dose to cause

anticancer effects while avoiding a dose so high that it causes

severe toxic effects.[35] The reduction of effective dose to 33%

of the unheated value we observed in this study is very

promising, and indicates an expansion of the dosing range in

patients and a greater ability to safely treat cancer. The

observed proliferation of combination therapy-treated cells

results in a surviving fraction which is 78% lower than

chemotherapy treatment alone, 84% lower than hyperthermia

alone, and 73% lower than the projected additive model

developed byHahn,[18] suggesting thatGNRhyperthermia and

chemotherapy act synergistically under these conditions.

While OCI AML3 human acute myeloid leukemia cells

were the primary model system in this study, two additional

malignant cell lines were used to confirm results and study the

impact of combination therapy on different cell lines. Jurkat

T-Cells (an acute lymphoid human leukemia cell line) and

MCF-7 cells (a solid tumor human breast cancer cell line) were
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
used because they take up GNRs (Fig. 1A and B). We chose

threshold conditions for cytotoxicity for both hyperthermia

(2Wcm�2, (46.4� 1.9) 8C) and chemotherapy (25mM) to

maximize targeted cell death. Figure 5 shows the response

of various cell types after seven days of culture following

several combination treatments. As a result of the lower GNR

uptake exhibited by Jurkat cells, they were less susceptible to

GNR hyperthermia and required both chemotherapy and

threshold power density (2Wcm�2) before proliferation was

inhibited. In the case of the OCI AML3 cells irradiated at

2Wcm�2 with 25mM cisplatin, proliferation was arrested to the

point that the final cell count after seven days of culture is

unchanged from the number of cells added to the culture dish

on day zero.

Over the past few decades, researchers have gained

significant understanding into the mechanisms responsible

for the thermal chemopotentiation. These mechanisms are

complex and dependent upon the class of chemotherapeutic.[12]

These synergistic effects could be caused by increased

membrane permeability, increased DNA cross-linking,[18,34]

and inhibition of DNA repair mechanisms.[12]

Based on current studies of GNR-induced cell death, it was

concluded that GNRs caused membrane breakdown upon

optical excitation,[23] and if this is the case, we speculate that

the kinetics, permeability, and uptake of the chemotherapeu-

tics are altered during the heating process and hence, this could

possibly cause the synergistic effect. After uptake, heat may

promote other types of molecular interactions. However, we

want to point out that this suggested mechanism is only

speculative and that further detailed investigations will be

required to support these hypotheses.

The experiments described in this Communication demon-

strate that cytotoxicity from GNR hyperthermia can be
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 3832–3838
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carefully controlled to selectively halt cellular proliferation.

The combination of nanoparticle hyperthermia and che-

motherapy provides increased cytotoxicity, greater than the

sum of independent treatments, demonstrating a superadditive

or synergistic effect. Combination treatment with nanoparticle

hyperthermia could result in a reduction in the amount of

chemotherapy required to treat a lesion and could also provide

an effective adjunct in cases where tumors have become

resistant to chemotherapy and require an additional cytotoxic

agent.

Nanoparticles offer localized heating with a non-invasive

probe, and provide heat generation inside cancerous cells. As a

next step, these studies must be extended to in vivo models

since other factors will play a role in solid tumors, such as heat

transfer, light delivery, and metabolism of the chemother-

apeutic agent.

In the future, we envision that combination therapy along

with targeting will be critical to the development of multi-

functional nanosystems. The heat-induced release of che-

motherapeutics from nanoparticles has already been demon-

strated,[36,37] and such a technology would selectively deliver

both heat and drugs to a tumorigenic region. Amultifunctional

system of this nature could improve the overall effectiveness of

cancer therapeutics.
Experimental

Protocols for the synthesis of gold nanorods, polymer coating,
and cell embedding for electron microscopy have been detailed
elsewhere [26].

Materials: Hexadecyltrimethylammonium bromide was purchased
from Fluka (52365). Gold(III) chloride trihydrate (G4022), ascorbic
acid (255564), silver nitrate (209139), sodium borohydride (452882),
poly(diallyldimethylammonium chloride) (522376), and poly(4-
styrenesulfonic acid) (561223) were purchased from Sigma–Aldrich.
For flow cytometry staining, 7-Aminoactinomycin D was purchased
from Sigma. Vybrant FAM Poly Caspases Assay Kit (V35117) and
Annexin V Alexa Fluor 647 Conjugate (A23204) were purchased from
Invitrogen.

Synthesis and Coating of Gold Nanorods: GNRs were synthesized
using standard protocols detailed in a previous publication [26], with
reference to the Murphy [38] and Liz-Marzán [39] groups. Briefly,
gold seed was prepared by adding chilled sodium borohydride to a gold
chloride/0.1 M CTAB solution. GNRs were synthesized by combining
CTAB (933mL, 0.1M), gold chloride (48mL, 0.01M), silver nitrate
(9.8mL, 0.01M), ascorbic acid (6.86mL, 0.1 M), and gold seed (12mL).
GNRs were coated in Poly(diallyldimethylammonium chloride)
(PDADMAC) by washing as-synthesized material twice in distilled
water, resuspending in 1mMNaCl, and coatedwith a layer of negatively
charged PSS (poly(4-styrenesulfonic acid)) followed by a layer of
positively charged PDADMAC. Rods were washed twice and
concentrated in distilled water for concentration measurement by
Inductively Coupled PlasmaAtomic Emission Spectroscopy (ICP-AES).

Cell Uptake and Transmission Electron Microscopy: To measure
GNR uptake in each cell line, 1.0�106 cells in 3mL of media were
incubated overnight with 100mM PDADMAC-coated GNRs. (The
concentration given here represents elemental gold concentration, not
GNR concentration. The conversion factor between gold and GNR
concentration is: 100mM Au¼ 1.118� 10�9

M GNRs.) Cells were
counted with a Vi-CELL XR system and washed three times with
Adv. Mater. 2008, 20, 3832–3838 � 2008 WILEY-VCH Verl
fresh phosphate buffered saline (PBS) and concentrated into a pellet
for ICP-AES for gold quantification. Standard embedding techniques
were used to fix and stain cells for electron microscopy.

In Vitro Hyperthermia Therapy: OCI AML3 cells were counted
and concentrated to 1.0�106 cellsmL�1. PDADMAC-coated GNRs
were added at a concentration of 100mM gold in fresh DMEM (10%
FBS, 5%penicillin-streptomycin). After 12 h of incubation withGNRs,
the cells were washed once in PBS and concentrated to 4.0�
106 cellsmL�1. Cells were allowed to reach 37 8C inside an incubator,
then cisplatin (at double the final concentration) was added at a 1:1
ratio to obtain 2.0� 106 cellsmL�1. Cisplatin was added immediately
prior to irradiation, since this is known to produce the greatest
synergistic effect with hyperthermia. 1mL (2.0� 106 cells) was used per
sample. Cells were irradiated inside the incubator with a fiber-coupled
810 nm laser for 30 minutes at the various laser powers (0, 0.5, 1, 2, or
4Wcm�2). After irradiation, cells were centrifuged and resuspended in
800mL of fresh media. Two 250mL aliquots were added each to 7.5mL
fresh media (for analysis one and two days after irradiation) and one
250mL aliquot of cells was added to 15mL of fresh media for analysis
on day 8. Three replicates were performed for each condition.

Flow Cytometry: 2.0� 105 cells were counted and stained using a
poly-caspase detection assay from Invitrogen, used as directed.
Following caspase staining, cells were washed twice and resuspended
in Annexin-binding buffer (10mMHEPES, 2.5mM CaCl, 140mMNaCl,
pH 7.4). 2mL of 1mgmL�1 7-AAD was added, as well as 0.4mL of
Annexin-V Alexa Fluor 647. Cell staining for the three markers was
measured on a BD FACSCalibur flow cytometer.

Temperature Measurements: The average temperature of the
solution was measured with a FLIR Thermovision A40M camera,
aimed at the sample vial over the 30min irradiation period.

Supporting Information Available: Absorbance spectra and TEM
images of GNRs, data from days one and two following irradiation,
flow cytometry data for Jurkat and MCF-7 irradiation experiments,
caspase staining confirmation of Annexin-V results.
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