Near-infrared-activated gold nanoshells
for thermal ablation of macrophages in vitro
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ABSTRACT

In vitro studies were initiated to determine the suitability of murine and rat macrophages as delivery vehicles for gold
nanoshells in the treatment of gliomas. Visualization of macrophage accumulation in and around gliomas may be
accomplished using magnetic resonance imaging (MRI) and superparamagnetic iron oxide nanoparticles (SPIO). The
optimal loading of both murine and rat macrophages with SPIO was determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Higher concentrations of SPIO were observed in rat macrophages and the
optimal concentration in these cell lines was around 300 µg/ml. Higher concentrations resulted in significant cell
toxicity. SPIO were visualized in fixed rat brains subjected to high field MRI using T2*-weighted gradient echo pulse
sequences. Macrophages were found to be very sensitive to near infra-red (NIR) laser irradiation.
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1. INTRODUCTION
Glioblastoma multiforme (GBM), classified by WHO as grade IV astrocytoma, is the most common type of glioma
(50.7%) and the most malignant form of astrocytoma1-4. Its clinical history is usually less than three months in more
than 50% of cases5. Despite the fact that the past 30 years have witnessed tremendous advances in diagnostics and
multimodal treatments (surgery, radiotherapy and chemotherapy), the current median survival of GBM patients after
first-line therapy is only 14.6 months 6-9.
Nanopartices are structures less than 500 nm in size which have sparked interest with their novel properties (optical,
magnetic and thermal)10-12. Gold nanoshells represent one class of photo-absorbing nanoparticles13, 14. They consist of a
spherical dielectric silica core (50-500 nm) surrounded by a thin (5–20 nm) gold layer13, 15, and have a tunable optical
absorption within the visible and infrared regions13, 14. They are being used for photothermal ablation of tumors16, 17
using lasers with wavelengths at ~ 800 nm as the light source15, 18, 19. Following their intravenous injection, nanoshells
can passively accumulate in the tumor through its leaky vasculature via a process known as enhanced permeability and
retention (EPR)13, 20.
Another class of nanoparticles which provide attractive magnetic resonance imaging (MRI) contrast agents is
superparamagnetic iron oxide nanoparticles (SPIO), which consist of an iron oxide core encased in a hydrophilic dextran
coating10, 21, 22. Clinically, SPIO are mainly used for with T2- and T2*-weighted sequences for tumor diagnosis21, 23.
Macrophages are a class of phagocytic white blood cells24, 25 that can be recruited by tumors (specifically hypoxic areas)
via a chemoattractive gradient 26-28. Macrophages infiltrating tumors are called tumor associated macrophages (TAMs)27.
In GBM, regions of hypoxia are common, and TAMs can constitute up to a third of the tumor mass29, 30. Thus, they
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represent attractive vehicles for the delivery of diagnostic or therapeutic agents such as nanoparticles24, 26, 27, 31 because
the EPR effect is insufficient when the goal is to accumulate nanoparticles within the central hypoxic region of the tumor
(where resistant cells reside)32.
The use of macrophages loaded with gold nanoshells for thermal ablation of GBM tumors is an attractive, relatively safe
treatment modality that has not yet been explored. Another challenge lies in the addition of SPIO to the gold nanoshellloaded macrophages for the purpose of MRI tracking of the macrophages following their systemic in vivo injection.
The feasibility of this approach is being studied in an in vitro model of glioma spheroids with the use of continuous wave
(CW) laser light for ablation. In the present work, the optimal loading of macrophages with SPIO was determined, and
the viability of unloaded macrophages exposed to NIR laser irradiation was studied.

2. MATERIALS AND METHODS
2.1

Cell lines and Nanoparticles

Two macrophage cell lines were used: the murine macrophage-like cell line P388D1 (ATCC# CCL-46) and rat alveolar
macrophages NR8383 (ATCC# CRL-2192). For cancer cells, the rat glioma cell line C-6 (ATCC# CCL-107) was used.
All cell lines were maintained in Dulbecco Modified Eagle Medium (DMEM) with high glucose (Invitrogen Corp.,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 25 mM HEPES buffer (pH 7.4), penicillin (100
U ml-1) and streptomycin (100 µg ml-1) at 37oC and 5% CO2. C-6 cells were grown as monolayers, and a confluency of
70% was used in all experiments.
Feridex I.V® (Advanced Magnetics, Inc., Cambridge, MA, USA) was used for SPIO. It is a suspension of Ferumoxides
(mean particle size of 58.5 nm) that delivers 11.2 mg Fe per ml. AuroShellTM particles (Nanospectra Biosciences Inc.,
Houston, TX, USA) were used for gold nanoshells. They are supplied as a suspension of bare gold nanoshells in
deionized water at a concentration of 3.205 x 109 particles per ml.
2.2

MR imaging of Ferumoxides

Experiments were performed in a 7 T horizontal small bore scanner (Bruker, Billerica, MA, USA). Images were
acquired ex vivo on a paraformaldehyde-fixed Fischer rat brain. Prior to imaging, 0.2 ml of Feridex® was injected
directly into the excised brain. T2*-weighted gradient echo MR pulse sequences (TR/TE = 1600/10 ms; flip angle = 30o,
FOV = 35 mm; slice thickness = 1.0 mm) were used to detect the iron oxide particles.
2.3

Loading macrophages with Ferumoxides

Macrophages (2.5 x 106 cells for P388D1 and 1 x 106 cells for NR8383) were incubated with variable concentrations of
Feumoxide for 24 hrs at 37°C in 5% CO2. Cells incubated without Ferumoxides represented the blank. The amount of
iron uptaken by the cells was quantified using inductively coupled plasma atomic emission spectrometry (ICP-AES).
Briefly, cells were washed two times with phosphate-buffered saline (PBS) so as to remove all particles not endocytosed.
Following centrifugation and counting, the cell number was adjusted to be the same in the blank and the samples, and
the final cell pellet was transferred to an epitube and mineralized with 70% HNO3 at 80°C for 1.5 hrs. 20 µl of 30%
H2O2 were added, and then mineralization was presumed for another 3.5 hrs. Samples were then diluted with DI water to
obtain a HNO3 concentration of 5% in a 10 ml final volume, then filtered using a 0.45 µm membrane and stored at +4°C
until ICP-AES analysis.
Samples were measured using an iCAP 6500 series (Thermo Scientific, Inc., Cambridge, UK) ICP-AES at λ = 238.2 nm.
Calibration was performed with five standards prepared from SPEX CertiPrep Iron Standard (CAT# CLFE 2-2 Y) at
concentrations of 0, 1, 2.5, 5, 15 and 25 ppm Fe in 5% HNO3.
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2.4

NIR laser irradiation of macrophages

Five thousand P388D1 macrophages in a total volume of 50 µl were transferred per well of a 384-well plate. 4 wells
were used per group. Laser ablation was accomplished using a diode laser (Intense, North Brunswick, NJ, USA) at λ =
805.5 nm. The laser output power was calibrated with a Lasermate/D external power meter (Coherent, Santa Clara, CA,
USA).Wells were irradiated with various power densities ranging from 1 to 10 W/cm2, after which 50 µl of fresh media
was added, and the cells were transferred to wells of a 96-well plate for colorimetric assay.
Following incubation for 24 hr, viability was assessed using the colorimetric MTS assay (Promega, USA). Briefly, each
well was incubated with 20 μL of MTS/PMZ for 4 hr in a shaker at 37 °C and 50 rpm. Absorbance was then read at 490
nm with an Infinite M1000 plate reader (Tecan Systems Inc., San Jose, CA, USA). The percent viability of the cells was
expressed as the ratio of absorbance of irradiated cells relative to that of non-irradiated cells (after subtracting the
absorbance of the blank “medium” from each) multiplied by 100. A calibration curve was established using P388D1 cell
densities of 0, 1250, 2500, 5000, 10000 and 25000 cells incubated with MTS/PMZ under similar conditions.

3. RESULTS
3.1 Ferumoxides can be clearly visualized ex vivo using MRI
The signal drop along the Ferumoxide injection tract is clearly visualized on the T2*-weighted MR images, as depicted
in Fig. 1 (arrow). The hypointense area could be detected for at least 30 minutes post-injection.

Figure 1. Visualization of the Ferumoxide injection tract (arrow). T2*-weighted gradient echo MR image taken on a
paraformaldehyde-fixed excised rat brain following the injection of 0.2 ml of Feridex®.

3.2 Uptake of Ferumoxides in macrophages is dose-dependent
Figure 2 shows a dose-dependent response of murine and rat macrophages respectively to increasing concentrations of
Ferumoxides. It is also noticed that the amount of Ferumoxide uptaken in rat macrophages is much higher than that in
murine macrophages, as is denoted by the much higher intracellular iron measured (over 50 fold at 400 µg/ml). One
explanation for this observation is that rat macrophages generally have a higher endocytotic capacity. Higher
Ferumoxide concentrations were not attempted due to cell toxicity already observed at 400 µg/ml. An optimal
concentration of 300 µg/ml was chosen.
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Figure 2. Dose-dependent internalization of Ferumoxide in murine (A) and rat (B) macrophages. Macrophages were incubated with
Ferumoxide for 24 hr, and iron uptake was assessed by ICP-AES. Each point represents the mean of 4 experiments. Error bars (within
points) denote standard deviations.

3.3 Macrophages are highly sensitive to NIR laser irradiation
NIR irradiation of murine macrophages resulted in a significant decrease in survival in a dose-dependent manner, as
shown in Fig. 3.
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Figure 3. Response of murine macrophages to NIR laser irradiation. Each point represents the mean of 4 wells. Five thousand
macrophages per well were irradiated at λ = 805.5 nm for 1 or 3 min. Percent survival was assessed 24 hr post-irradiation using the
MTS assay. Error bars denote standard error.

4. DISCUSSION
The clinical use of Ferumoxides for the acquisition of T2*-weighted sequences is well documented21. Rather than
observing agar suspensions of the Ferumoxides with MRI, we sought to visualize the particles in an ex vivo setting that
can be better employed for future in vivo rat experiments. As expected, deposited Ferumoxides lowered the measured
spin-spin relaxation time (T2*), producing negative enhancement along the injection tract.
ICP-AES quantitative analysis showed that Ferumoxide is incorporated by both murine and rat macrophages in a dosedependent manner, in agreement with other published results involving SPIO and animal/human macrophages25. Several
researchers have studied macrophage labeling with SPIO, and have so far shown that uptake is dependent on the cell and
nanoparticle involved, in addition to experimental conditions such as SPIO concentration and incubation duration33.
Variation in the intracellular iron content is thus expected, and our results show that high intracellular iron content was
achieved for rat NR8383 macrophages at 100 µg/ml (43.56 pg/cell) versus only 0.76 pg/cell for murine P388D1
macrophages.
Siglienti et al. were able to obtain 4.33 pg Fe/cell following the incubation of rat peritoneal macrophages with 2 µM (112
µg Fe/ml) ferucarbotran (carboxydextran-coated SPIO) for 2 hr34. Even though ferucarbotran has, in principle, a higher
cellular uptake due to its ionic surface coating25, our results were much higher, possibly because of the longer incubation
time (24 hr vs. 2 hr). On the other hand, Valable et al. were able to obtain 2.8 pg/cell following the incubation of murine
P388D1macrophages with 62.8 µg Fe/ml MPIO (micrometer-sized particles of iron-oxide) for 18 hr35. Earlier reports
have shown that larger-sized iron oxide particles are more efficiently phagocytosed25, which explains why Valable et al.
obtained a higher intracellular iron content for their 0.9-μm particles compared to our 58.5-nm Ferumoxides36.
The irradiation of murine macrophages to increasing laser power densities resulted in a dose-dependent decrease in
survival, as assessed by the colorimetric MTS/PMZ technique. It can thus be concluded that macrophages, as vehicles
carrying the nanoparticles, can be thermally ablated very easily at relatively low laser densities and even in the absence
of laser-activated nanoshells.
Bernardi et al. have shown that glioma cells require much higher laser power densities for photoablation with
nanoparticles37. They used an output of 80 W/cm2 for 2 min from an 800-nm NIR laser. Consequently, it is expected that
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using such a high laser output for nanoshell activation will result in immediate ablation of the nanoshell-loaded
macrophages and the release of their cargo of laser-activated nanoshells onto glioma cells. In other words, the use of
macrophages as vehicles is not expected to hinder the function of loaded nanoshells as tumor-ablating tools.

5. CONCLUSIONS
The results of the present study show that the uptake of ferumoxides is dose-dependent in both murine and rat
macrophages, and that Ferumoxides can be visualized ex vivo in rat brains via the acquisition of T2*-weighted MR
images. The high sensitivity of macrophages to NIR laser irradiation suggests that their use as vehicles for carrying the
nanoshells to the tumor is not going to hinder the tumor-ablative function of the nanoshells.The aim of ongoing work is
to evaluate the use of doubly-loaded macrophages thermal ablation of in vitro glioma spheroids.
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