Materials Science and Engineering C 46 (2015) 97-102

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
ENGINEERIN:

Materials Science and Engineering C

journal homepage: www.elsevier.com/locate/msec

Photothermal effects and toxicity of Fe;04 nanoparticles via near infrared
laser irradiation for cancer therapy

@ CrossMark

Andrew W. Dunn ?, Sadat M. Ehsan ®, David Mast ®, Giovanni M. Pauletti ¢, Hong Xu ¢, Jiaming Zhang ©,
Rodney C. Ewing ¢, Donglu Shi *

@ The Materials Science and Engineering Program, Dept. of Mechanical and Materials Engineering, College of Engineering and Applied Science, University of Cincinnati, Cincinnati, OH 45221, USA
b Department of Physics, University of Cincinnati, Cincinnati, OH 45221, USA

€ The James L. Winkle College of Pharmacy, University of Cincinnati, Cincinnati, OH 45267, USA

4 Nano Biomedical Research Center, School of Biomedical Engineering, Med-X Research Institute, Shanghai Jiao Tong University, Shanghai 200030, China

¢ Department of Geological & Environmental Sciences, Stanford University, Stanford, CA 94305, USA

f Shanghai East Hospital, The Institute for Biomedical Engineering & Nano Science, Tongji University School of Medicine, Shanghai 200120, China

ARTICLE INFO ABSTRACT

Article history:

Received 3 June 2014

Received in revised form 9 September 2014
Accepted 30 September 2014

Available online 7 October 2014

The photothermal effect of magnetite (Fe30,4) nanoparticles was characterized by photonic absorption in the
near-infrared (NIR) region. Upon laser irradiation at 785 nm, the Fe;0,4 nanoparticles generate localized hyper-
thermia in tumorous lesions, which is an effective strategy for cancer therapy; however, uncoated magnetite pos-
sesses an innate toxicity which can lead to drawbacks in the clinical setting. To reduce innate toxicity, a
poly(acrylic acid) (PAA) coating on the nanoparticles was investigated in order to determine the alterations to
stability and the degree of toxicity in an attempt to create a higher utility vector. It was found that the PAA coating
significantly reduced the innate toxicity of the uncoated magnetite. Furthermore, the efficacy of PAA-coated mag-
netite nanoparticles (PAA-Fe;0,4) was investigated for treating MDA-MB-231 (human mammary gland adeno-
carcinoma) cultures in viable concentration ranges (0.1-0.5 mg/ml). An appropriate PAA-Fe;0,4 concentration
range was then established for inducing significant cell death by hyperthermic ablation, but not through innate
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1. Introduction

The development of minimally invasive cancer treatments by the ef-
fective delivery of drug “payloads” to targeted lesions is of great interest
to oncologists. The photothermal effect of Fe;0,4 nanoparticles has been
recently discovered and investigated for applicability in tumor treat-
ments [1-8]. Upon near-infrared laser irradiation, the Fe304 magnetic
nanoparticles generate sufficient energy to thermally ablate cancer
cells. The main advantages of photothermal treatment are easy modifi-
cations to application areas and manipulation of thermal energy in
targeted regions. This ease of application and manipulation of thermal
energy generation requires that localized uptake of the nanoparticles
reaches a sufficient concentration applicable for optical hyperthermia.
A concern in clinical studies is that the innate toxicity of nanoparticle
complexes at concentrations required for sufficient thermal energy
generation proves to be significant. Investigations on the concentration
dependent innate toxicity of uncoated magnetite nanoparticles have
shown a significant impact on cellular viability for several types of cell
lines. For the murine macrophage cell line J774 and glial cell line
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SVGp12, pronounced toxicity is observed beginning at 100 pg/ml [9,
10]. However as iron oxide nanoparticle species have been previously
shown to produce reactive oxygen species (ROS) through the release
of free iron ions in-vitro, light-activated release of ROS species by photo-
sensitizers coupled to the nanoparticle surface or protective surface
coatings may improve photodynamic efficacy by reducing the required
concentration required for elicitation of significant toxicity upon elec-
tromagnetic irradiation or by reducing innate toxicity [11-15].

The elevated vasculature endothelial growth and permeability fac-
tors mixed with disrupted endothelial, media, and adventitia layers,
lead to leaky vasculature that is not usually seen in normal, healthy
tissue [16-18]. As such, preferential accumulation of nanoparticle
systems will occur in tumor tissue that provides a 10-50 fold increase
in local concentration within 1-2 days [16]. Conveniently the nanopar-
ticles in the endocytotic size range (<100 nm) exist within the size
range for utilization of enhanced permeability and retention (EPR)
effect [16,18-20]. This suggests that nanoparticles designed to utilize
the EPR effect are likely to become internalized by cell lines once the
nanoparticles leave the vasculature and, based on their size, become
sequestered in lysosomal and other endosomal compartments. Howev-
er, the EPR effect is not solely restricted to solid tumor masses and is
observed in other inflammatory regions [17]. It is therefore critical
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that the concentration of nanoparticles be optimized in regions that
experience the EPR effect, either cancerous or non-cancerous, such
that the innate toxicity is minimized. Moreover upon the controlled ap-
plication of mediating factors, significant toxicity during treatment may
be elicited thereby allowing a highly efficacious and selective treatment
regimen [1,7,21].

Quantification of innate toxicity reduction of uncoated magnetite
nanoparticles (UC-Fe304) utilizing a one-pot, hydrothermal synthesis
method for the surface deposition of poly(acrylic acid) (PAA) was inves-
tigated on MDA-MB-231 (human mammary gland adenocarcinoma)
cultures. Furthermore, the size, colloidal stability, and photothermal
effect under near-infrared irradiation of poly(acrylic acid)-coated mag-
netite nanoparticles (PAA-Fe304) and the UC-Fe30, variant were inves-
tigated for determination of the applicability of the chosen synthesis
method and capping agent of the magnetite species for future in-vivo
optical hyperthermia.

2. Methods
2.1. Nanoparticle synthesis

The PAA-coated, Fe304 nanoparticles were prepared by the polyol
method as reported in a previous study. A 3 mM FeCl5 - 6H,0 solution
was completely dissolved in ethylene glycol and homogenized
through ultrasonication and vigorous stirring. A solution of 4 mM
poly(acrylic acid), deionized water, and 0.3 M urea was then
added. The mixture was further ultrasonicated for 10 min and then
sealed in a Teflon-lined, stainless-steel 50 ml autoclave vessel. The
autoclave vessel was then heated to 200 °C for 12 h and then allowed
to cool to room temperature. Newly formed PAA-Fe304 nanoparticles
were isolated through magnetic separation and washed several
times with water and ethanol to removed inorganic and organic
impurities [22].

For UC-Fe304, 0.01 M FeCl,-6H,0 and 0.02 M FeCls- 6H,0 were dis-
solved in distilled 6H,0 at 80 °C under nitrogen through stirring. After
60 min, NaOH was added to the mixture. The mixture was then stirred
for a further 2 h at 90 °C under nitrogen.

2.2. Characterization

UC-Fe30,4 and PAA-Fe;04 nanoparticles were dispersed in complete-
DMEM, HBSS and DI-water. Size was quantified through dynamic light
scattering conducted on a Zetasizer Nano ZS (Malvern Instruments,
Ltd.) using the nanoparticles dispersed in complete-DMEM to mimic
in vivo conditions and in HBSS for stability comparison. Solutions were
maintained at 37 °C for the duration of characterization. Zeta potential
was measured by electrophoretic light scattering conducted by a
Zetasizer Nano ZS (Malvern Instruments, Ltd.) using the nanoparticles
dispersed in purified deionized water (DI-water). X-ray diffraction of
UC-Fe30,4 and PAA-Fe;04 nanoparticles has been previously conducted
[22].

2.3. Growth media

High glucose Dulbecco’s Modified Eagle's Medium (DMEM) (HyClone,
Fisher Scientific) was obtained from the Fisher Scientific. Each container
stored 500 ml of DMEM mixed with 7.00 mM L-glutamine and 2250 mg
of glucose, without sodium pyruvate. Growth media were completed
with 50 ml of fetal bovine serum (FBS) (Atlanta Biologicals), 5 ml of pen-
icillin/streptomycin (HyClone, Fisher Scientific), 5 ml of minimum essen-
tial medium (MEM), non-essential amino acids 100x concentration
(CellGro, Mediatech Inc.), and 5 ml of L-glutamine (CellGro, Mediatech
Inc.).

2.4. Hank's balanced salt solution

500 ml of de-ionized water was heated in an autoclave in a glass jar
for 30 min. After sterilization the glass jar was allowed to rest for a min-
imum of 24 h to achieve room temperature. The following components
were massed to be added to 100 ml of the sterilized de-ionized water:
0.98 g of HBSS mixture (Sigma-Aldrich), 0.037 g sodium bicarbonate
(Fisher Scientific), 10.50 g D(+) glucose (Sigma-Aldrich), and 8.59 g
HEPES (Sigma-Aldrich). Two 50 ml conical vials were used in the crea-
tion of 100 ml of HBSS. After the addition of all solutes, each 50 ml
conical vial was then adjusted to a pH of 7.2 through the addition of a
1 M sodium hydroxide solution. Aliquots were taken from the two
vials and further purified before use.

2.5. Nanoparticle solutions

UC-Fe504 and PAA-Fes04 stock solutions of 13.8 and 11.2 mg/ml
were respectively used to create 7.5, 5, 2.5, and 1 mg/ml solutions pre-
pared with complete-DMEM. Serial dilutions were performed starting
with the 1 mg/ml solution to create 0.5, 0.2, 0.1, 0.05, 0.025, 0.01,
0.005, and 0.001 mg/ml prepared with complete-DMEM.

2.6. Cell culture

MDA-MB-231 human mammary gland adenocarcinoma tissue sam-
ples were acquired from the American Type Culture Collection. Samples
were cultured in T75CN vent cap tissue culture flasks (Sarstedt) and
were maintained at a constant temperature of 37 °C in a 5% CO, envi-
ronment during culturing and testing. Splitting was performed with
3 ml of trypsin-EDTA 1x concentration (HyClone, Fisher Scientific).

2.7. Innate toxicity

96 white well plates were seeded with 100 pl of 30,000 cells/ul. After
seeding, the 96 white well plates were incubated at 37 °Cin a 5% CO,
environment for 24 h to allow for cell adhesion. This cellular density
was chosen so to disallow complete confluency of any of the seeded
wells by the end of the innate toxicity experiment. MDA-MB-231 cul-
tures in the 96 well plates were subjected to 100 pl of UC-Fe;04 or
PAA-Fe;0,4 suspended in complete-DMEM after this 24 hour period
and further incubated for 48 h at 37 °C. Following the 48 hour incuba-
tion period, the viability of each well was assessed using the CellTiter-
Glo® luminescent cell viability assay (Promega). The lysis buffer was
created per the Promega protocol. The 96 well plates were placed on
an orbital shaker for 10 min following the addition of 100 pl of the com-
pleted lysis buffer to each test well. The plate was further allowed to rest
for another 10 min before the quantification of luminescent output.

2.8. Photothermal ablation

A standard power meter (Coherent Inc.) was used to determine the
relation between the applied current and the optical power output. A
liner function was fit to the data to allow calculation of the laser
power and consequent intensity over an applied area. For each PAA-
coated magnetite nanoparticle concentration, laser intensity and wave-
length used during MDA-MD-231 irradiation trials, a heating and
cooling curve was generated. An infrared camera (FLIR-T640) was ori-
ented to monitor the temperature of the nanoparticle solutions. For
determination of the heating curve, temperatures were recorded
every minute for the first 8 min and every 2 min for the next 12 min.
The cooling curve was determined by recording the temperature at
30 s, 1 min, and every following minute for the next 7 min after removal
of the laser. After establishing the appropriate laser intensity, hyper-
thermic ablation trials were conducted on MDA-MB-231 cell cultures
seeded in 48 well plates (BD Biosciences). Wells were initially seeded
with 150 pl of approximately 6750 cells/well and incubated at 37 °C
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Fig. 1. A) TEM image of PAA-Fe;0,4. B) TEM image of UC-Fe50,.

in a 5% CO, to allow for cellular adhesion. HBSS was used as the disper-
sant for the PAA-Fe30,4 during irradiation after the adhesion period.
Upon addition of the PAA-Fe;0,4, the specific well was subjected to a
38.5 kW/m?, 785 nm NIR laser for 15 min in a 37 °C controlled environ-
ment. A positive control was established by subjecting seeded wells to
only HBSS for 15 min, and the impact of the 785 nm NIR laser was quan-
tified by applying the 38.5 kW/m?, 785 nm NIR laser for 15 min to a well
with pure HBSS. Upon completion of hyperthermic trials, HBSS
dispersed PAA-Fe;0,4 was replaced with 150 pl of complete-DMEM. Cel-
lular viability was quantified 48 h post-ablation to allow for the comple-
tion of necrotic and apoptotic events.

2.9. Viability quantification

The Promega® CellTiter-Glo® Luminescent Cell Viability Assay was
used to quantify cellular viability. 150 pl of cell lysis buffer was added
to test well following the 48 hour period. After addition of the lysis buff-
er, the plate was subjected to orbital shaking for 10 min and then
allowed to rest for an additional 10 min. After this time period, 200 pl
aliquots were removed from the 300 pl total volume of each well and
pipetted into a 96 white well plate. One well in the 96 white well plates
was exclusive to one well in the 48 well plates. Relative luminescence
was quantified by a luminometer.

3. Results

Transmission electron microscopy (TEM) images of PAA-Fe;04 and
UC-Fe3;04 with respective hydrodynamic diameter distributions quanti-
fied through dynamic light scattering are shown in Fig. 1. Size distribu-
tions indicate fairly monodisperse samples. The high-resolution TEM
image of UC-Fe;0,4, with lattice fringe spacing characteristic of the
structure of Fe304, has a morphology similar to that of PAA-Fe30,. Insets
depict hydrodynamic diameter distributions for the respective nano-
particle systems dispersed in phosphate buffered to a pH of 7.2.

Table 1

Size distributions of PAA-Fe;0,4 are shown in Table 1 post-48 h of in-
cubation in HBSS and complete-DMEM. Due to the high electrical con-
ductivity of the buffered solutions, zeta potentials were quantified
using de-ionized water. PAA-Fe3;04 displayed two peaks in the zeta
potential measurements. While not normally observed, the dual peaks
may be caused by the variation in association of surface ions with the
carboxylic acid functional side chain and its respective conjugate base
as the pka of PAA is reported at 6.8 [23]. One prominent peak is observed
at —40 mV while the second prominent peak is observed at —2 mV.
Average zeta potentials for PAA-Fe304 and UC-Fe30,4 appeared to be
within or close to the region of moderate stability [24].

The stability of PAA-Fe;0, and UC-Fe50,4 in HBSS and complete-
DMEM was quantified using a Malvern Zetasizer Nano ZS with DLS
capabilities. Solutions of PAA-Fe;04 and UC-Fe30,4 were created using
serial dilutions. After creation of the appropriate concentrations, solu-
tions were sonicated for 40 min directly prior to measurements. In
order to characterize the aggregation behaviors in a biologically similar
environment, PAA-Fe30,4 and UC-Fe30, dispersions were incubated for
48 h at 37 °C following initial measurements. Hydrodynamic diameters
quantified through dynamic light scattering post-48 h of incubation in
complete-DMEM revealed a size of 46 + 21 nm and 360 + 170 nm
for PAA-Fes0,4 and UC-Fe304 respectively showing non-significant
aggregation.

It is important to note that the aggregation of UC-Fe30,4 present
when HBSS is used as a dispersant. Initially, UC-Fe304 was observed
to possess a hydrodynamic diameter of 190 + 80 nm when dispersed
in phosphate buffer. Following the 48 h/37 °C incubation period in
HBSS, the observed hydrodynamic diameter for UC-Fe30,4 was within
the micrometer regime at 4300 + 1900 nm. While a difference in salt
species and concentrations exists between HBSS and phosphate
buffer, the effects on particle size are decoupled by establishing a rel-
ative percent increase in size relative to PAA-Fe30,4. PAA-Fe304
samples under similar conditions possessed hydrodynamic diame-
ters of 40 £ 18 nm and 34 £ 11 nm respectively. This comparison re-
vealed significant aggregation of UC-Fe30,4 relative to PAA-Fe30,4

Hydrodynamic diameters of PAA-Fe30,4 and UC-Fe30,4 in HBSS, complete-DMEM, and phosphate buffer, and zeta potential post-sonication in de-ionized water.

Post-sonication Post-48 h of incubation

Post-sonication

Media HBSS Media Phosphate buffer (pH = 7.2) DI-water
Z-average (d-nm) Z-average (d-nm) Z-average (d-nm) Z-average (d-nm) PDI Zeta potential (mV)
PAA 40 £+ 18 34 + 11 46 + 21 30 £ 10 0.115 —32+19
uc 310 + 150 4300 £ 1900 360 + 170 190 + 80 0.188 3747
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Fig. 2. A) Linear relationship between supplied current and optical power output. B) Heating curves for 150 ul of PAA-Fe;0,. Photothermal effect generated through application of 38.5 kW/m?,
785 nm NIR laser for 15 min. Temperature measured through IR thermal imaging by a FLIR-T640.

with a p-value < 0.0001, indicating that the PAA coating had effec-
tively stabilized the uncoated nanoparticles when considering
HBSS as a dispersant and allowed for the utilization of HBSS during
in-vitro hyperthermic trials.

A system with the 785 nm lasers was constructed with diodes
in parallel and powered by a Hewett Packard 10 A/60 volt power
supply. Power output was quantified and plotted against supplied
amperage to establish a relation between supplied amperage and
optical power.

Heating and cooling curves for the PAA-Fe;0,4 samples were devel-
oped for a 38.5 kW/m?, 785 nm laser for 20 min (Fig. 2B) to investigate
an appropriate optical intensity that may be used in combination with
PAA-Fe30, solutions in order to effectively thermally ablate cancer
cells in-vitro through the induction of the photothermal effect. Cooling
curves were assessed for 8 min following the 20 minute subjection
period. An appropriate optical intensity for initial investigations was

120

chosen with respect to the PAA-Fe;04 innate toxicity measurements
detailed in Fig. 3.

Solutions of PAA-Fe;0,4 and UC-Fe304 nanoparticles dispersed in
complete-DMEM were created to encompass a near 10,000 fold concen-
tration range. Fig. 3A shows the concentration dependent cellular viabil-
ity curve for PAA-Fe30,. Significant differences from the positive control
wells are observed beginning at 1 mg/ml. Fig. 3B shows the concentra-
tion dependent cellular viability curve for UC-Fe30,. Significant differ-
ences from the positive control well are observed beginning at
0.05 mg/ml. This is in good agreement with previous literature [9,10,
25]. This is a stark decrease in innate toxicity between the PAA-Fe;0,
and UC-Fe;04 nanoparticles, and is outlined through the juxtaposition
of the viability curves in Fig. 3C. An F-test was conducted through
Graph Pad to compare the significance of the innate toxicity curve shift
between the two nanoparticle constructs. A significant curve shift exists
with a p-value < 0.0001. Significant differences between the two
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Fig. 3. A) Innate toxicity of poly(acrylic acid) coated magnetite nanoparticles suspended in complete-DMEM. Innate toxicity was conducted over a 48 hour time period. Significant differ-
ences from unpaired t-test: one star—p < 0.0001. B) Innate toxicity of uncoated magnetite nanoparticles suspended in complete-DMEM. Innate toxicity was conducted over a 48 hour time
period. Significant differences from unpaired t-test: one star—p < 0.05 and two stars—p < 0.001. C) Comparison of PAA-Fe;04 and UC-Fe30, innate toxicity curves. Curve comparison
completed using F-test, p-value < 0.0001, significant differences between UC-Fe304 and UC-Fe;04: one star—p < 0.05, two stars—p < 0.01, and three stars—p < 0.0001.
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p = 0.006 and two star—p < 0.0001. C) Hyperthermic viability curve for PAA-Fe;0, plotted against logarithm of calculated thermal dose from heating curves. Fit completed through a 5-

parameter fit for asymmetric sigmoidal functions.

nanoparticle constructs were observed to begin at 0.025 mg/ml. As con-
centrations less than 1 mg/ml for the PAA-Fe30,4 had an insignificant im-
pact on cell viability, a corresponding optical intensity was selected for
0.5 mg/ml which imparts an appropriate thermal dose over the heating
period, 20 min, for a significant reduction in cell viability [26].

An enclosed, temperature-controlled environment was used during
hyperthermic ablation trials. With an optical intensity of 38.5 kW/m?, it
was important to assess the impact of the optical intensity on in vitro
cultures. Fig. 4A shows the impact of the 38.5 kW/m?, 785 nm laser on
MDA-MB-231 in-vitro cultures. No significant impact from the optical
intensity was observed over the 20 minute irradiation periods.

Results of the hyperthermic ablation trials of MDA-MB-231 in-vitro
cultures are detailed in Fig. 4B. From Fig. 4B, significant viability loss
of in-vitro cultures was observed at concentrations above 0.1 mg/ml.
In-vitro wells solely subjected to the 38.5 kW/m?, 785 nm laser were
used as the positive control wells. The significance in the curve shift
between the innate toxicity and the hyperthermic ablation curves com-
pared in Fig. 4B was quantified through an F-test. It was found that the
two curves in the region of PAA-Fe;0,4 concentrations used were signif-
icantly shifted with a p-value < 0.0001.

UC-Fe30,4 hyperthermic ablation trials were not completed as innate
toxicity issues and aggregation limitations of UC-Fe;04 in HBSS
disallowed conduction of hyperthermic ablation trials. Therefore,
thermal doses for UC-Fe30, in equivalent minutes at 43 °C were quan-
tified from the measured heating curves using de-ionized water.
Fig. 4C models the 5-parameter asymmetric sigmoidal dose response
curve generated for the observed viability post-hyperthermic ablation
against equivalent minutes at 43 °C [26]. Significant differences in
the hyperthermic ablative efficacy were then examined between the
PAA-Fe;0,4 and UC-Fe304 nanoparticles using this equivalent minute
relationship.

Fig. 5 quantifies hyperthermic efficacy through the expected viabili-
ty of in-vitro culture purely from thermal dose from 0.5 mg/ml PAA-
Fes0, and UC-Fe;04 nanoparticle solutions. Thermal dose was

calculated using the method described by Sapareto and Dewey [26]. Cal-
culated thermal doses for PAA-Fe;0,4 and UC-Fe304 were used in con-
junction with the 5-parameter asymmetric sigmoidal fit modeled in
Fig. 4C to calculate the expected viability. It was determined that no sig-
nificant difference existed between the PAA-Fe;0,4 and UC-Fe304 nano-
particles in hyperthermic efficacy. Furthermore, with consideration of
the innate toxicities of the PAA-Fe30,4 and UC-Fe30,4 nanoparticles, it is
concluded that the PAA-Fe;0,4 particles are far superior to UC-Fe304
for use in hyperthermic ablation treatments.

4. Discussion

Particle diameter plays an important role in renal and mononuclear
phagocyte system clearance avoidance [27]. Tabulated hydrodynamic
diameters for PAA-Fe;0, dispersed in complete-DMEM indicate that
the particular synthesis method used to coat the magnetite nanoparti-
cles with PAA generates a core-shell system which may be applicable
for EPR utilization in-vivo. Z-average sizes were determined in
complete-DMEM using 0.5 mg/ml of PAA coated and uncoated magne-
tite nanoparticles at 0 and 48 h. Sonication of the particle systems was
completed prior to the initial measurement. The Z-average hydrody-
namic diameters for UC-Fe30,4 and PAA-Fe;0, did not show significant
changes over the 48 hour period when dispersed in complete-DMEM.
Conversely, a significant difference in the percent change of the hydro-
dynamic diameter was observed for UC-Fe;0, dispersed in HBSS rela-
tive to PAA-Fe304 in HBSS for 48 h at 37 °C, with a p-value < 0.0001.

Furthermore, the innate toxicity of PAA-Fe3;0,4 reveals a modification
by the PAA coating to the biological behaviors of the iron oxide core.
MDA-MB-231 cell cultures subjected to UC-Fe30, at a concentration
range from 1 pug/ml-7.5 mg/ml revealed significant toxicity beginning
at 50 pg/ml with a p-value = 0.03, while PAA-Fe;0, elicited significant
toxicity beginning at 1.0 mg/ml for the MDA-MB-231 cell cultures with
a p-value < 0.0001. A curve comparison was completed through Graph
Pad using an F-test to examine the curve shift in the PAA-Fe30, innate
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Fig. 5. Heating curves for 0.5 mg/ml PAA-Fe304 and UC-Fe30, solutions dispersed in pure
de-ionized water subjected to a 3.5 kW/m?, 785 nm laser. Inset: Expected viability and
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sigmoidal fit modeled in Fig. 4C.

toxicity juxtaposed with the UC-Fe304 innate toxicity. The F-test
showed a significant shift in the PAA-Fe30, innate toxicity curve relative
to that of the UC-Fe304 with a p-value < 0.0001. Thus, the PAA coating
has effectively increased the therapeutic window for the Fe;0,4 nano-
particles. Investigation of photothermal effect on MDA-MB-231 cell
cultures revealed a significant reduction in in-vitro cellular viability be-
ginning at 0.2 mg/ml relative to the positive control. At this concentra-
tion, utilizing an irradiance of 38.5 kW/m? at 785 nm, a steady state
temperature near 43 °Cis reached and is expected to induce irreversible
thermal damage [26]. Furthermore, a significant reduction in in-vitro
cellular viability induced by the photothermal effect relative to the
quantified innate toxicity is observed to begin at 0.2 mg/ml

5. Conclusion

Quantification of uncoated magnetite nanoparticle innate toxicity
using MDA-MB-231 human mammary gland adenocarcinoma revealed
similar trends reported in previous literature with a significant impact be-
ginning at 50 pg/ml [9,10]. As future implications for nanomedicine lie
heavily in the clinical regime, it is imperative that efficacy is maximized
at the in-vitro stage for clinical relevance. An effective nanoparticle
construct must not elicit significant toxicity until application of mediating
factors. Uncoated magnetite therefore provides a poor vector for
photothermal therapy due to the relatively high toxicity observed in-vitro.

Successful modification of uncoated magnetite nanoparticle by
poly(acrylic acid) encapsulation is observed through the shift in zeta
potential tabulated in Table 1. As a direct result of this polymeric encap-
sulation a prominent modification to the toxicity profile is observed,
leading to a near 10 fold increase in the median lethal dose and demon-
strates the high applicability for PAA to be utilized as a coating agent.
Furthermore, the PAA coating may provide highly convenient reactive
groups for moiety conjugation as capping surface is primarily populated
with carboxylate functional groups at physiological pH [23]. From the
heating profile shown in Fig. 2 the minimum concentration of PAA-
Fe304 required to significantly affect cellular viability is 0.2 mg/ml
upon application of a 38.5 kW/m?, 785 nm laser; moreover this concen-
tration does not significantly innately impact MDA-MB-231 viability
in-vitro. This functionalized nano-vector synthesized through the
aforementioned procedure provides a highly applicable and effective
nanoparticle system for optical hyperthermia due to the coating of the
magnetite nanoparticles with poly(acrylic acid) and may be applicable
for utilization of the in-vivo specific EPR effect. Without this coating,
the uncoated magnetite would be largely ineffective due to the high
toxicity relative to the concentration required for inducing significant
viability loss by optical hyperthermia.
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