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Abstract

Monosaccharide coated iron oxide nanoparticles were developed to selectively target colon cancer
cell lines for magnetically mediated energy delivery therapy. The nanoparticles were prepared
using a coupling reaction to attach the glucose functional group to the iron oxide core, and
functionality was confirmed with physicochemical characterization techniques. The targeted
nanoparticles were internalized into CT26 cells at a greater extent than non-targeted nanoparticles,
and the nanoparticles were shown to be localized within lysosomes. Cells with internalized
nanoparticles were exposed to an AMF to determine the potential to delivery therapy. Cellular
ROS generation and apoptotic cell death was enhanced with field exposure. The nanoparticle
coatings inhibit the Fenton-like surface generation of ROS suggesting a thermal or mechanical
effect is more likely the source of the intracellular effect.
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1. Introduction

Magnetic nanoparticles are being studied for a wide range of biomedical applications such
as diagnostic imaging, drug delivery, and thermal therapy of cancer [1-4]. In the case of
thermal therapy, the particles absorb the energy from the magnetic field and convert it into
heat through the Brownian and Neel relaxation [5]. In most cases, the nanoparticles rely on
passive targeting to systemically circulate and accumulate in tumors via the phenomenon
known as the enhanced permeability and retention effect [6]. To increase specific
interactions with cells, nanoparticles can be functionalized with appropriate targeting ligands
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such as peptides, antibodies, and carbohydrates [7-9]. It has recently been demonstrated that
targeted nanoparticles are not only capable of reaching the primary tumor but
micrometastatic sites as well [10]. Coupled with the ground breaking work by Creixell et al.
demonstrating that internalized targeted nanoparticles can induce cellular death when
exposed to an alternating magnetic field without a measurable temperature rise, there is
great interest to develop targeted nanoparticles for the treatment of metastatic cancer [11].
This intracellular effect, where the internalized nanoparticles deliver therapeutic gains
without perceived temperature rise, has been coined as ‘magnetically mediated energy
delivery’ (MagMED) represents a promising field of therapeutics but the exact mechanism
of cytotoxicity still needs to be explored [12].

Intracellular hyperthermia was previously considered improbable due to heat transport
calculations by Rabin that demonstrated theoretically the heat generated from a single
nanoparticle or cluster of nanoparticles would be negligible to the cell or surrounding tumor
[13]. However, it has been observed that the surface temperature of the nanoparticles is able
to significantly exceed the solution temperature suggesting that a localized heating effect
may attribute to the toxicity of the therapy [14]. In addition to a heating effect, chemical
effects or mechanical damage from the physical rotation and vibration of the nanoparticles
may induce toxicity. One potential chemical effect would be the result of surface mediated
production of reactive oxygen species (ROS) from the iron oxide nanoparticles [15]. Free
radical generation results in cellular oxidative stress which is believed to be one of the key
underlying mechanisms of cytotoxicity [16, 17]. When temperatures are raised to the
hyperthermia range, ROS levels are amplified resulting in long-term cellular death [18].
This observation can be attributed to increased kinetic activity of the Fenton-like reaction
with temperature or the decreased ability of cancer cells to scavenge ROS at the elevated
temperature [18-20]. Recently, we have demonstrated that the generation of ROS is
enhanced in presence of an alternating magnetic field [21]. At nanoparticle concentrations
where there was no observable temperature rise, we observed a significant increase in ROS
generation compared to the Arrhenius prediction.

Carbohydrate coated nanoparticles, or glyconanoparticles, are an attractive functionality in
order to study molecular and cellular targeting by combining the physicochemical properties
of the core nanoparticle with receptor interaction, stabilization, and relatively inexpensive
compared to other targeting ligands (i.e. antibodies) advantages from carbohydrates [22-26].
Functionalizing nanoparticles with monosaccharides can provide similar passivation to
poly(ethylene glycol) (PEG) while at the same time providing a targeting strategy for cells
overexpressing glucose transporters [27-29]. Demonstrating therapeutic potential, gold
nanoparticles functionalized with glucose were internalized at a greater rate by ovarian
cancer cells and used as a sensitizer to enhance radiation therapy [30]. Specifically, we were
interested in designing a nanoparticle system to target colon cancer liver metastasis. To date,
fluorine-18-deoxyglucose has been successful in the accurate detection of colon cancer liver
metastases with positron emission tomography suggesting glucose may be an interesting
ligand to study [31].

In this paper, monosaccharide coated nanoparticles were developed and assessed for their
ability to be selectively internalized by colon cancer cell lines. Glucose coated nanoparticles
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were synthesized using a two-step process. Iron oxide core nanoparticles, selected for their
ability to remotely heat in an AMF, were prepared utilizing a facile one-pot co-precipitation
technique where a citric acid stabilizer was added during the core synthesis. Next, glucose
functionality was attached to the surface through an amine-carboxyl coupling reaction
involving D-glucosamine and the citric acid stabilizer. Due to the hypothesized increased
interactions with cancer cells, the glucose coated particles are referred to as targeted
compared to the non-targeted counterparts of uncoated and citric acid coated nanoparticles
studied in comparison. Once internalized, the cells containing nanoparticles were exposed to
an alternating magnetic field and cellular ROS was measured. After exposure, we observed a
significant increase in cellular ROS and an associated increased level of apoptotic cells.

2. Materials and Methods

2.1 Materials

Iron (111) chloride hexahydrate (FeCl3-6H,0), iron (1) chloride tetrahydrate (FeCl,-4H,0),
D-(+)-glucosamine, and fluoresceinamine isomer I were obtained from Sigma Aldrich (St
Louis, MO). Ammonium hydroxide (NH4OH) was obtained from EMD Chemicals
(Gibbstown, NJ). Citric acid monohydrate (CA) was obtained from Fisher Scientific and N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
were obtained from Thermo Scientific (Waltham, MA). All materials were used as received.

2.2 Synthesis of iron oxide nanoparticles

A one-pot co-precipitation method was used to prepare the core citric acid coated iron oxide
nanoparticles as reported previously [32]. Briefly, aqueous solutions of FeClz-6H,0 and
FeCl,.4H,0 were combined in a 2:1 molar ratio in a sealed three-neck flask under vigorous
stirring and an inert N, environment. Once 85 °C was reached, 5 mL of NH,OH was
injected into the vessel followed by 4 ml of 2 M citric acid. The reaction was carried out for
1 hour. The particles were transferred to a dialysis tube for 24 hours of dialysis to remove
unreacted chemicals.

2.3 Glucose functionalization

Monosaccharide functional groups were attached to the nanoparticle surface through an
amine-carboxyl coupling reaction utilizing NHS/EDC. A molar ratio of 10:1 molar EDC to
carboxyl groups was used where the amount of citric acid per nanoparticle was estimated
from TGA data. The NHS to EDC ratio was 5:2 molar and glucosamine was used in 10 fold
by mass excess to the amount of nanoparticles. In a typical reaction, a stock 10 mg/ml
suspension of citric acid coated nanoparticles was mixed with EDC/NHS in aqueous
solution to facilitate activation of the carboxyl groups for 30 minutes. Glucosamine solution
was prepared in PBS and added to the work up for a final working concentration of 5 mg/ml
nanoparticles and allowed to react for 6 hours. Following the reaction, the nanoparticles
were washed with dialysis.

2.4 Particle characterization

2.4.1 Fourier Transform infrared (FTIR) spectra—Attenuated total reflectance FTIR
(ATR-FTIR) was used to determine surface functionalization with a Varian Inc. 7000e
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spectrometer. Dried samples were placed on the diamond ATR crystal and the spectrum was
obtained between 700 and 4000 cm™1 for 32 scans.

2.4.2 Thermal gravimetric analysis (TGA)—TGA was used to quantify the mass
percent of the iron oxide core particle. Measurements were performed using a TA
Instruments SDT Q600 TGA/DSC instrument (New Castle, DE). Approximately 10 mg of
dried sample was loaded and a heat rate of 5 °C/min under constant nitrogen flow was used.
At 120 °C, the sample was held isothermal for 10 minutes to vaporize residual solvent and
potential water vapor from the atmosphere. The sample continued to heat at 5 °C/min until
450 °C. The presented values are normalized to the mass at 120 °C.

2.4.3 Dynamic Light Scattering (DLS) and zeta potential—DLS and zeta potential
measurements were obtained using a Malvern Zetasizer, Nano ZS90 instrument
(Westborough, MA). Nanoparticles from stock suspensions were diluted in DI water for
DLS and 10 mM NacCl to a concentration of 200 pg/mL and dispersed via probe sonication.

2.6 Uptake and Localization

CT26 colorectal cancer cells were cultured in Dulbecco's Modified Eagle's Medium
supplemented with 10 % v/v calf bovine serum, 10 pg/mL Fungizone (Invitrogen, Carlsbad,
CA), and 2 pg/mL Penicillin-Streptomycin-Glutamine (ATCC) in an incubator at 37°C and
5% CO,. The cells were seeded in a 35 mm culture dishes at 15000 cells/cm? and were
allowed to become confluent. Dehydrated nanoparticles were suspended in DMSO at 5
mg/ml stock concentration. DMSO was used as a co-solvent to improve the stability of the
uncoated nanoparticles when diluted in cell culture media. The nanoparticles were diluted to
200 pg/ml in cell media prior to exposure. The cells were exposed to nanoparticles for 0.5,
1, and 2 hours. After, the cells were washed 2x with warm DPBS, trypsinized, counted, and
dehydrated prior to the Prussian Blue colorimetric assay. 100 ul HCI was used to digest the
dry cell pellet and 10 pl of the digested pellet was transferred to a microcentrifuge tube
where the reducing agent, hydroxylamine, was added for at least 8 hours. Finally, the iron
ions were stained with a 5% potassium ferricyanide solution for 1 hour. Absorbance at 700
nm was measured with a GENios Pro fluorescence spectrophotometer (Tecan, Switzerland).
Iron concentration standard curves were prepared using ferrous and ferric chloride salts.

To visualize the nanoparticle internalization a co-localization technique was utilized. First,
the nanoparticles were fluorescently tagged with fluoresceinamine, isomer | through a
competitive carboxyl-amine coupling reaction. The reaction work-up and purification was
the same as the glucose functionalization step described above with a fluoresceinamine
isomer | to glucosamine ratio of 0.02:1. The fluorescently tagged nanoparticles were diluted
to 50 pg/ml and incubated with CT26 cells overnight. The cells were washed 2x with DPBS
and stained with DAPI and Lysotracker Red. Post staining, the cells were imaged utilizing a
fluorescent microscope and analyzed for internalization (Nikon Elements 4.2).

2.7 Cellular Response to Alternating Magnetic Field

Similar to above, CT26 cells were seeded in a 35 mm culture dishes at 15000 cells/cm? and
were allowed to become confluent. The cells were doped with iron oxide nanoparticles from

Acta Biomater. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wydra et al.

Page 5

5 mg/ml DMSO stocks and incubated for an additional 1 hour. The media was removed,
washed 2x with warm DPBS, and cells were detached using trypsin. Cells were split into
samples with and without field exposure and doped with 50 mM 6-carboxy-2',7'-
dichlorodihydrofluorescein diacetate (carboxy-DCFDA) (Invitrogen). Cells were incubated
at 37 °C for 30 minutes to facilitate stain internalization, exposed to the field for 30 minutes
(Taylor Winfield magnetic induction source; approximately 60 kA/m in strength at 292 kHz
frequency), and returned to the incubator for 30 minute post incubation. Cells were analyzed
using an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA). A ratio of the mean
fluorescence between samples exposed to the AMF and the samples that remained in the
incubator was used to determine the enhanced ROS generation attributed to the
nanoparticles in the AMF.

To determine the effects of the treatment, a Caspase 3/7 Apoptosis assay (Invitrogen) was
utilized. Following the intracellular procedure described above, the cells were stained with
the reagent per the manufactures protocol immediately following the AMF exposure and
allowed to incubate for 30 minutes. After the incubation period the cells were analyzed with
flow cytometry. A ratio of the mean fluorescence between samples exposed to the AMF and
the samples that remained in the incubator was used to assess the effects of the field
exposure.

2.8 Surface ROS Generation

To determine the amount of ROS generated from the surface the nanoparticles a methylene
blue degradation assay was used. The degradation experiments were performed in 2 mi
microcentrifuge tubes where one ml samples were prepared by diluting stock concentrations
of methylene blue to 5 pg/ml and iron oxide nanoparticles to 75 pg/ml. The samples were
placed in the water bath for 10 min to equilibrate to the expected steady state temperature as
a result of field exposure. The degradation was initiated by spiking the samples with 30%
H,0, to a working concentration of 245 mM. The samples were exposed to a field of
approximately 51.0 KA/m in strength at 292 kHz frequency while temperature was measured
with a Luxtron FOT Lab Kit. After given time intervals the samples were centrifuged for 30
s using a Phenix Quickspin Centrifuge, magnetically decanted, and measured using UV-
visible spectroscopy (maximum absorbance at 665 nm) with a Varian Cary. To account for
nanoparticle scattering from the nanoparticles that remain in suspension, samples containing
only nanoparticles were measured and subtracted out from the sample absorbance.

2.9 Statistical Analysis

Statistical analysis of the ROS generation and apoptosis assay were performed using
ANOVA and a post hoc two sample Student's t-test comparing fluorescent ratios to the
control. To indicate significant differences defined by the following ranges: p < 0.05, p <
0.01 and p < 0.001, a single, double, or triple asterisk was included in the figures.
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3. Results and Discussion

3.1 Characterization of nanoparticles

Following the reaction, the nanoparticles were characterized to confirm the success of the
functionalization. FTIR was utilized as an initial screen to verify the presence of predicted
functional groups. In figure 1, there is a change in signature between the citric acid and the
glucose coated nanoparticles with the key peaks of interest being a shoulder at 1088 cm™1
attributed to the C-N vibration and a pronounced peak at 1040 cm™1 indicating the location
of C-O stretch peak attributed to the glucosamine. It should be noted that the loss of the
primary amine peak from glucosamine further confirms a covalent bond instead of
electrostatic interactions between the carboxyl and amine groups. With citric acid stabilized
iron oxide, Wu et al. previously observed a shift in carbonyl stretch from the typical 1700
cm~1 to an intense band at 1614 cm™ to indicate the citric acid radical binding to the iron
oxide surface [33]. Similarly, our nanoparticles display a shift to 1560 cm™ and this intense
band will overlap with the carbonyl from the amide. Thus, the distinct differences in FTIR
spectra come from C-N stretching and C-O stretching from the D-glucosamine.

In figure 2, TGA indicated similar mass loss for both citrate and glucose coated particles,
approximately 10 and 12% respectively, however a change in the profile was observed
indicating different compounds. The citrate coating displayed its greatest mass loss between
150 and 200 °C which is similar to the values reported by Frimpong et al. [32]. Glucose
coated particles saw its greatest mass loss shift to between 200 and 300 °C.

The nanoparticle systems were further characterized with DLS and Zeta Potential to
determine the hydrodynamic size of the particles and surface charge (table 1). Citrate coated
nanoparticles were 75 nm in diameter with a PDI of 0.207 and glucose functionalized
particles were 70 nm with a PDI of 0.193. The addition of the monosaccharide functional
group resulted in no increase in hydrodynamic size. This result also indicated that there was
no aggregation induced during the additional synthesis and washing steps. Previous work
with TEM has determined the core iron oxide crystal size to be on the order of 10 nm and
the uncoated nanoparticles have a hydrodynamic size of around 100 nm attributed to a lack
of aqueous stabilizer. The zeta potential displays a distinct shift from —34.7 to —20.3 mV.
During the functionalization step, carboxyl groups from the stabilizing agent are being
partially replaced by the monosaccharide molecules resulting in a diminished surface
charge.

3.2 Uptake and Localization

A Prussian blue colorimetric assay was used to quantify cellular uptake of uncoated, citric
acid coated, and glucose coated iron oxide nanoparticles into CT26 cells. In figure 3, the
glucose coated nanoparticles display a greater extent of internalization compared to the non-
targeted nanoparticles. Over the three time points measured, glucose coated nanoparticles
display a 2-3 fold increase over the citric acid coated nanoparticles. Internalization of the
glucose coated nanoparticles increased with time and slightly more than doubles between
0.5 and 2 hours. The internalization of the uncoated nanoparticles remains relatively
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constant between 5-8 pg iron per cell. Citric acid coated nanoparticle internalization doubles
between 0.5 and 1 hour but then remains constant.

To visualize the location of the nanoparticles in CT26 cells, the glucose coated iron oxide
nanoparticles were functionalized with a green fluorescent tag. Co-localization studies were
performed with the addition of DAPI blue and Lyso-tracker red stains to visualize the
location of the nucleus and lysosomes respectively. Representative images can be found
below in figure 4. In the control figure, there is a diminished presence of naturally occurring
lysosomes. In the case of nanoparticle exposure, there are areas of yellow-orange overlap
from the green nanoparticles and red lysosomes suggesting the nanoparticles are being
internalized in lysosomes. Previously, it was determined that glucose coated iron oxide
nanoparticles were internalized by cells via a caveolae dependent pathway culminating in
lysosomes [34]. While working with similarly designed glucose functionalized
nanoparticles, Shan et al. studied the effects of using a GLUT-1 inhibitor on the rate of
internalization [28]. They determined that the internalization was retarded to rates similar to
control nanoparticle system. However, glucose transporters are more attuned to transporting
small molecules across the cell membrane, not nanoparticles on the order of 70 nm. We
picture that the glucose functionalized nanoparticles are sticking to the cell surface via
glucose transporters, internalized via caveolae, and eventually compartmentalized into
lysosomes.

3.3 Alternating Magnetic Field Response

After determining the selectivity of the glucose coated nanoparticles, cells with internalized
nanoparticles were exposed to the AMF to demonstrate the potential of the system to deliver
MagMED therapy. To study the changes in cellular ROS levels, a DCFDA assay was used.
In the presence of ROS, the acetate groups are cleaved converting the molecule from non-
fluorescent to fluorescent. The cells were exposed to the AMF for 30 minutes while the
temperature was measured with a Luxtron FOT Lab Kit. At the power setting used
(approximately 60 kA/m in strength at 292 kHz frequency), the radiant heat from the copper
coil heated cellular media to 37-38.5 °C, and there was no difference in heating profile
between the control group and the nanoparticle systems. The presence of nanoparticles
altered the absolute measured fluorescent value, so a ratio of samples exposed to the AMF
and the samples that remained in the incubator was used. Using a ratio of measured
fluorescence would account for any stress induced by the nanoparticles previously observed
in concentration dependent toxicity studies [16]. Figure 5 displays the field enhancement
ratio of the various systems tested with CT26 cells. There is negligible enhancement in the
control group, and any minor increase was attributed to deviation away from ideal culture
conditions. Significant enhancement was observed with nanoparticle exposure. Glucose
coated nanoparticles displayed an additional enhancement compared to the other non-
targeted nanoparticle systems. The increase in ROS enhancement is thought to be associated
with the amount of nanoparticles internalized by the cells.

Increased intracellular ROS generation from engineered nanomaterials typically leads to a
cytotoxic event. A Caspase 3/7 Apoptosis assay was utilized to determine the effects of the
increased ROS enhancement and to demonstrate the potential as a therapeutic. Through the
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activation of caspase 3/7 in apoptotic cells, the reagent is activated and becomes fluorescent
when bound with cellular DNA. Similar to above, figure 6 displays the ratio of fluorescent
values between exposed to the AMF, and the samples that remained in the incubator. Only
the glucose coated nanoparticles displayed a significant increase in caspase 3/7 activity
compared to the control and the non-targeted nanoparticle systems. The increase in ROS
generation during AMF exposure is capable of the triggering the apoptotic pathway leading
the cellular death.

To determine the source of the ROS generation, we examined the surface generation through
a methylene blue dye degradation assay. The surfaces of iron oxide nanoparticles are
capable of catalytically generating ROS through the Fenton and Haber-Weiss reactions. In a
Fenton-like system, iron ions react with hydrogen peroxide to generate highly reactive
hydroxyl and superoxide radicals which in turn attack bonds on methylene blue fracturing
the molecule into colorless intermediates. By measuring methylene blue colorimetrically,
the amount of degradation can be determined. Figure 7 below displays the amount of
methylene blue degraded by the various nanoparticle systems when exposed to the AMF for
5 or 15 minutes. The concentration of nanoparticles selected was 75 pug/ml where there is
minimum, 1.5 °C, temperature rise of the solution attributed to nanoparticle heating.
Previously at this concentration we observed a statistical enhancement in ROS generation
with uncoated nanoparticles compared with the Arrhenius prediction [21]. The uncoated
nanoparticles display significant degradation on the order of 40-60%. However, the coated
systems display negligible degradation indicating our coating inhibits the Fenton-like
reaction.

Toxicity associated with iron oxide nanoparticles is typically attributed to Fenton-like
catalytic generation of free radicals with endogenous hydrogen peroxide [35, 36]. Based on
previous results, our initial hypothesis was cellular ROS generation would be enhanced
through the local heating of the nanoparticles driving the Fenton-like chemistry. Since our
coated systems do not display this behavior suggests that another mechanism is at play
beyond a chemical effect. In the presence of the alternating magnetic field, the nanoparticles
would be physically rotating and realigning themselves with the field. If bound to the cell
membrane or internalized within lysosomes these physical motions would induce stress
within the cell. The ROS generation in response to these physical stresses would correspond
with the amount of nanoparticles internalized. In the case of EGFR targeted iron oxide
nanoparticles, Domenech et al. observed an increase in lysosomal permeability correlating
with increased ROS generation and decreased viability as a result of their intracellular
treatment [37]. They attributed this observation to heat dissipation or mechanical disruption
of the lysosomes. Similarly, iron oxide nanoparticles were coated with lysosomal protein
marker antibodies to specifically accumulate along the lysosome membrane [38]. In this
case, the alternating magnetic field applied was at 20 Hz where only physical rotations by
the nanoparticles would be actuated. The resulting cellular apoptosis occurred due to the
lysosomal disruption from the rotational forces.

Accounting for the location of the nanoparticles in lysosomes, the shift in pH (u4.5) would
result in some dissolution of iron oxide to iron ions. These free ions have the potential to
leave the lysosome to the cytosol, mitochondria, or endoplasmic reticulum where they
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would encounter conditions more favorable to Fenton-like chemistry in terms of available
hydrogen peroxide [35, 39-42]. The toxicity of iron oxide nanoparticles has been directly
tied to intracellular release of iron ions which would react with mitochondrial hydrogen
peroxide [43]. Considering the theoretical heating calculations, there remains doubt whether
the nanoscale heating isolated in lysosomes would be able to effect the kinetics in
neighboring organelles [13, 44]. Experimental evidence demonstrating nanoscale heating
involves changes in a fluorescent polymeric shell or nanoparticles in the direct vicinity of a
liposomal carrier increasing the permeability of the bilayer [14, 45, 46]. Lysosomal
membrane permeabilization from free radicals has been demonstrated by elevating the
intralysosomal iron content through iron loaded silica particles [47, 48]. The source of the
intralysosomal hydrogen peroxide is a direct result of membrane bound NADPH oxidase
stimulation by the silica particles [49]. However, uncoated iron oxide nanoparticles do not
similarly stimulate NADPH oxidase with endocytosis [50]. Thus in our case, even if the
coating is displaced, the only potential source of lysosomal hydrogen peroxide available
would have to escape catalase degradation and freely diffuse into the compartment.

With our specific nanoparticle systems, we can likely eliminate a chemical effect and point
to either a thermal or mechanical effect disrupting the lysosomal membrane as the source of
enhanced ROS generation and associated apoptosis. Future work is still warranted to
determine the exact mechanism of cytotoxicity for our system. Despite the above results, the
chemical effect should not be ignored in future MagMED research. Different coatings could
display different degrees of reactivity or a biodegradable coating could be developed
resulting in an uncoated nanoparticle when internalized. The local energy delivered could be
used to enhance the efficacy of chemotherapeutics exploiting the altered redox state of
cancer cells. Beyond mechanistic studies, in vivo studies are warranted demonstrating the
potential of this therapy. By not relying on bulk heating, one of the proposed advantages is
that with an appropriate targeting strategy the injection dosage required can be lowered such
that there is minimal healthy tissue toxicity.

4. Conclusions

This study reports the use glucose coated iron oxide nanoparticles for the selective
internalization and assessed for their potential to deliver MagMED therapy to a colorectal
cancer cell line. The targeted nanoparticles displayed increased internalization compared to
non-targeted nanoparticles, and co-localization suggests the nanoparticles are internalized
into lysosomes. With exposure of an alternating magnetic field, the glucose coated
nanoparticles displayed a significant increase in cellular ROS and apoptotic cell death with
no measurable increase in media temperature. To determine if the mechanism of toxicity
was attributed to a chemical effect, we investigated the surface generation of ROS through
Fenton-like chemistry. The coated systems displayed negligible ROS generation compared
to uncoated nanoparticles. These observations suggest the cellular ROS measured is
attributed to a thermal or mechanical effect of the internalized nanoparticles.
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Scheme 1.

Reaction schematic of monosaccharide coating of iron oxide nanoparticles displaying the
attachment of the citric acid stabilizer and subsequent addition of D-glucosamine via amine-
carboxyl coupling reaction
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Figure 1.
FTIR spectra of citric acid coated iron oxide and glucose coated samples. The vertical line at

1088 cm~1 indicates the location of a C-N vibration and at 1040 cm™1 indicated the location
of C-O stretch peak attributed to the D-glucosamine. The vertical lines 1560 cm™1, 1360
cm~1, and 1250 cm~! indicate the location of the C=0 stretch, O-H bend, and C-O stretch
bonds, respectively, typically attributed to citric acid coated particles.
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Figure 2.

Mass loss profile of citric acid and glucose coated iron oxide.
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Figure 3.

Iron content in CT26 cells when exposed to 200 ug/ml of nanoparticles over 0.5, 1, and 2
hours of incubation. Control group consists of cells never exposed to nanoparticles but

underwent similar culturing conditions.
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Figure 4.
Representative localization images of control (a) and 50 pg/ml fluorescently tagged glucose

coated nanoparticles (b) incubated with CT26 cells.

Acta Biomater. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wydra et al.

Page 18

2.5 .

*ok
| |

1.5 +
I

ROS Field Enhancement
[==Y
1

0.5

Control Uncoated Citric Acid Glucose

Figure 5.
Measured ROS enhancement with field exposure determined by dividing the relative

fluorescent means from the samples with field exposure by no field exposure. Significant
differences between groups are indicated as *p < 0.05, **p < 0.01.
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Figure 6.

Ratio of Caspase 3/7 fluorescence of cells with and without field exposure when exposed to
various nanoparticle systems. Significant differences between groups are indicated as *p <

0.05.
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Figure 7.
Fenton-like generation of ROS by nanoparticle systems measured by methylene blue dye

degradation. 75 ug/ml nanoparticles were exposed to the AMF for 5 and 15 minutes in the
presence of 0.75% H,0,.

(a) Targeted magnetic nanoparticles bind to cell surface and are internalized into lysosomes.
(b) AMF activation induces lysosomal permeability triggering cellular death. (c)
Nanoparticle coating inhibits Fenton-like chemistry indicating a thermal or mechanical
effect causes the lysosomal disruption.
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Table 1

Results from DLS and Zeta potential measurements of coated nanoparticles.

Zavg (nm) PDI Zeta (mV)

Citric Acid  75.36 0.207 -34.7
Glucose 70.06 0.193 -20.3
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