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Physical stability, biocompatibility and potential use
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Abstract Hybrid nanoparticles (HNPs) such as iron
oxide-gold nanoparticles are currently being exploited
for their potential application in image-guided thera-
pies. However, little investigation has been carried out
into their physical or chemical stability and potential
cytotoxicity in biological systems. Here, we determine
the HNPs physical stability over 6 months and chem-
ical stability in physiological conditions, and estimate
the biological activity of uncoated and poly(ethylene
glycol) coated nanoparticles on human pancreatic
adenocarcinoma (BxPC-3) and differentiated human
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monocyte cells (U937). The potential of these HNPs to
act as drug carrier vehicles was determined using the
model drug 6-Thioguanine (6-TG). The data showed
that the HNPs maintained their structural integrity
both physically and chemically throughout the dura-
tion of the studies. In addition, negligible cytotoxicity
or free radical production was observed in the cell
lines tested. The 6-TG was successfully conjugated;
with a ratio of 3:1:10 Fe:Au:6-TG (wt:wt:wt). After
incubation with BxPC-3 cells, enhanced cellular
uptake was reported with the 6-TG-conjugated HNPs
compared with free drug along with a 10-fold decrease
in ICsq. This exciting data highlights the potential of
HNPs for use in image-guided drug delivery.

Keywords Hybrid nanoparticle - Magnetic
nanoparticle - Gold nano-shell - Stability -
Biocompatibility - Drug delivery

Introduction

Recently, hybrid nanoparticles (HNPs) composed of
iron oxide cores surrounded by a gold coating have
emerged as potential multifunctional agents for
image-guided drug delivery (Ji et al. 2007; Hoskins
et al. 2012a). In order for these HNPs to be used for
biomedical applications, first their physical stability
and safety profile must be determined. Safety concerns
over the use of iron oxide nanoparticles in humans has
increased in recent years, with the lack of in-depth

@ Springer



Page 2 of 14

J Nanopart Res (2013) 15:1706

understanding of the fate of these nanoparticles and
their effect on their surroundings in vivo (Fadeel and
Garcia-Bennett 2010). These concerns culminated in
the withdrawal of the clinically used magnetic reso-
nance imaging (MRI) contrast agent Feridex® from
use in humans in the UK (Hoskins et al. 2012a).
Therefore, before any biomedical application of said
metallic nanoparticles can be achieved, they need to
undergo suitable testing to ensure appropriate safety
levels are met. Hence, with the increasing potential of
HNPs being realised, the current priority lies in
determining the bio-safety of these particles. It has
previously been hypothesized that the gold coating
provides a rigid shield protecting the external envi-
ronment from the inherent toxicity of the iron oxide
core (Barnett et al. 2012). Furthermore, the rigid
nature of the gold coating should be more effective
than traditionally used polymers in protecting the iron
oxide core from degradation in physiological condi-
tions (Barnett et al. 2012). A reduction in degradation
will limit free radical production in vivo and hence,
increase the biocompatibility of the system (Lu et al.
2007; Hoskins et al. 2012b). Our group previously
reported HNPs showed promising physical properties
for application in biomedicine (Barnett et al. 2012).
However, their chemical stability and biological
activity had not yet been determined. In this study,
HNPs composed of iron oxide with a poly(ethyleni-
mine) (PEI) intermediate and subsequent gold coating
(70 nm) will be investigated (Barnett et al. 2012).
Namely, the chemical and physical stability of these
particles will be studied along with their safety profile
in vitro.

It has been shown that further engineering on the
surface of the gold shell would result in greater cellular
internalisation, for example, with poly(ethylene gly-
col) (PEG)—a biocompatible polymer approved for
use in humans (Vila et al. 2004). In fact, PEG
molecules have been used extensively in the coating
of inorganic nanoparticles (Peng et al. 2008; Jozejczak
and Skumiel 2011; Manson et al. 2011). PEGylation of
nanoparticulates has been shown to promote cellular
uptake without causing undesirable toxic side effects
(Vila et al. 2004). In order to effectively understand
the potential toxicity issues of these HNPs, it is vital
for transfection to be achieved. Hence, nanoparticles
will be PEG-coated, and cellular internalisation,
viability and response assays conducted using both
the uncoated and PEGylated HNPs in human
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pancreatic adenocarcinoma (BxPC-3) and differenti-
ated human monocyte (U937) cell lines. It is under-
stood that acute toxicity arising from nanoparticulate
structures is largely attributed to their surface chem-
istry (Buzea et al. 2007; Albanese et al. 2012).
However, in the case of Feridex®, which was coated
with clinically approved dextran, it was the flexible
polymer not providing adequate protection from the
toxic core, which is thought to have led to toxicity and
ultimately its withdrawal (Hoskins et al. 2012a). With
this in mind, PEG is used here largely to aid in the
transfection of the HNPs and not to mask their
potential cytotoxicity (Mishra et al. 2004).

In our previous study, the physical properties of
HNPs were realised in terms of their contrast ability
and thermal manipulation (Hoskins et al. 2012a;
Barnett et al. 2012). However, their ability to act as
drug carrier vehicles was not investigated. Magnetic
iron oxide nanoparticles have previously been
exploited for the ability to carry pharmaceutical cargo
(Dobson 2006; Arruebo et al. 2007; Sun et al. 2008;
Chatterjee et al. 2011). Recently, a study has shown
the potential of HNPs for drug delivery in vitro
(Wagstaff et al. 2012). Here, the anticancer agent
cisplatin was used to show the potential of HNPs as
drug carriers in localised magnetic fields. Wagstaff
and colleagues coupled the cisplatin to a thiolated PEG
which was ultimately conjugated to the HNP surface.
The drug conjugate achieved drug loading of
7.9 x 10~* mol of platinum per grams of gold. The
cytotoxic potential of the HNP-drug conjugates was
studied in vitro on human ovarian cancer (A2780) and
cisplatin resistant (A2780/cp70) cell lines. This study
showed that the HNP-drug conjugate decreased the
ICsop up to 110-fold compared to the free drug
(Wagstaff et al. 2012).

To elucidate the potential of our HNPs as drug
vehicles the model drug 6-thioguanine (6-TG) will be
used. 6-TG is an antitumour agent currently used
clinically in the treatment of leukaemia (Lancaster
et al. 2001). 6-TG belongs to the thiopurine series of
compounds which are renowned for their immuno-
suppressant properties and are commonly used in
organ transplants to reduce rejection of new tissue, and
also in the treatment of Crohn’s disease (Zaza et al.
2010). 6-TG will be conjugated onto the HNP surface
via dative covalent bonding and the drug conjugation
capacity will be determined. Furthermore, in vitro
studies pertaining to drug uptake and the cytotoxic
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effect of the HNP-drug conjugates on BxPC-3 cells
will be evaluated.

Materials and methods

All chemicals unless otherwise stated were purchased
from Sigma-Aldrich (UK).

Synthesis and PEGylation of hybrid nanoparticles

Particles of 70 nm diameter were synthesised and
characterised as previously reported (Barnett et al.
2012). In this study, gold coated iron oxide nanopar-
ticles coated containing a poly(ethylenimine) (PEI)
intermediate layer were used (previously described as
Fe;045-PEI-Aucoat), and shall be referred to herein
as hybrid nanoparticles (HNPs). HNP’s (2 mL) were
stirred with  O-[2-(3-Mercaptopropionyl amino)
ethyl]-O’-methylpolyethylene glycol (PEG-Thiol,
1 mg mL™") for 2 hat 60 °C. The HNPs were washed
five times with deionised water and magnetically
separated from solution. The resultant particles (5 mg)
were resuspended in 5 mL deionised water.

Characterisation of PEGylated HNPs

Fourier transform infrared (FTIR) and elemental
analysis were used to determine if the PEG coating
had been successful. The PEGylated HNPs (HNP-
PEG) were freeze-dried prior to FTIR spectroscopy.
The dry powder was measured using a diamond tipped
attenuated total reflectance attachment (Nicolette
IS50, Thermo-Fisher UK). The samples were scanned
64 times and the average spectra recorded. PEG
coating concentration was estimated using thermo-
gravimetric analysis (TGA). The TGA was carried out
on a TA SDT Q600 (TA Instruments) with sequences
of 20 °C/min ramp to 90 °C, isothermal for 10 min
and 20 °C/min ramp to 600 °C.

Transmission electron microscopy

HNP suspensions (2 pl.) were dried onto formvar
coated copper grids. The grids were imaged using a
JEOL JEM-1230 microscope (Jeol, Japan) using
analLYSIS software. Cellular internalisation images
were taken after incubation of HNPs with BxPC-3
human pancreatic carcinoma and differentiated U937

human monocyte cells (acting as macrophage cells).
Cells were grown into Aclar slides and incubated with
HNP (25 pg mL™", 24 h). Cells were washed with
PBS and fixed with 2.5 % gluteraldehyde in 0.1 M
sodium cacoylate buffer: 2 mM calcium chloride
(50:50) for 2 h. The samples were washed for 5 min
in 0.1 M sodium cacodylate buffer: 2 mM calcium
chloride, and this step was repeated a further two
times. The samples were post fixed in 0.1 % osmium
tetroxide in 0.1 M sodium cacodylate buffer/2 mM
calcium chloride for 1 h. A series of dehydrations
were carried out in ethanol before the samples were
embedded in spurr resin. The samples were sectioned
using a freshly cut diamond knife and placed onto
formvar coated copper grids for imaging. The samples
were imaged using a JEOL JEM-1230 microscope
(Jeol, Japan) using analLYSIS software.

Stability of HNPs

HNP solutions (10 mg mL™", previously reported
(Barnett et al. 2012) were stored at room temperature
in sealed vials for 6 months. The magnetic coercivity,
size, zeta potential, T2 relaxivity and nano-heating
capability were tested to determine whether, any
degradation or physical changes had occurred since
previous measurement. All measurements were car-
ried out as previously reported (Barnett et al. 2012)

Stability of HNPs in physiological conditions

Test of stability in physiological conditions were
carried out as previously reported (Hoskins et al.
2012b). Briefly, HNPs (both ‘naked’ and PEGylated,
100 ug mL™", 2 mL) suspended in deionised water
were placed inside dialysis membrane with a molec-
ular cut-off of 12-14 kDa and placed into conical
flasks containing 200 mL. RPMI cell culture media
(Life Technologies, UK). Media was pH adjusted to
pH 7.2 and 4.5 to mimic blood and lysosomal
physiological conditions respectively. The system
was sufficient to induce in sink condition. The
particles were stirred over a 2 week period with
sampling at 1, 4, 24, 48, 72, 168 and 336 h. The
samples were analysed for Fe and Au content using
inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Metal content in solution was
calculated in respect to a calibration, and the percent-
age of the total Au content was deduced.
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In vitro cellular assays
Cellular uptake of coated and uncoated HNPs

BxPC-3 and differentiated U937 cells were seeded
into 6 well plates (50,000 cells/well) and incubated at
37 °C and 5 % CO,. HNPs (both ‘naked’ and PEGy-
lated, 25 pg mL™") were incubated with the cells for
24 h. Cells were washed with phosphate buffered
saline (PBS) and trypsinised. Cells were resuspended
(1,000,000 mL™") in fresh RPMI media (Life Tech-
nologies, UK). 1 mL of cell suspension was placed
into an Eppendorf tube and centrifuged at 800 rpm for
10 min. The supernatant was discarded and the cells
were resuspended in 1 mL concentrated nitric acid.
The solutions were incubated at 90 °C for 1 h before
dilution in deionised water. The iron (Fe) content was
determined using ICP-OES and calculated per cell.

Cellular uptake mechanism via endocytosis inhibition
study

Investigation into the mechanism of cellular internali-
sation of PEGylated HNPs was carried out by
incubation of cells with nanoparticles (12.5 and
25 ug mL™") at 4 and 37 °C. Here serum free media
was used as the particle diluent. Cellular uptake was
deduced in terms of Fe content per cell as previously
described.

Cell viability assay via trypan blue exclusion

BxPC-3 and differentiated U937 cells were seeded
into 6 well plates (50,000 cells/well) and incubated for
24 h. HNPs were incubated with cells (6.25, 12.5, 25,
50 and 100 pg mL_l) for 24, 48, 72 and 168 h* at
37 °Cand 5 % CO,. Cells were washed with PBS and
trypsinised. Once detached cells were resuspended in
1 mL fresh media. Cell suspension (50 pL) was mixed
with 50 pL trypan blue solution for 1 min. Cells were
counted using a Countess® automated cell counter
(Life Technologies, UK). Cell viability was deter-
mined in respect to control cells with no nanoparticles
present.

For the 168 h time point, the cell culture media was
changed after 72 h by removal of media, washing cells
with PBS and addition of fresh media of the same
nanoparticle concentration. This is in accordance with
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other cellular work reported in the literature, where
media replacement is required (Hoskins et al. 2012b).

Cellular response assays

Cell membrane integrity, reactive oxygen species
(ROS) and lipid peroxidation (LPO) assays were
carried out on BxPC-3 and U937 cells incubated with
HNPs (0-25 pg mL™ ). Protocols for these have been
previously described (Hoskins et al. 2012b). Mem-
brane integrity was measured via measurement of
lactate dehydrogenase (LDH) leakage (Promega, UK)
from BxPC-3 and differentiated U937 cells. Lactate
dehydrogenase (LDH) levels were recorded at
560/590 nm, using a Tecan Pro200 microplate reader
(Tecan, UK). The percentage of cytotoxicity was
calculated in respect to control wells containing no
nanoparticles. The degree of ROS was calculated as a
percentage of DCF fluorescence in respect to control
cells assumed to be 100 %. The fluorescence intensity
of the samples was measured at 560 nm (excitation)
and 590 nm (emission). The LPO levels were deter-
mined using the thiobarbituric acid reactive substance
(TBARS) assay. The results were calculated as nmol
of MDA/mg of cellular protein and compared with the
levels in control cells. MDA levels and protein content
were measured at 530 nm (excitation) and 550 nm
(emission) and at absorbance of 595 nm respectively.

HNP-drug conjugate studies
Drug conjugation and quantification

Drug conjugation was carried out stirring 6-TG
(25 mg) with the HNPs (5 mL, 5 mg mL_l) at room
temperature for 8 h. The particles were magnetically
separated from solution and washed thoroughly with
deionised water five times. The particles were resus-
pended in 5 mL deionised water to a final concentra-
tion of 5 mg mL~" (Fe) which was confirmed using
ICP-OES (data not shown). UV—-Vis spectrometry was
used to quantify the drug concentration conjugated to
the particle surface (6-TG-HNP). The absorbance was
measured at 330 nm on a UV-2600 UV-Vis(NIR)
with an ISR-2600 Plus Integrated sphere (Shimadzu,
Germany), and compared with a calibration curve
(R*> = 0.999). The concentration was worked out as a
ratio in regards to 6-TG:Au:Fe. Hydrodynamic diam-
eters and zeta potential measurements were carried out
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as previously reported using a Zetasizer Nano-ZS
(Malvern Instruments, UK) (Barnett et al. 2012).

Biological activity of 6-TG-HNP conjugates

The drug uptake and cell viability studies were carried
out on BxPC-3 and differentiated U937 cells using
6-TG-HNP, compared with the free 6-TG drug and
uncoated HNPs as a control. 6-TG concentration was
worked out per cell after 4 h incubation with 12.5 and
50 ug mL~" drug concentrations (and equivalent iron
concentration for HNP controls). The cells were
incubated with samples, followed by trypsinisation
and counting as previously described. 6-TG concen-
tration was determined using UV-Vis spectroscopy
(see coating method). Cell viability studies were
carried out using trypan blue exclusion (3.13-50
ng mL ™) and the ICs, values estimated.

Results and discussion

Synthesis, PEGylation and characterisation
of HNPs

Hybrid nanoparticles of 70 nm diameter were syn-
thesised and characterised as described previously
(Barnett et al. 2012). The HNPs were coated with a
thiolated PEG through dative covalent bonding
between the thiol moiety (—SH) on the polymer and
the gold shell of the nanoparticles. FTIR spectroscopy
confirmed the presence of characteristic peaks attrib-
uted to the PEG coating (Fig. 1) compared with the
uncoated HNPs. These predominantly consisted of
peaks arising from the C=0 (1,340 cm™ 1Y), C-0 (1,466
and 1,101 cm_l), and C-H (2,883 cm_l) bonds
respectively. Elemental analysis also confirmed the
presence of C, H and N indicating that coating had
been successful (Table 1). TGA analysis was used to
quantify the PEG coating concentration in relation to
1 mg HNP core, the concentration was determined
as 164 ug mL™" (Table 1). TEM images of the
uncoated and coated HNPs are shown in Fig. 2al,
a2 particle diameter was measured using the ANAL-
ysis software showed the average particle diameter to
increase from 70 to 80 nm after PEGylation, indi-
cating the coating thickness of the PEG was 5 nm
(Fig. 2b1, b2).

Stability of uncoated hybrid nanoparticles

Table 2 shows the physical stability data of the HNPs
(uncoated) previously reported (Barnett et al. 2012)
after 6 months stored at room temperature in a
10 mg mL ™" solution. At this stage no surface mod-
ification had been made and hence, stability is based
solely on the 70 nm HNPs. Particles were imaged
using TEM in order to ascertain whether, morphology
or diameter had changed as a result of the time period.
Zeta potential was also measured, not as an indicator
of particle monodispersity, but as an indicator of
whether the gold shell had degraded or changed as a
result of storage. Here, the data shows that no
significant change in the average particle diameter
was observed (255 nm, p > 0.05), compared with the
freshly prepared particles previously reported
(250 nm) (Barnett et al. 2012). This was confirmed
with TEM microscopy, where the particle diameter
remained constant (70 nm). Additionally, particle
morphology appeared similar. An increase in polydis-
persity index was noted with the rise from 0.112 to
0.312 indicating that the particles may have started to
form clusters, however, this was not apparent from the
size data. Zeta potential measurements showed that
the surface charge of the particles remained at
+2.4 mV consistent with previous studies suggesting
no degradation or complex formation had occurred.
Magnetic coercivity (Hc) determined via SQUID
measurement  appeared to  decrease  from
1035 kA m™" (£5) to 6.2kA m™' (+0.2) after
6 months (Table 2). This decrease in Hc suggests that
the magnetic properties of the HNPs were modified
over time. However, T, relaxivity remained relatively
stable with comparable measurements (175.3 and
161.7 mM~' s™', 0 and 6 months respectively). This
suggested that the contrast ability of the HNPs was not
affected over the duration of the study. Interestingly,
the standard deviation in Hc measurement was larger
in the initial measurement compared with the
6 months stability sample, however, it is not obvious
if this is related. Finally, the agar suspended HNPs
(10 ug mL™") were irradiated with a pulsed laser and
their nano-heating ability determined. Here, the
nanoparticles appeared to be stable after 6 months
with comparable AT values to the initial study
(Table 2). All the data indicated that these uncoated
nanoparticles possessed similar physicochemical
properties to the freshly made HNPs (Barnett et al.
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Fig. 1 FTIR analysis of uncoated and PEGylated HNPs. Analysis carried out on freeze dried samples using a diamond tip ATR

attachment (no. scans = 64)

Table 1 Chemical analysis of PEGylated hybrid nanoparticles

Analytical method Measurement Result

Elemental analysis Relative abundance, C  0.87

wifwt H 014

N 0.05

Thermogravic analysis =~ Weight of PEG per 1 mg 164
HNP, pug mL™"

2012). Hence, we can conclude that no major struc-
tural degradation had occurred and the HNP integral
structure was stable over this time period.

Chemical stability of coated and uncoated HNPs

Chemical stability of the HNPs at physiological pH
was determined over a 2 week period in order to give
an appreciation of the degradation, which may occur
after in vitro and in vivo application. The particles
were stirred in dialysis membrane surrounded by cell
culture media of pH 7.2 to mimic physiological, and
pH 4.6 to mimic intracellular lysosomal conditions.
The % of initial Fe and Au content were determined
via ICP-OES analysis. An increase in metal content
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outside the dialysis chamber is indicative of particle
degradation. This technique is highly sensitive and
hence, metal content can be detected at extremely low
quantities in solution. Figure 3 shows the degradation
curves for Au in (A) uncoated and (B) PEGylated
HNPs. The data for Fe degradation is not shown as no
measureable degradation was observed which is
reasonable, given, the rigid nature of the gold coating.
In both coated and uncoated HNPs an initial burst of
Au into the surrounding media was observed followed
by a plateau in degradation over the study period. This
could be due to some excess gold nanoparticulate
impurities remaining in solution after purification;
however, the levels are so low these are classed as
negligible. After 2 weeks only 0.007 % of initial Au
was observed in the media at pH 7 and 0.008 % at pH
4.6. The increase in Au at lower pH is rational, given
that the solubility of gold increases in acidic environ-
ments, however, this theory requires some further
exploration. In any case, for this study the low gold
concentrations indicate that particle integrity was not
compromised. After PEGylation (Fig. 3b) the amount
of Au present after 2 weeks in the surrounding media
was reduced to 0.0015 % (pH 7) and 0.0045 % (pH
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4.6). Hence, after polymer coating of the HNPs with observed in this experiment (data not shown) further
PEG a greater degree of shielding from degradation confirms that particle integrity was maintained across
was achieved. The negligible media Fe content the study, thus no Fe could be released.
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Table 2 Physical stability of HNPs over 6 months stored in
solution at room temperature (n = 3 £ SD)

Physical property 0 months® 6 months

Size using photon correlation 250 (22) 255 (62)

spectroscopy, nm

Polydipersity index 0.112 (0.010) 0.312 (0.021)

Zeta potential, mV +2.4 (0.00) +2.4 (0.01)

Size from transmission 70 (0.5) 70 (0.4)
electron microscopy, nm

Magnetic coercivity from 10.35 (5) 6.2 (0.2)
SQUID measurement,
kAm ™!

T2 relaxivity from MRI 175.3 (1) 161.7 (7.3)
measurement, mM~! g7t

AT from laser irradiation of 7.0 (0.5) 7.5 (0.8)

10 pg mL~" suspended in
2 % agar, °C

# Data previously described [6]

In vitro cellular assays

Cellular uptake studies were carried out on BxPC-3
and differentiated U937 cells incubated with both
uncoated and PEGylated HNPs (25 ug mL™") for
24 h. Differentiated U937 cells exhibit macrophage
like activity and hence, these two cell lines were used
in order to demonstrate cellular activity in both tumour
and immune system environments. Both experiments
were carried out in serum free media, in order to
prevent protein complexation onto the HNP surface.
Zeta potential measurements of the HNP suspensions
in media showed no electrolyte complexation had
occurred prior to incubation (data not shown). Fig-
ure 4 shows the total iron concentration per cell. After
incubation with the uncoated HNPs, the intracellular
iron concentration in BxPC-3 cells increased almost
10-fold from 0.109 pg (with no HNPs present) to
1.01 pg. A similar trend was observed in U937 cells
incubated with the uncoated HNPs where a 5-fold
increase in Fe concentration compared with basal
levels was measured. After PEGylation, the intracel-
lular Fe concentration was significantly increased
(p < 0.05) compared with basal levels and with Fe
levels in the cells incubated with the uncoated HNPs.
Here, concentrations as high as 7.56 and 4.70 pg were
observed in the BxXPC-3 and U937 cells, respectively.
This study further highlights that surface functional-
ization is crucial in order for increased biological
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Fig. 3 Stability of HNPs in solution under in biological
conditions at pH 7.2 and 4.6. a HNP and b HNP-PEG. Study
carried out under in sink conditions over 2 week period and %
initial Au determined (n = 3 + SD)

interactions to occur. Here, the presence of the PEG
molecule on the surface of the HNPs promoted cellular
internalisation. Interestingly, increased Fe content was
observed in the BxPC-3 cells compared with the U937.
This could be due to the rapidly proliferating rate of
the tumour cell line experiencing greater cellular
internalisation compared with the macrophage like
cells. Generally, it would be expected that macrophage
cell lines experience increased cellular internalisation
due to their phagocytotic and endocytotic nature,
however, the cell line used in this study are human
monocyte cells (U937) which require differentiation
in order to achieve their macrophage-like qualities. It
has been well documented that although these behave
in a similar manner to macrophage cells, after
differentiation a large decrease in cell proliferation
occurs (Hosoya and Marunouchi 1992). TEM images
(Fig. 2c, d) show nanoparticle presence was observed
in cells containing the both the HNP and HNP-PEG in
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both cell lines, although, no difference in uptake levels
between the coated and uncoated was observed.

A subsequent study was carried out using only the
HNP-PEG (12.5 and 25 pg mL™') in order to deter-
mine their cellular uptake mechanism. Theoretically,
endocytosis will be inhibited at 4 °C. This is because
endocytosis is a process which is energy dependent. At
lower temperatures, cellular energy is decreased and
inhibition of uptake by endocytosis occurs. Other
routes of cellular uptake such as passive diffusion are
not energy dependent hence, these should still occur at
low temperatures (Majumdar et al. 2009). Table 3
shows the concentration of intracellular Fe after 1 and
4 h incubation at 4 and 37 °C. At 12.5 pug mL™" the
cellular uptake appeared to be temperature and time
dependent. In the BxPC-3 cells a 1.9-fold increase in
Fe concentration was observed at 37 °C compared
with 4 °C after 1 h. After 4 h incubation a 2-fold
increase was observed. A similar trend was observed
in the U937 cells, where a 1.5-fold increase occurred
after 1 h and 2.2-fold increase after 4 h in the cells
incubated at 37 °C compared with the lower temper-
ature. None of these values were found to be
significant (p > 0.05). This data suggests that endo-
cytosis may play a role in cellular uptake of the HNPs,
however, this does not appear to be the only uptake
route. Interestingly, at the higher HNP concentration
(25 ng mL™") no obvious trend was observed in
HNP uptake in the samples incubated at 4 and 37 °C
with regard to uptake by endocytosis. Cellular
uptake mechanisms are complex and small changes

in temperature can induce in misguided conclusions,
hence, more work is being carried out in this field
using endocytosis inhibitors (such as sodium azide), in
order to fully elucidate the mechanisms involved in
HNP uptake.

Cell viability was estimated using BxPC-3
(Fig. 5al) and differentiated U937 (Fig. 5a2) cells
incubated with HNP-PEG (6.25-100 pg mL™"). The
data shows that the PEGylated HNPs did not possess
any undesirable cytotoxicity over the concentration
range within the duration of this study (3 days). The
cell membrane integrity assays (Fig. 5bl, b2) indi-
cated that the presence of the HNP-PEG did not result
in increased LDH formation compared with basal
levels. Hence, the nanoparticles showed no adverse
effect on the integrity of the cell membrane in either
cell line. Similarly, the ROS and LPO data did not
show any increase in free radical production due to
singlet oxygen (Fig. 6al, a2) or lipid peroxidase
(Fig. 6b1, b2) compared with the control cells. When
looking at the TEM cellular uptake (Fig. 2c, d) and Fe
content assays (Figs. 3, 4) it is evident that these
nanoparticles are entering the cell, hence, these results
are highly promising. This data is in good agreement
with the chemical stability studies where no quanti-
fiable levels of Fe were detected. It is hypothesized
that after cellular uptake, iron oxide nanoparticles are
degraded via enzymatic hydrolysis into iron ions
(Shubayev et al. 2009). The reactive oxygen species
induced by transition metal particle degradation can
then result in lipid peroxidation (Sorensen et al. 2003,
Zhu et al. 2008). Lipid peroxidation causes intracel-
lular stresses from hydrogen peroxide generation, and
causes disruption of the phospholipid bilayer which
can result in cell death (Minotti and Aust 1987). This
data further highlights, the benefit of the added rigid
gold coating surrounding the iron oxide core which
results in a highly biocompatible HNP construct.

HNP-drug conjugate studies

In this study, the potential of the HNPs to act as drug
carriers was also evaluated. 6-TG was used as a model
drug and conjugated via dative covalent bonding
between the thiol (—SH) group on the drug molecule
and the Au nano-shell surface. The HNP-6-TG
attachment was verified using UV—Vis spectroscopy.
The 6-TG possessed a large absorbance value at
330 nm (Fig. 7), a peak was also observed at 650 nm

@ Springer
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Table 3 Cellular uptake of

PEGylated HNPs (12.5 and Particle Concentration of Fe per cell, pg (£ SE)

25 ug mL™") in BxPC-3 4 °C 37 °C

and differentiated U937

cells incubated at 4 and Lh 4h Lh 4h

37°Cover 1 and 4 h

(n =3+ SD) BxPC-3
Control 0.137 (0.032) 0.069 (0.014) 0.116 (0.072) 0.084 (0.013)
12.5 0.932 (0.143) 1.199 (0.171) 1.738 (0.280) 2.459 (0.178)
25 6.705 (0.903) 7.331 (1.561) 6.685 (0.555) 7.741 (0.704)

U937

Control 0.060 (0.011) 0.0635 (0.008) 0.0637 (0.011) 0.0552 (0.001)
12.5 1.286 (0.302) 0.907 (0.146) 1.892 (0.162) 1.954 (0.148)
25 5.280 (0.681) 6.018 (0.350) 3.972 (0.643) 5.905 (0.454)

due to the plasmon resonance of the gold coat as
discussed previously (Barnett et al. 2012). Here, we
observed a peak shift in the gold spectrum from
690 nm, previously reported to 650 nm (Barnett et al.
2012), whereas, the /.. for the drug remained
unchanged. Hydrodynamic diameter measurement
(270 nm) and zeta potential measurement (4+9.2 mV)
also confirmed drug attachment compared with the
uncoated HNPs (250 nm, +-2.4 mV respectively). The
6-TG concentration conjugated to the HNP surface was
calculated to be in a 3:1:10 ratio for Fe:Au:6-TG
(wt:wt:wt) using both ICP-OES and UV-Vis spec-
trometry, respectively.

In order to determine whether the HNP drug carriers
could promote cellular drug uptake, the HNP-6-TG

Fig. 5 Cellular response to Al
pegylated HNP exposure via
a cytotoxicity evaluated > 100
using trypan blue exclusion % 80
and b cell membrane 'S 60
integrity measured via LDH E 40
leakage. Assays carried out I
on / BxPC-3 and 2
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6.25 125 25
(n =3+ SD) HNP concentration pgmL”
B1
10
> 8
g
5 6
2 4
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0 156 3.13 6.25
HNP concentration pgml_'1
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conjugates were incubated both with BxPC-3 and
differentiated U937 cells (12.5 and 50 pg mL™Y). At
12.5 and 50 ug mL~" drug concentration, 3.75 and
15 pg mL™" of Fe and 1.25 and 5 pg mL™" Au were
present, respectively. These values were relatively low
and no toxicity was observed at these concentrations in
the previous studies. After 4 h the 6-TG uptake per cell
was estimated (Fig. 8al, a2). The data showed consis-
tently that increased 6-TG uptake was observed in the
cells incubated with the HNP-drug conjugates com-
pared with the free drug. At 50 pg mL™', the 6-TG
concentration was 35-fold and 21-fold higher for the
HNP-6TG compared with the free drug in the BxPC-3
and U937 cells, respectively (p < 0.05). The uncoated
hybrids showed negligible 6-TG uptake as expected
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due to their poor surface qualities, in line with previous
HNP-PEG cellular uptake studies. These exciting
findings suggest that once conjugated to hybrid nano-
particles, greater cell penetration occurs. This was
particularly the case in the BXPC-3 tumour cells. Thus,
increased drug uptake of the 6-TG could result in
reduced dosage concentrations being required for
similar therapeutic effect and hence, reduce patient
side effects. Additionally, a reduction in treatment
costs would ensue. This is a follow on study to
elucidate the potential of the HNPs for drug carriers
(the 6-TG formulation again is only a preliminary

500 600 700 800
Wavelength nm

proof of concept study, the authors are not suggesting
this is the ideal formulation).

Little work has been carried out on the cellular
uptake of drugs bound to HNPs. However, previous
studies have reported the use of nano-sized graft
amphiphilic polymers (Poly(allylamine)-g-choles-
terol) for encapsulation and delivery of a novel drug
for pancreatic cancer (bisnaphtalamidopropyldiami-
nooctane, BNIPDaoct) (Hoskins et al. 2010). Here, the
polymer nano-aggregates formed were passively tar-
geted to tumour tissue. The formulation was admin-
istered in vivo in a pancreatic cancer model using nude
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Fig. 8 Biological studies A1 A2
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tumour bearing mice over a period of 4 weeks.
Although the BNIPDaoct dose was eight-fold less
than clinically used gemcitabine, the formulation was
able to reduce tumour growth in xenograft mice with
comparable results (Hoskins et al. 2010). Here, the
ability of the nano-formulation to passively target the
pancreatic cancer tumour was observed. Although this
study uses a different carrier vehicle with differing
structural and surface properties, it could serve as a
starting point highlighting the ability of nanoparticu-
lates to passively target tumour tissue.

The ability of the HNP-drug conjugates to act as
cytotoxic agents was evaluated over 24 h period.
Although 6-TG is currently used clinically as an
antitumour agent in the treatment of leukaemia, its
potential use after permanent conjugation to HNPs has
not been explored in pancreatic cancer. After 24 h
incubation of drug conjugates (50 pg mL™") a large
decrease in cell viability was observed (80 % reduc-
tion) compared with the free drug (55 %) reduction
(Fig. 8bl). The ICsy also decreased 10-fold from
50 ug mL~" (with the free 6-TG) to 5 pg mL ™" with
the HNP-6TG. These results are in agreement with the
drug uptake studies whereby, increased drug uptake
was observed when the 6-TG was conjugated to the
HNP in comparison with the free drug. The U937 cells
showed a similar trend (Fig. 8b2). This data shows that
the cytotoxic integrity of the 6-TG is not impeded by
conjugation via the thiol dative linkage. This study
was also in agreement with findings by Wagstaff et al.
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(2012) who conjugated cytotoxic agent cisplatin onto
HNPs. They found that after incubation with human
ovarian carcimons (A2780) cells, their novel formu-
lation was up to 110-fold more cytotoxic than the free
drug (Wagstaff et al. 2012).

Although 6-TG is clinically used to treat leukaemia,
its use has diminished in recent years due to the large
array of side effects resulting from patient adminis-
tration (Katsanos and Tsianos 2010). These include
conditions such as ulcerative colitis, and bone marrow
toxicity (Katsanos and Tsianos 2010). The main
advantages of nanotechnology are the ease of synthe-
sis, functionalization and sterilisation, along with the
ability to passively target tumour cells. This is
achieved via the enhanced permeability and retention
(EPR) effect (Lyer et al. 2006). The EPR effect also
reduces the concentrations of drug in the systematic
circulation, hence, reducing exposure and toxic or
undesirable side effects. Further study is being carried
out in this area in order to decipher whether, conju-
gation to the HNP the 6-TG would exhibit preferential
accumulation in tumour tissue using common in vivo
pancreatic cancer models.

Conclusions
The potential use of HNPs in image-guided therapies

is rapidly being realised. However, three main factors
need to be addressed to deem these nanoparticles
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suitable for biological application. The importance
and implications of HNP (1) stability and (2) toxicity
has not yet been fully reported. Here, we showed that
the physical properties of the HNPs were largely
unaffected after 6 months storage in aqueous solution
at room temperature. The data showed no major
deviation from our initial study (Barnett et al. 2012).
The structural integrity of the HNPs was not compro-
mised after stirring in solutions designed to mimic
physiological pH. This observation is hugely impor-
tant as degradation of the iron oxide core can lead to
free radical production resulting in cell stress and
subsequent morbidity. In agreement with this data, no
free radical (ROS or LPO) production was observed
above basal levels after 72 h incubation with both
BxPC-3 and differentiated U937 cells. Additionally,
no significant cytotoxic response was observed in cells
incubated with the particles at concentrations as high
as 100 pg mL ™" for up to 1 week.

Studies of the ability of these particles to carry
pharmaceutical cargo such as drug molecules, genes,
targeting ligands, etc. are beginning to emerge. Here,
we conjugated the anticancer drug 6-TG onto the HNP
surface through permanent thiol-gold dative covalent
bonding in a ratio of 3:1:10 (Fe:Au:6-TG, wt:wt:wt).
The novel formulation was incubated in vitro and total
drug uptake per cell determined. The study showed
that the cells incubated with HNP-6-TG experienced
increased drug uptake concentrations compared with
the free 6-TG indicating that the HNPs promote
cellular internalisation. This was observed in both cell
lines; however, in the BxPC-3 tumour cells greater
intracellular drug concentrations were observed com-
pared with the macrophage-like differentiated U937
cells. This can be attributed to the increased rate of
proliferation of the tumour cells (BxPC-3).

The additional physical properties of the HNPs;
such as their image-guided capabilities or thermal
manipulation through laser irradiation adds further
benefit to this class of drug carrier. Ultimately, these
novel carriers can be further functionalised to achieve
active targeting and stimuli-responsive drug release by
external triggers such as heat via laser irradiation. This
preliminary study shows that an exciting future lies
ahead for the use of HNPs as multifunctional drug
delivery vehicles. Further in vivo studies are being
carried out in order to investigate whether enhanced
permeation into the cancerous tissues occurs. This
increased internalisation results in decreased dosages

and thus, higher drug efficacy. Furthermore, this could
ultimately reduce side effects of toxic drugs, such as
those experienced by patients prescribed 6-TG.
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