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The composition and end-group functionality of
sterically stabilized nanoparticles enhances the
effectiveness of co-administered cytotoxinst
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Diffusion of active cytotoxic agents throughout an entire solid tumour is a particular challenge to success-
ful drug delivery. Here we show the simple and robust generation of non-toxic, 10-15 nm superparamag-
netic iron oxide nanoparticles (SPIONs) that have been sterically stabilized by either 100% anionic or
100% cationic or 100% neutral end-functionalized steric stabilizers or by novel combinations of cationic
and neutral end-functionalized polymer. When these nanoparticles were co-administered with various
anti-cancer drugs, a significant increase in the diffusion and effectiveness of the cytotoxin in a 3-dimen-
sional model of a solid tumour was shown for specific combinations of surface functionality and cyto-
toxin. The critical determinant of enhanced cytotoxin diffusion and effectiveness was the end
functionality of the steric stabilizers and not the core composition (either iron oxide, silica or gold). We
provide evidence that SPIONSs stabilized with heterogeneous steric stabilizers enhance nuclear uptake of
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Introduction

Chemotherapy, as one of the primary treatment modalities for
cancer, requires a balance between the administered dose,
efficacy and toxicity of the cytotoxin for successful adminis-
tration and treatment. Chemotherapeutic drugs often have
poor penetration into solid tumours due to the physico-chemi-
cal properties of the compound such as high hydrophobicity
and charge, pharmacokinetics of individual drugs and the
complex tumour microenvironment.'” To overcome these pro-
blems, there has been considerable effort to design an
effective and efficient targeting system for cancer treatment
using nanomaterials.**?

Superparamagnetic iron oxide nanoparticles (SPIONs) have
been proposed as drug delivery vehicles, however nanoparticle
size, toxicity, stabilization, surface charge, functionalization,
drug attachment and release of the drug from the nanoparticle
are issues that affect their use in medical therapies."*™°
Surface coating of SPIONs with poly(ethylene glycol) (PEG) or
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doxorubicin across multiple cell layers.

dextran prolongs the circulation time of nanoparticles in the
bloodstream by shielding the surface charge of the
particle.’®™® PEG coating facilitates the decreased uptake of
nanoparticles by macrophages, allowing for an increased circu-
lation time of the carrier and increased passive accumulation
in the tumour.'*>* However research by Hong et al.>> on nano-
particle-cell interactions showed that although useful in
increasing the circulation half-life, the PEG coating may inter-
fere with the interaction of nanoparticles with the endosomal
membrane and prevent escape from the endosome. Release of
conjugated active compounds from particles is often proble-
matic, resulting in cellular accumulation of the active com-
pound in lysosomes or failure of the active compound to reach
the appropriate cellular compartment for optimal cytotoxic
activity.>*>° Dextran coated nanoparticles have been exten-
sively studied and have FDA approval for use in patients.°
However, the dextran is of high molecular weight and contri-
butes greatly to the overall hydrodynamic size of the particle
and as a consequence, lowers the metal content of the particle,
which may be disadvantageous to applications such as
imaging.

RAFT polymerisation has been shown to be a versatile tool
to synthesise polymers of a defined size with a narrow mole-
cular weight distribution.*" Short chain block copolymers have
been designed and synthesised by RAFT polymerisation by our
group to produce sterically stabilized iron oxide nanoparticles
that are stable in water and in physiological solutions with a
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Scheme 1 Polymeric steric stabilizers used in this study for (a) iron oxide nano-
particles, (b) silica nanoparticles and (c) gold nanoparticles. (d) A diagrammatic
representation of a sterically stabilized nanoparticle. (e) Cartoon of homo-
geneous and heterogeneous polymer stabilized nanoparticles.

high salt concentration.®* The short amphiphilic co-polymer
molecules are strongly anchored at one end (anchoring block)
to the surface of the nanoparticle and the short length of the
hydrophilic block (stabilizing block) provides tight control of
the overall size of the nanoparticle. The type of anchoring of
the stabilising polymer chains to the polymer core depends on
the type of core particle (Scheme 1). The stabilisers are
anchored to the gold core via the classic gold-thiol bond,
whereas anchoring to the silica core particles is via the electro-
static interaction between the quaternary amine and the silica
core. Anchorage to the iron oxide core particles is via the co-
ordinate/covalent bonds formed between the hydroxyl groups
on the surface of the particles and phosphonic acid groups on
the anchoring polymer chain. These steric stabilizers also
provide SPIONs with surface moieties that can be functio-
nalized for subsequent attachment of drugs or molecules
responsible for tumour targeting.****

We made a fortuitous discovery that co-administration of
drugs with our sterically stabilized nanoparticles facilitated
the penetration of those drugs across multiple cell layers in a
spheroid tumour model and set out to explore the character-
istics of the nanoparticles that governed this process. The aim
of this study was to determine if the stabilizer end group func-
tionality on nanoparticles influenced the penetration and
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effectiveness of the co-administered cytotoxin into a model
of a solid tumour. We report here a very simple and
robust drug delivery system using functionalized sterically
stabilized nanoparticles, SPIONs in particular, that signifi-
cantly enhances drug diffusion and efficacy in 3-dimensional
models of avascular colon and ovarian cancer. The nanoparti-
cles were stabilized either with only one type of the steric
stabilizer (homogenous coating) or with a heterogeneous mix
of the steric stabilizers with neutral and cationic end function-
ality. Five commonly used chemotherapy drugs of differing
molecular size, charge and hydrophobicity were chosen as test
compounds to be co-administered with the nanoparticles,
rather than physically bound to the nanoparticle. The effective-
ness of the nanoparticle/drug co-administration was strongly
governed by both the functionalized end group and the com-
position of the polymeric stabilizers and was unique for each
drug.

Materials and methods
Materials

RAFT agents 2-{[(butylsulfanyl)carbonothioyl]sulfanyl}propa-
noic acid (RAFT-COOH) and methoxy-polyethylene glycol
modified 2-{[(butylsulfanyl)carbonothioyl]sulfanyl}propanoic
acid (RAFT-MPEG) were kindly provided by Dr Algi Serelis
(DuluxGroup). 1,4-Dioxane (Fluka) was distilled under reduced
pressure. Monoacryloxyethyl phosphate (MAEP, Aldrich) was
passed through an inhibitor removal column (Aldrich). Acryl-
amide (AAm, Aldrich), 4,4"-azobis(4-cyanovaleric acid) (V-501,
Wako), sodium hydroxide (NaOH, Aldrich), N-hydroxysuccini-

mide (NHS, Aldrich), 1-ethyl-3-(3-dimethylamino-propyl)-
carbodiimide (EDC, Aldrich) and 2,2'-(ethylenedioxy)bis-
(ethylamine) (Aldrich) were used as received. Cisplatin

was synthesised as previously described.*® Doxorubicin,
paclitaxel, 5-fluorouracil and mitoxantrone were used as
received (Sigma Aldrich). Milli-Q water was used in all
experiments.

Synthesis of iron oxide nanoparticles

Maghemite iron oxide cores (y-Fe,O3) were produced as pre-
viously described using the Massart method.**?> Magnetic
iron oxide nanoparticles (SPIONs) were prepared by coating
the iron oxide cores with the desired combination of the
steric stabilizers.*>*® Scheme 1a shows the structures of the
polymeric stabilizers used in this study to coat iron oxide
cores.

Steric stabilization of 10-15 nm maghemite iron oxide
nanoparticles in aqueous dispersion

Preparation of a poly(ethylene oxide),,-block-poly(monoacryl
oxyethyl phosphate);, macro-RAFT agent (RAFT-MAEP,,
MPEG) (Scheme 1a). A solution of RAFT-MPEG (3.60 g,
3.5 mmol), 4,4"-azobis(4-cyanovaleric acid) (0.20 g, 0.7 mmol),
monoacryloxyethyl phosphate (6.89 g, 35 mmol) in dioxane
(45 g) and water (22.5 g) was prepared in a 250 mL round

Biomater. Sci., 2013, 1, 1260-1272 | 1261


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3bm60120j

Open Access Article. Published on 13 August 2013. Downloaded on 12/2/2025 4:15:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

bottom flask. This was stirred magnetically and sparged with
nitrogen for 15 minutes and the reaction was carried out at
70 °C for 12 hours. The copolymer solution had 15.1% solids.
The copolymer solution was then diluted with MQ water to
0.7 wt% and the pH adjusted to 5 using 0.1 M NaOH.

Preparation of a poly(monoacryloxyethyl phosphate),,-block-
poly(acrylamide),, macro-RAFT agent using 2-{[(butylsulfanyl)-
carbonothioyl |sulfanyl}propanoic acid (RAFT-MAEP,,-AAm,,)
(Scheme 1a). A solution of RAFT-COOH (3.2 g, 13.6 mmol),
4,4'-azobis(4-cyanovaleric acid) (0.19 g, 0.7 mmol), acrylamide
(19.27 g, 271.1 mmol) in dioxane (45 ) and water (22.5 g) was
prepared in a 250 mL round bottom flask. This was stirred
magnetically, sparged with nitrogen for 15 minutes and the
reaction was carried out at 70 °C for 4 h. The homopolymer
solution had 32.0% solids. 15 g of the obtained homopolymer
solution, monoacryloxyethyl phosphate (4.50 g, 22.9 mmol)
and 4,4'-azobis(4-cyanovaleric acid) (0.04 g, 0.2 mmol) were
added to a 100 mL round bottom flask. The mixture was deoxy-
genated by nitrogen sparging for 15 minutes and the flask
stirred in a 70 °C oil bath for 12 hours. The copolymer solu-
tion, which contained 40.4% solids, was then diluted with MQ
water to 1.2 wt%. The pH of the diluted copolymer solution
was adjusted to 5 with 0.1 M NaOH.

Preparation of SPIONs coated with 90% neutral/10% cat-
ionic (molar ratio) (90% MPEG/10% NH,) end functionalized
polymers. 50 g of a 0.7 wt% solution of RAFT-MAEP,,-MPEG
and 50 g of 1.2 wt% solution of RAFT-MAEP,,-AAm,, were
mixed together and the pH adjusted to 5.0 using 0.1 M NaOH.
The y-Fe,O; cores were diluted with MQ water to yield a 2 wt%
dispersion of the nanoparticles and the pH of the dispersion
raised to 5 using 0.3 M sodium hydroxide solution before
being added to the macro-RAFT blend. The mixture was vigo-
rously stirred for 2 hours at room temperature then the pH
adjusted to 7.0 to stabilize the nanoparticles sufficiently above
their point of zero charge. The mixture was stirred for a
further 3 hours. The dispersion was then dialyzed to remove
salts, residual solvents, unwanted low molecular weight reac-
tion side products and unbound polymer. Large particles in
the dispersion were removed by ultracentrifugation. The result-
ing aqueous ferrofluid nanoparticles coated with 90% MPEG/
10% COOH end functionalized amphiphilic macro-RAFT
agents was found to be stable in phosphate buffered saline
solution.

The -COOH end groups on the polymer coatings were then
modified to -NH, end groups using EDC/NHS chemistry.>
Into the above coated nanoparticles (7.8 g), N-hydroxysuccini-
mide (NHS, 14.4 mg) and then 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC, 20 mg) were added, mixed by
shaking and allowed to react for 2 hours at room temperature.
A solution of 2,2-(ethylenedioxy)bis-(ethylamine) (90 mg in
1 mL of water) was then added to the reaction mixture and
allowed to react for a further 3.5 hours. The solution was then
dialyzed against excess water with numerous changes, to
remove free EDC and the reaction by-products.

All other SPIONs were prepared following the same pro-
cedures, using desired amounts of steric stabilizers.
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Steric stabilization of sigma ludox AS30 silica particles using
95% poly[2-(dimethylamino)ethyl methacrylate],,-block-poly-
(ethylene oxide),; (RAFT-DMAEM, -MPEG;) and 5% poly-
(2-(dimethylamino)ethyl methacrylate), o-block-poly-
(acrylamide),, macro raft agent (RAFT-DMAEM, -AAm,,)

Preparation of RAFT-DMAEM,-MPEG,; (Scheme 1b). A
solution of RAFT-MPEG (1.38 g, 1.4 mmol), 4,4-azobis(4-
cyanovaleric acid) (0.08 g, 0.3 mmol), 2-(dimethylamino)ethyl
methacrylate (2.13 g, 13.6 mmol) in dioxane (10 g) and water
(5 g) was prepared in a 100 mL round bottom flask. This was
stirred magnetically and sparged with nitrogen for 15 minutes
and the reaction was carried out at 70 °C for a 12 hours. The
copolymer solution had 18.4% solids.

16.5 g of the above macro-RAFT solution was diluted with
MQ water (17 g) and methyl iodide (0.7 g) added. The mixture
was stirred at room temperature for 1 hour before being par-
tially dried using a rotary evaporator. The samples were then
placed in the vacuum oven to yield 100% solids.

Preparation of RAFT-DMAEM;,-AAm,, (Scheme 1b). A solu-
tion of RAFT-COOH (0.6 g, 2.6 mmol), 4,4"-azobis(4-cyanovale-
ric acid) (0.11 g, 0.4 mmol), acrylamide (4.45 g, 62.7 mmol) in
dioxane (18.8 g) and water (10.5 g) was prepared in a 100 mL
round bottom flask. This was stirred magnetically and sparged
with nitrogen for 15 minutes. The flask was then placed in a
70 °C oil bath for 4 h. The homopolymer solution had 32.7%
solids. All of the homopolymer solution obtained, 2-(dimethyl-
amino)ethyl methacrylate (3.94 g, 25.1 mmol) and 4,4’-azobis-
(4-cyanovaleric acid) (0.088 g, 0.32 mmol) were added to a
100 mL round bottom flask. The mixture was deoxygenated for
15 minute and placed in a 70 °C oil bath for 12 hours. The
final solids of copolymer solution was 26.9%.

19.3 g of the above copolymer solution was diluted with MQ
water (20 g) and methyl iodide (0.78 g) was added. The mixture
was stirred at room temperature for 1 hour be partially dried
using a rotary evaporator. The partially dried sample was then
placed in the vacuum oven to yield 100% solids.

Preparation of sterically stabilized Sigma Ludox AS30
silica particles using a 95% RAFT-DMAEM,-MPEG,, and 5%
RAFT-DMAEM,,-AAm,, blend. Ludox AS30 from Sigma
Aldrich (2.5 g) was diluted with MQ water (100 g) to yield a
2 wt% dispersion of the nanoparticles with a pH of 9.62. A
mixture of RAFT-DMAEM,,-MPEG;, (0.96 g) and RAFT-
DMAEM; ;-AAm,, (0.0653 g) was dissolved in MQ water (50 g)
and the pH was 7.59. The 2 wt% AS30 dispersion was then
poured into the mixture of macro-RAFT agents. The mixture
was vigorously stirred for 5 hours at room temperature. The
dispersion was then dialysed to remove salts, residual solvents,
unwanted low molecular weight reaction side products and
unbound polymer. The solid content of the dialysed silica sol
dispersion was 0.69%. The pH of the sample was adjusted to
6.76 with sodium hydroxide solution.

To the above sterically stabilized silica particles N-hydroxy-
succinimide (NHS, 39.4 mg) and then 1-ethyl-3-(3-dimethyl-
amino-propyl)carbodiimide (EDC, 56.2 mg) were added,
mixed by shaking and allowed to react for 2 hours at room

This journal is © The Royal Society of Chemistry 2013
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temperature. 37 mg of 2,2'-(ethylenedioxy)bis-(ethylamine) was
then added to the reaction mixture and allowed to react for a
further 12 hours. The solution was then dialysed against
excess water with numerous changes, to remove free EDC and
the reaction by-products.

Steric stabilization of 10-15 nm gold nanoparticles in aqueous
dispersion using 95% poly(ethylene oxide),, (RAFT-MPEG,)
and 5% NH, end functionalized poly(acrylamide),,RAFT agent
(RAFT-AAmy,,)

Synthesis of 10-15 nm citrate stabilized gold nanoparticles
stable in aqueous medium. Citrate-stabilized gold nanoparti-
cles (10-15 nm) were prepared using the Frens method.?”
Briefly, all glassware was first washed with an aqua regia
solution (25 vol% concentrated nitric acid and 75 vol% con-
centrated hydrochloric acid), then rinsed with Milli-Q water
several times, and dried. 100 mL of an aqueous solution
containing tertrachloroauric(m) acid trihydrate (0.01 g,
0.025 mmol) was refluxed in a 500 mL 3-necked round bottom
flask. 2 mL solution of trisodium citrate dihydrate (0.02 g,
0.068 mmol) was added to it. The solution was heated to
boiling point while stirring vigorously. Boiling and vigorous
stirring was maintained for 30 min. A progressive change of
color from yellow to wine red was observed. The solution was
cooled down, dialysed to remove excess sodium citrate and
stored in at 5 °C. The nanoparticle concentration in the dis-
persion was 50 ppm.

Preparation of macro-RAFT agent (RAFT-AAm,)
(Scheme 1c). A solution of RAFT-COOH (0.71 g, 3.0 mmol),
4,4'-azobis(4-cyanovaleric acid) (0.04 g, 0.15 mmol), acrylamide
(4.28 g, 60.2 mmol) in dioxane (7.5 g) and water (7.5 g) was
prepared in a 100 mL round bottom flask. This was stirred
magnetically and sparged with nitrogen for 15 minutes. The
flask was then placed in a 70 °C oil bath with continued stir-
ring for 4 h. The polymer solution had 25.17% solids.

Preparation of 10-15 nm gold nanoparticles sterically stabi-
lized by 95% RAFT-MPEG,,; and 5% RAFT-AAm,,. 100 mL of
citrate stabilized gold dispersion (50 ppm) was transferred to a
250 mL round bottom flask. A 10 mL solution containing
0.012 g of the RAFT-MPEG;, and 0.15 g the RAFT-AAm,, was
then added. The mixture was stirred vigorously with a mag-
netic stirrer bar for 2 hours at room temperature and then dia-
lysed to remove salts, residual solvents, unwanted low
molecular weight reaction side products and unbound
polymer. The purified nanoparticle dispersion was at a concen-
tration of 50 ppm and was stored at 5 °C. The resulting
aqueous nanoparticle dispersion was found to be stable in
phosphate buffered saline solution for at least 2 days (data not
shown).

Into the coated gold nanoparticles (100 mL), N-hydroxy-
succinimide (NHS, 4 mg) and then 1-ethyl-3-(3-dimethyl-
amino-propyl)carbodiimide (EDC, 4.1 mg) were added, mixed
by shaking and allowed to react for 2 hours at room tempera-
ture. A solution of diamine (21 mg of 2,2'-(ethylenedioxy)bis-
(ethylamine) in 2 mL of water) was then added to the reaction
mixture and allowed to react for a further 3.5 hours. The
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solution was then dialysed against excess water with numerous
changes, to remove free EDC and the reaction by-products.

Particle morphology and size distribution

Nanoparticle morphology was visualized by transmission elec-
tron microscopy before and after steric stabilization. One drop
of 0.001 wt% dispersion was placed on a carbon coated copper
grid and left to dry at RT. Specimens were imaged on a Phillips
CM120 Biofilter transmission electron microscope at 120 kV.

Particle size distribution was measured by dynamic light
scattering using a Malvern Instrument Zetasizer nano series
instrument with a detection angle of 173°, 25 °C. Samples
(0.01 wt% in deionised water) were filtered through a 0.45 pm
membrane prior to measurement.

The composition of coated nanoparticles was determined
by Thermal Gravimetry Analysis (TGA, 2950 TA Instruments).
The polymer weight composition on the coated SPIONS, silica
and gold nanoparticles were 25% (+3%), 60% (+5%) and 45%
(£3%) respectively.

Cell culture

DLD-1 human colon carcinoma cells were obtained from ATCC
and used within 2 months of resuscitation. Cells were main-
tained in Advanced DMEM (Invitrogen) and supplemented
with 2% FBS and 2 mM Glutamine in a humidified environ-
ment at 37 °C and 5% CO,. Spheroids were formed by plating
1.5 x 10* cells onto 0.75% agarose coated 96 well plates
and incubated without agitation for 72 h.*® For all co-
administration experiments, the drugs and the nanoparticles
were mixed together in cell growth medium, incubated for
a minimum of 5 minutes at RT, then added to the cells/
spheroids. For all confocal microscopy assays, spheroids were
dosed with 1 pM doxorubicin or 100 nM mitoxantrone
+10 ppm nanoparticles and incubated for a further 24 hours.
All nanoparticles were sterilized by autoclaving at 120 °C,
2 kPa for 20 min in a Tomy high pressure steam sterilizer
ES-315 before use in cellular assays.

Cytotoxicity assay

1 x 10° cells per mL were seeded into each well of a 96-well
plate and incubated under standard culturing conditions. The
cells were dosed with a 4-log range of doxorubicin, cisplatin,
paclitaxel, mitoxantrone, 5-fluorouracil +50 ppm nanoparti-
cles. Individual polymers were tested to a maximum concen-
tration of 50 ppm. The cells were then incubated for 72 h
before 1.0 mM MTT was added to each well and further incu-
bated for 4 h. The media was removed and 150 pL of DMSO
was added to each well. The absorbance of each well was
measured at 600 nm after shaking for 1 min in a Victor’v
microplate reader (Perkin Elmer). ICs, values were determined
as the drug concentration that reduced the absorbance to 50%
of that in untreated control wells. Average values from tripli-
cate wells from 3 independent experiments and standard error
of the mean are reported.

Biomater. Sci., 2013, 1, 1260-1272 | 1263
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Outgrowth assay

Spheroids were incubated with cytotoxic drugs +10 ppm nano-
particles for 24 hours. The concentrations of cytotoxic drugs
used were 1 pM Dox, 30 nM Mito, 10 pM Cis, 10 pM 5FU and
10 nM Pac. The treated spheroids were transferred to a 24 well
plate using a wide bore transfer pipette and the medium
replaced with 1 mL of fresh media. The spheroids were then
incubated for 48 hours at 37 °C in a 5% CO, humidified
environment, allowing the spheroid to attach to the plate and
the cells to grow out from the spheroid onto the surface of the
plate. Hoechst 33342 was then added to the wells and incu-
bated for 30 minutes at 37 °C in a 5% CO, humidified environ-
ment. Widefield fluorescence images of Hoechst 33342 stained
nuclei were taken of the cells that had grown out from the
spheroid by an independent investigator who was blinded to
the experimental treatments. To quantitate the outgrowth,
the number of nuclei within a 60° angle from the edge of the
spheroid was counted. Two regions from each spheroid were
measured from a minimum of 6 spheroids. Values were then
normalized to the number of cells that had grown out from
spheroids treated with doxorubicin alone for comparison.
Standard error of the mean was reported and statistical signifi-
cance determined by the student’s ¢-test.

Spectrophotometry

The fluorescence of 1 pM Dox in the cell media and 1 pM Dox
in cell media plus 5 or 10 ppm of 90% MPEG/10% NH, nano-
particles was measured on the RF-5301PC Spectro Fluorophoto-
meter (Shimadzu) with an excitation wavelength of 559 nm
and slit width of 5.

Transmission electron microscopy sample preparation

Spheroids were washed with PBS, fixed with 2.5% glutaralde-
hyde solution and washed with PBS. Secondary fixation was by
1% osmium tetroxide and the spheroids were washed and de-
hydrated through an ethanol gradient. The spheroids were
then infiltrated with a gradient of Spurr’s Resin-100% ethanol,
embedded into BEEM capsules and allowed to polymerise
overnight in a 60 °C oven. Due to specimen shrinkage from
the dehydration, the resin embedded spheroids were approxi-
mately 300 pm in diameter (originally ~600 pm). Ultra thin
sections with a nominal thickness of 95 nm were cut through
the central region of the spheroid at ~100 pm from the edge.
Sections were expanded using chloroform prior to being trans-
ferred onto 100-mesh copper grids for imaging. To enhance
the contrast of the samples for imaging, the sections were
post-stained using uranyl acetate and lead citrate.

Image acquisition

Confocal images were collected on the Olympus FV1000
inverted microscope using an Olympus UPLAPO 10x%/0.40 air
objective lens and a PLAPO 60x/1.40 water objective lens. A
scan rate of 4.0 ps per pixel and Kalman averaging was applied
to all images. Samples containing doxorubicin were excited
with the 559 nm diode laser and the resulting emission was
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collected between 580-680 nm. Samples containing mitoxan-
trone were excited with the 405 nm diode laser and the result-
ing emission was collected between 580-680 nm.

Widefield fluorescence images were collected on an
Olympus IX81 microscope using an Olympus UPlanFL N 10x
0.30 Ph1 objective and a Hamamatsu Orca-ER camera using an
Olympus MT20 CellR light source and standard filter sets.

Fluorescence lifetime images were collected using a Leica
TCS SP5 MP FLIM system. This system had a tunable Mai Tai
Deep See multiphoton laser with a repetition rate of 80 mHz
(Spectra-Physics) attached to a Leica DMI6000B-CS inverted
microscope. Specimens were illuminated with 800 nm and col-
lected in the descanned internal FLIM detectors over the
540-750 nm range using either a HC PL APO 20x%/0.70 IMM or
a HCX PL APO 63%/1.30 GLYC objective lens. The data was col-
lected with the aid of the B&H SPCM software. Fluorescence
lifetimes were determined using time correlated single photon
counting (TCSPC) and analyzed with SPCImage software
(version 3.1.0.0). The instrument response function was
derived from the decay curve of a 0.5% solution of Rose Bengal
and the mono-exponential decay curve of a solution of FITC
confirmed. 512 x 512 images were collected and 3x binning
applied for analysis to ensure greater than 100 000 photons per
pixel were analyzed. A minimum of ten 4 second accumulation
scans were taken of each sample. For cell free analysis, mono-
exponential curves were individually fitted to the entire image
to obtain y* values closest to 1. Average values from 3 indepen-
dent experiments were reported. Analysis of fluorescence life-
times in spheroids required individually fitted bi-exponential
curves to regions of interest defined by the outer edge of the
spheroid to obtain average y* values closest to 1. A total of 10
spheroids selected from 3 independent experiments were
analyzed.

Transmission electron microscopy images of the spheroid
sections were obtained using a JEOL 1400 TEM at 120 kV.
Representative images were taken at the edge and in the center
of each of the spheroid sections. Digital images were obtained
with a charge coupled device (CCD) camera.

Scanning Electron Microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) analysis was conducted on the micro-
tomed spheroid sections using a Zeiss ULTRA Plus scanning
electron microscope with a Bruker XFlash 4010 EDS detector,
to determine the composition of the nanoparticles. EDS
spectra were acquired using an accelerated voltage of 2 kV.

Results and discussion

Nanoparticles penetrate deeply into the middle of spheroids
and accumulate within cells

SPIONs with a core size of 10-15 nm were sterically stabilized
with short chain block amphiphilic copolymers that differed
by the end functionality of the polymer chain (Scheme 1,
Table 1, ESI Table 17). The three different types of block co-
polymers comprise an anchoring block to the particle surface
and a stabilizing block of either; (i) polyethylene oxide with a

This journal is © The Royal Society of Chemistry 2013
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Table 1 Nanoparticles generated in this study

Particle coating (molar % of

Abbrev. name individual polymer stabilizers) Core

NP1 100% MPEG(CH3) Iron oxide
NP2 98% MPEG 2% NH, Iron oxide
NP3 95% MPEG 5% NH, Iron oxide
NP4 90% MPEG 10% NH,, Iron oxide
NP5 80% MPEG 20% NH, Iron oxide
NP6 50% MPEG 50% NH, Iron oxide
NP7 100% NH, Iron oxide
NP8 100% COOH Iron oxide
NP9 95% MPEG 5% NH, Gold
NP10 95% MPEG 5% NH, Silica

neutral end functional group (100% MPEG), (ii) polyacryl-
amide with an anionic end functional group (100% COOH),
(iif) polyacrylamide with a cationic end functional group
(100% NH,), or (iv) a desired combination of (i) and (iii), for
example 90% MPEG/10% NH, molar ratio of the two stabi-
lizers. The differentially stabilized SPIONs generated for this
study are listed in Table 1. Transmission electron micrographs
showed the narrow range of SPION sizes before and after steric
stabilization (Fig. 1a and b). A representative plot of the
average size and polydispersity of the SPIONs is shown in ESI
Fig. 1.1

To investigate the effect of the end functional group of the
steric stabilizer on the penetration of the nanoparticle through
multiple cell layers, tumour spheroids, made from human
DLD-1 colorectal carcinoma cells,*® were dosed with SPIONs
and examined by transmission electron microscopy (TEM). As
shown in Fig. 2a-h, all of the stabilizer combinations facili-
tated penetration of the SPIONs into the core of spheroids.
We observed no aggregation of nanoparticles and the high
magnification images clearly showed that the intracellular

View Article Online

Paper

Fig. 1 Uncoated and sterically stabilized SPIONs. Transmission electron micro-
scope images of (a) uncoated iron oxide cores and (b) sterically stabilized NP3.
Scale bars as indicated.

SPIONs remained fully dispersed on the individual particle
scale. Energy Dispersive X-Ray Spectroscopy (EDS) confirmed
that the large electron dense structures contained high con-
centrations of iron and oxygen, indicative of SPIONs (Fig. 3).
In spheroids dosed with NP1, large (up to 5 pm in diameter)
vesicular structures containing nanoparticles, were evident
throughout the cytoplasm and close to the nucleus (Fig. 2a
and e).

In the presence of NP3 and NP4 (5-10% of NH, end func-
tionalized steric stabilizers), the size of the SPION containing
vesicular structures decreased and localized away from the
nucleus (Fig. 2b, ¢, f and g). For the highly charged NP7
SPIONS, large nanoparticle clusters were less evident than for
the neutral NP1 SPIONSs, suggestive of a more even distribution
of the particles (Fig. 2d and h). The TEM results demonstrated
that nanoparticle accumulation and localization within 3D
cancer tumour models was significantly influenced by
the composition and functionalized end group of the steric
stabilizers.

The penetration of anticancer drugs into colon cancer
spheroids was significantly enhanced by the presence of

Fig. 2 Sterically stabilized SPIONs can penetrate into spheroids and remain evenly dispersed. Transmission electron microscope images of DLD-1 spheroids incu-
bated with SPIONS. Images were taken from the central region of the spheroid from sections that were cut at an approximate depth of 100 pm from the edge of
the spheroid. A small region from the centre of the low magnification images (indicated by the red box) is shown in the high magnification images (a and e) NP1, (b

and f) NP3, (c and g) NP4, (d and h) NP7. Scale bars as indicated.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Confirmation of the presence of iron oxide nanoparticles within spher-
oids energy dispersive X-ray spectroscopy was used to show the presence of an
electron dense region (a) consistent with iron (b), oxygen (c) and lead (d) in the
sample. (e) Representative EDS elemental spectra showing the iron and oxygen
from the NP3 SPIONs present in the sample.

SPIONs with specific combinations of steric stabilizers and
functionalized end groups.

As all nanoparticles were adept at penetrating the tumour
model, we hypothesized that they could be used as carriers of
co-administered cytotoxins. The commonly used anticancer
drugs, doxorubicin (Dox) and mitoxantrone (Mito) have
inherent autofluorescent properties and so were chosen as the
basis for this study (ESI Scheme 11)."“*' Dox has previously
been shown to have limited penetration into solid tumours
and the diffusion of fluorescent compounds, such as Dox, into
spheroids can be easily tracked through fluorescent
microscopy.>*'™** Both Dox and Mito administered individu-
ally penetrate no further than 80 pm into spheroids (Fig. 4a

Dox

Mito

Drug alone NP1

View Article Online

and b), however differences in drug penetration were seen
when the drugs were co-administered with SPIONs. Upon co-
administration of Dox and SPIONs, both the neutral NP1 and
the cationic NP7 nanoparticles only slightly enhanced the
uptake and penetration of Dox. In contrast, the combination
of neutral and positively charged stabilizers on the NP3 nano-
particles resulted in the distribution of Dox throughout
the entire spheroid (Fig. 4a). In contrast, when Mito was co-
administered with the SPIONs only the 100% cationic end
functionalized NP7 SPIONs enhanced the penetration of Mito
into the spheroids (Fig. 4b). All other SPIONSs tested did not
enhance the penetration of either Dox or Mito. Fluorescence
spectroscopy showed no significant differences in Dox fluore-
scence when incubated with the different SPIONS (ESI Fig. 27),
indicating that the nanoparticles were facilitating diffusion of
the drugs. As the nanoparticles differed in the proportion of
the charged end group of the polymer, we postulate that these
results are due to differential interactions between the individ-
ual drug and the specific combinations of charges within the
microenvironment. The charge of a molecule highly influences
its cellular diffusion and cell uptake. Previous studies on the
diffusion of a series of platinum based drugs that altered in
their charge into the same spheroid model has shown that the
more highly charged compounds were able to penetrate
further into the spheroid.>*> Other researchers have utilised
the charge of the nanoparticle to influence cell uptake or
alteration of the overall charge of the nanoparticle when
present in the acidic tumour microenvironment to effect drug
release.*®™ This work has manipulated the ratio of charges
present at the drug-nanoparticle interface to influence the
diffusion of the drug. Future work will determine whether the
charge is important for drug association with the nanoparticle
or the release of the drug from the nanoparticle. However, our
customizable nanoparticles provide great flexibility in deter-
mining the optimal charge : drug ratio for in vitro delivery.

NP3

NP4

NP7

Fig. 4 SPIONS influence the diffusion of doxorubicin and mitoxantrone and enhanced diffusion is dependent on stabilizer composition. Single confocal images of
(a) doxorubicin or (b) mitoxantrone diffusion into DLD-1 spheroids either alone or with co-administered SPIONs. Scale bar 200 pm.
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Fig. 5 The enhanced effectiveness of cytotoxins when co-administered with SPIONs is dependent on stabilizer composition. (a) Phase contrast image of the edge
of a spheroid in the outgrowth assay and the corresponding widefield fluorescent image of Hoechst 33342 stained nuclei. All nuclei within a 60° angle (shown in
red) from the edge of the spheroid were counted. Scale bar 50 pm. (b) Plot of cellular outgrowth of DLD-1 spheroids co-administered with Dox and SPIONs normal-
ized to the outgrowth of Dox treated DLD-1 spheroids. The untreated control spheroids (not shown for clarity) had an outgrowth value of 331% +23 compared to
Dox treated spheroids. The shading represents the percentage of NH, functionalized polymer on the particle. (c) Plot of cellular outgrowth of DLD-1 spheroids co-
administered with Mito and SPIONs normalized to the outgrowth of Mito treated DLD-1 spheroids. (d) Plot of cellular outgrowth of the most effective SPION/cyto-
toxin combination for DLD-1 and PA-1 spheroids. Each combination was normalized to the outgrowth of cytotoxin alone treated spheroids. For graphs (b-d), error
bars represent standard error with n = 6. * indicates p < 0.01 compared to cytotoxin alone.

Enhanced penetration of cytotoxin into the tumour DLD-1
spheroid correlates with increased effectiveness of the
cytotoxin

Toxicity assays performed on cells grown in monolayer culture
showed that the nanoparticles were not toxic at the highest
dose tested (100 ppm) and as such a 72 h ICs, value for the
nanoparticles could not be obtained. Similarly, the polymers
alone were also found to be non-toxic at the highest dose
tested (50 ppm), which is a 4-fold increase in polymer concen-
tration when compared to a dose of nanoparticles at 10 ppm.
Conventional measures of cytotoxicity were not suitable for
determining the cytotoxicity in 3D due to the large size of the
DLD-1 spheroids and to the resistance of the spheroids to
either trypsin or collagenase mediated single cell dispersion.
To minimize concerns about the diffusion of MTT throughout
the entire spheroid, an outgrowth assay was developed to
provide a quantitative comparison of cytotoxicity and the effec-
tiveness of the administered cytotoxin. The outgrowth assay
requires the placement of the spheroids onto a surface so that
the cells can attach and then viable cells migrate away from
the main body of the spheroid (ESI Movie 17). After 48 hours,
all of the cells within a 60° angle from one point of the spher-
oid are counted (Fig. 5a). Dox has previously been shown to

This journal is © The Royal Society of Chemistry 2013

inhibit cellular migration on 2-dimensional substrates,
while 3-dimensional migration speeds remained unaffected.>®
Consequently, the outgrowth experiments were performed in
cytotoxin free media after initial treatment.

SPIONs alone did not significantly influence the cellular
outgrowth from the treated spheroids in comparison to
untreated spheroids (ESI Fig. 31). Cellular outgrowth from the
DLD-1 spheroids was reduced by a factor of 6 when Dox was
co-administered with the NP3 or NP4 SPIONs (Fig. 5b) com-
pared to untreated spheroids. This was a further 2-fold
decrease in the number of outgrown cells compared to spher-
oids treated with Dox alone. The proportion of NH, functional-
ity was the critical determinant, as SPIONs coated with less
than 5% NH, and greater than 20% NH, were ineffective. In
contrast, the homogenously coated SPIONs, NP1 and NP7, did
not enhance the effectiveness of Dox in the spheroids as
shown by the similar numbers of outgrown cells. Taken
together with the confocal imaging of Dox distribution, these
results reveal that the effectiveness of the drug is directly
related to its accumulation and penetration into the spheroid.

In contrast to the treatment with Dox, the strongest inhi-
bition for cellular outgrowth (2.5 fold) was given by Mito co-
administered with NP7 SPIONs (Fig. 5c) in comparison with
the treatment with Mito alone. All other SPIONS tested did not

Biomater. Sci., 2013, 1, 1260-1272 | 1267
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show significantly enhanced effectiveness of Mito. The out-
growth results for Mito were also in good agreement with the
localization of Mito shown by confocal imaging.

We also tested the SPIONs co-administered with Dox
or Mito in the PA-1 ovarian cancer cell line. PA-1 cells are
extremely sensitive to Dox, and the outgrowth assay was
unable to be performed, even using low nanomolar concen-
trations of Dox (ESI Table 21). When treated with Mito alone,
due to the lower doses used, the cellular outgrowth from the
PA-1 spheroid was unaffected, whereas outgrowth was strongly
influenced by the co-administration of Mito with all SPIONs
tested (ESI Fig. 4af). Similar to the results seen in the DLD-1
colon cancer cells, the most effective SPIONs/cytotoxin combi-
nation was the NP7 particles with Mito, which reduced cellular
outgrowth 5-fold over Mito treatment alone (Fig. 5d, ESI
Fig. 4af).

Cellular outgrowth assays were also performed using the
non-fluorescent cytotoxins; cisplatin, paclitaxel and 5FU, in
both DLD-1 and PA-1 spheroids (Fig. 2d, ESI Fig. 5b-d, 4a—ct).
The most effective SPION/cytotoxin combinations varied for
each cytotoxin as well as for each cell type. However, it was
consistent between cell lines that each specific cytotoxin was
most effective with either a homogenous or heterogeneous
stabilizer coated SPION (Fig. 5d).

To determine if the core of the nanoparticle had a role in
influencing the diffusion of the cytotoxin, nanoparticles were
made with either a gold or silica core and stabilized with
polymers equivalent to those that coated the NP3 SPIONs
(Scheme 1, ESI Fig. 61). Due to the different surface chemistry
of gold and silica compared to iron oxide, changes were made
to the anchoring blocks of the amphiphilic co-polymers.
However the stabilizing blocks and ratios of end-functio-
nalized groups were consistent between the particles. Both the
gold NP9 and silica NP10 particles enhanced doxorubicin
penetration into spheroids and inhibited cellular outgrowth
when co-administered with Dox similarly to NP3 SPIONs
(Fig. 6). This indicated that the increase in the effectiveness
and penetration of the cytotoxin was primarily influenced by
the stabilizing chains with the core composition and the
anchoring block of the amphiphilic co-polymer having no role
in this process. These results have implications for the thera-
peutic use of polymer-stabilized nanoparticles co-administered
with cytotoxins. The ratio of charged and uncharged polymeric
stabilizers will need to be optimized to enhance the in vivo
bio-distribution profile of each cytotoxin.

Nanoparticles act as facilitators for the diffusion of the
cytotoxic agent, rather than altering the cytotoxic mechanism
of the drug

It was not known if the SPIONs were altering the cytotoxic
mechanism of the active molecule or simply facilitating trans-
port of the cytotoxin across multiple cell layers. Cytotoxicity
studies showed that the 72 h ICs, value of Dox was unchanged
when SPIONs were present (ESI Table 31), and the SPIONs
were not toxic at concentrations 10 fold higher than those
used in experimental conditions. Previous work as shown that
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Fig. 6 The stabiliser coatings and not the nanoparticle core are responsible for
the enhanced diffusion of doxorubicin. (a) Single confocal images of DLD-1
spheroids co-administered with Dox and the SPIONs NP9 (gold) and NP10
(silica). Scale bar 200 pm. (b) Plot of cellular outgrowth of DLD-1 spheroids co-
administered with Dox and nanoparticles with different core types: iron oxide,
gold and silica. Each nanoparticle core was sterically stabilized with 95% MPEG/
5% NH, polymers and the results were normalized to the outgrowth of Dox
treated DLD-1 spheroids. The untreated control spheroids (not shown for clarity)
had an outgrowth value of 331% +23 compared to Dox treated spheroids. Error
bars represent standard error with n = 6. * indicates p < 0.01 compared to cyto-
toxin alone.

nuclear localization of Dox is required for cytotoxicity.> TEM
imaging of DLD-1 spheroids treated with the co-administration
of Dox and NP4 SPIONs showed the lack of SPIONs within the
nucleus (Fig. 7a and b). Confocal imaging of DLD-1 cells
grown in 2-dimensional culture and dosed with either Dox or
Dox co-administered with SPIONs showed no change in the
nuclear localization of Dox (ESI Fig. 71). Fluorescence lifetime
microscopy (FLIM) was used to distinguish the different intra-
cellular molecular environments of Dox to determine if Dox
had been released from the SPIONs and was free to diffuse
into the nucleus. Spectroscopy confirmed that there was little
change to the overall fluorescence profile of Dox when nano-
particles were present (Fig. 7c). The Dox fluorescence lifetimes
have been determined previously in different cell-free and cel-
lular systems.”®*"> The values of the fluorescence lifetimes
and amplitudes obtained in this study are shown in Table 2.
In the cell free system, mono-exponential decay curves
were fitted and there was no discernible difference in the
fluorescence lifetime (7) of Dox either alone or in the presence
of NP4 SPIONs as shown by the lifetime distribution graphs in
Fig. 7d. In the presence of cells, the fluorescence decay curves
required a bi-exponential fit to obtain y* values closest to
1. Consistent with the cell free system, there was no change in
the fluorescent lifetimes 71 and 72, nor the amplitude values

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 SPIONs stabilized with 10% NH, functionalized polymer do not localize
to the nucleus but enhance doxorubicin uptake into the nucleus of cells deep
within the spheroid. (a) Transmission electron micrograph of DLD-1 spheroids
co-administered with NP4 SPIONS and Dox. The image was taken from the
central region of the spheroid from a section that was cut at an approximate
depth of 100 pm from the edge of the fixed and stained spheroid (equivalent to
300 pm depth of an unprocessed spheroid). A higher magnification of the
region enclosed by the red box in (a) is shown in panel (b). The nuclei are
labelled N and the scale bars are as indicated. (c) Fluorescent spectra of Dox and
Dox + NP4 SPIONs. (d) Representative graph of fluorescent lifetime distributions
from solutions of Dox and Dox + NP4 SPIONs. Fluorescent lifetime images of
doxorubicin treated monolayers and penetration into spheroids with the 72 life-
time of doxorubicin displayed between 2.5-4.5 ns. The false colour FLIM image
of the cell monolayer treated with Dox (e) allows for the cellular localizations of
different lifetimes to be easily observed. The red colour indicates nuclear Dox,
green indicates cytoplasmic localized Dox and blue indicates membrane bound
Dox. (f) FLIM image of Dox treated spheroid. (g) FLIM image of a spheroid co-
administered with Dox and NP4. (h) Higher magnification FLIM image of Dox
treated spheroid. (i) Higher magnification false colour FLIM image of a spheroid
co-administered with Dox and NP4 SPIONs showing increased levels of nuclear
Dox (red) further into the spheroid. Scale bars as indicated.

in spheroids treated with Dox alone or with Dox co-adminis-
tered with NP4 nanoparticles (Table 2).

The wider distribution of 72 values compared to 71 values
in the cellular system allowed false colour images of 72 values

This journal is © The Royal Society of Chemistry 2013
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Table 2 Fluorescent lifetime data of doxorubicin in a cell-free system and
treated spheroids. Values are the average of 3 independent experiments

Al A2
Environment 71 (ps) 72 (ps) (%) (%) 1
Dox Cell free 1000 + 47 na“ 100 na  1.03
Dox + NP4  Cell free 1000 +38 na 100 na 1.04
Dox Spheroid 1400 £ 62 4100 £ 35 69 31 1.03
Dox + NP4  Spheroid 1400 £ 55 4150 + 42 67 33 1.05
“Not applicable.

to be generated that easily distinguish between different cellu-
lar compartments (Fig. 7e-i). From the cell monolayer image,
nuclear (red colour) and membrane localized (blue colour)
Dox are both able to be identified (Fig. 7e). In spheroid
culture, Dox fluorescence penetrates approximately 80 pm into
the spheroid (Fig. 4a). However, from the FLIM data, nuclear
localization of Dox (red colour) is only seen in the outer 5-6
layers of cells, a distance of approximately 50 pm, whereas the
fluorescence signals at a depth greater than 50 pm have a fluo-
rescent lifetime indicative of membrane localization (Fig. 7f
and h). When Dox is co-administered with NP4 nanoparticles,
nuclear localization of Dox fluorescence is seen throughout
the spheroid (Fig. 7g and i). This indicates that the co-adminis-
tration of Dox with the NP4 SPIONSs increases Dox effectiveness
in spheroids by influencing the diffusion of Dox and increas-
ing cellular uptake of Dox at depths greater than 50 pm from
the edge of the spheroid. The enhanced nuclear localization of
Dox with the NP4 SPIONSs is a result of enhanced penetration
and cellular uptake as the nanoparticles are localized to dis-
crete vesicular structures in the cytoplasm and not the nucleus
(Fig. 2 and 7a,b). The bioavailability of Dox is enhanced by the
simple method of co-administration of Dox with the nano-
particles rather than conjugation of Dox to the nanoparticles.

Conclusions

Our studies show that by altering the surface properties of a
nanoparticle by fine tuning the functional end groups on the
steric stabilizers, it is possible to direct the diffusion of co-
administered active molecules throughout a solid tumour
model in the presence of serum. Intravenously administered
chemotherapy drugs can completely penetrate normal tissue
without the aid of SPIONs, however, solid tumours, with their
poorly developed blood supply and fast growth rates, have
large regions of the tumour that are hypoxic and inaccessible
for drug delivery." In this situation, co administration of the
SPIONs with the chemotherapy drugs offers the potential to
provide enhanced penetration of the drugs into solid tumours
and thereby provide enhanced outcomes for treatment. As the
SPIONs alone are non-toxic and when co-administered with
cytotoxins, do not alter the ICs, of the cytotoxin in well oxyge-
nated cells, the SPION/cytotoxin co-administration method
may potentially be a suitable clinical treatment option for
avascular solid tumours. Additional benefits of the co-
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administration method compared to other drug loaded or
encapsulated nanoparticle delivery systems include the
removal of problems such as cytotoxin inactivation when con-
jugated to the nanoparticle and efficient release of the cyto-
toxin from the encapsulated nanoparticle. It would be of
interest to examine the impact of different charge ratios on the
surface of either drug loaded and drug encapsulated nano-
particles to determine if there is a similar enhancement of drug
diffusion to that seen with the co-administration of the steri-
cally stabilized nanoparticles and drug. The challenge remains
however, to target the SPIONs to the tumour in a manner that
will not affect cytotoxin adsorption and release, as we have
shown that small changes in surface charge ratios can alter
the effectiveness of the SPION/cytotoxin combination. Further
studies on the in vivo bio-distribution profile of the SPIONs are
required to ensure that the SPIONs do not negatively impact
on the bio-distribution of the co-administered cytotoxin. It will
be imperative to determine the individual surface properties of
sterically stabilized nanoparticles in general and SPIONs in
particular to best enhance the effects of each co-administered
small molecule in an in vivo environment.
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