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T
umor-targeting mechanisms that ex-
ploit the altered metabolic profile of
malignancy have been the subject of

intense investigation1 since the develop-
ment of the metabolite analogue 2-fluoro-
deoxy-D-glucose (2FDG) and its use in
positron emission tomography (PET) ima-
ging over three decades ago.2 One of the
attractions of metabolic imaging is the
ability to detect and target a wide variety
of cancers since many human solid tumors,
and especially rapidly growing aggressive
malignancies, have a unique metabolic pro-
file that distinguishes them from normal
tissue.3 This altered metabolic state, consis-
tent with theWarburg effect, is characterized
by increased glucose uptake, up-regulated
glycolytic metabolism, increased production
of lactic acid, and subsequent derangements
in cellular pH.4,5 More specifically, the extra-
cellular pH of normal tissue is approximately
7.4, but human and animal tumors can often
exhibit an extracellular pH lower than 7.0,
even reaching as low as 6.3.6,7

In recent years, numerous methods have
been developed that allow for the noninva-
sive assessment of tissue pH, most of which
are based on magnetic resonance.6 For ex-
ample, magnetic resonance spectroscopy
(MRS) using endogenous inorganic phos-
phate (Pi) and exogenously administered
3-aminopropylphosphate (3-APP) can be
used to simultaneously measure intra- and
extracellular pH, respectively.8,9 Major draw-
backs of this method are the reliance on
the relatively less abundant 31P nucleus
and the inability to simultaneously acquire
the high-resolution anatomical information
that is the hallmark of magnetic resonance
(MR) imaging. More recently, exogenous
agents with pH-dependent proton reso-
nances have been developed.10 While this

eliminates the need for specialized 31P hard-
ware, the pH-sensitive resonance can be
difficult to fully distinguish from other en-
dogenous signals. Even more recently, pH-
sensitive lanthanide chelates have allowed
for measurement of pH with a proton reso-
nance completely distinct from endogenous
signals.11,12 Even these agents, however,
have limited sensitivity since the exogenous
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ABSTRACT

A wide variety of nanoparticle platforms are being developed for the diagnosis and treatment of

malignancy. While many of these are passively targeted or rely on receptor�ligand interactions,

metabolically directed nanoparticles provide a complementary approach. It is known that both

primary and secondary events in tumorigenesis alter the metabolic profile of developing and

metastatic cancers. One highly conserved metabolic phenotype is a state of up-regulated glycolysis
and reduced use of oxidative phosphorylation, even when oxygen tension is not limiting. This

metabolic shift, termed the Warburg effect, creates a “hostile” tumor microenvironment with

increased levels of lactic acid and low extracellular pH. In order to exploit this phenomenon and

improve the delivery of nanoparticle platforms to a wide variety of tumors, a pH-responsive iron

oxide nanoparticle was designed. Specifically, glycol chitosan (GC), a water-soluble polymer with

pH-titratable charge, was conjugated to the surface of superparamagnetic iron oxide nanoparticles

(SPIO) to generate a T2*-weighted MR contrast agent that responds to alterations in its surrounding

pH. Compared to control nanoparticles that lack pH sensitivity, these GC-SPIO nanoparticles
demonstrated potent pH-dependent cellular association and MR contrast in vitro. In murine tumor

models, GC-SPIO also generated robust T2*-weighted contrast, which correlated with increased

delivery of the agent to the tumor site, measured quantitatively by inductively coupled plasma mass

spectrometry. Importantly, the increased delivery of GC-SPIO nanoparticles cannot be solely

attributed to the commonly observed enhanced permeability and retention effect since these

nanoparticles have similar physical properties and blood circulation times as control agents.
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agent contains the resonance being detected. Greater
sensitivity could be obtained using a contrast agent
that generates signal by interacting with many bulk
water molecules. Superparamagnetic iron oxide (SPIO)
nanoparticles have emerged as an attractive class of
MR contrast agent that provides T2*-weighted contrast
enhancement in both active and passive MR imaging
applications by accelerating the dephasing of nearby
bulk water.13 SPIO nanoparticles could, therefore, serve
as a strong signal-generating foundation to which pH
sensitivity could be imparted. Such pH-responsive SPIO
nanoparticles would constitute a 1H MR contrast agent
that exhibits differential localization based on local pH
and could facilitate the detection of acidic pathologies,
including but not limited to malignancy, on con-
ventional high-resolution anatomic MR images, without
the need for specialized hardware. Such regions of
suspected acidity, detected with pH-responsive SPIO
on large field-of-view anatomic images, could then
be probed by MRS or chemical exchange saturation
transfer (CEST) methods to generate an absolute pH
map, if desired.
Several pH-responsive polymers, including chitosan,14

polyamino ester,15 polycaprolactone,16 and poly-
histidine,17 have been successfully used to generate

pH-mediated drug release in a variety of nanoparticle
carriers. Furthermore, SPIO nanoclusters coated with a
pH-responsive hydrogel have recently yielded nanopar-
ticles with pH-dependent relaxivity.18 Therefore, pH-
titratable polymers have been used to impart unique
functionality to nanoparticles in various contexts. In
this investigation, the pH-responsive polymer glycol
chitosan (GC, Figure 1A), a polymer of glucosamine
with increased water solubility and amino groups
with a pKa ≈ 6.5,19 was covalently grafted to the
surface of dextran-stabilized SPIO nanoparticles
to generate native GC-SPIO. Sized matched pH-
unresponsive SPIO nanoparticles were prepared as
control agents to distinguish pH-mediated nanopar-
ticle delivery from the enhanced permeability and
retention (EPR) effect that is commonly observed for
nanoparticle agents.20�23 Specifically, GC-coated
SPIO nanoparticles were chemically modified with
glycidol (Figure 1B) to block the pH-responsive ami-
no groups. In addition, inherently pH-unresponsive
dextran SPIO nanoparticles (Figure 1C) were also
used.
All nanoparticle formulations included a lanthanide

metal tracer that allowed the distribution of the
nanoparticles to be tracked quantitatively in vivo.

Figure 1. Schematic of pH-mediated enhanced delivery of native GC-SPIO nanoparticles in acidic microenvironments. (A)
Native GC is a linear polymer of D-glucosaminewith β-1�4 linkages. The repeated aminogroups have aggregate pKa≈ 6.5. (B)
Glycidol blocked GC is formed by reaction of native GC with glycidol. Alkylation of the amino groups renders them no longer
titratable near physiologic pH. (C) Dextran is a branched polymer of glucosewith bothR-1�3 andR-1�6 linkages. It does not
possess any functional groups that are titratable near physiologic pH. (D) Both native GC-SPIO and control nanoparticles
exhibit neutral to negative surface charge at physiologic pH due to abundant surface hydroxyl groups. For clarity, the
hydroxyl groups are not depicted on the native GC-SPIO particle. Presence of neutral or negative surface charge diminishes
nanoparticle association with blood components and normal tissue. (E) Upon exposure to acidic microenvironments, the
amino groups of native GC-SPIO titrate to yield a positive charge. The newly cationic nanoparticles exhibit electrostatic
interactions with negatively charged cell membranes and extracellular matrix components in the acidic microenvironment,
leading to enhanced retention in these areas.
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Specifically, during the synthesis of the SPIO nanopar-
ticles, a trace amount of lanthanide was doped into the
iron oxide cores (Gd for the two GC-containing SPIO
formulations and Sm for the dextran-only SPIO). The
current authors have previously used energy-disper-
sive X-ray spectroscopy (EDS) to confirm the presence
and stability of the lanthanide dopant within the iron
oxide cores of SPIO synthesized in this manner
(unpublished data). Here, inductively coupled plasma
mass spectrometry (ICP-MS) was used to assess the
biodistribution of the lanthanide tracer (and the
corresponding SPIO nanoparticle) in a mouse tumor
model.
Numerous studies have shown that nanoparticles

(including SPIO) complexed with cationic agents such
as polylysine, protamine, or cell-penetrating peptides
(CPPs) are rapidly and efficiently internalized by a wide
range of cell types.24�27 However, positively charged
nanoparticles are rapidly cleared from circulation,28

resulting in poor tumor delivery. Therefore, positive
charge could be used to improve retention in a desired
microenvironment, provided that the positive charge
is not displayed until that microenvironment is
reached. Accordingly, both the native GC-SPIO and
control agents exhibit a neutral or negative surface
charge at physiologic pH, affording them a lower level
of cellular interaction and improving blood residence
time29,30 (Figure 1D). Upon exposure to an acidic
microenvironment, the pH-responsive polymer surface
of the native GC-SPIO becomes protonated, and the
surface charge becomes increasingly positive. There-
fore, it was hypothesized that native GC-SPIO nano-
particles would be preferentially retained in acidic
microenvironments compared with analogous pH-un-
responsive agents, as a result of electrostatic interac-
tions with surrounding tissue (Figure 1E).

RESULTS AND DISCUSSION

Characterization of Native GC-SPIO and Control Nanoparticles.
Since previous studies have identified that the blood
circulation times20�23 and, consequently, tumor delivery,
are highly dependent on the size of SPIO nanoparticles,
the hydrodynamic diameter of the native GC-SPIO and
control nanoparticles (i.e., glycidol GC-SPIO, and dextran
SPIO) was characterized by dynamic light scattering
(DLS). Also, because of the need to distinguish pH-
mediated delivery from a background level of EPR

delivery, it was necessary to ensure that the native GC-
SPIO and control nanoparticles had very similar size
profiles. The peak sizes of the native GC-SPIO, glycidol
GC-SPIO, and dextran SPIO were found to be 33.6, 36.1,
and 29.8 nm, respectively (Table 1). Since the glycidol GC-
SPIO particles were synthesized by direct chemical block-
ade of the pH-sensitive amino groups of the native GC-
SPIO, the glycidol GC-SPIO are necessarily slightly larger
(2.5 nm). Although the size of dextran SPIO can be
marginally tuned with varied synthetic conditions, these
particles are necessarily slightly smaller (3.8 nm) than the
native GC-SPIO, owing to the latter's additional GC coat-
ing. Given the close agreement in peak sizes andDLS size
distributions (Figure 2A) for the three nanoparticle for-
mulations, it is assumed that differences in tumordelivery
can be attributed to differences in the chemistry of
their surface coat, as opposed to their hydrodynamic
diameter.

In order to examine themorphology of the iron cores
of the nanoparticle formulations and ensure their simi-
larity, transmission electron micrographs (TEM) were
obtained (Figure 2B). The average core sizes of the GC-
based SPIO and dextran SPIO were found to be 19.8 (
3.6 and 19.4 ( 3.9 nm, respectively. Since only the
surface coating was modified between the native GC-
SPIO and glycidol GC-SPIO, these two formulations have
matching core size characteristics. The morphology of
iron cores appears similar for all three nanoparticle
formulations and similar to previously published dextran
SPIO images.27

TABLE 1. Physicochemical Properties of Native GC-SPIO, Glycidol GC-SPIO, and Dextran SPIO Nanoparticles

particle surface

tracer

lanthanide

mean hydrodynamic

diameter (nm)

mean core

size (nm)a

zeta (mV) at

pH = 7.4

zeta (mV) at

pH = 6.15 R2 (mM
�1 s�1) R1 (mM

�1 s�1)

native GC Gd 33.6 19.8 ( 3.6 þ0.3 þ8.2 146.5 7.5
glycidol GC Gd 36.1 19.8 ( 3.6 �2.9 �1.0 152.3 7.9
dextran Sm 29.8 19.4 ( 3.9 �20.4 �20.7 150.4 10.0

a Since the glycidol GC-SPIO was generated by direct surface modification of native GC-SPIO, core sizes for these formulations are identical.

Figure 2. Size and morphology of native GC-SPIO,
glycidol GC-SPIO, and dextran SPIO nanoparticles. (A)
Dynamic light scattering profiles of each nanoparticle
formulation in phosphate buffered saline, pH 7.4. (B)
Transmission electronmicroscopy (TEM) images of GC-SPIO
and dextran SPIO demonstrating iron core size and
morphology.
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The metal and polymer composition of the native
GC-SPIO nanoparticles was further examined by ele-
mental analysis. Dried nanoparticles were 37.05% C,
2.87% N, 6.09% Fe, and 0.17% Gd by weight. Since only
GC contains nitrogen, these data and the known
molecular structure of dextran and GC allow for calcu-
lation of nanoparticle composition. The native GC-SPIO
nanoparticles are, therefore, 6.09% iron, 0.17% gadoli-
nium, 39.08% dextran, and 42.02% glycol chitosan. The
remainder of the nanoparticles (12.67%) is a combina-
tion of oxygen in the nanoparticle core and any
electrostatically associated salts.

Although comparison of tumor delivery via ICP-MS
measurements is not influenced by the nanoparticles'
magnetic properties, the comparison of in vivo MR
tumor contrast certainly is. Therefore, it was important
to ensure that all three nanoparticle formulations had
similar values for their relaxivities, especially the R2
relaxivity, which is responsible for contrast enhance-
ment on T2*-weighted MR images. R2 values (pH 7.4,
PBS) for the native GC-SPIO, glycidol GC-SPIO, and
dextran SPIO were measured as 146.5, 152.3, and
150.4 Fe mM�1 s�1, respectively. The native GC-SPIO
demonstrated only a minor increase in R2 relaxivity
(≈5%) as the pHdecreased to 5.9, while the glycidol GC
and dextran SPIO had no pH dependence in their R2
values. Although improved relaxivity for the native GC-
SPIO at low pH values can further improve pH-
mediated contrast, the change in relaxivity was mar-
ginal and is not expected to be the primarymechanism
by which contrast is generated. Further, given that the
R2 value for native GC-SPIO was slightly lower than the
two control formulations at physiologic pH, it was
concluded that there is no contrast bias for the native
GC-SPIO.

Finally, the surface charge (zeta-potential), and its
pH dependence, was examined for each of the nano-
particle formulations (Figure 3). The native GC-SPIO
nanoparticle was found to have a near-neutral zeta-
potential (þ0.3 mV) at physiologic pH = 7.4. It is
important for tumor delivery that the native GC-SPIO
have little or no positive surface charge at normal
blood pHbecause cationicmaterials are rapidly cleared
from circulation, due to local electrostatic interactions,
before they could reach a tumor.28 Next, as the pH was
lowered, the zeta-potential continually increased and
reached a value of þ4.1 mV at pH = 6.65 and þ8.2 mV
at pH= 6.15. Therefore, it was confirmed that the native
GC-SPIO nanoparticles had a surface coat capable of
meaningfully sensing a pHdrop of 1.0 unit or less. Since
a wide variety of cationic materials have been found to
electrostatically associate with cells,24�27 it was ex-
pected that the surface properties of the native GC-
SPIO nanoparticles would allow them to adhere to cells
or negatively charged extracellular matrix components
in a pH-dependent manner that is favorable for detec-
tion of acidic environments.

The pH dependence of the surface charge was
similarly investigated for the glycidol GC-SPIO and
dextran SPIO nanoparticles. At physiologic pH = 7.4,
the zeta-potentials were �2.9 and �20.4 mV for the
glycidol GC-SPIO and dextran SPIO, respectively. Upon
lowering of the pH to 6.15, the zeta-potentials changed
to �1.0 and �20.7 mV. These results indicate that the
surface charge of the control nanoparticles does not
have significant pHdependence; under conditions that
lead to an increase in the zeta-potential of the native
GC-SPIOby 7.9mV, the glycidol GC-SPIO increased only
1.9 mV, and the dextran SPIO zeta-potential dropped
by 0.3mV (a differencewithin the standard deviation of
a given measurement). It should be noted that the
zeta-potential of both control nanoparticles remains
below 0 mV under every pH condition, such that not
even an extremely acidic tumor environment would be
able to induce electrostatic adherence of these
nanoparticles.

It should also be noted that the two GC-based
nanoparticle formulations have close to neutral and
very similar surface charge at physiologic pH = 7.4. In
fact, their surface charges proved similar enough to
give them overlapping blood circulation profiles (see
below). The glycidol GC-SPIO control formulation,
therefore, specifically isolates the EPR component of
tumor delivery from the neutrally charged native GC-
SPIO formulation, so that pH-mediated improvement
can be assessed. Additionally, since previous investiga-
tion of nanoparticle blood clearance has shown that
prolonged circulation times may be achieved with
neutral or negative formulations,29,30 the �20 mV
dextran formulation was included as a second control
to assess tumor delivery for a nontitratable nanoparti-
cle with negative charge.

In Vitro pH-Dependent Association of Native GC-SPIO. Fol-
lowing the successful synthesis of the native GC-SPIO,
possessing a favorably pH-dependent surface charge,
as well as size and relaxivity matched pH-independent
control nanoparticles, the ability of each formulation to
label tumor cells in vitro and generate in vitro MR

Figure 3. Zeta-potential (surface charge) titration of native
GC-SPIO, glycidol GC-SPIO, and dextran SPIO nanoparticles
at 100 μg/mL nanoparticle concentration in 10 mM HEPES
buffer at various pH.
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contrast was investigated under various pH conditions.
Specifically, each nanoparticle formulation was incu-
bated in triplicate with T6�17 tumor cells in culture
mediumat a concentration of 25 μg Fe/mL at pH values
ranging from 5.9 to 7.65, in 0.25 unit increments.
Following triplicate washing to remove unassociated
nanoparticles, the T2 relaxation times of the cell sus-
pensions were measured to access the extent of cell
association (Figure 4A).

Interestingly, it was found that cells incubated with
native GC-SPIO nanoparticles exhibited a pronounced
pH dependence in their T2 relaxation times. At physio-
logic pH = 7.4, the native GC-SPIO cells had an average
T2 relaxation time of 917 ms that was not statistically
different from the T2 relaxation times of cells incubated
with either control nanoparticle or blank cells incu-
bated without nanoparticles. However, when the pH
was dropped only one-quarter of a pH unit to 7.15, the
average T2 relaxation time of native GC-SPIO incubated
cells dropped to 728 ms. Although not a particularly
robust T2 value, 728 ms was statistically different from
the values of 950 and 927 ms observed for cells
incubated without nanoparticles or glycidol GC-SPIO
control nanoparticles, respectively. These results sug-
gest that, under ideal conditions, the pH-titratable
native GC-SPIO nanoparticles can differentially label
cells in microenvironments only 0.25 pH units below
physiologic value. After another 0.25 unit drop in pH to
6.90, the native GC-SPIO nanoparticle incubated cells
obtained an average T2 value of 553 ms, which was
statistically different from blank cells and cells incu-
bated with both control nanoparticle formulations.
With further reductions in the incubation pH, the
average T2 value for cells incubated with native GC-
SPIO continued to decrease, ultimately reaching values
of 147 ms at pH 6.15 and 96 ms at pH 5.90.

Appropriately, neither the glycidol GC nor dextran
SPIO control nanoparticles exhibited any meaningful
pH dependence in their cellular association. Although
the glycidol GC-SPIO cells incubated at very low pH

values (5.90 and 6.15) yielded T2 relaxation times that
were statistically different from the value at physiologic
pH = 7.4, the T2 values at low pH were still greater than
700 ms, indicating a weak signal. Recall that native GC-
SPIO incubated cells had already reached this relaxa-
tion level at pH 7.15. The statistically detectable differ-
ence in relaxation for the glycidol GC-SPIO incubated
cells at the two extremes of pH is likely due to a small
population of titratable amino groups remaining de-
spite chemical blockade. For the dextran SPIO, there
was no statistically detectable difference in cell asso-
ciation between the two ends of the pH spectrum.

It is also noteworthy that native GC-SPIO nanopar-
ticles are able to produce T2 relaxation times under
200ms in these cell pellet studies at concentrations of
only 25 μg Fe/mL. For comparison, actively targeted
SPIO nanoparticles relying on receptor�ligand inter-
actions have been tested under similar conditions and
yielded similar T2 relaxation times when incubated at
concentrations of 150 μg Fe/mL.31 Although such a
comparison is not exact, these results indicate that
native GC-SPIO nanoparticlesmay be able to generate
contrast of a magnitude similar to receptor-targeted
SPIO nanoparticles.

Followingmeasurement of their T2 relaxation times,
the cell pellets were transferred to a well plate and a
T2*-weighted MR image was acquired (Figure 4B). For
the cells incubated with native GC-SPIO, signal loss can
already be discerned at a pH of 7.15, only 0.25 units
below physiologic pH. The signal loss becomes more
pronounced as the incubation pH drops to 6.65, and at
pH 6.15 and below, the signal is lost entirely under
these imaging parameters. Importantly, the cells in-
cubated with glycidol GC and dextran SPIO control
nanoparticles do not exhibit any marked pH depen-
dence in their MR signal intensity.

In Vivo MR Contrast Enhancement of Native GC-SPIO. The
ability of native GC-SPIO to generate MR contrast
significantly greater than the background EPR effect
was confirmed with an in vivo murine tumor model.

Figure 4. In vitro association of native GC-SPIO, glycidol GC-SPIO, and dextran SPIO nanoparticles with T6�17 cells. (A)
Nanoparticles were incubated in triplicate at 25 μg Fe/mL with 4 � 106 T6�17 cells in culture medium buffered by 25 mM
HEPES. After removal of unassociated nanoparticles, T2 relaxation times were collected for each cellular suspension. (B)
Triplicate samples at each pHwere combined into a single cell pellet, and a T2*-weightedMR imagewas obtained. Pelletswith
low T2 relaxation times, resulting from the presence of nanoparticles, appear with reduced signal intensity in the image.
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Specifically, T6�17 flank tumors were grown in nude
mice to a diameter of approximately 8 mm, and then
either native GC-SPIO or control nanoparticles at a dose
of 10 mg Fe/kg body weight (approximately 0.2 mg of
iron per animal) was administered intravenously. T2*-
weighted MR images were acquired immediately prior
to injection of nanoparticles and 24 h after injection
(Figure 5). The postcontrast images of the native GC-
SPIO nanoparticle demonstrated striking relative signal
loss in the tumor. In the precontrast image shown, the
tumor is located between iso-intense paraspinal and
thigh muscles and is not clearly delineated. In the
postcontrast image, however, the tumor is revealed
as a hypo-intense heterogeneous region, with well-
defined margins, exerting a mass effect against the
adjacent paraspinal muscle. The heterogeneity of in-
tensity within the tumor is likely caused by impaired
SPIO diffusion and penetration once they encounter a
microregion of sufficient acidity, either at the nega-
tively charged tumor vascular endothelium or within
the tumor interstitium. Alternatively, the heterogeneity

may reflect variations in extracellular pH within the
tumor.32 Neither the glycidol GC nor dextran SPIO
control nanoparticles yielded significantly visible con-
trast enhancement between pre- and postcontrast
images.

TheMR signal in the tumor regions of interest (ROIs)
was also analyzed quantitatively (Figure 5B). For each
animal, threematching axial slices were examined pre-
and postcontrast. Variations in absolute signal from
slice to slice, due to mouse or RF coil positioning, were
accounted for by normalizing the tumor signal to that
of adjacent paraspinal muscle on a slice by slice basis.
The native GC-SPIO nanoparticles yielded a contrast
enhancement (relative signal intensity ratio) of 0.50. In
this scale, lower values indicate greater contrast, with
1.0 corresponding to no contrast and 0 indicating
perfect contrast. Importantly, the contrast enhance-
ment observed for native GC-SPIO nanoparticles was
statistically different from that of glycidol GC and
dextran SPIO, which had RSI ratios of 0.86 and 0.84,
respectively.

Interestingly, the RSI ratio obtained for these native
GC-SPIO nanoparticles was comparable to that ob-
tained in a study of actively targeted SPIO nanoparti-
cles injected at the same concentration and directed
against the same tumor cell line.31 While many vari-
ables influence the contrast enhancement observed
in vivo, it is encouraging to see that the pH-titratable
native GC-SPIO nanoparticles can deliver contrast en-
hancement on the same order as actively targeted
agents.

In Vivo Tumor Delivery and Blood Clearance. To specifi-
cally examine the amount of nanoparticle delivery to
the tumor, as well as investigate blood circulation
profiles, the nanoparticle formulations were designed
with unique lanthanide metal tracers that can be
detected by ICP-MS. Immediately after the postcon-
trast images were acquired, each animal was sacrificed
and the flank tumors were removed. By comparing the
amount of lanthanide tracer present in the excised
tumors to the amount of lanthanide present in the
original intravenous injection, the amount of nanopar-
ticle delivery can be quantified as a percent of injected
dose per gram of tumor tissue (Figure 6A). Also, these
data can be converted into absolute iron concentra-
tions since the amount of injected material is known.
The nanoparticle iron concentrations in the tumor
were thus calculated as 2.5, 4.2, and 6.7 μg/mL for
dextran, glycidol, and native GC-SPIO, respectively.

Interestingly, even though MR imaging yielded
similar contrast enhancement for the glycidol GC-SPIO
and dextran SPIO, there was significantly more nano-
particle delivery for the glycidol GC-SPIO. The contrast
enhancement observed in MR images reflects the
combination of many variables, including, but not
limited to, concentration of agent in the tumor, MR
pulse sequence parameters (e.g., TE), and nanoparticle

Figure 5. In vivoMR images and intensity analysis of nu/nu
nudemice with T6�17 flank tumors. (A) Representative T2*-
weighted MR images in the axial plane prior to injection
(precontrast) and 24 h after injection (postcontrast) of
native GC-SPIO (n = 4), glycidol GC-SPIO (n = 4), and dextran
SPIO (n = 3) nanoparticles. Tumor location is indicated by
white arrows. (B) Quantitative analysis of MR images. Signal
intensity of each tumor was normalized to adjacent para-
spinalmuscle. For contrastmeasurement, the relative signal
intensity, RSI, was calculated as the quotient of the post-
contrast to precontrast normalized tumor intensity. For t
test statistical analysis of the groups, statistically significant
values of p < 0.05 are indicated with single asterisk and p <
0.005 with double asterisk.
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relaxation characteristics (e.g., R2). Specifically, the
nanoparticles have a dynamic concentration range in
which they linearly decrease the tissue's relaxation
time. For the SPIO used in this study, the dynamic
range, determined during in vitro relaxation measure-
ments, was 1�50 μg/mL (at 1.4 T). Little contrast may
be observed with nanoparticle concentrations at the
low end of this range; significant improvements in
contrast occur near the middle of the range, and
saturation occurs at the top. It is likely that the nano-
particle concentrations achieved by dextran and gly-
cidol GC-SPIO are very near the bottom of the dynamic
range, still not high enough to generate significant
contrast with the pulse sequence parameters used.

The animals injected with native GC-SPIO nanopar-
ticles showed a further significant increase in tumor
delivery from the glycidol GC-SPIO. Importantly, this
pH-mediated increase in nanoparticle delivery was
sufficient to reach a concentration providing much
more MR contrast. This demonstrates the importance
of optimizing and maximizing nanoparticle delivery
since the incremental improvement in delivery (i.e.,
from glycidol GC-SPIO to native GC-SPIO) has the
possibility to yield significant contrast improvement.
It is envisioned that, while a completely passive agent
might not reach a concentration detectable on an MR
image, the additional improvement in delivery ob-
tained by a pH-sensitive agent could result in detect-
able MR contrast.

It has been well-established that entirely passive
tumor delivery of nanoparticles via EPR is a function of
the pharmacodynamics of their blood circulation.20�23

The two GC-based formulations are of similar size, have
a similar (although not exactly identical) zeta-potential
at the physiologic pH of 7.4, and have a surface
coat constructed from the same polymer. These two

formulations, therefore, were expected to have very
similar blood circulation profiles. This important hypoth-
esiswas validatedbyusing ICP-MS tomeasure theblood
concentration for each nanoparticle as a function of
time (Figure 6B). As anticipated, the native GC-SPIO and
glycidol GC-SPIO were found to have very well over-
lapped blood circulation profiles. Importantly, the small
difference between the native GC-SPIO and glycidol GC-
SPIO surface charge at physiologic pH did not alter their
blood clearance. Therefore, it can be concluded that the
incremental improvement in delivery that native GC-
SPIO exhibits over glycidol GC-SPIO represents pH-
mediated delivery, not attributable to EPR.

In order to see how the pH-enhanced tumor deliv-
ery of native GC-SPIO compares to the EPR that could
be obtained with a negative instead of neutral surface
charge, it is helpful to examine the tumor delivery and
blood clearance of the dextran SPIO nanoparticles at
�20 mV. It was found that the negatively charged
dextran accumulated in the tumor at lower levels
(Figure 6A) than the native GC-SPIO or the neutrally
charged glycidol GC-SPIO. The lower accumulation
observed for the �20 mV dextran correlated with its
shorter blood residence time (Figure 6B), which is
characteristic of passive delivery by EPR. Furthermore,
in a complementary study examining the effect of
surface charge on passive tumor delivery, the authors
evaluated dextran SPIO with pH-independent zeta-
potentials of approximately �12, �5, þ4, þ10, and
þ14 mV (unpublished data). Like the �20 mV dextran
SPIO nanoparticles in this study, none of the pH-
insensitive dextran SPIO nanoparticles accumulated
as well as native GC-SPIO (i.e., statistically significant
inferior delivery for every dextran SPIO nanoparticle). In
fact, the dextran SPIO with strongly positive surface
charge accumulated especially poorly at the tumor site.

Figure 6. Quantitative tumor delivery, blood clearance, and other organ concentrations of native GC-SPIO, glycidol GC-SPIO,
and dextran SPIO. (A) Percent injected dose per gram of tumor tissue was calculated by measuring the concentration of
lanthanide tracer in excised tumors using ICP-MS. For the native GC-SPIO, this converts to approximately 6.7 μg Fe/mL. For t
test statistical analysis of the groups, statistically significant values of p < 0.05 are indicated with single asterisk and p < 0.005
with double asterisk. (B) Nanoparticle blood clearance as measured by concentration of lanthanide tracer in the blood. (C)
Kidney and liver concentrations of native GC-SPIO and control nanoparticles 24 h postinjection. Asterisk indicates statistical
significance (p < 0.05) between native GC-SPIO kidney uptake and either control nanoparticle.
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It is, therefore, important for themechanismof nativeGC-
SPIO delivery that the nanoparticles not constitutively
display a large positive surface charge;rather only after
entering the tumor microenvironment.

Finally, in addition to the pathological environment
of a tumor, other groups investigating pH-responsive
agents have demonstrated that there are physiologi-
cally normal sites of pH <7.4, such as the renal tubular
system.33�35 Therefore, the delivery of native GC and
control SPIO nanoparticles to the kidneys was exam-
ined. At 24 h postinjection, the average renal concen-
trations, expressed as percent of injected dose per
gram of kidney tissue, were found to be 4.49, 2.40,
and 1.02 for native GC-SPIO, glycidol GC-SPIO, and
dextran SPIO (�20 mV), respectively (Figure 6C). Given
the longer blood residence times for the two GC-based
formulations, it is not surprising to observe a greater
renal concentration at 24 h for those formulations
compared to the dextran SPIO. Interestingly, though,
the renal concentration of the native GC-SPIO was a
statistically significant 87% higher than that of the
glycidol GC-SPIO, despite very similar blood circulation
profiles and identical blood concentrations at the 24 h
time point. Furthermore, the native GC-SPIO nanopar-
ticles are not simply being deposited to a higher extent
in all organs since the concentrations of all three
nanoparticles in the liver at 24 h were not statistically

distinct from one another. Despite the lack of statistical
significance, the native GC SPIO nanoparticles had a
trend toward less accumulation in the liver (33.3 versus
44.9 and 37.9 for the glycidol GC and dextran SPIO,
respectively, Figure 6C).

CONCLUSION

The biocompatible and biodegradable polymer gly-
col chitosan can be used to impart pH-responsiveness
to superparamagnetic iron oxide nanoparticles. The
resulting material demonstrates a pH-dependent sur-
face charge, allowing it to achieve long blood circula-
tion at physiologic pH = 7.4 and then transition to a
cationic and adhesive form upon entering an acidic
microenvironment at pH <7.0. These native GC-SPIO
nanoparticles exhibited significantly improved accu-
mulation in amurine tumormodel, compared to nano-
particles with similar physical properties, but lacking
pH-responsiveness. Higher levels of SPIO accumulation
in the tumor also resulted in a clear and quantifiable
improvement in magnetic resonance contrast, as
shown on T2*-weighted images. Generally, it is be-
lieved that glycol chitosan could be used to exploit the
metabolic profile of a wide range of malignancies and
improve the tumor delivery of imaging or therapeutic
agents, provided that synthesis of such agents pre-
serves the pH-responsive amino group.

METHODS
Synthesis of Dextran-Stabilized Lanthanide-Doped SPIO. Dextran-

coated, lanthanide-doped SPIO nanoparticles were prepared
through the co-precipitation of ferrous, ferric, and lanthanide ions
in the presence of dextran.27 Briefly, 50 g of dextran T-10
(Pharmacosmos A/S, Holbaek, Denmark) was dissolved in
100 mL of dH2O and heated to 80 �C for 1 h. The solution was
then allowed to cool to room temperature and continued to mix
overnight. Subsequently, a solution of 3.70 g of FeCl3, 1.46 g of
FeCl2, and 0.25 g of GdCl3 3 6H2O or SmCl3 3 6H2O in 50mL of dH2O
was prepared and decanted into the dextran solution. The com-
bined solutionwas cooled on ice and degassedwithN2 for 90min.
While keeping the solution stirring on ice and under N2, an
automated syringe pump was then used to introduce 15 mL of
concentrated NH4OH to the solution over 5 h. The resulting black
viscous solution was removed from the N2 atmosphere, heated to
90 �C for 1 h, cooled overnight, and centrifuged at 20 000 rcf for
30 min to remove large aggregates. Free iron, lanthanide, and
dextranwere removedbydiafilitration across a 100 kDamembrane,
and the dextran SPIO was brought to a final volume of 40 mL.

Surface Conjugation of Glycol Chitosan. High molecular weight
glycol chitosan (Wako Chemicals, Richmond, VA, USA) was
degraded and prepared for grafting to dextran SPIO as follows:
10 g of ≈600 kDa GC was dissolved in 200 mL of 6 M HCl and
heated to 80 �C for 20 min. Following incubation, the material
was cooled on ice and immediately neutralized with the addi-
tion of solid sodium carbonate to terminate degradation. Excess
solid sodium carbonate was removed by centrifugation, and
diafiltration membranes were used to desalt the material and
discard any GC polymer greater than 100 kDa or less than 3 kDa.

Native glycol chitosan (GC)-SPIO was then prepared as
follows: 40 mL of dextran SPIO at an iron concentration of
10 mg/mL was combined with an equal volume of 10 M NaOH

and mixed for 10 min. Then, 80 mL of epichlorohydrin was
added, and the solution was vigorously stirred at room tem-
perature overnight. Epichlorohydrin cross-links dextran chains
within a SPIO particle and chemically activates the dextran
surface for grafting of glycol chitosan. The solution was then
briefly centrifuged to allow phase separation into an aqueous
black SPIO layer and a clear layer of unreacted epichlorohydrin,
which was removed. The SPIO layer was quickly purified via
extraction in isopropyl alcohol. Specifically, the SPIO material
was combined with 5 volumes of isopropyl alcohol, and the
mixture was vigorously shaken. Brief centrifugation of the
mixture resulted in a layer of precipitated salt, a SPIO layer,
and an isopropyl alcohol layer (containing any remaining
epichlorohydrin). The SPIO layer was then isolated and com-
bined with an equal volume of 150 mg/mL GC (3�100 kDa) in
PBS and gently stirred for 72 h at room temperature. After the
reaction, free GC was removed by diafiltration across a 100 kDa
membrane, and the final native GC-SPIO was 0.2 μm filtered to
remove any oversized material. Finally, to ensure complete
purification of the GC-SPIO from excess GC and to enhance
the material's magnetic properties, the nanoparticles were
magnetically purified onMACS LS columns using theMidiMACS
magnet (Miltenyi Biotec, Auburn, CA, USA).

Generation of Control SPIO Nanoparticles. Glycidol GC-SPIO con-
trol nanoparticles were produced by direct chemical modifica-
tion of the native GC-SPIO nanoparticle surface. Briefly, native
GC-SPIO at 5 mg of Fe/mL in 10 mM pH 5.0 HEPES buffer was
combined with an equal volume of glycidol and stirred at room
temperature overnight. GC-SPIOwas then precipitated from the
solution by the addition of 4 volumes of isopropyl alcohol. Since
the blocking was incomplete after only one round of reaction
with glycidol, the addition at 0.2 volumes of 7.5% sodium
bicarbonate was sometimes required to neutralize remaining
positive charge on the nanoparticle surface and induce
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precipitation. The solution was centrifuged, the supernatant
discarded, and the GC-SPIO pellet resuspended with sonication
in the original volume of HEPES buffer. Reaction with glycidol
was repeated as above two more times to exhaustively block
pH-responsive amino groups (subsequent reactions do not
require bicarbonate to induce precipitation in isopropyl
alcohol). Finally, size-matched dextran SPIO was used as a
second pH-unresponsive control nanoparticle formulation. In
order to best match the size of the dextran SPIO control
nanoparticles to the GC-grafted nanoparticles, the dextran SPIO
nanoparticles used as a control were not from the same
synthesis as the dextran SPIO upon which the GC-grafted
nanoparticles were constructed. Specifically, the rate of NH4OH
addition was increased in order to produce somewhat larger-
sized dextran SPIO.

Native GC-SPIO and Control Nanoparticle Physicochemical Characteriza-
tion. Each nanoparticle formulation was diluted to a final con-
centration of 100 μg Fe/mL in pH 7.4 phosphate buffered saline
for determination of the hydrodynamic diameter by dynamic
light scattering (DLS). Measurements were acquired with a
Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK) using
the non-invasive backscatter (NIBS) mode. Samples were further
diluted inwater anddepositedon200-mesh carbon-coatedcopper
grids (Polysciences, Warrington, PA, USA) for TEM imaging with a
JEOL 1010 transmission electron microscope operating at 80 kV.
Mean iron core size was determined by measuring 100 individual
nanoparticles. The transverse (R2) and longitudinal (R1) relaxivities
of the nanoparticle formulations were calculated by plotting the
reciprocal of the relaxation time (measured using a Bruker mq60
tabletop MR relaxometer operating at 1.41 T) versus the iron
concentration. For elemental analysis, nanoparticles were precipi-
tatedwith isopropyl alcohol, driedundervacuum,andsubmitted to
Intertek Analytical Laboratories (Whitehouse, NJ, USA). Since glycol
chitosan is the only nitrogen-containing component of the nano-
particles, the %N of the sample can be scaled to %GC, using the
empirical formula of glycol chitosan, C8H15O5N. Similarly, since
dextran is the only carbon-containing component (after the carbon
content of GC is accounted for), the %dextran can be calculated
using its empirical formula, C6H10O5. For zeta-potential pH titra-
tions, 10 mM HEPES buffered water was prepared with pH values
ranging from5.90 to 7.65 in 0.25unit increments. Eachnanoparticle
formulationwas diluted to a final concentration of 100 μg Fe/mL in
the buffer at each pH, and mean nanoparticle zeta-potential was
measured using a Zetasizer Nano-ZS. Stocks of native GC-SPIO,
glycidol GC-SPIO, and dextran SPIO were synthesized several times
throughout the course of the study, each time yielding similar
physicochemical properties.

Cell Culture. T6�17 murine fibroblasts (a derivative of the
NIH/3T3 line and kindly provided by Mark Greene, Ph.D., FRCP,
University of Pennsylvania) were cultured and maintained in
Dulbecco's modified Eagle's medium (DMEM), supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin
at 37 �C and 5% CO2.

In Vitro Cellular Association Studies. For in vitro pH studies, cell
culture medium was supplemented with 25 mM HEPES buffer
and prepared with pH values ranging from 5.90 to 7.65 in 0.25
unit increments. Each nanoparticle formulation was incubated
in suspension at a concentration of 25 μg Fe/mL with 4� 106 of
freshly trypsinized T6�17 cells for 1 h at 37 �C in a total volume
of 0.5mL bufferedmedium. Following incubation, unassociated
nanoparticles were removed by triplicate low-speed centrifugal
washeswith nanoparticle-freemedium ofmatching pH. The cell
samples were then resuspended in 0.3 mL of PBS at pH 7.4, and
the T2 relaxation times of the suspensions were measured on
the tabletop relaxometer.

Cell Pellet MR Imaging. Following relaxation measurements,
the triplicate samples at each pH were combined to form a
single cell pellet for each pH and nanoparticle formulation. The
samples were transferred to a 384-well plate, and the cells were
pelleted to the bottom of each well with brief, low-speed
centrifugation. The plate was then imaged on a 9.4 T magnet
interfaced to a Varian INOVA console using a 70 mm inner
diameter volume coil for radio-frequency transmission and recep-
tion. T2*-weighted gradient echo (GEMS) MR images were col-
lected using parameters as follows: repetition time (TR) = 200 ms,

echo time (TE) = 5 ms, flip angle = 20�, slice thickness = 0.5 mm,
field of view (FOV) = 4 cm � 4 cm, number of acquisitions = 8,
resolution = 256 � 256.

Contrast Enhanced In VivoMR Imaging. Approximately 6week old
female nu/nu nude mice (Charles River Laboratory, Charles
River, MS, USA) were maintained in accordance with the
Institutional Animal Care and Use Committee of the University
of Pennsylvania. Mice were anesthetized via isoflurane, and
T6�17 cells were injected subcutaneously into the back right
flank (2 � 106 cells in 0.2 mL of PBS). Tumors were grown until
the diameter was approximately 8 mm, and precontrast tumor
images were acquired using a 9.4 T magnet interfaced to a
Varian INOVA console. T2*-weighted GEMS images were col-
lected using the same parameters as for plate images, except
slice thickness = 1 mm. Immediately following the precontrast
image acquisition, native GC-SPIO or control nanoparticles were
administered by retro-orbital injection (10 mg/kg Fe in 0.2 mL;
native GC-SPIO n= 4, glycidol GC-SPIO n= 4, dextran SPIO n= 3).
Postcontrast images were collected 24 h postinjection under
the same imaging parameters used for precontrast images.

MR Image Analysis. For each animal's pre- and postcontrast
image, three corresponding axial slices were selected for analysis.
To account for signal variations between images due to mouse or
RF coil positioning, the relative signal intensity (RSI) of the tumor in
each slice was calculated by dividing theMR signal of the operator
defined tumor region of interest (ROI) by that of the adjacent
paraspinal muscle. Nanoparticle-induced tumor contrast was then
determined as the RSI ratio for each animal, calculated as the
quotient of the postcontrast tumor RSI to the precontrast tumor
RSI. Following statistically significant ANOVA analysis for the three
nanoparticles' contrast, individual t tests were performed.

Quantitation of Tumor Delivery and Blood Concentration by ICP-
MS. Prior to nanoparticle injection, an aliquot of nanoparticles
from each group of mice was saved for inductively coupled
plasma mass spectrometry (ICP-MS) determination of lantha-
nide concentration (Gd for native and glycidol GC-SPIO and Sm
for dextran SPIO). Following nanoparticle injection, 10 μL blood
samples were collected from each animal, using the tail-nick
method, at times of 1, 2, 4, 7, and 24 h postinjection. Following
postcontrast MR imaging, the animals were sacrificed and the
tumors, livers, and kidneys excised.

For ICP-MS analysis, analytical standards were purchased
from SCP (Champlain, NY, USA) and tracemetal grade nitric acid
was purchased from Fisher Scientific (Pittsburgh, PA, USA). All
dilutions were done using in-house deionized water (g18
MΩ 3 cm) obtained from a Millipore water purification system.

The preinjection solutions, blood, and tumor samples
were analyzed for 158Gd (gadolinium) or 147Sm (samarium)
using an Elan 6100 ICP-MS (Perkin-Elmer, Shelton, CT, USA) at
the New Bolton Center Toxicology Laboratory, University of
Pennsylvania, School of Veterinary Medicine, Kennett Square,
PA, USA. The samples were weighed into Teflon PFA vials
(Savillex, Minnetonka, MN, USA) and digested overnight with
70% nitric acid at 70 �C. Then, 0.1 mL of 2 ppm 159Tb (terbium)
was added to each of the digested samples, and the mixtures
were diluted with deionized water to a final volume of 10 mL.
The lanthanide concentration of each sample was measured
using a calibration curve of aqueous standards at 0.01, 0.1, 1.0,
and 10 ppb for each lanthanide.

The performance of the instrument and accuracy of the
results were monitored by analyzing a reagent blank and
bovine serum control serum (Sigma) prior to analysis of the
samples. Also, standard reference material (Peach Leaves 1547)
obtained from National Institute of Standards and Technology
(NIST, Gaithersburg, MD, USA) with known values of iron and
rare earth elements was analyzed with each batch of samples.

The percent injected dose per gram of tissue was calculated
as [Ln]sample/([Ln]inj � Minj), where [Ln]sample is the lanthanide
concentration in the sample (blood or tumor tissue), [Ln]inj is the
lanthanide concentration in the injected nanoparticle solution,
andMinj is the mass of nanoparticle solution injected (0.2 g). For
tumor, kidney, and liver accumulation, ANOVA analysis was
performed for the three nanoparticle formulations. Where
differences were detected (tumor and kidney), individual t tests
were performed.
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