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Abstract
Monodisperse, water-soluble dextran-coated iron oxide (Fe3O4) nanorods were synthesized using a
facile and scalable approach. Our room temperature method involves the mixing of an acidic solution
of iron salts with a basic solution of ammonium hydroxide to facilitate initial formation of iron oxide
crystals. The stability, crystalinity and shape of these nanorods depends on the time of addition of
the dextran, as well as the degree of purity of the polymer. The as-synthesized nanorods exhibit
unique magnetic properties, including superparamagnetic behavior and high spin-spin water
relaxivity (R2). Additionally, they possess enhanced peroxidase activity when compared to those
reported in the literature for spherical iron oxide nanoparticles. Thus, this high yield synthetic method
for polymer-coated iron oxide nanorods will expedite their use in applications from magnetic sensors,
devices and nanocomposites with magnetic and catalytic properties.

Introduction
Iron oxide-based magnetic nanoparticles have been widely used in a variety of biomedical
applications such as magnetic separation,1 magnetic resonance imaging,2 hyperthermia,3,4
magnetically-guided drug delivery,5,6 tissue repair,3 and molecular diagnostics.7–9 For most
applications, a polymeric coating is needed to improve the nanoparticles’ aqueous stability,
biocompatibility and conjugation properties. For instance, dextran-coated iron oxide
nanoparticles have been successfully used as magnetic resonance imaging (MRI) contrast
agents, due to their strong ability to dephase water protons in surrounding tissue, which results
in a decrease in the MRI signal.10 In addition, the dextran coating can be crosslinked and
functionalized with amino groups to facilitate the conjugation of targeting ligands for MRI and
in vitro diagnostics applications.11 Current synthetic procedures for dextran-coated iron oxide
nanoparticles involve the formation of the iron oxide core in the presence of dextran, as
stabilizer and capping agent.12 Under these “in-situ” conditions, the nature, quality and amount
of the polymer modulate the nucleation, growth and size of the newly formed iron oxide
nanocrystal. A common characteristic of most reported “in-situ” dextran-coated iron oxide
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nanoparticles synthetic procedures is the formation of nanoparticles with a spherical iron oxide
core.

Research efforts have been geared towards the production of small, uniform and highly
dispersed spherical nanocrystals. Only recently, the importance of the nanoparticles’ shape has
been recognized, in particular one dimensional (1-D) structures such as nanorods and
nanotubes, because they exhibit unique properties that are different from their corresponding
zero dimensional counterparts (0-D or spherical nanocrystals). Particularly in the case of iron
oxide, 1-D nanorods have been found to exhibit interesting magnetic properties due to their
shape anisotropy, such as higher blocking temperatures and larger magnetization coercivity,
compared to their 0-D counterparts.13–16 However, their wide application in biomedical
research has been hampered by difficult procedures, use of toxic reagents17 and poor yields.
For instance, current methods for iron oxide nanorods involve hydrothermal,18,19 sol-gel20

and high temperature procedures21,17 among others. Therefore, water-based synthetic
procedures for iron oxide nanorods that are simple, economical, low temperature and high yield
are in high demand. In particular, synthetic methods that yield water soluble and stable
polymer-coated nanorods would be ideal for studies geared towards the development of
magnetic biosensors and magnetic devices.

Here we report a facile, high-yield, room-temperature, and water-based synthetic protocol that
yields disperse dextran-coated iron oxide nanorods (DIONrods). Our synthetic procedure
differs from those previously reported methods for dextran-coated iron oxide nanoparticles in
that, the dextran is not present during the initial nucleation process. Instead, the dextran is
added at a later stage. This “stepwise” process, as opposed to the “in-situ” process, allows the
formation of stable, disperse and highly crystalline iron oxide nanorods that exhibit
supermagnetic behavior and improved high water relaxivity. First, we used these nanorods as
magnetic nanosensors for the sensitive and fast detection of a particular bacterium in milk,
achieving a detection limit of 6 cfu (colony forming units) in just 5 minutes. Next, the
peroxidase activity of the as-synthesized rods was also evaluated, demonstrating that our
DIONrods possess enhanced peroxidase activity as compared to their spherical counterparts.
Finally, studies using dextrans with various degrees of purity revealed that rod formation is
favored when a highly pure polymer is used.

Materials and Methods
Materials

Iron salts, FeCl2. 4H2O and FeCl3. 6H2O were purchased from Sigma. Dextran (10 kDa) was
received from Amersham Biosciences and Sigma. Sulfo-N-hydroxysuccinimide-LC-Biotin,
Disuccinimidyl suberate (DSS) and N-Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP)
were purchased from Pierce. The peroxidase-sensitive dye 3,3′,5,5′-Tetramethylbenzidine
(TMB), Protein G and Concanavalin A were received from Sigma. The anti-MAP antibody
and MAP bacteria were kindly supplied by Dr Saleh Naser from the Microbiology and
Molecular Biology Department, University of Central Florida.

Synthesis of Iron Oxide Nanoparticles
An acidic solution of iron salts containing 0.203 g FeCl2. 4H2O and 0.488 g FeCl3. 6H2O in
HCl solution (88.7 μl 12 N HCl in 2 ml water) was mixed with ammonium hydroxide solution
(830 μl NH4OH in 15 ml DI water) under stirring condition using a digital vortex meter. The
reaction mixture turned black instantaneously and after few seconds (θ) of stirring, a solution
of dextran (5 g in 10 ml DI water) was added to yield dextran-coated iron oxide nanoparticles.
The resultant solution was continued to stir for 1 hr and then centrifuged at 13,000 rpm for 30
minutes to get rid off large particles. The supernatant was collected, washed several times with
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distilled water and concentrated through an Amicon 8200 cell (Millipore ultrafiltration
membrane YM – 30 k). This results in dextran-coated iron oxide nanorod (DIONrods). To
prepare aminated nanoparticles, 3 mg (i.e. 3 ml solution containing ~ 1 mg iron/ml) DIONrod
suspension in water was treated with 5 ml 0.5 M NaOH and 200 μl epicholohydrin. The mixture
was stirred vigorously at room temperature for 8 hrs. Afterwards, 850 μl 30 % ammonia was
added and stirred 12 hrs to complete the amination procedure. The free epichlorohydrin was
removed by washing the solution repeatedly with distilled water using Amicon cell. The
resulting aminated-DIONrods are highly stable in water and phosphate buffer saline for months
together.

Characterization
The particles were characterized using HRTEM (FEI TECNAI F30), XPS (Physical
Electronics 5400 ESCA) and XRD (Rigaku D/MAX XRD) techniques. T2 was measured using
a Bruker Minispec mq20 NMR analyzer operating at 0.47 T at 37 °C. A Quantum Design
SQUID Magnetic Property Measurement System (MPMS XL) was used to perform all the
magnetic measurements on the Fe3O4 nanoparticles. Zero field cooled (ZFC) and field cooled
(FC) measurements of dc magnetic susceptibility were done using 200G field, by varying the
temperature from 1.8K to 250K. In the ZFC process, the sample was first cooled down under
zero external magnetic field, followed by the application of H=200G, whereas in the FC
process, the sample was cooled down in the presence of magnetic field H=200G, before
sweeping the temperature. Hysteresis loops were measured at temperatures 5K, 100K and 200K
with the magnetic field varying from −2T to 2T. Zero field ac magnetic susceptibility as a
function of temperature was measured at frequencies ranging from 0.01Hz to 1 kHz, using a
drive field of 5G. The amount of iron present per ml of solution was determined using acid
digestion method. The quantification of amines present on the surface of the aminated DION-
rods was done as described11.

Synthesis of MAP nanosensors and detection of MAP bacteria in milk
The aminated DIONrods were centrifuged at 13,000 rpm and the pellet was redispersed in
DMSO. The nanorods suspension in DMSO (650 μl, 0.1 mg Fe/mL ) was then incubated with
6.89 mg of disuccinimidyl suberate (DSS) for 12 hrs at room temperature. The reaction mixture
was then centrifuged and the pellet was washed and redispersed in PBS. Finally, the modified
nanorods were incubated with Protein G (1 mg/ml) and kept for 12 hrs at 4°C. The excess
Protein G was removed by magnetic separation using a MACS magnetic column and the
amount of Protein G was assessed by protein assay as described.9,22

The resulting Protein G-conjugated nanorods (Protein G DIONrods) were treated with anti-
MAP-antibody (10 μl) and incubated overnight, in order to facilitate a stable Protein G-anti-
MAP-antibody association. The average number of antibodies conjugated per nanoparticle was
assessed as previously described.9,11,22 The resulting anti-MAP DIONrods (200 μl) were
used as magnetic nanosensors to detect MAP bacteria in milk (20 μl) and the changes in T2
were monitored using a 0.47T magnetic relaxometer ( MiniSpec, Bruker) to detect the bacteria
present in the sample.

Kinetic assay of DIONrods peroxidase activity
The peroxidase activity of the iron oxide nanoparticles was evaluated via steady-state kinetic
assays at room temperature. Specifically, serial dilutions of TMB were prepared in citrate
buffer (pH 4), and 100 μl aliquots were dispensed in a 96-well plate. Subsequently, aliquots
of either the corresponding DIONrod preparations, having equal iron concentrations (2 μg per
ml), were added to the wells. After addition of 25 μl H2O2 (30%), each well’s absorbance was
recorded at 652 nm, using a Synergy HT microtiter plate reader (Biotek). The kinetic
parameters were determined via the Michaelis-Menten equation: í = Vmax [S]/(Km + [S]), where
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í is the initial rate of reaction, Vmax is the maximum rate of reaction, [S] is the substrate’s
concentration, and Km is the Michaelis constant.

Results and Discussions
In our first set of experiments, we optimized the synthetic protocol, including the order of
addition (in-situ vs. step-wise), and the time of addition of the dextran polymer. Our water-
based synthetic protocol involves an acid-base reaction between an acidic solution of iron salts
and a basic solution of ammonium hydroxide. Upon mixing, the resulting solution becomes
alkaline (pH = 9.0), facilitating the formation of iron oxide nanocrystals. This initial formation
of nanocrystals can occur either in the presence (in situ) or absence (step-wise) of dextran.
Since most synthetic procedures that afford stable and monodisperse nanoparticles use an in-
situ approach, we opted to follow this approach first. In these experiments, a mixture of iron
salts (FeCl3. 6H2O and FeCl2. 4H2O) was dissolved in an aqueous solution of HCl, while a
dextran solution was prepared in aqueous ammonia solution and placed on a digital vortex
meter. Next, the acidic iron salt solution was poured into the ammonia solution of dextran under
vigorous stirring condition. Following this protocol, we obtained poorly crystalline, spherical
nanocrystals of 20 ± 5 nm in diameter and poor R2 relaxivity (< 1 mMs−1). This poor relaxivity
contrasts with the relaxivity obtained with other published in-situ procedures where relaxivity
values between 60–100 mMs−1 are obtained.

Then, we investigated if a step-wise approach will result in larger iron oxide nanocrystals and
an improvement in R2 relaxivity. In this approach, a dextran solution was added at a particular
time (θ) after initiating the iron oxide nanocystal’s nucleation process. In initial optimization
experiments, we measured T2 relaxivity (R2) and obtained TEM images of a series of dextran
coated iron oxide nanoparticles prepared after adding dextran at different (θ) times (1, 10, 30
and 60 sec). Following this approach, we obtained nanorods, where their size, and R2 relaxivity
can be fine-tuned by varying the time of dextran’s addition (θ) (Table 1). No significant
difference was observed in the cystallinity and magnetic properties (particularly R2) of the
nanorods synthesized at θ ≥ 30 sec. However, the yield of the iron oxide nanorods was greatly
reduced under these conditions (θ ≥ 30 sec), based on measurements of the iron concentrations
of the nanorods’ suspension11,23. The observed low yield at θ ≥ 30 sec could be due to the
fact that a higher number of larger (micron-size) crystals is formed when the stabilizing agent
(dextran) is added at a later time after initiation of the nucleation process. These micron-size
particles tend to precipitate easily and are removed from suspension during the purification
process. Since the most optimal preparation was obtained when dextran was added 30 seconds
after initiating the iron oxide nucleation, we then adopted these conditions in our nanorods
synthesis.

TEM studies (Figure 1a) of the DIONrods preparation (R2 = 300 mM−1s−1) reveal
monodisperse rod-shaped iron oxide crystals, with an average length of 310 ± 10 nm and width
of 135 ± 5 nm, for an aspect ratio of 2.3. Corresponding HRTEM (Figure 1b) analysis and
selected area electron diffraction (inset of Figure 1b) confirm the formation of highly
crystalline nanocrystals. X-ray diffraction pattern of DIONrods Figure 1c indicates eight
distinct peaks at 18.2, 30.1, 35.6, 37, 44.2, 53.6, 57, 62.5 degrees, accounting for crystal planes
111, 200, 311, 222, 400, 422, 511 and 440. This X-ray diffraction data correspond to the
formation of magnetite (Fe3O4) nanocrystals.24 Meanwhile, XPS was performed to determine
the oxidation state of the iron present. Two distinct peaks at 715 and 728 eV representing
Fe2p3/2 and Fe2p1/2 orbital electrons, as shown in Figure 1d, confirmed the formation of
magnetite in the solution.25

Using SQUID magnetometry, we studied the magnetic properties of the DIONrods.26 First,
hysteresis loops, measured at three different temperatures (Figure 2a), demonstrated a
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coercivitiy of 500 ± 10 G at 5K that disappeared at 100K and 200K, which is typical of
superparamagnetic behavior. Zero-field-cooled (ZFC) and Field-cooled (FC) – dc
susceptibility studies (Figure 2b) show that the ZFC magnetic moment increased as the
temperature increased, reaching a maximum at 28K (the blocking temperature, TB) and then
it decreased with further increase in temperature. In the FC process, above the blocking
temperature (TB), the data followed the ZFC curve, but it deviated from ZFC curve below
TB showing a slow increase in the moment with decreasing temperature. The maximum found
in the ZFC curve (at TB) is where a maximum number of particles exhibit superparamagnetic
behavior. Below TB, the relaxation times of the particles are longer than the experimental
measurement time; hence the particles acquire a blocked state. In the ac susceptibility, both
real and imaginary components χ′(T) and χ″ (T), at different frequencies ranging from 1Hz to
1kHz exhibited a frequency-dependent maximum (Figures 2c and d), which shifted to higher
temperatures with increasing frequency. This may be due to either spin glass or
superparamagnetic behavior. To clearly distinguish between these two behaviors, the Mydosh
parameter (Φ) was calculated from the real part of the ac susceptibility according to the
equation:27

Here TM is the temperature corresponding to the observed maximum at the lower frequency
end.27 We used the χ′(1Hz) and χ″ (1kHz) data to calculate Φ. The calculated value of Φ is
0.072, which is close to the average value of ~ 0.1 for superparamagnetic systems.27,28,29
Taken together, these results show that our DIONrods exhibit superparamagnetic behavior.

Furthermore, we performed experiments to assess the quality and stability of our nanorods in
aqueous suspensions. First, the presence of dextran on nanorods’ surface was confirmed by
performing clustering experiments with Concanavalin-A (ConA).30,31 Specifically, the
presence of dextran on the nanoparticles’ surface can be identified via ConA-induced
nanoparticle clustering, due to the strong affinity and multivalency of ConA towards
carbohydrates, such as dextran. DLS experiments (Figure 3a) show a time-dependent increase
in particle size distribution upon ConA addition, due to formation of nanoparticle assemblies.
Most importantly, a fast and reproducible change in T2 relaxation time was observed (Figure
3b), not only indicating the association of dextran with the nanoparticle, but also indicating the
feasibility of our DIONrods as magnetic relaxation sensors.

FT-IR experiments (Figure 3c) further confirmed the presence of characteristic dextran peaks
on the DIONrods preparations. Most importantly, the prepared DIONrods can be concentrated
in PBS by ultrafiltration, obtaining highly concentrated preparations without nanoparticle
precipitation even upon storage at 4 °C for over twelve months (SI Figure 1). Taken together,
these results demonstrate the robustness of the dextran coating on the nanorods, making them
suitable for biomedical applications.

These experiments encouraged us to study the use our DIONrods as magnetic sensors for
bacterial detection. The need for developing fast, sensitive and reliable detection methods for
bacteria in food, the environment, and clinical samples is crucial, in order to safeguard public
health. We hypothesized that nanoparticles with larger R2 relaxivity would allow us to use
lower amount of nanoparticles (lower amount of iron) and potentially improve the detection
limit. We tested our hypothesis using Mycobacterium avium spp. paratuberculosis (MAP) as
our model organism, because the identification of MAP using current methods is difficult due
to the bacterium very slow growth. Recently, we reported the detection of MAP in milk with
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magnetic nanoparticles within 45 minutes.22 Therefore, we examined if the iron oxide
nanorods described herein, having enhanced magnetic properties, can improve the assay’s
bacterial detection kinetics. For these experiments, we first crosslinked and aminated the
dextran of the iron oxide nanorods to yield aminated-DIONrods, before conjugation with anti-
MAP antibodies via Protein G as previously described.22 The resulting anti-MAP DIONrods
(2 μg Fe per ml) were stable in aqueous solutions and complex media (e.g. PBS, milk) and had
an average of 40 antibodies per nanoparticle. This high number of antibodies per particle is
due to the larger volume (and therefore surface area) available for binding, that facilitate a
larger number of protein G and antibody to be conjugated per particle. In our first set of sensing
experiments, we used the anti-MAP DIONrods to sense and quantify MAP bacteria in milk.
Figure 4a shows a fast response of the anti-MAP DIONrods in the presence of bacteria (100
cfu or colony forming units) in milk, indicated by prominent changes in T2 that plateau at
approximately 20 +/− 1 ms, 30 minutes post bacterial addition. In control experiments, using
protein G conjugated DIONrods and no anti-MAP antibodies as well as in saturation
experiments where the MAP bacteria was pre-incubated with the anti-MAP antibodies before
sensing, no significant time-dependent increase in T2 was observed. These results indicates
that the fast and sensitive detection of MAP is dependent on the anti-MAP antibody attached
to the nanorods.

These results encouraged us to perform dose-dependent experiments using lower bacterial
concentrations and a shorter incubation time. We hypothesized that detection could be obtained
within minutes after addition of the DIONrods, due to the nanorods’ high R2 and the high
number of antibodies per nanorods. For these experiments, bacterial solutions of MAP were
prepared through serial dilutions in milk from an initial stock of 100 cfu of MAP. Afterwards,
a solution containing the DIONrods (2 μg Fe per ml) was treated with 20 μl of the corresponding
bacterial dilution and incubated for only 5 minutes at room temperature before taking
measurements. The changes in the T2 relaxation times were monitored with respect to control
containing same amount of nanosensor and 20 μl milk. Results show a linear correlation
between ΔT2 and the amount of MAP bacteria in cfu within 5 minutes of incubation (Figure
4b). Notably, the detection limit (6 cfu) and detection kinetics (5 minutes) of the assay in milk
were improved when the nanorods were used as compared to previous reports with spherical
nanoparticles.22 Hence, the observed improvement in bacterial detection using the developed
anti-MAP DIONrods can be attributed to both their high magnetic water relaxivity and their
large number of antibodies per nanoparticle.

One of the most interesting properties of nanomaterials is the enhanced catalytic activities that
some of these materials exhibit. Recently, the peroxidase activity of iron oxide nanoparticles
has been reported.32, 33 Therefore, we decided to investigate if our DIONrods, being larger
and with a different core geometry (nanorods instead of nanospheres), still possess similar
peroxidase activity. In these experiments, we incubated DIONrods (2 μg Fe per ml) with the
peroxidase-sensitive dye 3,3′,5,5′-Tetramethylbenzidine (TMB, 0.4 mM), which develops a
blue color upon oxidation in the presence of hydrogen peroxide and a peroxidase. Results
showed that the DIONrods possess peroxidase activity as judged by their ability to oxidize the
TMB dye in the presence of hydrogen peroxide within 30 minutes (Figure 5a, vial 2). The
observed peroxidase activity of our DIONrods is pH-dependent as no oxidation of the dye is
observed at pH 7. These results are in line with those recently reported using nanospheres,
however it is worth mentioning that our nanoparticles are bigger, of different shape (nanorods
instead of nanospheres), and more magnetic than those previously used. Furthermore, we
determined the kinetic parameters of the DIONrods peroxidase activity, utilizing TMB as the
peroxidase substrate. Specifically, a Michaelis constant, (Km) of 0.5 mM and a maximal
reaction velocity (Vmax) of 11.6×10−8 M/s were obtained from the corresponding Lineweaver-
Burk plot (Figure 5b). Notably, the DIONrods’ Vmax is higher than the ones reported for
spherical iron oxide nanoparticles and horseradish peroxidase (20% and 33% respectively),
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while having TMB as the peroxidase substrate32. Furthermore, the DIONrods’ affinity towards
TMB is 300 times higher than that of iron oxide nanospheres that have a (Km) of ~ 150 mM.
32 Taken together, these data demonstrate the enhanced intrinsic peroxidase activity of our
DIONrods.

Finally, we investigated the reproducibility and the role of the dextran’s purity on the nanorods
formation. Previous work by Alivisatos and others have shown that the level of purity of the
stabilizer or capping agent plays a key role in the geometry of the resulting nanocrytals.34 For
the synthesis of our DIONrods, we have used a 10-K dextran polymer (Amersham) with a high
degree of purity. Therefore, we hypothesized whether dextrans of lower purity could affect the
formation of the nanorods. For these studies, we obtained dextrans of different degrees of purity
(Sigma, and Fisher) and used them to synthesize dextran-coated iron oxide nanoparticles. We
found that high purity dextrans reproducibly yield monodisperse rods, while dextrans of lower
purity (Sigma and Fisher) always yield polydisperse spherical nanoparticles using our
procedure (SI Figure 2). These results are significant as they point to the dextran level of purity
as a key factor in the formation of the DIONrods.

It has been reported that dextrans of different molecular weight adopt a particular coil
conformation in solutions with distinct dimensions and sizes. For instance, typically a 500-K
dextran has a diameter of 29.4 nm (Stokes radius = 14.7 nm), whereas a 10-K dextran is roughly
4.8 nm (Stokes radius = ~2.4 nm)35. Hence, through Dynamic Light Scattering (DLS), we
determined that the Amersham dextrans had an average diameter of 4.84 nm, with a narrow
size distribution (SI Figure 2a). However, the Sigma and Fisher dextrans had two distinct broad
population distributions. Specifically, 87% of the population had an average diameter of 4.8
nm, whereas the remaining 13% had significantly larger size (SI Figure 2b). Interestingly, this
small amount of larger molecular size fractions presumably is enough to affect the shape of
the iron oxide nanoparticles (SI Figure 2c,d). Additionally, the spherical iron oxide
nanoparticles obtained with the less pure dextrans displayed poor crystalinity, lower T2
relaxation and lower peroxidase activity. Specifically, the peroxidase activity of these spherical
nanoparticles is lower than that of the DIONrods (Km = 1.3 mM; Vmax = 9.8×10−8 M/s) (SI
Figure 3). The observed formation of iron oxide nanorods, when a high purity dextran polymer
with narrow size distribution and average size of 4.84 nm is used, can be explained by the
preferential binding of these polymers to particular surfaces in the initially formed iron oxide
crystals. This initiates preferential growth of the nanoparticles in one direction. As the number
of higher molecular weight and therefore larger size (> 100 nm) dextran impurities increases,
they start interfering with this preferential growth process, therefore resulting in a polydisperse
spherical iron oxide preparation.

Conclusion
In summary, we have demonstrated a facile, aqueous-based and room temperature synthesis
of polymer coated nanorod. The as-synthesized dextran-coated iron oxide nanorods
(DIONrods) exhibit superparamagnetic behavior as well as enhanced water spin-spin
relaxation and peroxidase activity. Furthermore, their polymer coating can be easily
functionalized with amine groups and conjugated with antibodies for targeting and sensing
applications. It is expected that this new type of polymer-coated iron oxide nanorod may find
use in many applications including magnetic sensing and diagnostics, hyperthermia and
imaging, catalytic oxidations, and the fabrication of devices and nanocomposites with dual
magnetic and catalytic activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) TEM, (b) HRTEM and SAED (inset), (c) XRD and (d) XPS analyses of DIONrods.

Nath et al. Page 10

Chem Mater. Author manuscript; available in PMC 2010 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(a) Hysteresis loops obtained at temperatures 5K, 100K and 200K, (b) Zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibilities in an external magnetic field H=200 G. (c) Real
and (d) imaginary components of ac susceptibility at different frequencies.
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Figure 3.
(a) Dynamic light scattering study of DIONrods with ConA. (b) Time dependent response in
T2 of DIONrods (200 μl, 0.002 mg Fe per ml) when treated with 10 μl ConA (1 mg in 1 ml
1X PBS). (c) FTIR spectra of free dextran and DIONrods.
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Figure 4.
(a) Time-dependent response of anti-MAP DIONrods (200 μl, 0.002 mg Fe per ml) incubated
with 100 cfus of MAP in milk after a 30-minutes incubation. (b) Dose-dependent responses
of MAP at different cfus after 5-minute incubation with anti-MAP DIONrods. MAP was diluted
in milk and added to the nanosensors’ solutions (200 μl, containing 0.002 mg Fe per ml) and
changes in T2 were monitored with respect to control containing milk.
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Figure 5.
(a) Peroxidase activity of DIONrods. TMB in citrate buffer (pH 4) was treated with H2O2 only
as a control(1), with H2O2 and DIONrods(2), and with DIONrods and no H2O2 (3). (b) Kinetics
of peroxidase activity of DIONrods prepared from high purity 10-K dextran (Amersham-GE).

Nath et al. Page 14

Chem Mater. Author manuscript; available in PMC 2010 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nath et al. Page 15

Table 1

Effect of the time of addition of dextran (θ) on the R2 relaxivity of the DION rods.

Time of addition of Dextran (θ) R2 (mM−1s−1)

Before adding ammonia < 1

1 sec 50 ± 2

10 sec 150 ± 7

30 sec 300 ± 5

60 sec 300 ± 9
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