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We describe the controlled synthesis of dextran-coated superparamagnetic iron oxide nanoparticles

(SPIONs) using a stable passively-driven capillary-based droplet reactor. High quality highly

crystalline particles were obtained with a narrow size distribution of mean diameter 3.6 nm and

standard deviation 0.8 nm. The particles were evaluated for use in MRI, and found to exhibit a large

saturation magnetisation of 58 emu/g and a high T2 relaxivity of 66 mM�1s�1 at 4.7 T, signifying good

MRI contrast enhancement properties.
Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are of

significant interest due to wide-ranging applications in areas such

as drug delivery,1 hyperthermic treatment,2 magnetic resonance

imaging (MRI)3 and selective separation of biological fluids.4For

all these applications there is a recognised need for improved

synthetic methods that are capable of yielding high quality

SPIONs of uniform size, geometry and stoichiometry.

In 2002 Edel et al.5 proposed the use of microfluidic reactors

for nanoparticle synthesis due to the high levels of control they

provide over key reaction parameters such as temperature,

reagent concentrations and reaction time. Since that report

a diversity of metal,6 metal oxide,7 compound semiconductor8

and organic nanomaterials9 have been successfully synthesised in

microfluidic systems, and in virtually all cases clear advantages

were demonstrated over traditional bulk methods in terms of

improved reaction yields, size distributions, and shape control.10

Most reports of nanoparticle synthesis in microreactors have

involved a continuous flow (single-phase) mode of operation, in

which continuous (laminar) streams of miscible fluids are man-

oeuvred through microscale channels where nucleation and

growth take place. Continuous flow reactors, however, are

poorly suited to the synthesis of rapidly formed nanoparticles

such as metal oxides due to their high susceptibility to fouling.7a, 7c

An alternative approach is to use droplet-based reactors in
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which an immiscible liquid is injected alongside the reaction

mixture, causing the latter to spontaneously divide into

a series of near identical droplets.11,12 The immiscible phase is

selected so as to preferentially wet the channel surface and

hence keep the reacting species away from the walls, drasti-

cally reducing the risk of fouling (note, droplet flow also

ensures the reagent mixture is carried through the channel at

a constant linear velocity, and so beneficially eliminates

velocity dispersion which can be a significant cause of poly-

dispersity in laminar flow reactors).13

To date there have been very few reports of iron oxide

synthesis in microfluidic reactors,7a,c,14 of which only one by

Frenz and co-workers has utilised droplet flow. Using a poly-

(dimethylsiloxane) microchip with surface-modified channels

and micro-fabricated electrodes, they synthesised uncoated

SPIONs by merging separate droplets of Fe(II)Cl2/Fe(III)Cl3 and

NH4OH under the influence of a 200 V applied AC voltage.

Although this methodology was shown to provide highly

synchronised droplet fusion with a low rate of pairing errors

and minimal fouling of the reactor, very few details were

provided about the quality of the resultant particles. In this

manuscript we report a simpler passive methodology for

preparing dextran-coated SPIONs in droplets, and evaluate the

suitability of the particles for use as MRI contrast agents.

Compared to the method of Frenz et al., the capillary-based

approach we employ obviates the need for lithographic fabri-

cation steps, requires no surface modification of the channel

walls, and eliminates the need for high voltage power sources,

yet still provides good product quality and high materials

throughput. Importantly, the method we report overcomes

many of the usual limitations associated with the co-precipita-

tion method,15 allowing for the straightforward aqueous

production of low polydispersity SPIONs with high saturation

magnetisations and good MRI contrast enhancement

properties.
This journal is ª The Royal Society of Chemistry 2012
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Results and discussion

Fig. 1 illustrates the operation of the droplet reactor (see ref. 12

and Experimental for further details). Droplets are formed close

to the end of a length of silicone tubing (1 mm i.d.) at the contact

point between two auxiliary capillaries. The capillaries pierce the

tubing from opposing sides and meet at an angle of 90� at the

capillary centre, with the silicone forming a tight leak-proof seal

around them. Two separate syringe pumps (PHD 2000, Harvard

Instruments) feed the auxiliary capillaries with aqueous reagents,

and a third syringe pumpmaintains a constant flow of immiscible

octadecene carrier fluid through the main capillary. A bead of the

merged reagent streams forms at the confluence of the auxiliary

capillaries and – under the combined influence of radial forces

due to surface tension and axial forces due to viscous drag from

the carrier fluid – adopts an ovoid geometry. As the bead grows,

it thins at the meeting point and eventually buds-off as a discrete

droplet that is carried downstream into a polytetrafluoroethylene

(PTFE) capillary (0.82 mm i.d.). The reagents mix inside the

droplet as they are motivated along the PTFE capillary by the

carrier fluid. (A video recording of the device in operation is

provided in the ESI).

For the syntheses reported here, a precursor solution

comprising 0.02MFeCl2$4H2O (99%, SigmaAldrichUK), 0.04M

FeCl3$6H2O (97%, Sigma Aldrich UK) and 0.05 M dextran

(MW 10 000, Sigma Aldrich UK) all dissolved in 0.4 M

hydrochloric acid (Sigma Aldrich, UK) was injected into one

auxiliary capillary at 133 ml min�1; and aqueous NH4OH (28%

NH3 in H2O, Sigma Aldrich) was injected into the other

capillary at 67 ml min�1. The flow-rate of the carrier fluid was

fixed at 600 ml min�1. The rapid increase in pH (from 4 to 11)

experienced by the FeCl3/FeCl2 precursor solution on addition

of the NH4OH induces alkaline co-precipitation of particulate

iron oxide,16 with the dextran co-ordinating to the surface of

the particles and stabilising them in the nm size regime. The

use of dextran as a surfactant also ensures a high level of

biocompatibility,17 enabling the as-produced particles to be

used directly for biological applications without further

surface functionalisation.

Brown particles of iron oxide were observed to form inside the

droplets immediately after the confluence of the reagent streams
Fig. 1 Schematic of the capillary-based droplet reactor showing the

injection of separate precursor streams of Fe2+/Fe3+/dextran and NH4OH

into a continuous stream of octadecene carrier fluid; iron oxide nano-

particles are formed inside the droplets.

This journal is ª The Royal Society of Chemistry 2012
(see ESI). From here, the droplets were carried downstream at

1.7 cm s�1 into a 4 m section of capillary, immersed in a 60 �C oil

bath to aid particle growth and crystallisation.18,19 Importantly

the growing particles remained fully compartmentalised within

the droplets as they passed along the length of capillary and

showed no tendency to coat the channel walls. In contrast, when

the carrier flow was stopped and the reaction was allowed to

proceed in a continuous flow (single-phase) mode of operation,

a dark brown deposit formed on the inner surface of the main

channel within minutes. (Note, a photographic comparison of

the two modes of operation is provided in ESI† figure S1). For

the droplet-based experiments, the effluent was collected at the

capillary outlet over a period of three hours, after which the

organic carrier phase was removed and the remaining aqueous

solution containing the iron oxide nanoparticles was purified (see

Experimental). For comparison, non-coated particles were also

synthesised in droplet-flow by omitting the dextran from the iron

precursor solution.

Fig. 2a shows a typical Transmission Electron Micrograph

(TEM) of the droplet-synthesised particles. The purified particles

were isotropic in shape, having a narrow log-normal size distri-

bution of mean diameter d¼ 3.6 nm and standard deviation sd¼
0.8 nm (see Fig. 2b). Energy Dispersive X-Ray (EDX) spec-

troscopy confirmed the presence of iron oxide (data not shown),

and Selected Area Electron Diffraction (SAED) measurements

(Fig. 2c) showed the particles to be crystalline. The discrete

diffraction lines obtained from the SAED were in close corre-

spondence with the inter-planar distances of the spinel phases of

iron oxide, Fe3O4 and g-Fe2O3,
20 both of which exhibit super-

paramagnetism at the nanoscale and have similar magnetic

properties.15 No other diffraction lines were observed,
Fig. 2 (a) Transmission electron micrograph of the droplet-synthesised

dextran-coated iron oxide nanoparticles. (b) Histogram of particle size

obtained from the TEM image; dotted line denotes a log-normal fit. (c)

Selected Area Electron Diffraction pattern, with the relevant spinel

crystalline planes indicated.

J. Mater. Chem., 2012, 22, 4704–4708 | 4705
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Fig. 3 Solid-state FT-IR spectra of (a) droplet-synthesised uncoated

iron oxide; (b) dextran; and (c) droplet-synthesised dextran-coated iron

oxide. (d) Photographs of bare and dextran-coated nanoparticle solu-

tions after storage for three weeks.

Fig. 4 (a) Room temperature hysteresis traces of superparamagnetic

iron oxide nanoparticles obtained by vibrating sample magnetometry. (b)

Signal intensity versus echo time for particles synthesised in the droplet

reactor. (c) Relaxation rate versus Fe concentration for particles syn-

thesised in the droplet reactor (relaxivity of 66 mM�1s�1).
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confirming the principal crystalline product to be spinel phase

iron oxide with minimal contamination from other crystalline

side products.

Fig. 3 shows solid-state Fourier Transform Infrared (FTIR)

spectra for (a) dextran-free iron oxide nanoparticles, (b) dextran

and (c) dextran-coated iron oxide nanoparticles. The dextran-

free nanoparticles exhibited a relatively simple IR spectrum, with

absorption peaks at 3300 and 1600 cm�1 due to the OH-

stretching and HOH-bending modes of residual water on the

particle surface. (Note, the response seen at the low-frequency

edge of the spectrum is due to a broad grouping of Fe–O

vibrations located between 400 and 600 cm�1).21 The dextran-

only sample exhibited a fairly complex spectrum: in addition to

water-related signals at 3300 and 1600 cm�1, a C–H stretching

mode was evident at 2900 cm�1 plus a cluster of additional

features in the ‘‘fingerprint’’ region below 1500 cm�1, including

a strong C–O response at 1000 cm�1. The FTIR spectrum of the

dextran-coated iron oxide nanoparticles also exhibited the

dextran signature, but with a slight broadening and shift of

the C–O stretch (and of nearby features in the fingerprint region),

consistent with co-ordination of the dextran to the particle

surface.21ax The effectiveness of the dextran coating in stabilising

the nanoparticles is clear from Fig. 3d which shows coated and

non-coated particles after storage for three weeks: the uncoated

particles aggregated and settled to the bottom of the vial whereas

the dextran-coated samples remained fully dispersed as a clear

red-brown solution.

The as-produced iron oxide nanoparticles are attractive

candidates for in vivo imaging applications due to their small size,

narrow size distributions, and biocompatible dextran surface-

coating. To assess their potential as MRI T2 contrast enhance-

ment agents, the magnetic properties of the particles were first

characterised using vibrating sample magnetometry (VSM). The

particles yielded a magnetisation curve with zero remanence and

coercivity (see Fig. 4a), indicating the sample to be super-

paramagnetic with minimal contamination from non-super-

paramagnetic species such as a-Fe2O3 (hematite). The saturation
x Note, in the case of larger particles of diameter greater than about
15 nm (synthesized in the capillary reactor under different reaction
conditions), Transmission Electron Micrographs clearly show the
presence of a �3 nm shell surrounding each iron-oxide core, see ESI.
For smaller particles, however, the shell cannot be distinguished from
the core due to insufficient image contrast.

4706 | J. Mater. Chem., 2012, 22, 4704–4708
magnetisation was 58 emu/g, which compares favourably to

typical values of 30–50 emu/g reported elsewhere in the literature

for SPIONs obtained by co-precipitation.22

For the MRI measurements, solutions of the droplet-syn-

thesised SPIONs were prepared at varying concentrations from

0 (reference) to 2.0 mM Fe, and measurements were made in the

T2 (spin–spin) relaxation mode using a 4.7 T MRI spectrometer

(see Experimental). Fig. 4b shows the normalised MRI signal

S versus time t for the various SPION concentrations, with the

markers corresponding to experimental data and the solid lines

denoting numerical fits to exponential decay curves of the form

S ¼ exp(�t/T2). Plotting the relaxation rate constant (R2 ¼ 1/T2)

against Fe concentration (Fig. 4c) yielded a straight line21 of

slope 66 � 1 mM�1s�1, corresponding to the r2 relaxivity of the

as-produced particles. This value compares favourably with r2
relaxivities of 62 mM�1s�1 and 110 mM�1s�1 reported for cross-

linked iron oxide (CLIO) nanoparticles and Feridex�; at 4.5 T,23

and confirms the viability of the droplet-synthesised SPIONs as

MRI contrast agents.

Conclusions

In conclusion, we report the use of a stable passively driven

capillary-based droplet reactor for the aqueous preparation of

dextran-coated superparamagnetic iron oxide nanoparticles. The

reactor yielded small, stable, highly crystalline particles with

a narrow size distribution (sd/d ¼ 22%), a large saturation

magnetisation of 58 emu/g, and a high T2 relaxivity of

66 mM�1s�1. The scalable nature of the microfluidic synthesis

route combined with the narrow size distribution and high T2

relaxivities of the resultant particles offers a promising route to

the controlled synthesis of superparamagnetic iron-oxide nano-

particles that overcomes many of the limitations of conventional

(batch) co-precipitation methods.

Experimental

Device fabrication

Two incisions were made on opposite sides of a 10 cm length of

silicone tubing (VWR, ID 1 mm, OD 3 mm), approximately 2 cm

from the end. Into the incisions were inserted two glass capillaries

of length�5 cm (Polymicro, ID 150 mm, OD 375 mm), making an
This journal is ª The Royal Society of Chemistry 2012
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angle of 90� to each other. A 4.5 m length of PTFE tubing

(VWR, ID 0.82 mm) was inserted into the end of the silicone

tubing and forced inwards until the PTFE tubing was within

1.5 mm of the capillary tips. 4 m of the central section of the

PTFE tubing was coiled to permit insertion into an oil bath.

Sample preparation and purification

Precursor solutions of dextran, ferrous chloride tetrahydrate

(Sigma Aldrich, UK), ferric chloride hexahydrate (Sigma

Aldrich, UK), and ammonium hydroxide (Sigma Aldrich, UK)

were loaded into separate 10 ml syringes (BD, Plastipak, UK).

The syringes were connected to fluorinated ethylene propylene

(FEP) tubing (Upchurch Scientific, 356 mm i.d., 1.57 mm o.d.)

using polyether ether ketone Luer-lock interconnects (Upchurch

Scientific). The FEP tubing was then connected directly to the

glass auxiliary capillaries of the droplet reactor. Octadecene

(ODE) carrier fluid was loaded into a 50 ml syringe fitted with

a Luer-lock dispensing tip (Intertronics, 1.5 mm o.d.) which was

inserted into the vacant end of the silicone tubing.

Following particle synthesis (described in the main text), the

nanoparticles were purified by separating the aqueous phase

from the organic carrier fluid using a pipette and then centri-

fuging at 4500 rpm for 15 min to yield a brown solid of iron oxide

and supernatant containing unused reactants. The supernatant

was removed, and the solid re-dissolved in de-ionised water. The

centrifugation/redissolution procedure was repeated several

times.

Transmission electron microscopy

The HRTEM images and SAED pattern were obtained with

a JEOL 2010 Electron Microscope (JEOL, Tokyo, Japan)

operating at 200 KeV. A drop of the prepared sample was placed

on a carbon covered copper grid (Agar Scientific, UK) and left to

dry for one hour and then imaged under the electron microscope.

Vibrating sample magnetometry

After drying a concentrated solution of the iron oxide nano-

particles under vacuum overnight, a 2.7 � 0.2 mg sample was

taken, placed on a 2 mm � 2 mm filter paper, and mounted on

the VSM sample holder. Magnetization of the nanoparticles was

measured as a function of applied field in four quadrant MH

loops using an Oxford Instruments VSM equipped with a 5T

transverse split-coil magnet.

Magnetic resonance imaging

MRI was performed using a 4.7 TMagnex magnet (Oxford, UK)

and a Varian Unity Inova console (Palo Alto, CA, USA). All

samples were diluted in HEPES buffer (0.01M, pH 7.0) to obtain

eight samples with varying iron concentrations in the range 0–

0.169 mg mL�1. Iron concentrations were determined using

Inductively Coupled Plasma-Atomic Emission Spectroscopy

(ICP-AES) (Vista-Pro Axial, Varian). Samples were then added

to Eppendorf tubes (200 mL) and placed in a quadrature 1H coil.

All measurements were made at room temperature. T2 values

were obtained using a saturation recovery experiment24 per-

formed with a standard spin-echo sequence and a single slice
This journal is ª The Royal Society of Chemistry 2012
acquisition (TR¼ 3000 ms, TE values¼ 4.5, 9.0, 13.5, 18.0, 22.5,

27.0, 31.5, 36.0, 40.5, 45.0, 49.5, 54.0, 58.5, 63.0, 67.5 and 72 ms,

slice thickness: 9 mm, number of signal averages: 10, FOV: 100�
50 mm2).
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