Spray pyrolysis synthesis of particles possessing magnetic and fluorescent
properties. Application of magnetic/fluorescent particles in immunoassays.
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Abstract

Many types of fluorescent nanoparticles have been synthesized as alternatives to
organic dyes in biochemistry. Magnetic beads also have a long history of biological applications.
In this work we apply flame spray pyrolysis in order to engineer a novel type of particle that has
both fluorescent and magnetic properties. The particles have magnetic cores of iron oxide and a
fluorescent shell of europium — doped gadolinium oxide (Eu:Gd,O;). Measurements on a
Vibrating Sample Magnetometer showed an overall paramagnetic response behavior of the
composite particles. Fluorescence spectroscopy showed fluorescent spectra typical for the Eu ion
in a Gd,O3 host with a narrow emission peak centered near 615 nm. Our synthesis method
provides a low-cost, high-rate synthesis that allows a wide range of biological applications of
magnetic/fluorescent core/shell particles. We show an immunoassay using the fluorescent
properties of the particles.

Introduction

Gas processing of nanostructured materials offers significant advantages over liquid
phase chemistry. The process is scalable to high production rates; it can yield material of high
purity; a wide range of materials can be formed; and the process can be designed to be both
environmentally benign, with no toxic by-products, and energetically efficient. The important
characteristics of the product include the particle size distribution, composition and morphology.
Rosner et al. (2003; 2002) have recognized the importance of multiple variables in the design
and operation of gas phase synthesis processes and have developed an appropriate formalism for
treating this problem numerically. Crystal structure may ultimately be predictable with such
methods, and in some materials and applications, such as yttrium oxide (yttria), the crystal phase
may be an important process variable.

The doping of lanthanides into yttria provides additional functionalities for this
material. Lanthanide - doped nanoparticles have attracted a great deal of interest because of their
high fluorescent intensity, large Stokes shift and long fluorescence lifetime (Bhargava, 1996;
Tissue, 1998). They are used in the display industry (Wakefield et al., 2001) and show promise
in sensor applications (Feng et al., 2003). This type of application requires a method for the
production of nanopowders (ultra fine particles with diameters below 100 nm) with high
production rates (grams per hour range), at low cost, and with the ability to obtain materials with
different photoluminescent spectra.



Yttrium oxide (Y,03) is one of the best hosts for lanthanide ions (Hao et al., 2001; Yang
et al., 1999) because its ionic radius and crystal structure are very similar to many lanthanide
oxides. Doping with a variety of lanthanide ions (Eu for red, Tb for green, Dy for yellow, Tm for
blue) (Hao et al., 2001; Vetrone et al., 2004) can yield materials with different fluorescent
spectra. The doping concentration of lanthanide ions into Y,Os3 is of key importance in
determining the efficiency of fluorescence emission of these materials (Bazzi et al., 2003; Kang
et al., 1999).

We have employed a conventional flame spray pyrolysis technique to produce
europium-doped yttrium oxide (Eu:Y;,0;3) and Eu:Gd,Os nanoparticles with the ultimate purpose
to use them as luminescent labels in bioassays. Our immediate goal is to examine the impact of
nanoparticle size on crystal phase, and to demonstrate the feasibility of using spectroscopy as a
diagnostic for the synthesis of materials such as yttria and lanthanide-doped yttria. We have also
synthesized Fe,O3 nanoparticles that are paramagnetic. These particles are used as the core in a
Fu:Gd,05 luminescent shell.

Experimental

Nanoparticle Synthesis. A schematic diagram of the burner used in this study is shown
in Fig. 1. The burner consists of a nebulizer and a co-flow jacket. The nebulizer has an inner
nozzle made of 20 gage SS304 capillary tube (0.81 mm OD) and an outer jacket. The inner
nozzle extends through a hole in the outer jacket approximately 1 mm in diameter and ends flush
with the top of the outer jacket. A narrow annular gap is formed between the inner nozzle and the
outer jacket. An ethanol solution containing 2.5 mM Eu(NOs3); and 50 mM Y (NO3); was pumped
by a syringe pump (Cole-Parmer) at 40 mL/h into the inner nozzle of the nebulizer. Air, at 2
L/min, flowed through the annular gap surrounding the inner nozzle at high speed to atomize the
ethanol solution containing the precursor materials. The solution was atomized to form a spray
above the tip of the nebulizer. The co-flow jacket supplied H, at 2 L/min and co-flow air at 10
L/min, to form a hydrogen-air diffusion flame surrounding the outlet of the nebulizer. The flame
temperature in the H, flame was measured with a coated thermocouple to be about 2100 °C. The
H, diffusion flame served as a pilot for the spray flame that was formed by the combustible
ethanol droplets containing the europium and yttrium precursors. Reactions took place within the
flame to form Eu:Y,0; nanoparticles. A cold finger was used for collecting the Eu:Y,0;
particles thermophoretically above the flame. The production rate of this synthesis procedure
was about 400 — 500 mg/h.

Figure 2 shows the spray droplet size distribution, which was measured using a standard
laser diffraction system (Model 2600, Malvern Instruments, UK). The droplet sizes were
measured without ignition of the flame. Droplet diameters between 1 and 100 um were found.
This wide droplet size distribution leads to a correspondingly wide particle size distribution in
the nanoparticle powder that is formed.

Nanoparticle Separation

The as-synthesized particles were suspended in methanol in an ultrasonic bath for 30
min in order to break any weak agglomerates formed during the collection process. The primary
Eu:Y,0s5 particles had a relatively wide size distribution from 5 to 300 nm as determined by
TEM. Two portions with narrower size distributions were extracted using size selective
centrifugation with a Sorvall® RC5B Plus Centrifuge (Kendro Laboratory Products). First, the
nanoparticles-methanol suspension was centrifuged at 1000g for 16 min. In this step, all the



nanoparticles with diameters bigger than about 50 nm were settled. The supernatant containing
nanoparticles with diameters smaller than 50 nm was collected and the methanol was evaporated.

Nanoparticle Characterization

The size distributions of the two separated nanoparticle suspensions are shown in Fig. 3.
They were determined using a Philips CM-12 Transmission Electron Microscope (TEM). More
than 100 individual particle sizes were measured for each sample. The smaller particle portion
contained particles with diameters from 5 nm to 60 nm. The larger particle portion contained
particles with diameters from about 50 nm to 200 nm. There was a small size overlap between
the two samples at about 50 nm as one can see from Fig. 3. This is expected with the centrifugal
separation method.

Representative TEM images for the two fractions are shown in Fig. 4. The collected
particles were non-aggregated, a requirement for sensor applications. Both small and big
particles exhibited a fully dense morphology. Many of the smaller particles (Fig. 4A) appeared to
be faceted. On the other hand, the larger particles (Fig. 4B) had an overall spherical shape but in
some cases, as seen in this example, smaller inclusions of the type seen in Fig. 4A were apparent
in the center of the larger sphere. Close examination of images such as Fig. 4B suggested that the
larger particles were polycrystalline with multiple domains apparent in the material surrounding
the core.

Optical characterization of the Eu:Y,O3; nanoparticles was carried out by using laser —
induced fluorescence. Colloidal suspensions of 1 mg ml™ in methanol were prepared from each
of the two sized fractions. The nanoparticles were excited non-selectively with a pulsed laser
beam of approximately 100 uJ at 260 nm wavelength, using an Opolette™ tunable pulsed optical
parametric oscillator (OPO) laser (Opotek, CA); we found that it was not possible to obtain
useful spectra with site-selective excitation of the particles in the visible region of the spectrum
due to the small concentration of particles and the relatively small absorption cross-sections at
the visible wavelengths that correspond to crystal sites. The fluorescence spectra were recorded
using a Spectra Pro 300i gated intensified spectrometer (Princeton Instruments Inc).

Application to bioassays
Coating of Eu:Gd,0; nanoparticles with avidin.

Eu:Gd,05 nanoparticles (1 mg) were suspended using an ultrasonic bath in 1 ml of 25
mM carbonate-bicarbonate buffer, pH 8.6, in a polypropylene tube, previously coated with 0.5%
BSA to avoid loss of avidin to the tube walls. A solution of 2 mg ml™" avidin (100 pl) was added
to the particle suspension and incubated in a rotating mill overnight at room temperature. The
suspension was then centrifuged at 15000xg for 3 minutes. The supernatant was discarded and
the nanoparticle pellet was resuspended in the same buffer to wash off the excess protein. This
washing procedure was repeated 3 times. In order to ensure that no bare particle surface
remained, the avidin - Eu:Gd,O3 nanoparticles were incubated in 1 ml of 0.5 mg ml' BSA
solution in 25 mM phosphate buffer for 1 h at room temperature in the rotating mill. After three
consecutive washings by centrifugation and resuspension, the avidin - Eu:Gd,O; nanoparticles
were used for the micropattern detection assays.

The surface saturation capacity of the nanoparticles with respect to avidin was evaluated
following the same coating procedure, using avidin-rhodamine complex instead of avidin. After
efficient washing of the excess avidin-rhodamine from the coating solution, the nanoparticle



pellet was resuspended in 100 pl of carbonate-bicarbonate buffer. The fluorescence of rhodamine
(excitation 520 nm, emission 550 nm) adsorbed on the particle surface was measured on the
microplate reader and was used as an indication for the amount of adsorbed avidin molecules.

An identical coating with neutravidin rather than with avidin produced a smaller amount
of protein adsorbed to the nanoparticle’s surface. This result strongly suggests that the higher
positive charge of hen egg avidin (PI = 10.0), compared to that of neutravidin (PI = 6.3),
contributes to the stronger adsorption to the negatively charged particle surface. This observation
is consistent with other studies on protein adsorption onto quantum dots based on electrostatic
interactions.

Microcontact printing of biotinylated BSA: Substrate, stamp and sample preparation.

A silicon (100) wafer was used as a solid substrate for microcontact printing of proteins
and the consecutive specific interactions. Prior to use, the silicon wafer was thoroughly washed
in ultrasound bath in acetone, ethanol and deionized water for 10 min each. Finally, it was dried
under a nitrogen stream. The PDMS stamp was washed by sonication in ethanol (3x10 min),
dried under nitrogen and exposed to the solution of the inking protein (50 ug ml”' BSA-b in PBS)
for 40 min. Excess solution was removed and the stamp was dried under a stream of nitrogen
gas. After inking, the stamp was brought into contact with the silicon wafer substrate; a very
small amount of force was applied to make a good contact between both surfaces. The stamp was
removed after 2 min, and the wafer was rinsed with PBS and deionized water and dried under
nitrogen. The stamp could be used about 50 times without degradation of the printing capability
when rinsed with water, water:ethanol mixture (80:20) and cleaned by sonication in ethanol
(3x10 min) after each inking and printing cycle.

After micro contact printing of the BSA-b, the uncovered areas on the silicon substrate
were blocked by immersing the wafer into a 2 mg ml” BSA solution in PBS for 1 h in order to
avoid further non-specific binding and/or sticking. After washing and drying, the wafer was
incubated with a suspension of the avidin coated Eu:Gd,O; nanoparticles in carbonate-
bicarbonate buffer) for 1 h in a shaker to allow for specific interaction between the avidin and
biotin. After the interaction took place, the substrate was rinsed with buffer and water, and dried
under nitrogen before fluorescence and AFM studies.

Luminescence microscopy imaging.

Luminescence images were acquired with a fluorescence microscope equipped with a
computer - controlled CCD camera. A 100 W Hg lamp was used to excite the luminescence of
the Eu:Gd,Os nanoparticles. A dichroic cube with a threshold wavelength of 400 nm was used to
separate the UV excitation (A < 400 nm) from the visible luminescent emission (Ae,>400 nm).
The CCD camera, image capture and analysis were controlled by “Spot” software.

Atom force microscopy characterization

All the AFM images were obtained using the contact mode at a scan speed of 1-2 Hz.
The image force was under 5 nN. The topography and lateral force images were taken in air at
room temperature.

Coating of the nanoparticles with avidin



Because the avidin-biotin interaction has a high binding constant, this assay is widely
used in molecular biology, immunoassay, diagnostics, and biosensor research. A demonstration
using the avidin and biotin reaction system is the logical first step in an evaluation of a new
format for biosensors, protein chips, and other miniaturized analytical devices. Thus, we have
chosen the avidin-biotin system as a model system in our studies in order to demonstrate the
effectiveness of Eu:Gd,O3 nanoparticles as luminescent labels for micropattern imaging.

Avidin has been found to adsorb tightly to a variety of surfaces, such as dye-doped
silica nanoparticles, carbon nanotubes and quantum dots due to electrostatic and/or hydrophobic
interactions. Here, we take advantage of the negatively charged surface of the Eu:Gd,O;
nanoparticles to coat them with the avidin molecules using electrostatic interactions. The coating
was carried out according to the experimental procedure described above. There are several
advantages offered by this coating method: it is a one-step procedure (thereby avoiding chemical
functionalization and conjugation steps); proteins retain their activity; conjugates are stable in a
variety of buffers; the number of binding sites on the surface can be controlled by varying the
coating concentration and they can be quantified easily; the nanoparticle’s luminescence is not
affected by the protein layer; the nanoparticle surface can be efficiently blocked to avoid non-
specific binding in immunoassays.

For evaluation of the avidin coating, Eu:Gd,Os5 particles were coated with rhodamine-
labeled avidin, following the procedure described in the experimental section. Using the
measured fluorescence intensity of rhodamine, the amount of avidin that was adsorbed on the
particle’s surface was evaluated for different coating concentrations of avidin-Rhodamine per 1
mg nanoparticles (Fig. 5). For concentrations up to 200 ug ml™', the amount of adsorbed avidin
increased proportionally to the coating concentration, showing that the amounts of avidin were
not enough to form dense monolayers on the particles surfaces. For concentrations higher than
200 ug ml™”, the adsorption of avidin did not depend on the coating concentration, indicating
saturation of the particles’ surfaces with avidin, suggesting the formation of a monolayer.

Fluorescence imaging of BSA-Biotin micropatterns with avidin - FEu:Gd,0;
nanoparticles

The preparation of the BSA-Biotin micropatterns and their interaction with the avidin
coated Eu:Gd,Os; nanoparticles is schematically presented in Fig. 6. The corresponding
luminescent image is shown in Fig. 7. A series of alternating bright strips and dark strips can be
observed. The actual width of the strips is 5 um, which corresponds to the features of the PDMS
stamp used for BSA-b printing. The bright strips correspond to the luminescent Eu:Gd,O3 —
avidin complexes that were specifically bound to the printed BSA-b. The dark strips, on the other
hand, correspond to the blocked space between the printed strips where no avidin-coated
particles were present. Although not all the bright strips had perfectly uniform fluorescent
intensity, they were covered with specifically bound luminescent particles without large gaps.
Densely packed bound particles showed up as higher intensity spots while areas with lower
surface density of bound particles were dimmer. On the other hand, very few particles could be
observed in the BSA — passivated areas, demonstrating very low nonspecific binding in this case.
The presence of clearly distinguishable fluorescent strips showed that the specific binding of
avidin to biotin was not disturbed by the particles. In addition, the absence of particles between
the strips confirmed that the blocking of the silicon substrate and the nanoparticles with BSA
was sufficient to prevent non-specific binding of nanoparticles onto the substrate.



Another important conclusion is that the non — uniform size distribution of the
nanoparticles may not disturb this type of application. This makes possible the use of
polydispersed particles instead of expensive monodispersed particles. The lack of
photobleaching of the Eu:Gd,Os; nanoparticles allowed the fluorescent image to be observed for
an unlimited period of time facilitating image optimization.

AFM  characterization of BSA-Biotin micropatterns with avidin - Eu:Gd>O;
nanoparticles

We have employed AFM to image the immobilized avidin-Eu:Gd,O3; on a single
particle level. The presence of solid nanoparticle labels with sizes larger than those of proteins on
the substrate surface made it possible to evaluate the density of specifically and non-specifically
bound particles. The surface density of specifically bound particles on the strips was much
higher than the density of non-specifically bound particles shown as scattered bright spots
between the line patterns. The selectivity achieved here is the basis for applying this approach as
a detection technique.

The non-specific binding of particles could be minimized possibly by further
optimization of the coating and washing processes. We believe that the non-uniform density of
the specifically bounc particles could be partially due to reduced diffusion near the substrate
surface and partially due to formation of small aggregates of particles during the incubation. This
effect could be avoided by optimization of the incubation protocols. According to the cursor
profile, the particles on the strips have heights between about 10 and 250 nm. The majority of the
particles exhibit heights between 50 and 100 nm. This height measurement is consistent with the
particle size known from TEM studies. It is clear that these particles are the immobilized avidin-
coated nanoparticles. Spatial resolution and the uniformity of protein micropattern visualization
could be improved by using smaller, more nearly monodispersed particles.
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Figure Captions

Figure 1. Schematic description of the burner used for synthesis of the nanoparticles.
Figure 2. Size distribution of the spray droplets injected in the flame

Figure 3. Size distributions of the two nanoparticle fractions, separated by centrifugation. A)
Small particles; B) Big particles

Figure 4. Representative bright field TEM images of nanoparticles separated by centrifugation.
A - small particle fraction, B - large particle fraction

Figure 5 Coating of nanoparticles
Figure 6 Schematic of assay

Figure 7 Luminescent image of microprinted strips with bound nanoparticles
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