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ABSTRACT 

In recent years biological imaging has taken advantage 
of the optical properties (e.g. fluorescence) of metal 
composite nanoparticles.  However, the most established 
methods for producing nanoparticles involve relatively 
noxious chemicals, have a complex and time-consuming 
sequence of stages, or may require expensive precursors.  
Here we report the continuous hydrothermal synthesis of 
nanoparticles[1] as an alternative method with advantages 
including: use of simple organic salt precursors, doping 
with rare earth metals, on-line capping and alteration of size 
and morphology by adjusting the operating parameters.  
These particles can have intrinsic fluorescent properties and 
lend themselves to use in biological imaging.  This paper 
highlights the development of the hydrothermal synthesis 
nozzle reactor and how it can be used as a rapid prototyping 
system for a range of different fluorescent nanoparticles for 
medical applications, particularly in the field of cellular 
imaging.   
Keywords: hydrothermal synthesis, fluorescent, 
nanoparticles, cell imaging. 

 
1 INTRODUCTION 

The field of biological imaging uses a wide variety of 
techniques to image cells for applications ranging from 
basic cell biology to medical diagnostics.  In many of these 
techniques (e.g fluorescence microscopy), it is necessary to 
label the cell structures of interest using detectable markers.  
For reasons of sensitivity and specificity, fluorescence is 
often used as a way of detecting such markers, particularly 
in single cell based techniques such as confocal 
microscopy. 

The optical properties of metal composite nanoparticles 
give them potential to be used as such biomarkers.  For 
example, the fluorescence of semiconductor high quality 
quantum dots (Qdots) enables their use as ‘contrast’ agents 
in fluorescence imaging.  The term ‘high quality Qdots’ can 

be defined as follows:[2] achievement of desired particle 
sizes over the largest possible range, narrow size 
distributions, good crystallinity, desired surface properties, 
and high quantum yield.  In addition, capping of Qdots is 
increasingly used for the prevention of flocculation during 
long-term storage, efficient conversion from organic-
soluble to water-soluble Qdots, extending their fluorescence 
life time and maintaining their size at < 10 nm. 

It is important to note that the most established methods 
for producing nanoparticles involve using noxious 
chemicals which are particularly toxic to cells, have a 
complex and time-consuming sequence of stages, or may 
require expensive precursors.  Such methods include sol-gel 
(aerogels and xerogels),[3] metal-atom aggregation in 
cryogenic inert gas matrices,[4] thermal or ultrasonic 
decomposition of metal carbonyls, reduction of metal 
ions,[5] semiconductor particles, zeolites[6] and reverse 
micelles.[4]  Nanoparticles produced using flame methods 
also have poor re-dispersion characteristics.  Dispersed 
nanoparticles are important for biological applications, 
since agglomerated particles are less soluble and may be 
handled differently by the cell, leading to poor cell 
penetration and labelling.  However, the tuneable properties 
of supercritical water (scW) have been exploited by 
Adschiri and Arai[7] for nanoparticle production, providing 
a much more environmentally benign synthesis.  A 
supercritical fluid (SCF) is a substance heated above its 
critical temperature, Tc, and pressure, pc.[8]  When water is 
heated towards its critical point (374 ºC, 218 atm), it 
exhibits excellent “tunability” in its chemical properties,[9] 
changing from a polar liquid to a fluid with a low dielectric 
constant and low pH.  The enhanced levels of OH- ions 
have been shown to readily hydrolyse metal salts followed 
immediately by a dehydration step.[7]  The nanoparticles 
produced after these two reactions have occurred can 
therefore exist as metal oxides or metals.   

Whilst the chemistry is relatively simple, the 
‘engineering’ of these continuous reactions is much more 

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061836 Vol. 2, 2007 283 



difficult. One of the key elements in the success of the flow 
reactor is how the scW mixes with the metal-salt solution.  
The control of the mixing zone where the particles form is 
particularly difficult, since poor mixing inevitably leads to 
reactor blockage.[10]  A continuous supercritical process has 
been designed[11, 12] which does not block and exhibits 
several other advantages such as the continuous production 
of nanoparticles and on-line capping, the use of simple, 
biologically benign organic salts, such as acetates and 
formates, the ability to alter particle size and morphology 
by altering the operating parameters of temperature, flow 
rate and metal salt concentration, and the ability to produce 
stable suspensions of nanoparticles in water.  To date we 
have produced a wide range of metals including TiO2, Ag, 
YAG, Co3O4, Fe2O3 (Figure 1), Fe3O4, CeO2, NiO, CdS, 
ZrO2 and CuO for a wide variety of purposes including 
catalytic processes, photonics, laser lenses and carbon 
nanotube production.     

 
 
 
 
 
 
 
 
 

 
Figure 1: (a) amorphous Fe2O3 (scale bar 50 nm); (b) 

crystalline Fe2O3 (super-paramagnetic) (scale bar 50 nm); 
(c) Silver (scale bar 50 nm); (d) YAG (scale bar 200 

nm); (e) Co3O4 (scale bar 20 nm) (f) Indium oxide (scale 
bar 50 nm) 

 
In this paper, attention is turned to rare earth doped 

nanoparticles since these are promising materials for 
fluorescent labelling, for example, many Eu (III) complexes 

have been used as luminescent markers for modern medical 
diagnostics.[13]   

Fluorescent labelling is a widely used method in biology 
to visualise specific compartments, proteins and nucleic 
acids of interest in cells with a high degree of sensitivity 
and specificity.  Traditionally, fluorescent organic dyes 
have been used for imaging but there is increasing interest 
in the use of fluorescent nanocrystals as an alternative 
contrast agent.  These nanocrystals demonstrate properties 
which offer several advantages compared to other organic 
dyes such as a large Stoke’s shifts, narrow emission spectra, 
long fluorescence lifetimes, flexibility of excitation 
wavelengths, minimized photobleaching.  In addition, 
fluorescent nanoparticles can be chemically linked to 
molecules which will specifically and selectively bind to 
the desired target within the cell.   

Initial work on the effect of the composition and size of 
the nanoparticles on their fluorescent properties has been 
made using standard spectroscopy techniques and the 
suitability of the nanoparticles for biological imaging tested 
using fluorescence measurements.  This paper highlights 
how hydrothermal synthesis using the nozzle reactor can be 
used as a rapid prototyping system for a range of different 
fluorescent nanoparticles for medical applications, 
particularly in the field of cellular imaging.   

 
2 EXPERIMENTAL 

 
Hydrothermal synthesis of ZrO2 nanoparticles doped 

with rare earth metals was conducted using the rig shown in 
Figure 2.  The reactor is a pipe-in-pipe concentric 
arrangement in which the internal pipe has an open-ended 
nozzle with a cone attached.  The supercritical water is fed 
downwards through the internal pipe and out the end of the 
‘Nozzle’; the aqueous metal salt steam is fed counter-
currently upwards through the outer pipe. The reactor outlet 
is situated upwards through the outer pipe. Water (0.25 % 
v/v H2O2) was pumped through a pre-heating coil and 
heated to 415 ºC.  It was brought into contact with a 
concurrently flowing solution of 0.02 M Zr(ac)x(OH)y 
(x+y~4) on its own, or with either 5 mol % Eu(ac)3.xH2O or 
5 mol % Tb(ac)3.x H2O.  Flow rates of 20 and 10 mL min-1 
were used for the water and salt streams respectively.  The 
pressure was maintained at ca. 240 bar by a back pressure 
regulator.  The mixture was cooled immediately after the 
mixing point by a water cooler and the products collected 
as aqueous suspensions.   

 

a b 
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Figure 2.  A schematic of the nozzle rig. 
 
Characterisation 
TEM images were collected using a JEOL JEM-2000 

FXII electron microscope operating at 200 keV. TEM 
samples were prepared by suspending in methanol, 4 drops 
were placed on a copper mesh (300 lines per inch mesh) 
and dried in air. 

XRD data were collected using a Phillips XPERT θ-2θ 
diffractometer with Cu-Kα radiation.  The sample was 
loaded onto an indented glass plate and scans were typically 
taken over a 2θ range of 20±80º.  

The PC IDENTIFY program was used to assess the 
purity of the ceria±zirconia powders by comparison to the 
JCPDS database. The APD program was used to estimate 
the size of the smallest particles in the sample by 
application of the Scherrer equation to the PXD line-widths 
(PC IDENTIFY and APD are part of the Phillips diffraction 
software package). For the calcined materials, the lattice 
parameters were obtained from the PXD by a standard least 
squares refinement. 

Excitation and emission spectra and emission lifetime 
data were obtained for each aqueous sample using a 
fluorimeter (Flexstation II) from Molecular Devices. 

Cell Imaging 
Confocal microscopy was used to detect the cellular 

uptake fo the fluorescent nanonparticles, Chinese Hamster 
Ovary (CHO-K1) were incubated in serum-free phenol red 
free Dulbecco’s Modification of Eagle’s Medium/Ham’s F-
12 (DMEM/F-12) for 24 h prior to exposure to the 
nanoparticles.  Particles were visualised using live cell 
confocal microscopy performed at room temperature (22±2 
ºC). using a Zeiss LSM510NLO META confocal 
microscope using a c-Apochromat 63x water immersion 
objective lens, Samples were excited using both CW uv 
laser (351 and 364nm) or using multiphoton excitation 
(720nm).  Emission light was collected using either an 
LP590 (Eu-doped) or LP 530 (Tb-doped).  Confocal stacks 
were obtained with 0.5mm slice depth, and 3D images 
reconstructed using Zeiss AIM software. 

 

3 RESULTS AND DISCUSSION 
The ZrO2 nanoparticles solutions were stable in aqueous 

solution and no settling of the particles was observed.  The 
TEM image of ZrO2 shows well dispersed particles with 
good polydispersity and between 3 and 5 nm in size (Figure 
3).  

Figure 4 shows the XRD trace for non-doped ZrO2 
nanoparticles.  The peaks are consistent with pure phase 
ZrO2 and based on the Scherrer equation the particle size is 
calculated to be approximately x nm.   

Both Eu-doped and Tb-doped ZrO2 nanoparticles were 
shown to fluoresce.  ZrO2 + 5 % Eu (Figure 5) shows a 
characteristic Eu emission spectra when excited at 266 nm.  
Maximum λex is shown to be 243 nm.   

 
Figure 3.  TEM of ZrO2 nanoparticles prepared at  
415 ºC.  Scale bar is 10 nm. 
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Figure 4.  XRD trace for ZrO2 nanoparticles  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Photoluminescence spectra of ZrO2 + 5 % Eu:  

(a) Excitation (λem 609 nm) and (b) Emission (λex 266 nm) 
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Figure 6 shows the emission spectra of ZrO2 + 5 % Tb 

when excited at 224 nm and maximum λex is shown to be 
243 nm.   

The Eu-doped ZrO2 has stronger fluorescent properties 
although the methodology surrounding doping during 
hydrothermal synthesis is not yet optimised.  Further work 
will be necessary to find out the relationship between 
particle size, dopant concentration and particle loading in 
the fluid.   

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Photoluminescence spectra of ZrO2 + 5 % Tb:  

(a) Excitation (λem 546 nm) and (b) Emission (λex 224 nm) 
 
The particles are sub 10 nm and do not agglomerate 

which makes them stable over a long period of time.  Also, 
because the particles are produced as a suspension in water 
there is no need for phase transfer which complicates cell 
work, and risks introducing chemicals which are cytotoxic.  
The organic precursor is an acetate and whilst most of this 
is oxidised to CO2, any residual starting material will not be 
toxic to the cells.  Work has now started on cell labelling 
using these particles and the results will be presented at the 
conference. 

 
4 CONCLUSIONS 

The continuous hydrothermal synthesis of rare earth 
doped ZrO2 has been performed using simple biologically 
benign organic salts.   

Particle sizes are uniform with low polydispersity 
ranging between 3 and 5 nm.  Both Eu- and Tb-doped ZrO2 
display characteristic fluorescent spectra for the respective 
metals suggesting that these nanoparticles would be suitable 
for experiments using a confocal microscope.   

Current work includes the labelling of mammalian cells 
with fluorescent rare earth doped nanoparticles and live cell 
imaging using confocal microscopy. 
 
 
 
 
 
 
 

 

5 REFERENCES 
 

[1] E. Lester, P. Blood, J. Denyer, D. Giddings, B. 
Azzopardi, M. Poliakoff, J. Supercrit. Fluids 
2006, 37, 209. 

[2] A. Eychmuller, J. Phys. Chem. B 2000, 104, 6514. 
[3] S. Boujday, F. Wunsh, P. Portes, J. F. Bocquet, C. 

Colbeau-Justin, Solar Energy Mat. and Solar Cells 
2004, 83, 421. 

[4] K. J. Klabunde, C. Mohs, Chemistry of Advanced 
Materials, Wiley, New York, 1998. 

[5] A. C. Curtis, D. G. Duff, P. P. Edwards, D. A. 
Jefferson, J. B.F.G., I. Kirkland, A. S. Wallace, J. 
Phys. Chem. 1988, 92. 

[6] H. Zhang, C. L. Wang, M. J. Li, X. L. Ji, J. H. 
Zhang, B. Yang, Chem. Mater. 2005, 17, 4783. 

[7] T. Adschiri, K. Kanazawa, K. Arai, J. Am. Ceram. 
Soc. 1992, 75, 1019. 

[8] A. Cabanas, J. A. Darr, E. Lester, M. Poliakoff, J. 
Mater. Chem. 2001, 11, 561. 

[9] R. W. Shaw, T. B. Brill, A. A. Clifford, C. A. 
Eckert, E. U. Franck, Chem. Eng. News 1991, 69, 
26. 

[10] P. J. Blood, J. P. Denyer, B. J. Azzopardi, M. 
Poliakoff, E. Lester, Chem. Eng. Sci. 2004, 59, 
2853. 

[11] Lester E., Azzopardi B.J., International Patent 
Application No. PCT/GB2005/000483 2005. 

[12] E. Lester, Blood P., Denyer J., Giddings D., 
Azzopardi B., Poliakoff M.,, J. Supercritical 
Fluids 2005, accepted for publication. 

 
 

-0.5

0

0.5

1

1.5

2

200 250 300 350 400 450 500 550 600 650

wavelength (nm)

P
L 

in
te

ns
ity

 (a
.u

.) 
   

   
   

 a.
b. 

-0.5

0

0.5

1

1.5

2

200 250 300 350 400 450 500 550 600 650

wavelength (nm)

P
L 

in
te

ns
ity

 (a
.u

.) 
   

   
   

 a.
b. 

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061836 Vol. 2, 2007286 


	0202.pdf
	0202.pdf
	Figure 1. Flat Cell for EIS Measurements. (1) Working Electr
	3   RESULTS AND DISCUSSION
	3.1 EIS Measurements
	EIS measurements of the VYHH coated samples with and without
	Thus, the addition of a very small percent of MWCNT to the e
	4   CONCLUSIONS

	REFERENCES


	0215.pdf
	ABSTRACT
	ACKNOWLEDGEMENT
	REFERENCES

	0225.pdf
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	5   CONCLUSIONS

	0262.pdf
	You Qiang*, Amit Sharma, Daniel Meyer, Jiji Antony, Muhammad

	0280.pdf
	Figure 2:  SuperFluids( Nanospheres Apparatus
	Super-SFS(

	0311.pdf
	ABSTRACT
	REFERENCES

	0339.pdf
	 
	1.3 In Vivo EPR Detection and Imaging of Free Radicals: EPR spectrometers operating at lower frequency are now applied to in vivo measurements of the whole body of small animals. In vivo EPR imaging experiments using TEMPOL, 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-yloxyl (carbamoyl-PROXYL), the hydroxyethyl radical is produced by ionizing radiation (3000 Gy) in the tumor of a living mouse. In vivo detection of hydroxyl radical using DEPMPO spin trap in mice, iron complexes with dithiocarbamate derivatives (Fe-DTCs) were used as spin traps NO adduct [NO-Fe(DTC)2] 

	0348.pdf
	ABSTRACT
	1 Catalysts
	2 Enzymes
	3 Bio-Surfactants
	4 Sea Kelp
	REFERENCES

	0380.pdf
	Nano-Surface Behavior of Osteoblast Cell-Cultured Ti-30(Nb,Ta) with Low Elastic Modulus




