
CHAPTER  4 
Microfluidic Reactors for 
Nanomaterial Synthesis 

S. Krishnadasan, A. Yashina, A.J. deMello and 
J.C. deMello� 

Contents	 1. Introduction 196 
2.	 Microfluidic Routes to the Synthesis of Nanoparticles 197 
3.	 The Automated Production of CdSe Nanoparticles 208 
4.	 The Automated Production of Nanoparticles 211 
5.	 Process Control 222 
6.	 The Application of Automated Microreactors 

in Nanotoxicology 224 
7. Conclusions 228 
Acknowledgement 229 
References 229 

Abstract	 The difficulty of preparing nanomaterials in a controlled, reprodu­
cible manner is a key obstacle to the proper exploitation of many 
nanoscale phenomena. An automated chemical reactor capable of 
producing (on demand and at the point of need) high-quality 
nanomaterials, with optimized physicochemical properties, would 
find numerous applications in nanoscale science and technology, 
especially in the areas of photonics, optoelectronics, bio-analysis, 
and targeted drug-delivery. In addition such a device would find 
immediate and important applications in toxicology, where it is 
essential to characterize the physiological effects of nanoparticles 
not only in terms of chemical composition but also in terms of size, 
shape, and surface functionalization. In this chapter, we describe 
recent advances in the development of microfluidic reactors for 
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controlled nanoparticle synthesis and, more specifically, work in our 
group aimed at developing just such an automated reactor. 

1. INTRODUCTION 

The discovery in recent years of novel properties, processes, and phenom­
ena at the nanoscale has created revolutionary opportunities for the crea­
tion of novel materials and devices with superior chemical, physical, and/ 
or biological characteristics (Ozin and Arsenault, 2005). Nanocrystalline 
materials are of particular interest in this regard owing to their tunable 
physico-chemical properties and their potential use as functional elements 
for biological sensing, optoelectronics, fiber-optic communications, and 
lasers (Alivisatos, 1996; Euliss et al., 2006; Green, 2004; Han et al., 2007; 
Kawazoe et al., 2006; Klostranec and Chan, 2006; Matsui, 2005; Medina 
et al., 2007; Rhyner et al., 2006). The characteristics of nanocrystals are 
strongly influenced by their physical dimensions, and there is conse­
quently considerable interest in processing routes that yield nanoparticles 
of well-defined size and shape (Donega et al., 2003). 

There are two main routes to nanoparticle formation: (1) “top-down” 
and (2) “bottom-up” approaches. In top-down routes, nanometer-sized 
structures are engineered from bulk materials using a combination of 
lithography, micromachining methods, and etching (Xia et al., 2007). 
Significantly, the creation of sub-100-nm structures requires lithographic 
techniques beyond the optical domain, such as electron beam and X-ray 
lithography. Such approaches are technically challenging and although 
reproducible do not readily lend themselves to large-scale production. A 
bottom-up approach on the other hand involves the chemical growth of 
particles on an atom-by-atom or molecule-by-molecule basis until the 
desired particle size and shape are achieved (Malik et al., 2005). This 
growth process occurs spontaneously in super-saturated solutions and 
has been successfully used to create high-quality spherical, cubic, tubular, 
and tetrahedral crystallites in kilogram quantities and above (Masala and 
Seshadri, 2004; Milliron et al., 2004; Park et al., 2004). The bottom-up 
approach, which may be carried out on the laboratory bench using stan­
dard techniques in synthetic chemistry, has attracted considerable interest 
owing to its versatility and ease of use, and it is by far the most practical 
and prevalent means of producing large quantities of nanomaterials. In 
recent years, a variety of sophisticated chemical strategies have been 
reported for producing near defect-free nanoparticles of consistent size, 
shape, and chemical composition. Their implementation, however, 
remains a complex and difficult undertaking that requires a combination 
of skill (and often luck), intuition, and extensive experimentation to obtain 
well-defined nanoparticles with tightly specified properties (Donega et al., 
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2003; Dushkin et al., 2000; Rao et al., 2006; Yordanov et al., 2006). Indeed 
the formidable difficulty of preparing high-quality nanoparticles in a con­
trolled and reproducible manner is recognized to be the foremost obstacle 
to the full exploitation of many nanoscale phenomena. In this chapter, we 
consider the utility of microfluidic systems in providing a controlled 
environment in which to synthesize nanomaterials and also the feasibility 
of automating the synthesis procedure, with a view to creating “blackbox” 
chemical reactors that in response to appropriate instructions—and with­
out any human intervention—can produce high-quality nanomaterials 
with optimized physicochemical properties. The provision of such auto­
mated tools would significantly advance the field of nanoscience, allowing 
high-quality nanomaterials to be produced on-demand and at the point of 
need for a host of applications in nanotechnology. 

2. MICROFLUIDIC ROUTES TO THE SYNTHESIS 
OF NANOPARTICLES 

The approach described later on in this chapter builds upon a report in 
2002, in which we proposed microfluidic reactors as favourable systems 
for nanoparticle synthesis, and showed that nanocrystalline cadmium 
sulfide prepared in such reactors exhibited improved monodispersity 
compared with particles prepared in conventional bulk-scale vessels 
(Edel et al., 2002). 

In simple terms nanoparticles are formed via a two-stage process in which 
an initial nucleation stage (in which seed particles spontaneously precipitate 
from solution) is followed by a more gradual growth phase in which diffu­
sion of solutes from the solution to the seed surface proceeds until the final 
particle size is attained. This classical model was first proposed by LaMer and 
Dinegar to explain the mechanism of formation of sulfur colloids (La Mer and 
Denegar, 1950) and can be represented by a simple cartoon of the kind shown 
in Figure 1 which shows the variation in solute concentration as a function of 
time. The solute is formed by a chemical reaction (e.g., hydrolysis of a metal 
alkoxide, hydration of metal ions, and decomposition of organic com­
pounds). As the reaction proceeds, the solute concentration will at some 
point exceed a “supersaturation” concentration, eventually reaching a “cri­
tical” concentration at which point nucleation occurs (ideally) in a short 
burst. This nucleation process—and the ensuing growth of these nuclei— 
lowers the solute concentration to a value below the critical nucleation 
concentration, thereby preventing further nucleation, but still allowing 
particle growth. The formed particles then grow at a rate that merely 
consumes all further solutes that are generated by the chemical reaction. 
The process of particle growth will lower the overall free energy of the 
system so, in the absence of any other competing processes, growth will 
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Figure 1 Cartoon illustration of nucleation and growth during the preparation of 
monodisperse nanoparticles. 

continue until all of the solute has been consumed. Additionally, aggrega­
tion of individual particles also lowers the free energy of the system so the 
particles will tend to coalesce over time and precipitate out of solution. 
Unfortunately, in most cases, nucleation and growth occur concurrently, 
and thus the final particle population will therefore exhibit a broad (and 
undesirable) size distribution. Accordingly, to obtain monodisperse parti­
cles, it is necessary to set up conditions in which all nucleation takes place 
over a short period of time with additional material being supplied so 
gradually that it find its way to the nuclei without the solute concentration 
reaching a level at which further nucleation can take place. In practical 
terms it is crucial that all nuclei should form and grow in an identical 
environment with state functions (such as temperature, pressure, and 
concentration) assuming constant values throughout the reaction volume. 
In conventional syntheses within bulk reactors (where turbulent mixing is 
used to ensure rapid combination of reagents) significant variations in 
physical conditions across the reaction chamber are typical, thus generat­
ing wide particle-size distributions. In the current context, microfluidic 
systems—which allow for rapid and controlled thermal and mass 
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transfer—are an ideal format for nanoparticle production. They are able to 
control the temperature or temperature gradient along a flow profile and 
can rapidly heat or cool the reagent mixture. They can efficiently mix 
reagents on sub-millisecond time scales and allow reagents to be added 
in a flexible and controlled manner. 

In subsequent studies by ourselves and others, a variety of microfluidic 
architectures have been used to prepare metal and compound semicon­
ductors nanoparticles, including CdS, CdSe, TiO2, Ag, Au, and Co (Bolei­
ninger et al., 2006; Chan et al., 2003, 2005; Cottam et al., 2007; DeMello and 
DeMello, 2004; Khan et al., 2004; Kohler et al., 2005; Krishnadasan et al., 
2004; Millman et al., 2005; Shalom et al., 2007; Shestopalov et al., 2004; 
Song et al., 2006; Takagi et al., 2004; Wagner and Kohler, 2005; Wang et al., 
2004, 2005; Xue et al., 2004; Yen et al., 2003, 2005). In simple terms, 
microfluidic devices manipulate and process sub-microliter volumes of 
liquid in enclosed channels that are typically no more than a few hundred 
microns in diameter (see Figure 2). Importantly for chemical synthesis, 
they have a number of advantageous features, including precise control 
over reaction conditions, rapid heating, cooling and mixing of fluid 
streams, and the ability to combine multiple chemical processes into a 
single, integrated device (deMello, 2006). Over the years, numerous func­
tional elements have been successfully integrated into microfluidic devices 
(including filters, heaters, mixers, valves, actuators, electrophoretic separa­
tors, distillers, and various kinds of transducer), and it is now possible to 
perform virtually every conceivable chemical process using appropriate 
combinations of these elements. This has given rise to the concept of a lab­
on-a-chip, a self-contained integrated device that is capable of performing 
all steps in a complete chemical synthesis or analysis without any addi­
tional equipment or instrumentation. 

Figure 2 A simple microfluidic device fabricated in glass using wet lithography. The 
typical channel dimensions in a microfluidic device are 5�100 mm. 
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In the early days, microfluidic devices were used mainly for chemical 
analysis due to their intrinsic ability to handle small sample volumes and 
the significant performance enhancements that typically arise when ana­
lytical techniques are transferred to the microscale (Manz et al., 1992; 
Vilkner et al., 2004). However, in recent years, there has been increasing 
interest in using them for chemical synthesis where the precise control 
they provide over reaction conditions offers potential improvements in 
product yield, purity, and quality (deMello, 2006). Microfluidic devices 
can be fabricated using a variety of substrate materials, including glass, 
silicon, and polymers such as poly(methyl-methacrylate) and poly­
(dimethylsiloxane) (Dumais et al., 2006; Iliescu, 2006). Of these materials, 
glass and quartz are generally preferred for nanoparticle synthesis due to 
their transparency in the visible region of the spectrum and tolerance of 
elevated reaction temperatures. Glass devices are normally prepared 
using wet chemical etching (see reference Iliescu, 2006), but other techni­
ques such as direct laser-etching procedures have also been used success­
fully. Devices of considerable sophistication have been reported in the 
literature, as shown, for example, in Figure 3, but the benefits of minia­
turization can also be exploited in surprisingly simple chip architectures 
as will be seen below. 

Figure 3 A sophisticated microfluidic device used for DNA processing. Numerous 
functional elements have been adapted for use with microfluidics, and it is now possible 
to perform virtually any combination of chemical processes in a microfluidic device. 
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Figure 4 A simple y-shaped microfluidic device with two inlet channels and a single 
outlet channel. The device can be used to mix and react two reagents A and B. By varying 
the relative volumetric rates (FA and FB) at which the reagents are injected, it is possible 
to vary the composition of the mixture in the outlet channel. By varying the total flow 
rate (F = FA þ FB), it is possible to control the time the reagents spend in the reaction 
channel. 

Microfluidic reactors comprise one or more inlet ports into which 
reagents are typically injected using precision syringe pumps and capil­
lary connectors, a network of channels in which various chemical pro­
cesses are carried out, and one or more outlet ports where products and 
waste materials are extracted. Figure 4 for instance shows a simple 
y-shaped chemical reactor with two inlet channels and a single outlet 
channel that can be used to mix and react two reagents A and B. The composi­
tion of the resultant mixture and the residence time inside the microfluidic 
chip can be controlled by varying the volumetric flow rates of the two reagent 
solutions, FA and FB. Hence, if the volume of the outlet channel is V and the 
molar concentrations of the two reagent solutions are [A] and [B], then the 
residence time (�) in the reaction outlet channel is given by 

V 
� ¼ ð1Þ

FA þ FB 
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and the molar ratio (R) of A to B in the final mixture is equal to. 

FA A½ �
R ¼ � ð2Þ

FB B½ �  

In a typical scenario, the volume of the outlet channel might be 10 ml and 
the individual injection rates of the two reagent solutions might each be of 
order 100 ml min�1. Using modern syringe pumps, it is straightforward to 
control each of the injection rates to within 0.1 ml min�1, and so in these 
circumstances � and R can each be controlled to within 0.1%, which far 
exceeds the precision achievable in conventional macroscale reactors. In 
the case of thermally initiated reactions, the y-shaped reactor can be 
placed on a hot-plate with high spatial uniformity. In this way, the entire 
reaction volume can be held at a uniform temperature that can be con­
trolled to within a fraction of a degree, which similarly exceeds the typical 
temperature uniformity achievable in a conventional macroscale reactor. 

An additional advantage of using microfluidic devices, which we do 
not have the space to discuss in detail here, is the absence of turbulence 
(Koo and Kleinstreuer, 2003). In the context of nanoparticle synthesis, 
turbulence gives rise to unpredictable variations in physical conditions 
inside the reactor that can influence the nature of the chemical product and 
in particular affect the size, shape, and chemical composition. In micro-
fluidic devices, turbulence is suppressed (due to the dominance of viscous 
over inertial forces) and fluid streams mix by diffusion only. This leads to a 
more reproducible reaction environment that may in principle allow for 
improved size and shape control. 

These improvements in control do not come without cost since the 
transferral of chemical reactions from the macroscale to the microscale 
frequently requires compromises to be made in terms of reagent selection 
and reaction conditions. The solvents used for microfluidic syntheses, for 
instance, should ideally be low-viscosity liquids at room temperature 
(mp << 20 �C) as this conveniently avoids the need to heat the syringe 
pumps or to thermally lag the capillaries that connect the syringe pumps 
to the inlets of the microfluidic device. And, in the case of standard 
lyothermal syntheses, the solvents should also have sufficiently high 
boiling points to permit thermal initiation of the chemical reactions (bp >> 
250 �C). The former requirement precludes the use of many of the stan­
dard solvents used in conventional macroscale synthesis routes (such as 
long-chain alkylamines) as these tend to be waxy materials with high 
melting points. Unfortunately, solvents with low melting points fre­
quently have relatively low boiling points and so tend to be unsuitable 
for many lyothermal syntheses. The choice of solvent system for micro­
fluidic-based syntheses is therefore somewhat restricted compared with 
macroscale syntheses. In addition, it is generally not possible to use the 
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extremely high reaction temperatures favored for many macroscale 
lyothermal syntheses (T > 300 �C) since above about 280 °C glass chips 
have a tendency to fracture and the epoxy-based glues used to attach the 
capillaries to the microfluidic chips tend to decompose. The reactions must 
therefore be carried out at lower temperatures, which risks increasing the 
number of defects in the resultant nanocrystals. These issues, although 
mundane in nature, mean it is rarely possible to implement existing 
synthesis routes directly on a microfluidic chip without making at least 
some adaptations to the solvent, reagent mixtures, and/or reaction 
temperature. 

In this chapter, we will focus on the automated preparation of CdSe 
quantum dots (which have been extensively studied and characterized in 
the scientific literature), but the principles and techniques we describe are 
general ones that may be applied to a variety of nanomaterials. Indeed, the 
following paragraphs outline some selected studies which have reported 
the use of microfluidic reactors for the synthesis of compound semicon­
ductor nanomaterials. 

Nakamura and coworkers have reported the synthesis of CdSe nano­
particles in simple glass capillaries (Nakamura et al., 2002). The authors 
utilized the ability to control both temperature and the mixing environ­
ment to rapidly synthesize CdSe particles from pre-mixed trioctylpho­
sphine: selenium and cadmium acetate. Using such an approach, they 
were able to continuously produce CdSe nanoparticles at temperatures 
between 230 and 300 �C in 7–150 s. The size and quality of the obtained 
nanoparticles were assessed using absorbance spectroscopy and residence 
time distributions were reduced by introducing 500 nl nitrogen bubbles 
into the flow at defined intervals. Subsequently, the same group advanced 
the complexity of the synthesis process nanoparticles by generating CdSe/ 
ZnS core/shell nanoparticles on the microscale (Wang et al., 2004). Speci­
fically, preprepared reagents (CdSe, ZnS) were allowed to react within a 
chip-based microfluidic reactor, and two separate oil baths were used to 
maintain defined temperatures for the nucleation and growth of CdSe and 
ZnS, respectively (Figure 5a). CdSe nanoparticles with different ZnS shell 
thicknesses could be generated by simply varying the flow rate and 
capillary length. Luminescence spectra of uncoated CdSe and ZnS-coated 
particles are shown in Figure 5B, demonstrating the utility of the process. 
More recently the authors have refined their approach to demonstrate the 
synthesis of ZnS/CdSe/ZnS quantum-dot quantum-well (QDQW) struc­
tures (Uehara et al., 2009). In essence QDQWs are analogous to planar 
quantum-well devices where the narrow band gap inner shell acts as a 
quantum well embedded in a wide-gap material. By altering the size of the 
core and the thickness of both inner and outer shells, the electronic proper­
ties of the QDQW may be controlled. In many respects continuous flow 
microfluidic systems are ideal tools for synthesizing QDQWs since both 
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Figure 5 A schematic illustration of a multistep continuous-flow synthesis system for 
making ZnS-coated CdSe composite particles. Luminescence spectra of uncoated CdSe 
from CdSe portion and coated particles from the outlet at different flow rates. Labels 
denote the flow volume of the two syringes for the CdSe and ZnS raw feedstock. 
Uncoated CdSe nanoparticles were obtained using a flow rate of 100 ml min�1 images 
reproduced, with permission, from Wang et al., 2004). 

the heating time and temperature can be controlled precisely. To demon­
strate efficacy, the authors mixed a ZnS colloid solution with a core CdSe 
population in a continuous flow at 240 �C. The formed ZnS/CdSe (core/ 
shell) solution was subsequently mixed with ZnS at 150 �C to produce the 
ZnS/CdSe/ZnS (core/shell/shell) multilayer composite nanoparticles. 
Such a high temperature synthesis is favorable since it leads to a high-
quality crystalline coating, but requires careful control to avoid Ostwald 
ripening of cores that would lead to particle polydispersity. The authors 
importantly showed that the resulting ZnS/CdSe/ZnS QDQWs emit 
blue fluorescence with a fluorescence quantum efficiency as high as 50%. 
Moreover, photoluminescence could be tuned with ease by varying the 
volumetric flow rate during the CdSe deposition process. 
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Figure 6 Schematic of an integrated microreactor for the continuous synthesis of 
CdSe/ZnS and CdS/ZnS nanoparticles (S1-syringe pump with Se precursor, S2-syringe 
pump with S precursor, S3-syringe pump with Cd-OA-OLA, S4-syringe pump with Cd-OA­
OLA-TOPO, Y�Y conjunction, M-micromixer, V-stop valve, C-channel;images 
reproduced, with permission, from Yang et al., 2009). 

More recently, Yang et al. have extended this idea and demon­
strated the ability to perform multistep reactions in a sequential man­
ner by producing ZnS-capped CdSe and CdS nanocrystals in a 
microfluidic device (Yang et al., 2009). This system involved distinct 
temperature zones for nucleation and growth of the core and a ser­
pentine reaction channel for coating the ZnS shell (Figure 6). Such a 
system provides for both efficient mixing and uniform residence times 
for the precursors at high volumetric flow rates. The authors demon­
strated the continuous synthesis of strongly emitting CdS/ZnS and 
CdSe/ZnS nanocrystals through real-time adjustment of precursor 
and capping inputs. Importantly, luminescence quantum efficiencies 
ranged from 41% for blue emitting particles and 78% for yellow 
particles. 

A number of elegant studies over the past few years have also 
addressed the need to minimize particle size distributions through the 
use of segmented flow microfluidic systems. Such an approach removes 
the possibility of particle deposition on channels and eliminates the pro­
blems of residence time distributions that occur in single phase systems 
(where drag at the channel walls sets up a velocity distribution inside the 
channel). For example, Shestopalov et al. reported the two-step synthesis 
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of colloidal CdS and CdS/CdSe core–shell nanoparticles in a droplet-
based microreactor (Shestopalov et al., 2004). In addition, Chan et al. 
have described the use of microfluidic droplet reactors for the high-
temperature synthesis of CdSe nanoparticles (Chan et al., 2005). In this 
study, Cd/Se precursor solutions were made to form stable nanoliter­
sized droplets in a perfluorinated polyether continuous phase. The encap­
sulated reagents were reacted when heated to 290 �C to yield nanoparti­
cles 3.4 nm in diameter. In a similar study, Jensen et al. used gas–liquid 
(rather than liquid–liquid) segmented-flow reactors incorporating distinct 
temperature zones for the synthesis of high-quality CdSe quantum dots 
(Figure 7) (Yen et al., 2005). More recently, Hung et al. synthesized CdS 
nanoparticles in droplets by the passive fusion of the droplets containing 
different reagents (Cd(NO3)2 and NaS) (Hung et al., 2006). Controlled 
passive fusion was achieved using a dilating channel geometry and 
controlled liquid-phase flow. Particles obtained using this approach 
were generally smaller than those obtained by bulk and ranged between 
8.2 and 4.2 nm in diameter. Significantly, all of the above studies lever­
aged efficient mixing and reduced residence-time distributions to engen­
der improvements in both yield and size distribution. As an aside, it is 
noted that higher order nanostructures (inaccessible via conventional 
routes) can be synthesized using static microdroplet reactors. For exam­
ple, Millman et al. reported the synthesis of anisotropic particles using 
nanoliter-sized droplets which are made to float on the surface of a 
perfluorinated oil (Millman et al., 2005). Since such floating droplets can 
be controlled by electrical fields, droplets containing suspensions of poly­
mers and nanoparticles can be persuaded to form complex particle struc­
tures. Indeed, “striped” multilayer particles were generated from ternary 
mixtures of gold, fluorescent latex, and silica particles; and core–shell 
particles could be synthesized by the encapsulation of droplets of aqu­
eous suspensions inside polymer shells. 

Interestingly, the majority of compound semiconductor research to 
date has focused on II–VI systems such as CdSe due to the relative 
simplicity of the synthetic routes. III–V materials, whilst potentially less 
toxic, have presented a stiffer synthetic challenge. In large part, the strong 
covalency of the constituent atoms makes it hard to devise labile precur­
sors, which leads to synthesized particles with permanent crystal defects. 
Very recently, Nightingale and deMello reported the first synthesis of 
III–V (InP) nanoparticles using a microfluidic reactor (Nightingale and 
de Mello, 2009). Using a simple microfluidic mixer (maintained at a 
temperature in excess of 200 �C) and product detection using a 355 nm 
diode-pumped Nd:YAG laser and a fiber-optic-coupled charge-coupled 
device (CCD) spectrometer, the authors verified that microfluidic reactors 
can be readily applied to III–V materials, yielding particles that are of 
comparable quality to those obtained using bulk methods. 
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Figure 7 A microfluidic reactor for CdSe nanoparticle production. (A), The reactor 
provides for rapid precursor mixing (sector A), particle growth (sector B), and reaction 
quenching (sector C). The reactor accommodates a 1-m-long reaction channel and two 
side channels for collecting reaction aliquots. A halo etch region allows localization of 
temperature zones for reaction (>260 �C) and quenching (<70 �C). Precursor solutions 
are delivered into the heated section separately, and an argon gas stream generates a 
segmented gas�liquid flow. Recirculation within the liquid slugs rapidly mixes reagents 
and initiates the reaction. The reaction is stopped when the fluids enter the cooled 
outlet region. Photographs of heated inlets (B) and main channel section (C). Red 
segments show the reaction solution; dark segments define Ar gas; T = 260 �C; gas flow 
rate = 60 ml min�1; liquid flow rate = 30 ml min�1; images reproduced, with permission, 
from Yen et al. (2005). 
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3. THE AUTOMATED PRODUCTION OF CdSe 
NANOPARTICLES 

The synthetic route we use in this work is a simple adaptation of a method 
by Peng et al., in which CdO and elemental Se are reacted together at high 
temperature in the presence of oleic acid to form CdSe nanocrystals (Peng 
and Peng, 2001). In brief, a precursor Se solution is prepared by combining 
30 mg of Se with 10 ml of 1-octadecene and 0.4 ml of trioctylphosphine and 
warming over a hot plate. A Cd precursor solution is prepared by combin­
ing 13 mg of CdO and 0.6 ml of oleic acid in 10 ml of 1-octadecene and 
heating at 180 �C until clear. The reaction is performed in a glass y-shaped 
microfluidic chip with channels of width 330 mm and  depth 160  mm. The 
reaction channel is 40 cm long and arranged in a serpentine architecture for 
compactness. The chip is placed on a stabilized hot plate with high spatial 
uniformity. The reaction can be performed at temperatures in the range 
160–255 �C. Two syringe pumps are used to inject the precursor solutions 
into the inlet channels at rates up to 40 mlmin�1. The solutions mix rapidly at 
the point of confluence, and nucleation and growth of the CdSe nanoparti­
cles occurs along the reaction channel. The emergent particles can then be 
monitored at ambient temperature at an observation zone downstream of 
the reaction zone. Here, the particles are excited using a 355-nm solid-state 
laser excitation source and emission is detected using a fiber-optic CCD 
spectrometer. A fraction of the incident laser light is redirected to a Si 
photodiode using a beam-splitter, allowing the emission spectra to be cor­
rected for variations in the laser intensity. The set up is shown in Figure 8. 

Figure 9a shows a TEM image of a typical CdSe nanoparticle prepared 
using the above synthesis. The emission spectrum of the nanoparticles 
obtained at an illustrative reaction temperature of 220 �C and equal 
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Figure 8 A schematic of the reactor used to synthesize the nanoparticles described in 
this chapter. Cd and Se precursor solutions are stored in two separate syringes and 
injected at flow rates F1 and F2 into the two inlets of a y-shaped microfluidic device. The 
microfluidic device rests on a hot plate of variable temperature T. The reagent streams 
meet at the point of confluence and nucleation, and growth of the particles occurs as 
they pass along the outlet channel. The emission spectra of the particles so produced are 
monitored prior to collection at a detection-zone downstream of the chip using a 355-nm 
Nd : YAG laser as an excitation source and a fiber-optic-coupled CCD spectrometer. 
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Figure 9 (A) Typical TEM image of a CdSe nanoparticle synthesized by the direct 
reaction of Se and CdO (see main text). (B) Typical emission spectrum of a CdSe 
nanoparticle. The spectrum exhibits two main features: (1) a sharp Gaussian-shaped peak 
due to band-edge emission and (2) a broad feature at lower energies due to defect 
emission. (C) The size-dependence of the peak wavelength for CdSe nanoparticles, 
determined using data provided in Murray et al. (1993). 

CdO and Se flow rates of 9 ml min�1 is shown in Figure 9b. The spectrum 
comprises a strong band-edge emission peak at 525 nm with full-width 
half-maximum 35 nm, and a broad weaker peak at 660 nm due to emission 
from crystal defects at the surface of the nanoparticles. Murray et al. have 
previously reported emission data for a series of size monodisperse nano­
particles, and it can be seen from their data (reproduced in Figure 9c) that 
the wavelength of the band-edge emission peak shifts progressively to 
longer wavelengths with increasing particle size, consistent with reduced 
quantum confinement effects. 

The power of the microfluidic approach is apparent in Figures 10 and 11 
where we consider the effects of varying T and � . Increasing the tempera­
ture and extending the reaction time have similar effects on the band-edge 
emission, leading in both cases to a red-shift and enhancement in the 
intensity. This is consistent with the formation at higher temperatures 
and longer reaction times of larger particles, in which excitons are less 
tightly constrained and so less susceptible to trapping at surface defects 
(Pradhan et al., 2003). In both cases, a remarkable degree of control is 
achieved over the nanoparticle properties—with, for example, the peak 
wavelength being tunable to within a fraction of a nanometer—indicating 
the power of the microfluidic approach. 
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Figure 10 (A) Temperature dependence of the emission spectra of CdSe nanoparticles 
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4. THE AUTOMATED PRODUCTION OF NANOPARTICLES 

As noted in the introduction, a major aim of the current research is the 
development of “black-box” automated reactors that can produce particles 
with desired physicochemical properties on demand and without any user 
intervention. In operation, an ideal reactor would behave in the manner of 
Figure 12. The user would first specify the required particle properties. 
The reactor would then evaluate multiple reaction conditions until it 
eventually identified an appropriate set of reaction conditions that yield 
particles with the specified properties, and it would then continue to 
produce particles with exactly these properties until instructed to stop. 
There are three essential parts to any automated system—(1) physical 
machinery to perform the process at hand, (2) online detectors for mon­
itoring the output of the process, and (3) decision-making software that 
repeatedly updates the process parameters until a product with the 
desired properties is obtained. The effectiveness of the automation proce­
dure is critically dependent on the performance of these three subsystems, 
each of which must satisfy a number of key criteria: the machinery should 
provide precise reproducible control of the physical process and should 
carry out the individual process steps as rapidly as possible to enable fast 
screening; the online detectors should provide real-time low-noise infor­
mation about the end product; and the decision-making software should 
search for the optimal conditions in a way that is both parsimonious in 
terms of experimental measurements (in order to ensure a fast time-to­
solution) and tolerant of noise in the experimental system. 

The microfluidic system described above has two key features that 
make it especially amenable to creating such automated reactors: firstly, 
the reaction conditions can be precisely and rapidly manipulated (which 
in turn means that it is possible to finely tune the physical properties of the 
reaction product), and secondly, the inline spectrometer provides immedi­
ate real-time information about the product. The only remaining element 

Figure 12 Schematic illustrating the desired behavior of an automated chemical reactor. 
The user enters the desired particle properties, the “black-box reactor then evaluates 
multiple reaction conditions until it identifies an appropriate set that yield particles with 
the desired properties; the reactor then continues to produce particles with these 
properties until instructed to stop. 
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Figure 13 Schematic of an automated system for producing nanoparticles with 
desired properties. The set up is an adaptation of the system shown in Figure 8. The 
emission spectra of the emergent nanoparticles recorded by the CCD are passed to 
an intelligent control algorithm that repeatedly updates the reaction temperature 
and the injection rates of the two reagents until particles with the desired properties 
are obtained. 

needed to create a fully automated reactor is the addition of a suitable 
control algorithm that is able to repeatedly update the reaction 
conditions until particles with the desired properties are obtained 
(see Figure 13). 

The intention of the remaining part of this chapter is to explain in 
simple terms how the process of nanoparticle synthesis can be automated, 
and we will not dwell excessively on mathematical details. Instead, to 
illustrate our general approach, we will start by considering a very simple 
example in which we will design an automated system capable of produ­
cing particles that emit at a specified wavelength. We will then show how 
this approach can be generalized to enable the automated production of 
particles whose emission characteristics are specified in more complex 
ways. The key to automating the process of nanoparticle synthesis is to 
use a so-called utility function that reduces all of the known information 
about the particles to a single figure of merit that characterizes the particle 
quality. The utility function is usually defined in such a way that the figure 
of merit decreases steadily (from a large positive number) to zero as the 
measured properties get progressively closer to the desired properties. For 
example, let us suppose that one wishes to produce particles that emit at a 
certain target wavelength �t and that for the current reaction conditions 
the measured wavelength is �c. In this case, a sensible utility function u(�c) 
would be 

u �c ¼ð �t
2 3Þð Þ �c � Þ ð
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Figure 14 Schematic illustrating the use of a “utility function” to optimize the emission 
wavelength by varying the total flow rate of the reagents. The utility function generates a 
figure of merit that equals the square of the deviation of the current wavelength from 
the target wavelength. The square of the deviation is large and positive when the current 
wavelength is far from the target and decreases to zero as the target wavelength is 
approached. The optimization routine adjusts the flow rate in an effort to minimize the 
figure of merit and, in so doing, indirectly finds the reaction conditions that yield 
particles with the desired emission properties. The same approach can be readily 
extended to multiple reaction variables and the simultaneous optimization of multiple 
attributes (e.g., peak wavelength, peak intensity, and line-width). 

which has a value of zero when the current wavelength equals the target 
wavelength and becomes progressively larger in size as the current wave­
length deviates (in either direction) from the target.1 The minimization 
routine tries to minimize the figure of merit and, in so doing, indirectly 
finds the reaction conditions that yield particles that emit with the target 
wavelength as shown in Figure 14. The precise manner in which the 
routine goes about finding the minimum is clearly crucial to the success 
of the optimization, and a number of issues need to be taken into account 
in choosing or designing a suitable routine: 

1.	 The detailed mechanisms of nanoparticle formation (nucleation, 
growth, aggregation, and ripening) are understood only in 
qualitative detail so there are no reliable process models available 

1 Note, an alternative figure of merit would be the absolute deviation from the target wavelength. This choice 
of utility function, however, would exhibit an abrupt change of slope at the optimum which is liable to cause 
numerical difficulties for the control algorithm. The slope of the proposed parabolic utility function varies 
smoothly about the optimum and hence avoids these difficulties. 
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to guide the automation. This differs from the usual situation in 
chemical engineering where mathematical models of the chemical 
plant are normally available to supplement measured data. In the 
case of nanoparticle synthesis, the only information available to the 
algorithm is the measured data. The utility function in effect behaves 
like a black box that converts the process conditions to a final figure 
of merit in a manner that is entirely unknown to the minimization 
routine. 

2.	 The same nominal reaction conditions may on different occasions 
give rise to slightly different products due to mechanical or chemical 
imperfections in the reactor. The utility function is therefore said to 
be noisy. The vast majority of minimization routines are designed for 
handling noise-free mathematical functions and only a very small 
subset of algorithms can cope with appreciable noise. 

3.	 Owing to the slow nature of nanoparticle formation, there is typically a 
delay of several minutes between setting new reaction conditions and 
the figure of merit reaching a new stable value. The utility function is 
said to be expensive to evaluate and, from a practical perspective, this 
means only a small number of reaction conditions can be tested during 
the search for the optimum process conditions. This restricts the choice 
of algorithm severely since conventional minimization routines 
often require thousands of measurements to find the optimum 
conditions. If each measurement takes on average 5 min, one thousand 
measurements would correspond to a full week of searching, which is 
clearly excessive for many applications. Ideally, the control algorithm 
should be able to find the optimum reaction conditions in one hundred 
measurements or less. 

4.	 The reaction conditions are constrained. In other words, there is usually 
a strict upper and lower limit for each reaction parameter. In the case of 
the synthesis described above, for example, the lower temperature is set 
by the need to provide sufficient thermal energy to initiate the reaction 
and the upper temperature by the need to remain below the 
decomposition temperature of the glue (see Section 2). The lower and 
upper limits on the total flow rate meanwhile are determined, 
respectively, by the maximum length of time one is prepared to allow 
for a single reaction and the minimum reaction time needed to produce 
crystals of nanometer dimensions. In this work, we select minimum and 
maximum total flow rates of 2 and 40 mlmin�1 which, for the typical 
chip volumes we use (~16.6 ml), correspond to average residence times 
of about 500 and 25 s, respectively. 

5.	 The majority of minimization routines are designed for 
unconstrained optimization, in which the control algorithm is free 
to select any parameters it wishes. Only a minority can handle 
constrained optimization. 
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Figure 15 Schematic illustrating the concept of a simplex. A simplex is a geometric 
shape formed from N þ 1 vertices in an N-dimensional space. Hence, for one, two- and 
three-dimensional spaces, the simplex points comprise the vertices of a line, triangle, and 
tetrahedron, respectively. The simplices can move through their respective spaces by 
undergoing repeated reflections and/or changes of shape (see main text). 

There are very few minimization routines that satisfy all of these condi­
tions ( i.e. that can perform constrained optimisation of expensive noisy 
black-box functions), and it is only in the past few years that effective 
algorithms have started to emerge. One promising technique, developed 
originally for noise-free optimization, is the simplex method (Kolda et al., 
2003). A simplex is a geometric shape formed from N + 1 distinct points 
(vertices) in an N-dimensional space. This is shown in Figure 15a–c for 
one-, two-, and three-dimensional spaces, where it can be seen that the 
simplex points comprise the vertices of a line, triangle, and tetrahedron, 
respectively. In the most basic form of simplex optimization, the value of 
the function is evaluated at each of the vertices and the simplex is repeat­
edly reflected away from the worst vertex. This is illustrated in Figure 16 
for the illustrative two-dimensional function f(x,y) = x2 – 4x + y2 – y – xy. 
With each successive reflection, the simplex moves progressively closer 
to the minimum at (3,2). The simplex ceases to make progress at the 28th 
iteration (T28). The reason is straightforward. Vertex A has a larger func­
tion value than B and C and is therefore reflected to D. The new vertex D 
also has a larger value than B and C and at the next reflection is reflected 
back to A. The simplex therefore oscillates between ABC and BCD and 
makes no further progress toward the minimum. The premature “stalling” 
of the search is a limitation of the simple “reflective-simplex” approach, 
and the procedure can be improved substantially by using an “adaptive­
simplex” that changes its size and shape according to the shape of the local 
terrain. This has two key advantages as illustrated in Figure 17: (1) the 
simplex can expand in size when moving through flat uninteresting 
terrain, which improves the efficiency of optimization, and (2) once it is 
close to the location of the optimum, it can start to contract, which 
improves the accuracy of the final solution. For the situation considered 
in Figures 16 and 17, after just 10 iterations the adaptive simplex is closer 
to the minimum than the reflective simplex was after 28. 
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Figure 16 Schematic illustrating the concept of simplex optimization using a simple 
reflective algorithm, in which the simplex vertex with the largest function value is 
repeatedly reflected through the line joining the other two vertices. The simplex moves 
progressively closer to the minimum at (3,2) until the 27th iteration. At this stage, vertex A 
has a higher function value than vertices B and C, and A is consequently reflected 
through to D. D also has a larger function value than B and C and so, at the next iteration, 
is reflected back to A. The simplex therefore makes no further progress toward the 
minimum and oscillates repeated between ABC and BCD. 

A variety of rules have been developed to control the movement and 
adaptation of the simplex, of which the most famous set is due to Nelder 
and Mead (Olsson and Nelson, 1975). The Nelder–Mead simplex proce­
dure has been successfully used for a wide range of optimization problems 
and, due to its simple implementation, is amongst the most widely used of 
all optimization techniques. Importantly for the current application, sim­
plex optimization is a black-box technique since it uses only the compara­
tive values of the function at the vertices of the simplex to advance the 
position of the simplex, and it therefore requires no knowledge of the 
underlying mathematical function. It is also well suited to the optimiza­
tion of expensive functions since as few as one new measurement is 
needed to advance the simplex one step. In its usual form, simplex opti­
mization is suitable only for unconstrained optimization, but effective 
constrained versions have also been developed (Parsons et al., 2007; 
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Figure 17 Schematic illustrating the concept of adaptive simplex optimization using the 
Nelder�Mead algorithm described in Olsson and Nelson (1975). The simplex initially 
expands in size and so makes rapid progress toward the minimum. It then contracts 
repeatedly, allowing it to converge on the minimum at (3,2). 

Subrahmanyam, 1989). It can therefore be successfully used for con­
strained optimization of expensive black-box functions. Where it is less 
effective, however, is in the treatment of noisy functions. If the underlying 
noise-free function has similar values at the vertices, then the effect of the 
added noise may be sufficient to change the apparent ordering of the 
vertices, causing the optimization routine to make a bad decision such as 
unnecessary contraction (a process that should only happen when the 
simplex is close to the true minimum). The effect of such a contraction is 
to bring the vertices closer together, which means the values of the noise-
free function at the vertices will be even closer and the distorting effect of 
noise even worse. The routine may therefore make a series of erroneous 
decisions that cause it to collapse to a point away from the true minimum. 

The key weakness of the standard simplex method is that it only uses 
information about the function values at the vertices of the most recent 
simplex, and it entirely disregards data obtained at earlier stages in the 
optimization. The rejection of historical data as worthless is clearly naïve, 
but until recently, it has been difficult to see how such data could be 
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straightforwardly incorporated into a simplex scheme (in which all deci­
sions are based solely on the ranking of the vertices in the current sim­
plex). This problem was solved in 2006 by Martinez (2005), who, building 
on earlier work by Anderson et al. (2000), proposed a statistical means of 
ranking the vertices. The detailed mathematical foundations need not 
concern us here, and it will suffice to say that the approach uses a 
statistical figure of merit—known as an optimality coefficient—whose 
value decreases monotonically from zero to minus one as the minimum 
is approached. In the scheme proposed by Martinez, the simplex optimi­
zation is implemented in the usual way, subject to the one change that 
vertices are ranked according to their relative optimality coefficients 
(instead of their relative function values). Importantly, the optimality 
coefficient is calculated using both the function values at the vertices and 
all historical data, and so the algorithm gains a more global view of the 
terrain. The statistical simplex approach is far less sensitive to the effects of 
noise and is therefore in turn less susceptible to becoming trapped at 
fictitious minima. 

The application of the statistical simplex to nanoparticle synthesis is 
illustrated in Figure 18 using a simple one-dimensional example, in which 
the statistical simplex algorithm aimed to control the emission wavelength 
by varying the total flow rate (Ftot = FA+ FB) of the injected precursors. 
(The ratio of the injection rates of the Cd and Se precursors was set equal, 
that is, FA = FB, to ensure a constant ratio of Cd : Se in the reaction mix­
ture.) The target wavelength was set to 540 nm, and the vertices of the 
initial simplex were arbitrarily set to 25 and 35 ml min�1. The variation of 
the figure of merit, the flow rate, and the peak wavelength are shown as a 
function of measurement number in Figures 18a and b. In the initial stages 
of the optimization, the algorithm has no historical data on which to base 
its decisions and the flow rate oscillates wildly as the simplex reflects 
backward and forward. The algorithm gradually builds up a picture of 
the terrain, however, and as it does so the flow rate gradually converges to 
5.75 ml min�1, causing the figure of merit to reduce in magnitude toward 
zero and the peak wavelength to “home-in” on the target of 540 nm. The 
target is reached after approximately forty measurements. The data in 
Figure 18b reveal an approximate mirror symmetry between the flow 
rate F and the peak wavelength �max. This arises because slower flow 
rates imply longer reaction times which result in larger particles with 
longer peak emission wavelengths (and vice versa). In Figure 18c, we  
show the emission spectra corresponding to the first and last measure­
ments, together with an interim spectrum obtained at measurement ten. 
The convergence on the target wavelength is clear. (The increase in inten­
sity with measurement number is due to the increasing size of the particles 
as the emission moves to longer wavelengths, which reduces the quench­
ing effects of surface defects.) 



219 

0.3

0.4 
(A) 

0.1 

0.2 

0.3

Fi
gu

re
 o

f m
er

it 
(a

.u
.)

0 10 20 30 40 50 60 
Measurement number 

600
Fl

ow
 ra

te
 (μ

l/m
in

)
35 
40 

(B)

10
15 
20 
25 
30 

(B) 

0 
5 

10 

580 
560 

λ 

(n
m

)
m

ax

540 
520 
500 
480480 
460 
440 

00 1010 2020 3030 4040 5050 6060 70 
Measurement number 

In
te

ns
ity

 (
a.

u.
)

0.04 

0.06 

1 

10 63 
(C) 

0 

0.02 

400 450450 500500 550550 600600 650650 707000 

Wavelength (nm) 

Figure  18  Application  of  the statistical simplex approach to  the one-dimensional optimization of peak  emission  wavelength, using total flow 
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The above example is intended mainly for the purposes of illustra­
tion, and it is arguable that one could just as easily identify the opti­
mum flow rate by simply tweaking the flow rate manually. The 
automated approach is more useful for higher dimensional problems 
where the product can be controlled by multiple reaction conditions, for 
example, by varying the two injection rates of the precursors together 
with the temperature. In this case, multiple combinations of reaction 
conditions may yield the same emission wavelength since a faster flow 
rate (which reduces the reaction time) can, for example, be compensated 
by a higher reaction temperature (which increases the reaction rate). 
However, although multiple reaction conditions may yield particles 
with the same emission wavelength, the emission spectra are liable to 
have different line widths and intensities. In general one prefers nano­
particles that exhibit sharp intense emission, and it is interesting to ask 
whether one could optimize the peak wavelength subject to an addi­
tional requirement that the particles should, say, emit as brightly as 
possible. The optimization of multiple properties is known variously as 
multi-attribute optimization, multi-objective optimization, and decision 
theory, and is a subject of intense practical interest. There are various 
ways in which multi-attribute optimization can be carried out, but we 
will consider here the use of multi-attribute utility functions (MAUFs), 
that is, utility functions that combine multiple attribute values into a 
single figure of merit that can then be optimized in the usual way. 
MAUFs are most straightforwardly created by combining a number of 
single attribute utility functions (SAUFs) using, for example, a weighted 
sum. Again, we will not dwell on the mathematical details but simply 
note that the MAUFs are typically defined to have a value of unity 
when the multiple attributes all have their worst possible values which 
reduce to zero if and when they all have their best possible values. 

The simultaneous optimization of peak wavelength and intensity is illu­
strated in Figure 19 for a target wavelength of 550 nm, using the two pre­
cursor injection rates as reaction variables. The variation of the figure of 
merit, the peak wavelength, and the peak intensity with measurement num­
ber is shown in Figures 19a–c, respectively. The reaction conditions sampled 
by the simplex algorithm are shown in Figure 19d, where the vertices of the 
starting simplex are marked out by a triangle and the final reaction condition 
is denoted by a grey circle at (3 ml/min, 1 ml/min). The interior region 
defined by the black dotted lines denotes the constrained parameter space. 
Figure 19a shows a steady decrease in the value of the figure of merit from an 
initial value of 0.37 to a final value of 0.2 due to an improvement in both the 
peak wavelength and the intensity. It is interesting to note that a close match 
to the wavelength is first reached at measurement 12, but continued search­
ing leads to particles that emit with substantially increased intensity. The 
emission spectra obtained at measurements 12, 50, and 83 are compared in 
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Figure 19 Application of the statistical simplex approach to the simultaneous 
optimization of peak emission wavelength and intensity, using the individual injection 
rates of the CdO and Se precursor solutions as the reaction variables. (A) Variation of the 
figure of merit with measurement number. (B) Variation of the peak wavelength with 
measurement number. (C) Variation of the intensity with measurement number. (D) Plot 
showing the conditions sampled by the statistical simplex routine. The initial simplex is 
denoted by the triangle and the final reaction conditions by the grey circle at (3 ml/min, 
1 ml/min). The trapezoidal region defined by the four overlapping dotted lines defines 
the constrained reaction space. The simplex was only permitted to sample reaction 
conditions inside this space. (E) Emission spectra at various stages in the optimization, 
that is, at the 12th, 50th, and 83rd measurement. The peak wavelength shows a close 
match to the target wavelength in each case but the intensity increases progressively as 
the search continues, indicating an improvement in particle quality. 

Figure 19d, and it is evident that, despite their similar peak wavelengths, the 
final particles are evidently the most intense. 

The above results confirm the feasibility of automating the process of 
nanoparticle synthesis using simplex-based optimization routines. The 
approach we outline provides a promising starting point for developing 
more sophisticated systems that can be used to control a whole variety of 
nanoparticle properties, including shape, chemical composition, crystal 
structure, optical properties, and chemical reactivity. In passing, we note 
that—since the simplex converges on the optimum though a series of 
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reflections in the general direction of improvement—there is no guarantee 
it will find the global optimum, which may be located in a distant unex­
plored region of the parameter space. To stand a better chance of finding 
the global optimum, different optimization routines are required that 
work by sampling at discrete locations throughout the parameter space. 
The search process is divided into two phases: (1) local searching (i.e., 
solution refinement) in the vicinity of identified optima and (2) global 
searching in hitherto unexplored regions of the parameter space where 
superior optima might potentially exist. The interested reader is referred to 
Krishnadasan et al. (2007) for a discussion of how global optimizers can be 
applied to nanoparticle synthesis. 

5. PROCESS CONTROL 

There are two key steps to any practical optimization procedure: firstly, as 
described in the previous section, the optimal reaction conditions should be 
identified as efficiently as possible to enable swift production of the desired 
product, and secondly, having found the (initially) optimal conditions, the 
reaction conditions should then be regularly updated to compensate for any 
changes (drift) in the system due, for example, to degradation of the 
precursor materials or furring of the channel walls. The effects of drift are 
essentially due to progressive changes in hidden variables over which the 
user has no control. To compensate for these changes, the active variables 
must be adjusted accordingly. Hence if, for example, aggressive furring of 
the channels were to occur, this might significantly reduce the cross-sec­
tional area of the channels and so reduce the residence time for a given flow 
rate. This could be mitigated either by reducing the total flow rate (to 
increase the residence time) or increasing the temperature (to increase the 
reaction rate) or by making appropriate changes to both. 

In most cases, the detailed effects of system drift are unpredictable, and it 
is again important to use black-box algorithms that are able to make adjust­
ments to the reaction conditions on the basis of measured data only without 
the need for any underlying process model. In order for such a black-box 
algorithm to determine how to update the reaction conditions, it must con­
stantly dither the reaction conditions about (what it perceives to be) the 
current optimum. In other words, the algorithm must constantly switch 
between similar, but slightly different, reaction conditions that yield end 
products of marginally varying quality. The algorithm can then compare 
the quality of the particles so obtained and use this information to update the 
reaction conditions in an appropriate manner. The constant perturbing of the 
reaction conditions is a necessary activity for tracking the system drift but 
unavoidably compromises the instantaneous quality of the product since the 
system frequently finds itself operating at (slightly) non-optimal conditions. 
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To be effective, the perturbations should be sufficiently small that the product 
is always of an acceptable quality yet sufficiently large that meaningful 
comparisons can be made between the different conditions. 

Xiong and Jutan have recently reported a real-time algorithm for 
tracking system drift using a simple adaptation of the reflective simplex 
approach outlined above (Xiong and Jutan, 2003). In essence, the simplex 
undergoes repeated reflections that allow it to track the moving optimum. 
If the optimum is static, the simplex reflects backward and forward and 
hence remains more or less anchored to the optimum. If the optimum 
starts to move, however, the repeated reflections drive the simplex in the 
direction of the drifting optimum. 

As noted above, the effects of system drift may be attributed to hidden 
variables over which the algorithm has no control. In reality, for CdSe 
nanoparticles synthesized in the manner described above, system drift is a 
very slow process that occurs over a timescale of days. In order to accel­
erate the effects of drift and to pose a challenging test for our algorithm, 
we engineered an artificial situation in which the reaction temperature 
was programmed to drift linearly with time from 180 to 230 �C over a 
period of 6 h. (In ordinary circumstances, this would be expected to induce 
a significant red-shift in the peak emission wavelength.) The system was 
set to an initial total flow rate of 12 ml min�1, corresponding to particles 
that initially emitted at 510 nm. The evolution of spectra under fixed and 
dynamically updated flow-rate conditions was then compared. The upper 
line in Figure 20 indicates the progressive change in peak wavelength 
observed over the 6-h period when the flow rate was fixed at 12 ml min�1. 
The peak wavelength increases almost linearly with time, indicating the 
formation of larger particles with red-shifted emission (due to the 
increased temperature-dependent reaction rate, c.f. Figure 10). The peak 
wavelength shifts by almost 30 nm by the end of the 6-h period. The lower 
line indicates the variation in the peak wavelength when the flow rate was 
dynamically updated by the drift-compensating algorithm. The peak 
wavelength shows an increased volatility due to the constant dithering 
of the reaction conditions and exhibits a few undesirable outliers in the 
early stages of the optimization (see circled data points). However, the 
baseline is effectively static, which indicates that the algorithm is success­
fully tracking the drifting optimum, and after 6 h the peak wavelength is 
still approximately 510 nm. The evolution of the flow rate is shown in 
Figure 21. The flow rate tracks (albeit in a somewhat hap-hazard fashion) 
the temperature, ensuring that the reaction time decreases sufficiently to 
offset the increase in temperature. The evolution of the emission spectra 
with time are shown in Figure 19a and b. The non-stabilized system gives 
rise to a progressive red shift in the particle emission with time, accom­
panied by a progressive reduction in the intensity of the defect emission 
(due to the larger size of the particles). The dynamically stabilized system 
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Figure 20 Application of the dynamic simplex to the compensation of system-drift. An 
artificial example is considered here in which the temperature is ramped linearly with 
time and the simplex aims to compensate for the changes in the reaction temperature by 
modifying the flow rate accordingly. The plot compares the change in the peak 
wavelength when the flow rate is held fixed at its initial value of 12 ml min�1 and when it is 
adapted dynamically by the simplex algorithm. In the former case, the peak wavelength 
increases steadily with time due to the increasing temperature which increases the 
growth rate of the particles. In the latter case, the peak wavelength remains fairly close to 
its initial value of 508 nm. 

however shows a much smaller variation in the emission spectra. The 
remarkable effectiveness of the dynamic stabilization is particularly evi­
dent from a comparison of Figure 22c and d, which compare the emission 
spectra at time 0 and after 6 h for the two cases. The dynamically stabilized 
system shows a remarkably small change in the emission spectrum, indi­
cating the efficacy of the simplex technique. 

6. THE APPLICATION OF AUTOMATED MICROREACTORS 
IN NANOTOXICOLOGY 

In the above sections, we have outlined our recent work in the area of 
nanoparticle automation and have demonstrated how simple algorithms 
can be developed to address the two key challenges in nanoparticle 
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Figure 21 Plot showing how the temperature and flow rate vary with time for the 
situation considered in Figure 20. The flow rate tracks (albeit in a somewhat hap-hazard 
fashion) the temperature, ensuring that the reaction time decreases as the temperature 
increases and that the particles therefore continue to emit with the same approximate 
peak wavelength. 

automation—fast identification of the optimal reaction conditions and compen­
sation for system-drift. In this final section, we will spend a few paragraphs 
outlining how such automated systems might usefully be applied in the 
specific area of nanotoxicology. In the case of conventional macroscale 
materials, toxicity is determined primarily by chemical composition. The 
particle dimensions do not strongly influence the physicochemical proper­
ties of the materials themselves, and hence they tend to influence toxicity 
only indirectly by in essence determining how easily a given particle can 
reach a susceptible location in the body. In the case of asbestos, for 
example, the diameter of the fibers determines their ability to penetrate 
the lung and reach the alveoli where they provoke an inflammatory 
response that causes deposition of fibrous tissue (and in so doing reduces 
lung capacity). The thin linear “amphibole” fibers pictured in Figure 23a 
are able to penetrate the lungs more readily than the curved “serpentine” 
fibers pictured in Figure 23b and so typically cause more damage. In the 
case of nanoscale materials, however, the situation is more complex 
because the particle dimensions also have a strong influence on the phy­
sicochemical properties of the particles. In principle, even small variations 
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Figure 22 Plots showing how the emission spectra vary with time for the situation 
considered in Figure 20. (A) The evolution of the spectra for a fixed flow rate of 
12 ml min�1. (B) The evolution of the spectra when the flow rates are dynamically updated 
by the simplex algorithm. (C) Comparison of the initial and final spectra for a fixed flow 
rate of 12 ml min�1. (D) Comparison of the initial and final spectra when the flow rates are 
dynamically updated by the simplex algorithm. 

(a) (b) 

Figure 23 Two varieties of asbestos fibers: (A) amphibole and (B) serpentine. The thin 
amphibole fibers present a larger toxicological threat due to their greater ability to 
penetrate lung tissue and reach the alveoli. 

in the size and shape of the particles may lead to large variations in their 
properties and, by implication, their toxicity. Hence, in order to develop a 
detailed understanding of the toxic effects of a particular nanomaterial, it 
is important to study its toxicological behavior over the full range of sizes 
and shapes that are liable to be encountered in practical situations (rather 
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than a few discrete cases as is usually sufficient for toxicological studies of 
macroscale particles). Furthermore, a number of other factors are likely to 
influence toxicity, including crystallinity, surface functionalization, surface 
charge (zeta potential), hydrophilicity, and propensity for aggregation or 
agglomeration. The diverse range of factors that can influence the toxicity 
of nanomaterials presents a formidable challenge for toxicologists, and 
there is a growing need for new tools and techniques that can be used to 
analyze the toxicity of nanomaterials. 

Conventional macroscale toxicology makes heavy use of libraries of 
reference materials (RMs)—that is, standard materials with stable well-
defined properties that are prepared and handled according to precise 
protocols. RMs may be investigated by multiple researchers in the con­
fidence that they are all looking at essentially the same materials, enabling 
meaningful comparisons to be made between their research findings. 
There is now an urgent need to develop similar libraries for nanotoxicol­
ogy, in which commonly used nanomaterials are provided in as wide a 
variety of sizes, shapes, and surface functionalizations as possible. 
A number of recent studies have investigated the feasibility of developing 
such libraries, and there is an emerging consensus about the requirements 
of such libraries. Firstly, RMs should be available for all the most com­
monly used nanomaterials, namely, metals, metal alloys, metal oxides, 
quantum dots, and fullerenes. Secondly, the RMs should be provided in a 
range of monodisperse sizes and shapes. Thirdly, the RMs should be of 
verifiable quality with minimal batch-to-batch variation between nomin­
ally identical materials. And finally, the RMs should be available in kilo­
gram quantities to ensure sufficient material is available for worldwide 
studies. In addition, the studies drew attention to one issue of particular 
concern, namely, the significant differences in reactivity (and hence poten­
tial toxicity) that frequently exist between freshly prepared and stored 
particles. This issue throws into serious doubt the viability of the conven­
tional RM approach—in which standardized materials are prepared in 
centralized facilities and then transported to their intended location of 
use—since the particles are liable to “age” substantially in transit. Ideally, 
the nanomaterials should be prepared on demand at the point of use, but 
this is inconvenient, potentially dangerous, and requires a level of syn­
thetic expertise that the typical practicing toxicologist does not have. The 
method outlined in this chapter, however, offers a possible solution. The 
automated systems described above could be readily integrated into a 
simple self-contained desktop machine that produces nanomaterials on 
demand to a well-defined and verifiable specification. In this way, nano­
materials could be prepared as and when required, enabling reliable 
toxicological studies to be undertaken on both fresh and aged samples. 
Moreover, the high levels of process control afforded by the 
microfluidic format enable systematic studies in which key nanomaterials 
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properties—size, shape, chemical composition, zeta potential, etc.—may 
be varied with ease. At the time of writing, a wide variety of nanomater­
ials have been successfully prepared in microreactors, including CdSe, 
CdS TiO2, Ag, Au, and Co to name but a few. In fact, of the key families 
of nanomaterials identified above, only fullerenes have yet to be success­
fully synthesized in a microfluidic format (due to the normal use of 
combustion-based preparation routes). The automated microfluidic route 
is therefore an attractive means of making most of the commonly used 
families of nanomaterials. Importantly, it satisfies most of the other 
requirements of RMs noted above: the high levels of process control enable 
the preparation of size-monodisperse series of nanomaterials and the use 
of online monitoring allows quality assurance and minimizes batch-to­
batch variation. 

The major objection to using the microfluidic approach might seem to be 
inadequate materials throughput. In fact, despite the small size of the 
reaction channels, surprisingly large quantities of materials can be prepared 
using microfluidic devices. In the case of CdSe quantum dots, for example, 
the nanoparticles can be prepared using flow rates of several hundred 
microliters per minute which, for typical precursor concentrations of 
10 mg ml�1 implies production rates of order 1 mg min�1. Moreover, due to 
the small size of the channels, it is possible to integrate multiple channels 
onto a single microchip, enabling the syntheses to be carried out in parallel. 
This approach is called “scale-out” in contrast to the usual process of 
“scale-up” and has the important advantage that all channels can be fabri­
cated with identical dimensions, and the increased throughput can therefore 
be achieved without the need to reformulate the chemical reactions in any 
way (as is invariably necessary for scale-up). In a small multichannel system 
containing just twenty parallel reactors, production rates of about 1 gh�1 are 
easily achievable which is sufficient for most practical applications. Hence, 
despite the small size of the microreactors, an appreciable amount of mate­
rial can be produced in a relatively short period of time. 

In our current work, we are aiming to develop parallel systems of this 
nature for a variety of applications where on-demand production of high-
quality nanoparticles is required. 

7. CONCLUSIONS 

It is fair to say that over the last 8 years there has been a significant growth in 
microfluidic-based methods for synthesizing nanoscale materials. Signifi­
cantly, such materials are of a quality that matches or exceeds materials 
produced using traditional bulk methods. Furthermore, the continued devel­
opment of integrated multicomponent systems will create invaluable tools for 
improving both the properties and yields of this important class of materials. 
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More specifically, the described approaches for reaction automation 
represent an important first step toward both simplifying and automating 
the process of nanoparticle production, but there is still considerable scope 
for improvement. To date, we have applied our approaches to a relatively 
small number of nanoparticle syntheses using very simple chemical 
routes. However, some extremely sophisticated chemical syntheses have 
been developed in recent years that are capable of producing near defect-
free nanoparticles of extremely high monodispersity, and it will be impor­
tant to adapt and apply our automation procedures to these synthesis 
routes also. In addition, although in this chapter we have focused on the 
synthesis of fluorescent quantum dots, the general strategy we describe 
has wider applicability to any particles whose properties can be monitored 
(directly or indirectly) inline. In the case of nonfluorescent dots and rods, 
dynamic light scattering is likely to provide an especially effective tool for 
controlling the size, shapes, and dispersity of the particles. As mentioned 
above, careful design of the control algorithms is crucial to achieving 
effective automation, and considerable scope exists for achieving further 
efficiency and control through improved algorithm design. Notwithstand­
ing these challenges, we consider the general approach outlined above to 
offer a powerful route to the automated production of optimized nano­
particles which has the potential to transform the efficacy of nanoparticle 
synthesis in terms of control, yield, and ease-of-use. 
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