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1. Introduction – nanotechnology and optical diagnostics 

In the past decade, progress in nanotechnology has produced a wide variety of nanoparticles (NPs) 

useful for diagnostic applications. The use of nanotechnology in diagnostics is attractive because 

only a small volume of sample is required, allowing a low limit of detection (LOD) to be achieved. 

Often the use of NPs in diagnostic tests makes them faster to perform and more sensitive than 

comparable assays which use biomolecules (Jain, 2005). Furthermore, NPs possess unique optical 

and magnetic properties depending on their composition. Moreover, according to their intended 

application, nanoparticles can be engineered to impart the required properties. The use of NPs in 

molecular diagnostics can be termed “nanodiagnostics” and has been successfully employed both in 

vivo and in vitro assays (Jain, 2007). In recent years, the global market for in vitro diagnostics 

(IVD) has increased at an incredible rate; from US$44 Billion in 2010 to a predicted US$60 Billion 

by the end 2014 (Renub-Research, 2010). The “point-of-care” sector represents the largest part of 

the IVD global market, followed by immunochemistry and molecular diagnostics (RNCOS, 2011). 

Currently the most important application areas for polymeric NPs in optical diagnostics are 

biomarker analysis, cancer diagnosis, diagnostic imaging, and immunoassays. The binding of the 

target biomolecule to NPs is the pivotal step in most nanoparticle-based assays. In order to detect 

the target analyte, this binding should result in a measurable signal that can be quantified. For this 

purpose, the most commonly used labels are enzymes, which can catalyze the formation of colored 

products that can be detected by  a change in color of a solution, or molecules/materials capable of 

emitting a fluorescent signal. Dyes have been popular tools employed in optical diagnostics, 

allowing the detection of analytes with good sensitivity, either through color changes or by 

emission of fluorescence. Unfortunately, dyes suffer from photobleaching and often have an 

asymmetric emission spectrum. Photostability is important in the case of prolonged observation, 

where photobleaching severely impacts on their capability to detect single molecules. Furthermore 

some dyes, such as fluoresceins and rhodamines, suffer from quenching phenomena when present 

in solution at high concentration (Demchenko, 2010). Despite the aforementioned drawbacks, 

organic dyes are widely employed due to their low cost and ease of use. When the dye is embedded 

in a polymeric matrix however, increased photostability is often observed due to the “protective” 

effect of the polymer. Furthermore, covalently coupling the dye to the polymer will also reduce the 

chance of leakage, which is possible with entrapped dyes, which can still diffuse out of the polymer. 

NPs can also contain hundreds of dye molecules which will increase the intensity of color or the 

brightness of emission. Furthermore, the hydrophobic microenvironment created within polymeric 

NPs can enhance the quantum yield of certain fluorescent reporters (Cui et al., 2013; Hu and Liu, 
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2010; Shiraishi et al., 2010; Wang et al., 2009). In addition, the presence of reactive functional 

groups along the polymer backbone allows specific labeling with other molecules as well as 

allowing the particle surface to be modified for specific applications.  

Reporters for optical sensing can be divided into two main categories. The first includes reporters 

used as molecular sensors in systems capable of detecting changes in their surroundings and 

respond to the presence of specific molecules. The second involves reporters used as labels, the aim 

of which is to give rise to a fluorescent signal which depends only on the presence of the reporter in 

a particular area of a diagnostic device, without any variation in the fluorescence properties 

(Demchenko, 2010). The most important considerations when using labels are how to obtain high 

brightness and provide protection from the surrounding environment. The ideal molecular sensor 

should possess high molar absorption coefficient and high quantum yield, it should be 

photochemically and thermally stable, and give an optical response proportional to the 

concentration of the target analyte without any interactions with other analytes in the sample. A 

large Stokes shift is highly desirable for both applications because it allows  the fluorescent signal 

to be detected without problems associated with the overlapping of excitation and emission spectra 

of the dye (Demchenko, 2005). For in vivo use, reporters must be non-toxic and their biodistribution 

should be well-known. Herein, we describe recent advances in the synthesis and applications of 

polymeric NPs in optical in vitro and in vivo diagnostics.  

 

2. Synthesis of polymeric nanoparticles 

Polymeric NPs can be made from organic polymers or inorganic materials such as silica. Generally, 

organic NPs are prepared either by polymerization of monomers or by processing of preformed 

polymers. In the latter case, the techniques most frequently employed are: solvent evaporation, 

salting-out, nanoprecipitation, dialysis and supercritical fluid technology (Rao and Geckeler, 2011). 

Otherwise, polymeric NPs can be produced from monomers by several methods, such as: 

dispersion, precipitation and interfacial polymerizations. For diagnostic applications, the most 

commonly employed techniques are emulsion and living free radical polymerization. The former is 

carried out in water as the dispersion medium, with or without the addition of surfactant, and allows 

excellent control to be exerted over the size distribution of the NPs produced, including the 

production of monodisperse emulsions. Similarly, the living free radical polymerization methods 

permit excellent control over the molecular weight, polydispersity and composition of NPs 

(Zetterlund et al., 2008). These latter procedures are based on the establishment of dynamic 
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equilibria between a small number of growing radicals and a large majority of the dormant species. 

Even though this method can have some issues related to the colloidal stability of NPs, living 

polymerization is an excellent technique for the production of functionalized NPs. Moreover, in 

contrast to conventional free radical polymerizations, living polymerizations do not undergo 

exothermic autoacceleration, allowing superior control of parameters such as the polymer chain 

length and particle size. 

Silica NPs are generally synthesized either in an emulsion-based technique performed in organic 

solvents or by the Stöber method. The first process requires large amounts of surfactant, whereas 

the Stöber method is performed in mixture of water and ethanol in the absence of surfactants and 

allows spherical NPs to be obtained in a narrow size distribution. It was recently shown however 

that the silica layer present on NPs produced by the Stöber method can be inhomogeneous (Wong et 

al., 2011). In both approaches for the synthesis of NPs, dye can be added to the monomer mixture 

prior to initiating the polymerization, with the results that it becomes entrapped within the 

polymeric matrix. Copolymerization with a polymerizable form of the dye can eliminate the 

leaching of dye from the particle, but generally has a requirement for the chemical structure of the 

dye to be modified. It has been demonstrated that the incorporation of some dyes can be enhanced 

by the use of surfactants. However, surfactant can be difficult to remove completely, and its 

presence could negatively affect the behavior of the particles in biological systems. Silica can be 

doped with fluorophores by physical adsorption of the dyes. This method however, has several 

drawbacks such as poor  incorporation of the dyes in silica, leakage and aggregation of the dyes, 

with consequent loss of fluorescence intensity and also variability in the number of dye molecules 

embedded in each nanoparticle. 

Table 1 

 

Organic polymeric nanoparticles for in vitro optical diagnostics 

Regardless of the NP composition, both organic and inorganic NPs can act as signal transducers, 

transforming the presence of the analyte into a quantifiable optical response caused by changes in 

photophysical characteristics of the fluorophore. It is worth mentioning that some general 

requirements for dyes are often mutually exclusive: for instance, high quantum yield might be 

correlated with a small Stokes shift, or high molar extinction coefficients (ε) correlate with short 

fluorescence lifetimes (Demchenko, 2005). Depending on the photochemical process involved in 

optical detection, we can distinguish three processes important for reporting: (1) generation of 

fluorescence emission, (2) modulation of fluorescence emission, (3) Förster resonance energy 

transfer (FRET) processes (Li and Liu, 2012). In the first mechanism, fluorescence emission is 
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generated by means of specific chemical reactions or recognition phenomena in the presence of the 

target analyte. For instance, the fluorescence emission of Rhodamine B (RhB) changes according to 

whether it is in the spirolactam or the acyclic form (Hu et al., 2010; Y. K. Yang, 2005). Hu and 

colleagues used this phenomenon in the development of RhB-based fluorogenic polymeric micelles 

for Hg2+ detection. A thermo-responsive hydrophilic block copolymer containing RhB moieties was 

prepared using reversible addition−fragmentation chain-transfer (RAFT) polymerization technique. 

The ring-opening reaction of RhB moieties occurs after the addition of Hg2+ ions, producing highly 

intense emission of fluorescence (Hu et al., 2010). In a similar approach a polyethylenglycol (PEG)-

based thermo-responsive diblock copolymer containing the coumarin moiety was used for the 

detection of fluoride (Figure 1) (Jiang et al., 2011). Similarly, polymeric micelles based on Eu(III) 

complexes and fluorescein isothiocyanate (FITC) were successfully developed. These nanosystems 

with integrated functionalities showed multicolor fluorescent emission, acting both as temperature 

and pH sensors (Li et al., 2009). Wang and colleagues made dual fluorescent polymeric micelles for 

temperature and Hg2+ sensing able to respond to Hg2+ ions inside living cells with a LOD of 10 nM 

(Wan et al., 2011). Other reporting groups include the spiropyrans which, upon exposure to UV 

light, undergo heterocyclic ring cleavage to the open chain merocyanine form. The latter has strong 

absorption in the visible region, whereas the spiropyran (closed form) is colourless (Chen et al., 

2008; Zhu et al., 2011; Zhu et al., 2006). This has been used in the development of spiropyran-

based nanosystems which act as fluorometric and colorimetric temperature sensors (Wu et al., 

2009b). 

By means of a fluorogenic “click” reaction, non-fluorescent alkyne- and azide-derivatives can react 

to form  highly fluorescent products (Figure 2). Using this principle, fluorescent polymeric NPs 

bearing cyanine dyes have been developed for in vivo targeting of tumor angiogenesis (Deshayes et 

al., 2011). Miki and colleagues synthesized amphiphilic copolymers which were easily conjugated 

with folate, PEG and indocyanine green by click reaction. The resulting self-assembled 

nanosystems efficiently accumulated in the vicinity of the tumor, thanks to the synergistic effect of 

PEG and folate targeting (Miki et al., 2010). Click chemistry is highly selective and can be easy 

applied to produce multifunctional systems without employing tedious and time-consuming 

synthetic procedures. Very recently, such a technique has been applied for in vitro imaging of a 

glioma cell line by using an azido-terminal fluorescein derivative, which was first synthesized and 

then reacted with a copolymer bearing alkyne groups (Pucci et al., 2013). As reported elsewhere 

(Lutz and Zarafshani, 2008), this procedure can also be used to functionalize inorganic 

nanomaterials, such as magnetic and gold NPs (Álvarez-Paino et al., 2013, Su et al., 2013), silica 

beads or quantum dots (QDs) (Tissandier et al., 2012). The latter are semiconductor nanocrystals, in 
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the size-range of 1-10 nm, composed of sulphides, selenides or tellurides of heavy metals (groups 

II–VI, III–V, or IV–VI of the periodic table) characterized by high photostability, wide absorption 

spectrum, intense and typically narrow emission spectrum, large Stokes shift and size-tunable 

emission (Sahoo et al., 2007). Thus, by varying their size and chemical composition, the emission 

wavelength can be tuned from the UV to the near infrared (NIR) region, allowing simultaneous 

detection of multicolor QDs by means of a single light source. Furthermore, they show high 

fluorescence quantum yields between 650–900 nm, which is the best choice for in vivo applications. 

Unfortunately, they are potentially toxic due to the presence of heavy metals and require coating 

with polymer to reduce the risk of heavy metal exposure and to improve their water-solubility 

(Hezinger et al., 2008). Moreover, Evans and Lovell proved that click chemistry is a useful protocol 

for the conjugation of several functional molecules even in aqueous media, thus allowing a versatile 

and simple method for the attachment of water-soluble biomolecules under mild conditions (Evans 

and Lovell, 2009). 

Some non-fluorescent dyes in their single-molecule state can undergo self-aggregation or 

adsorption process onto substrates, turning on their luminescent emission (Hong et al., 2009, 2011; 

Luo et al., 2001). Tang and colleagues synthesized polymeric N-isopropylacrylamide (NIPAM)-

tetraphenylethene (TPE) NPs that act as a fluorescent thermometer, revealing temperature variations 

within the thermal phase transition of the polymer. This is due to the aggregation process triggered 

by water (a poor solvent for TPE) and heat (Tang et al., 2009).  

The second detection principle (modulation of reporter fluorescence) is based on the intrinsic 

properties of the bound fluorescent reporter and/or on the responsiveness of the polymer matrix. 

Some examples of fluorescent reporters which undergo changes in their fluorescence spectra in 

response to environmental factors are fluorescein and benzylselenide-tricarbocyanine (BzSe-Cy). 

The emission intensity of the former changes in response to pH due to its transition between mono- 

and di-anionic states (Bryleva et al., 2007), the latter was employed to develop fluorescent 

polymeric micelles for the detection of peroxynitrite. In the presence of ONOO -, BzSe-Cy 

undergoes oxidation, with a consequent decrease in fluorescence emission, allowing intracellular 

imaging of ONOO- in living cells (Tian et al., 2011). Uchiyama and colleagues developed 

polymeric temperature-sensitive fluorescent nanogels based on polarity-sensitive dyes with 

benzoxadiazole (BD) motifs (Uchiyama et al., 2003, 2004). The quantum yield of such dyes is 

enhanced by thermally-induced aggregation caused by a decrease in the polarity of the 

microenvironment within the copolymers (Figure 3). At low temperature, the polymer swells by 

absorbing water and the water-sensitive BD moieties are quenched by the surrounding water 

molecules. As the temperature is increased, the polymer shrinks, accompanied by the release of 
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water molecules, resulting in fluorescence enhancement due to the BD units. Such nanosystems are 

applicable for the monitoring of temperature-dependent intracellular events, as demonstrated by 

studies with COS7 cells, in which environmental pH and surrounding proteins did not affect the 

performance of the polymer (Gota et al., 2009). Similarly, dual fluorescent micelles based on 

tetramethylrhodamine isothiocyanate and hostasol methacrylate have been synthesized, and were 

shown to be spontaneously taken up by HeLa cells (Li et al., 2011). 

Recently, Gao and colleagues produced block copolymers by atom transfer radical polymerization 

(ATRP) consisting of poly(ethyleneoxide) (PEO) and tertiary amine-containing (TA) segments with 

enhanced pH sensitivity. When the pH is above the pKa of the TA block, the copolymers self-

assemble into micelles with the TA segments in the core, leading to a quenching effect due to 

homo-FRET mechanisms. As the pH is increased, the micelles undergo disassembly since the TA 

segments become positively charged, with a consequent increase in fluorescence emission. These 

nanosystems showed a rapid response to changes in pH (< 5 ms) in the range of intracellular pH 

(5.0-7.4) (Zhou et al., 2011). The capability of this system to discriminate pH values of 0.25 pH 

units is useful for the evaluation of small differences in pH within intracellular compartments, 

which can be less than 1 pH unit (Casey et al., 2010). Unfortunately, no long-term cytotoxicity and 

photostability studies have been performed to show whether these particular nanosystems might be 

employed to investigate pH changes related to cellular aging and molecular alteration in cancer. In 

contrast, FITC-based NPs were coated with dextran to increase their long-term cytocompatibility 

with the result that no cytotoxic effects were observed over a 22 day period (Hornig et al., 2008). 

Other polymeric NPs, mainly based on poly(lactic-co-glycolic acid) and PEG, have been 

synthesized for imaging of cancer tissue over the last years (Vollrath et al., 2013). 

Recently, several types of fluorescent nanoparticles have been employed for the detection of 

biomarkers (Goutayer et al., 2010; Kelly et al., 2008; Tsai et al., 2011; Wu et al., 2008). For this 

purpose conjugated polyelectrolytes (CPEs) have been employed since their photophysical 

properties are known to vary upon interaction with proteins (Li and Liu, 2010; Song et al., 2011). A 

CPE-based assay has been carried out with aptamer-funtionalized NPs for the detection of lysozyme 

in mixtures with other proteins, resulting in a LOD of  about 0.36 g/mL (Wang et al., 2010b). 

Polymeric NPs with an embedded gold core have been employed in luminescence-based assays. 

The fluorescence emission of reporters such as a cationic polyfluorene was quenched by the 

metallic core, allowing quantification of the analyte at subpicomolar concentrations of NPs (Fan et 

al., 2003). Rotello and colleagues have made gold NPs embedded in a fluorescent polymeric shell 

for quantification of proteins and for differentiation between normal cells and cancer cells using this 

quenching mechanism (Bajaj et al., 2009; You et al., 2007). The innovation behind this nanosystem 
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lies in the exploitation of morphological changes that occur on the cell surface, indicative of various 

disease states. In another example, pyrene dimers having –O–Si–O– or –O–Si–Si–O– linkages were 

synthesized and exhibited different excimer/monomer emission due to the presence of fluoride 

anions (Gai et al., 2012). In particular, pyrene dimers showed characteristic excimer emission 

(broad peak around 470-480 nm) together with a weak monomer emission (two sharp peaks at 378 

and 396 nm). In the presence of fluoride, the Si–O bond is cleaved, thus generating pyrene 

monomer fluorescence emission. Poly(D,L-lactic acid) (PLA) NPs were loaded with the 

aforementioned probes and their performance as F- sensor was evaluated in living HeLa cells. When 

these latter were incubated for 2 hours at 37 °C in the presence of both fluoride (100 μM) and NPs, 

fluorescence emission characteristic of pyrene monomers was detected. Interestingly, no optical 

changes were detected in the presence of other ions. 

In the third detection principle (FRET), the energy of excitation of a “donor” dye is non-radiatively 

transferred to an “acceptor” through long-range dipole–dipole interactions. Energy transfer between 

the donor and acceptor depends on the degree of spectral overlap of the donor emission band and 

the acceptor absorption band. Furthermore, the relative dipole orientation and the distance between 

the fluorescent reporters are critical, since the FRET process only occurs when the separation 

between donor and acceptor is from 1 to 10 nm. Considering these distance-dependent properties, 

FRET is usually employed as technique for investigating phenomena which lead to variations in 

molecular distances (Demchenko, 2010). If the acceptor dye is non-fluorescent, the energy transfer 

leads to quenching. Otherwise, if the acceptor is a fluorophore, a longer-wavelength emission 

occurs according to the acceptor emission. By employing different donor-acceptor combinations, 

the FRET process can be tuned, leading to an increase in the Stokes shift. By varying the ratio of 

the donor-acceptor dyes, multicolor detection can also be achieved, as demonstrated by the work of 

Wang and Tan (Wang and Tan, 2006). Furthermore, several polymeric nanoparticles employing 

optical detection systems based on FRET have been developed for bioimaging and biosensing 

purposes. For different nanosystems the fluorescence is either quenched or enhanced upon addition 

of the target analyte (Hu et al., 2011a, 2011b; Peng et al., 2010). Other nanoparticles have been 

prepared which show on/off behaviour of the FRET process, dependent on the presence or absence 

of the substance to be detected (Chen et al., 2009b; Frigoli et al., 2009; Liu et al., 2012; Ma et al., 

2010; Zhu et al., 2007). FRET-based polymeric NPs have been used to detect ionic species, 

demonstrating good sensitivity. For instance, Frigoli and colleagues used a copper-selective ligand, 

tetraazacyclotetradecane (cyclam) capable of quenching the fluorescence emission of the embedded 

acceptor dye (pyrromethene 567) upon interaction with copper, achieving a LOD in the nanomolar 

range (Frigoli, 2009). By exploiting a similar quenching mechanism, Chen and colleagues prepared 



 9 

core–shell polymeric NPs for the detection of Cu2+. In their system the poly(methyl methacrylate) 

(PMMA) core was impregnated with Nile red, while the shell was made of hydrophilic 

polyethyleneimine (PEI) for high affinity Cu2+ binding. In the presence of Cu2+, complexation of 

with PEI at the NP surface leads to quenching of fluorescence emission due to FRET from Nile red 

to the aforementioned Cu2+/PEI complexes. This system showed high selectivity towards Cu2+, 

since almost no fluorescence quenching was detected in presence of other cations (Chen et al., 

2009b). Similarly, Ma and colleagues developed a FRET-based nanosensor for the detection of Fe3+ 

in aqueous media. They synthesized polymeric micelles based on an Fe3+-reactive RhB derivative, 

with switchable fluorescence emission upon Fe3+-induced ring-opening reaction. The system 

showed good sensitivity, but the irreversible nature of the sensing mechanism might limit its 

practical application (Ma et al., 2010). FRET-based pH nanosensors have been used for intracellular 

biosensing in living rat kidney cells. After internalization, the particles were accumulated in 

intracellular organelles, such as the Golgi apparatus and the endoplasmic reticulum. Interestingly, 

the size of the nanogel was only slightly affected by drastic changes in pH, and showed good 

sensitivity over the physiological pH range. However, the response time of this system towards pH 

changes was of the order of several seconds (Peng et al., 2010). 

 

2.1 Molecularly imprinted polymers 

Usually diagnostic systems rely on biological molecules (antibodies, receptors or enzymes) which 

exhibit poor stability, especially in organic solvents and at extremes of pH and temperature. 

Furthermore, these biological systems are expensive and often difficult to immobilize on the 

supports used in diagnostic assays (Ye and Haupt, 2004). The use of molecularly imprinted polymer 

(MIP) nanoparticles can overcome these problems. In molecular imprinting, monomers and cross-

linkers are polymerized in an appropriate porogenic solvent in the presence of template molecules. 

After removal of the template, this matrix retains recognition cavities that are complementary to the 

template, in terms of size, shape and functionality (Figure 4). The synthesized polymer is able to 

rebind the template or its structural analogues. Compared with antibodies, the synthesis of MIPs is 

simpler and cheaper. In addition, MIPs show high stability  and excellent mechanical properties 

(Piletska et al., 2009; Svenson and Nicholls, 2001). Therefore, they can be used in both organic and 

aqueous media, and can be prepared for a wide variety of targets (Piletsky et al., 2006; Poma et al., 

2010). Template removal, however, is often difficult and may not be complete, with the potential 

for subsequent leaching of analyte from the matrix during analytical applications, resulting in 

inaccurate performance (Lorenzo et al., 2011). Moreover, it is also quite difficult to integrate them 

with transducers or to convert the template binding into an electric signal (Mayes and Whitcombe, 
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2005; Piletsky et al., 2006). Compared to bulk MIPs, the nanosize form has several advantages: it 

allows the system to exhibit a much higher surface-to-volume ratio and greater total surface area per 

weight unit of polymer. The imprinted sites are more easily accessible by the templates, thus 

improving binding kinetics and template removal, and hence enhancing their recognition 

capabilities (Gao et al., 2007; Tokonami et al., 2009). 

The use of biomolecules (antibodies, enzymes, DNA, etc.) in diagnostic assays is widespread and, 

to date, represents the gold standard in terms of sensitivity and affinity. However, MIPs are gaining 

more and more success in the diagnostic field, due to continuous improvements in their synthesis 

and in the recognition and quantification process of the analyte (template). For instance, Yang and 

colleagues immobilized a fluorescent compound, 1-pyrenemethylamine (PMA) in MIP NPs 

containing N,N’-methylene-bis-acrylamide (MBA) as cross-linker, through Michael addition 

reaction between the residual C=C bonds of the cross-linker and the –NH2 of the fluorescent 

compound (Yang et al., 2009a). By using a distillation precipitation polymerization technique, they 

synthesized NPs imprinted for R,S-propranolol. The obtained NPs were monodisperse (260 nm) and 

applicable for selective quantification of propranolol in complex samples, thanks to the high 

specificity of the system. In another example, fluorescent MIP NPs for atrazine were synthesized by 

Liu and colleagues, who employed a zinc(II) protoporphyrin-derivative as both functional monomer 

and fluorescent reporter (Liu et al., 2011b). MIP fluorescence was quenched in response to the 

rebinding of template with a LOD of 1.8 M and the system showed low cross-reactivity. 

Over the last years MIPs have been integrated with other nanomaterials such as gold NPs, QDs, 

silica NPs or upconverting materials to combine the recognition properties of MIPs with the specific 

properties of the aforementioned nanomaterials (Descalzo et al., 2013; Ge et al., 2011; Kim et al., 

2012; Qian et al., 2013). In one such example, QDs have been employed as fluorescent reporters in 

MIP-based sensors. If QDs are close to the imprinted recognition sites, the analyte binding 

quenches the photoemission of the QDs. This is due to the Förster resonance energy transfer, which 

can result in up to a 4-fold reduction in the photoemission of QDs for some analytes (Guan et al., 

2008). Recently, composite QD-MIPNPs have been prepared for the detection of target molecules 

in saliva, which might be used as biomarkers in the diagnosis of pancreatic cancer (Lee et al., 

2010b). It is interesting that the size of such MIP NPs was not significantly affected by the 

incorporation of QDs. The binding of the target biomolecules to the QDs-MIP NPs was detected by 

a decrease in the fluorescence intensity. The detection limits of this system were around 0.1 g 

mL−1 for amylase and lipase, and 0.013 g mL−1 for lysozyme making it suitable for diagnostic 

applications, considering that the biological concentrations of lipase are around 0.1-10 g mL−1 and 
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0.1-3 mg mL-1 for amylase. This MIP system was compared with the Architect ci 8200 system, 

showing an average accuracy for amylase and lipase QD-MIP NPs of 96.21 ±2.44% and 96.15 

±1.10%, respectively (where the 100% is complete agreement with the Architect analysis system). 

In a similar example, Lin and colleagues prepared QD-MIP composite NPs for the detection of 

lysozyme, creatinine and human serum albumin in urine samples, through evaluation of the 

fluorescence quenching effect (Lin et al., 2009). These NPs were also compared with the 

commercial ARCHITECT ci 8200 system, showing good average accuracies. However the 

accuracy of detection by albumin-imprinted QDs-MIP NPs was only 76.1%, which shows that the 

proposed imprinting approach requires further improvement. By exploiting the core-shell approach, 

Lin and colleagues prepared QD-MIP NPs for caffeine detection based on CdSe/ZnS core-shell 

QDs functionalized with 4-vinylpyridine (Lin et al., 2004). As in previous cases, the template 

rebinding resulted in a decrease in the fluorescence emission intensity of the QDs, showing also 

good specificity in the presence of caffeine analogues (theophylline and theobromine). In another 

example, Diltemiz and colleagues synthesized QDs-MIP NPs imprinted for guanosine (Diltemiz et 

al., 2008). Methacryloylamidocysteine (MAC) was used to introduce methacryloyl groups onto the 

surface of CdS QDs. Afterwards, the methacryloyl-activated QDs were added to a mixture 

containing the metal-monomer complex: methacryloylamidohistidine-Pt(II), guanosine, 

ethylenglycol-dimethacrylate (EGDMA) and azoisobutyronitrile (AIBN) as the radical initiator. The 

metal monomer complex allows for highly selective recognition through strong interactions 

between N7 of guanine and Pt(II). Like QDs in general, these imprinted QDs possess a broad 

separation between excitation and emission wavelengths (300 nm and 600 nm respectively). These 

nanosystems might be used for DNA sensing or in studies of mutagenesis for the diagnosis of DNA 

errors. Other authors synthesized Mn-doped ZnS quantum dots with a surface layer of MIP for the 

optical detection of pentachlorophenol with an LOD of 86 nM in water (He-Fang Wang, 2009). 

Since the detection method was based on room temperature phosphorescence (RTP) which has 

longer emission lifetimes, fewer interferences were observed due to autofluorescence and light 

scattering. Moreover, this system has no need for inducers or for derivatization since the RTP 

comes directly from the QDs. Similarly, Li and co-authors synthesized CdSe QDs embedded in a 

MIP matrix for the detection of -cyhalothrin through concentration-dependent fluorescence 

quenching (Li et al., 2010). These synthesized materials exhibited high photostability and showed 

good recognition properties, even in presence of other contaminants.   

A way to increase the sensitivity of the system when using optical detection is to exploit surface-

enhanced Raman spectroscopy (SERS). For this application, composite gold-core MIP-shell NPs, 

imprinted with (S)-propranolol, were synthesized by seeded emulsion polymerization (Bompart et 
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al., 2010). The detection sensitivity achieved (0.1 M) was several orders of magnitude higher than 

for conventional Raman measurements on plain MIP particles. Furthermore, this detection capacity 

was also preserved in the presence of a 100-fold excess of interfering compounds such as 

acetylsalicylic acid or caffeine. Very recently, also silver NPs were used to develop a glucose 

sensor made by in situ synthesis of Ag NPs within a MIP matrix (Wu et al., 2012). The synthetic 

route employed allowed silver NPs to be confined in close proximity to each other, so that plasmon 

coupling effect was achievable. In the presence of glucose, swelling/shrinking processes occur, thus 

changing the interparticle distance between silver NPs present in the MIP matrix. Therefore, color 

change of the particle dispersion from yellow to red was easily observed by naked eye. In order to 

achieve good sensitivity and selectivity together with a visible color change, the optimal amount of 

silver NPs to be loaded in the polymeric matrix is between 40-50 wt%.   

 

3. Inorganic polymeric nanoparticles 

NPs based on inorganic polymers such as silica have been applied in several biomedical fields due 

to their versatility, biocompatibility and simple chemical modifications. As mentioned above, the 

encapsulation of organic dyes in a silica matrix increases their photochemical stability. Zhao and 

colleagues developed stable tetramethylrhodamine-doped silica nanoparticles (SNPs) linked with a 

DNA-probe for sandwich DNA assay, which showed increased photostability after prolonged 

excitation compared to the same free dye. This system showed a detection limit of 0.8 fM, with 

capability to discriminate one-base mismatches in ssDNA targets (Zhao et al., 2003). Photostability 

is important for prolonged observation, for instance in diagnostic imaging: the biological 

environment of living cells can cause degradation of organic fluorophores and the problem of 

photobleaching can compromise the acquisition images from the sample. The use of an inert silica 

matrix can help to overcome these issues, as demonstrated in the work of Shi and colleagues. They 

synthesised SNPs with embedded carboxytetramethylrhodamine (TAMRA), using a reverse 

microemulsion method. Such NPs were selectively accumulated in lysosomes of HeLa cells, and 

their fluorescence detected over a 5-day postrecultivation period, showing a photostability 30 times 

higher than the widely used lysosome marker LysoTracker Green. The long-term cell viability was 

not affected by the presence of such NPs and their lysosome labeling ability was independent of the 

dye used in the NPs, promising that a variety of similar SNPs could be employed for multicolor 

labeling inside living cells (Shi et al., 2010).  

The monitoring of intracellular pH conditions is often employed for the evaluation of cellular 

diseases. In general, membrane-permeant esters of some dyes can be used for pH evaluation in cells 
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(Tsien, 1981). However, these dyes cannot be targeted to individual organelles and often aggregate, 

invalidating pH measurements (Clark et al., 1999). By incorporating the indicator dyes in silica NPs 

these drawbacks can be overcome, since NPs can minimize organelle sequestration and avoid 

cytotoxic effects due to direct contact with organic fluorophores (Hornig, Biskup, 2008). In another 

example, Xu and colleagues developed core-shell silica nanoparticles (60 nm) containing two dyes 

(FITC and Ru(phen)3
2+) which were employed as a ratiometric intracellular pH indicator (Xu et al., 

2011). This method involves the use of two dyes, one pH sensitive and one pH insensitive reference 

dye, embedded in a silica or polymer matrix. The ratio of the emission intensities of the two dyes 

can be correlated to the pH. Compared to nanosystems containing only the pH-sensitive dye, 

ratiometric pH indicators are more reliable, because the ratios in emission intensity is less sensitive 

to variations in excitation source intensity and changes in experimental conditions. By employing a 

modified Stöber method, the authors synthesized co-doped SNPs in which the reference dye was 

located in the core of the SNPs where it was protected by the silica matrix. The pH sensitive 

molecules were grafted onto the surface to maximize their interactions with the environment. Such 

nanosystems produced color changes from red to yellowish-green over the pH range from 2.0 to 8.0 

in the intracellular micro-environment of hepatoma cells (Figure 5). The same synthetic procedure 

was employed by Doussineau and colleagues for the development of ratiometric pH-nanosensors 

based on rhodamine-doped SNPs and a naphthalimide derivative as the pH sensitive dye 

(Doussineau et al., 2009). The sensitivity achieved in the physiological pH range was good, but 

further investigations about their intracellular behavior have still to be performed.  

Since hundreds of dye molecules can be embedded in one NP, this will enhance the signal 

recognition, allowing ultrasensitive detection (Wang, 2006; Wang et al., 2010a). However, the 

amount of dye embedded must be carefully chosen to avoid self-quenching, typically occurring in 

many organic dyes at high concentrations (Knopp et al., 2009).  Two dyes (Cy3- and Cy5) were 

encapsulated into SNPs and used in a two-color DNA microarray, revealing higher sensitivity, with 

a detection limit of 1 pM for target DNA and showing more photostable signals compared to the 

direct use of free cyanine dyes (Zhou, 2004).  

Due to their high fluorescence intensity, SNPs have been employed for protein detection at 

picogram levels. Tris(2’,2-bipyridyl)dichlororuthenium (II) hexahydrate-doped SNPs have been 

prepared by inverse microemulsion polymerization technique, labeled with antibodies against 

tumour necrosis factor- (TNF-) and used in a fluoroimmunoassay for the detection of TNF-, 

showing a LOD of 0.1 pg/mL (Hun and Zhang, 2007). However, physically entrapped dyes might 

undergo leaching from the matrix. Studies demonstrated that leaching of dye from SNPs amounted 
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to 45% loss of dye over 48 h, due to weak reactions between matrix and the dye molecules (Clark, 

1999). By conjugating FITC with (3-aminopropyl)triethoxysilane (APTS), Gao and colleagues 

synthesized stable fluorescent SNPs which were employed for the quantification of -globulin, with 

good sensititvity (LOD of 0.04 g/mL) and reduced photobleaching (Gao et al., 2008). Protein 

quantification has also been achieved through the use of PEG-functionalized silica-coated gold NPs, 

bearing aptamers or antibodies on their surface (Jana and Ying, 2008). These NPs allowed protein 

detection by the naked-eye, after protein immobilization on nitrocellulose membranes followed by 

gold or silver enhancement. 

The use of SNPs in optical diagnostics is widespread because they possess several advantages. In 

fact, they are hydrophilic and biocompatible, and poorly attacked by bacteria. Their size and 

porosity do not change under variations in pH unlike polymer particles, which can also swell in 

organic solvent, leading to dye leakage. Moreover, their surface can be easily modified through 

appropriate chemical derivatization for the attachment of biomolecules (Kurkina and 

Balasubramanian, 2011). Furthermore, they do not absorb electromagnetic radiation in the 

wavelength range from 300 to 800 nm. Unfortunately, SNPs possess poorer multiplexing 

capabilities compared with quantum dots because of overlap in the dye excitation spectra. 

Nevertheless, some authors tried to develop SNPs with multiplexing capabilities. In a rare 

successful example three energy transfer fluorophores were encapsulated inside SNPs and their 

emission spectra tuned, such that they showed different colors at a single excitation wavelength 

(488 nm) (Wang and Tan, 2006). The authors labeled such NPs with biotin in order to carry out a 

biotin-avidin binding assay. The obtained biotin-SNPs were used to cover streptavidin-coated 

microparticles, as shown by SEM (Figure 6a) and confocal microscope images (Figure 6b) which 

exhibited different colors. For diagnostic purposes, such SNPs can be conjugated with antibodies 

for recognition of specific antigens. 
 

In order to exploit a similar streptavidin-biotin based assay, Liu and colleagues synthesized silica 

nanoparticles by the reverse microemulsion method. The particles were made highly fluorescent by 

covalently coupling the organic dye Alexa Fluor 647 (AF647) to the particles. The surface of the 

silica was derivatized with (3-mercaptopropyl)trimethoxysilane bearing thiol groups, allowing the 

subsequent linkage of a maleimide-streptavidin conjugate. The obtained streptavidin-functionalized 

SNPs specifically recognised biotin-labelled DNA, allowing a LOD of 0.1 pM to be achieved (Liu 

et al., 2011a). Similarly, terbium-doped SNPs have been developed for the detection of nucleic 

acids (Chen et al., 2007). They showed enhanced brightness and 1.5-ms fluorescence lifetime which 

allowed them to be used in time-resolved fluorescence assays, providing 100-fold higher detection 

sensitivity compared to the same assay based on FITC (Chen, Chi, 2007). Furthermore, SNPs based 
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on europium(III) and synthesized through a modified Stöber method were used for glucose 

detection in human serum samples. Interestingly, the results obtained were in good agreement with 

the data obtained  by the hospital (Yijishan Hospital, Wuhu, China) by means of a clinically 

employed glucose analyzer (Hitachi 7170, Japan), showing that this nanoplatform is reliable and 

suitable for practical uses (Gao et al., 2009).  

 

4. Multifunctional polymeric NPs 

The simultaneous exploitation of several physical properties possessed by NPs can be beneficial for 

their application in different fields (de Dios and Diaz-Garcia, 2010). Magnetic SNPs can be 

integrated with optical reporters for simultaneous cellular imaging and bioseparation, both for in 

vivo and in vitro applications (Corr et al., 2008; Hwang et al., 2010; Kim et al., 2008; Salgueiriño-

Maceira et al., 2006). Likewise, paramagnetic iron oxide NPs and QDs can be embedded within the 

same polymeric matrix (Figure 7). Silica-coated magnetic NPs were also grafted with QDs by 

means of a metal ion-driven deposition technique, for simultaneous optical and magnetic detection 

(Corr, Rakovich, 2008). The magnetic moiety within multifunctional NPs can also be employed for 

hyperthermic cancer treatment, due to its capability to generate heat upon application of an external 

magnetic field. Cho and colleagues developed nanocomposites by embedding magnetic NPs into a 

polystyrene matrix, which was functionalized with NIR-emitting QDs (Cho et al., 2010). The 

system was able to achieve active targeting in vivo, with multimodal imaging and therapeutic 

characteristics thanks to the inclusion of the chemotherapeutic agent paclitaxel within the matrix 

(Figure 7). This study represents an excellent example of versatility, since both bimodal imaging 

diagnosis and therapeutic treatment are achievable. To produce polymeric magnetic-QDs, iron 

oxide NPs can be used as cores for the growth of CdSe QDs, with further silica coating to achieve 

biocompatibility and bioconjugation for cell imaging (Selvan et al., 2007).  

In another experiment, magnetic NPs were coated with dye through a reactive silane derivative 

(Figure 8) and conjugated with folic acid. SNPs with magnetic cores and fluorescent shells were 

used for imaging of cancer tissues due to specific binding of the particles with the folate receptor, 

which is up-regulated in several human cancers, allowing enhanced tumor targeting capability 

(Sudimack and Lee, 2000). Very recently, it has been investigated how folic acid binds to its 

receptors, whose crystal structure was also determined (Chen et al., 2013). These findings can 

provide a rationale for the design of drugs specifically targeted for the folate receptors. Magnetic-
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fluorescent SNPs have been also used for cell labeling as demonstrated by Lu and colleagues, even 

though no active targeting was employed to improve the imaging performance (Lu et al., 2007).  

A similar method has been employed by Lu and colleagues for the preparation of multifunctional 

NPs based on upconverting materials. Upconversion refers to an optical process in which the 

absorption of two or more photons results in the emission of a single higher energy photon. The 

advantage of using these upconverting NPs lies in the fact that they can be excited with NIR light, 

which can penetrate deep into tissue and show minimal background autofluorescence since blood 

and tissues are transparent at NIR wavelengths. Erbium and ytterbium co-doped sodium yttrium 

fluoride were co-precipitated onto magnetic NPs in the presence of EDTA as chelator. A layer of 

silica was then deposited in order to protect the crystals and allow the covalent coupling with 

streptavidin (Lu et al., 2004). These types of systems have the advantage of emitting fluorescence 

after excitation with a NIR light source. These particles, capable of binding to biotinylated 

molecules, were used as single-molecule imaging probes, aided by their high photostability (Wu et 

al., 2009a).  

Another method used to synthesize fluorescent magnetic NPs is the alternate layer-by-layer 

deposition of negatively and positively-charged polyelectrolytes. These are deposited through the 

formation of electrostatic interactions, initially with the negatively-charged surface of the magnetic 

NPs. This allows tuning of the thickness of the polymer layer by controlling the number of layers 

allowed to accumulate on the particles. By using this approach, negatively charged CdTe QDs were 

successfully embedded within the polymeric layers (Hong et al., 2004). The resulting composite 

NPs showed high luminescence and good magnetic properties, providing another potential 

multimodal diagnostic nanoplatform. The magnetic properties of the aforementioned 

multifunctional NPs can also be exploited for bioseparation purposes. For instance, Lee and 

colleagues developed Rhodamine-labeled magnetic-silica NPs which were modified with PEG and 

administered to cancer cells in culture. These NPs were internalized into living cells, allowing them 

to be both fluorescently and magnetically labeled. Interestingly, by application of an external 

magnetic field the labeled cells could also be actively moved (a process named the “magnetic motor 

effect”), without any apparent acute toxicity (Yoon et al., 2005). Apart from simultaneous cell 

separation and imaging purposes, this system might find applications in the magnetic delivery of 

drugs within cells. A similar nanosystem has been employed for cancer cell and tumor imaging. 

Nanocomposites made from Rhodamine B and iron oxide NPs embedded within a 

poly(glycidylmethacrylate) (PGMA) matrix demonstrated good biocompatibility in rats, with the 

ability to be visualized both through MRI and through fluorescence microscopy of tissue sections 

(Figure 9) (Harrison et al., 2012). Moreover, they remained at the injection site (optic nerve), thus 
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opening the possibility for the delivery of therapeutic agents even to injured neurons. 

Multifunctional NPs can be also employed in anticancer phototherapy. A novel dual-color system 

has been recently developed for both cancer imaging and therapy by means of the simultaneous 

production of nitric oxide and singlet oxygen triggered by light (Fraix et al., 2013). The advantage 

of such a system relies in the synergistic effect of the species generated, since both NO radical and 

1O2 possess promising anticancer activity, thus improving the efficiency of the cancer therapy. 

In the near future, many other combinations are likely to be developed, with the incorporation of 

functionalities such as enzymatic catalysis and electrochemical properties. By improving the 

“multifunctionality” of these nanosystems, a wide choice of capabilities is envisioned for the 

realization of functionalized probes tailored for specific biomedical applications. 

 

5. In vivo optical sensing 

Nanotechnology offers the unique possibility to produce systems suitable for in vivo applications, 

ranging from diagnostics to theranostics and therapy. For these applications, however, NPs should 

be biocompatible and have clear biodistribution and elimination from the organism. Various 

materials used in NPs such as QDs carry the potential risk of systemic toxicity, in this case due to 

the presence of heavy metals. A typical solution to this problem is coating the source of toxicity 

with an inert polymer such as silica. Several reviews describing surface modifications of QDs for in 

vivo applications have been published recently (Dey et al., 2009; Sperling and Parak, 2010; Xing et 

al., 2009). Considering their biocompatibility, SNPs have been also employed as carriers for NIR 

dyes for in vivo imaging of mouse bladder (Burns et al., 2009), and for specific tumor imaging 

(Benezra et al., 2011). The main factors which affect the acute toxicity of SNPs include shape, 

porosity and their surface characteristics (Nakamura et al., 2007, Yu et al., 2012). These latter affect 

also the colloidal stability of nanosystems in vivo, which might agglomerate and determine an 

immune response. Stabilization against agglomeration can be achieved by using hydrophilic 

polymers which create a physical barrier between particles, thus reducing sterically the interactions 

among NPs. 

The analytes which require detection or imaging vary from small molecules to cells. For instance, 

the overproduction of hydrogen peroxide is involved in the progression of several diseases, and 

agents that can be used to measure hydrogen peroxide in vivo attract great interest. Murthy and 

colleagues synthesized polymeric micelles containing peroxalate ester groups (Lee et al., 2007). 

The latter generate a specific intermediate (dioxetanedione) in the presence of H2O2, which can 

excite fluorescent dyes through a chemiluminescence mechanism, which allows hydrogen peroxide 
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to be detected in organisms such as mice (Lee et al., 2011) (Figure 10). The authors achieved 

nanomolar sensitivity and good specificity for hydrogen peroxide over other reactive oxygen 

species. This system was further improved by adding a PEG corona to the particles to evade 

macrophage phagocytosis and by reducing the NP size down to 33 nm to enhance extravasation into 

permeable tissues (Lee et al., 2008). 

Multimodal polymeric micelles have been developed for the visualization of cancer cells, known to 

overexpress a specific receptor, by both optical and nuclear techniques (Figure 11). The accurate 

information provided by this system might be useful for the early detection of cancer and its 

angiogenesis (Zhang et al., 2011). To achieve active targeting, specific peptide sequences were 

conjugated to NPs, increasing the specificity of tumor imaging (Mulder et al., 2009). 

Other nanosystems based on nuclear and optical detection exploit near infrared fluorescence (NIRF) 

imaging which, as mentioned above, allows low tissue absorbance and minimal in vivo 

autofluorescence to be achieved (Ntziachristos et al., 2003). Thus, Yang and colleagues developed 

PEG-coated micelles with embedded near-infrared fluorescent dye for dual optical and nuclear 

imaging applications, showing a prolonged blood residence and effective accumulation inside solid 

tumors in mice (Figure 12) (Yang et al., 2007).  

Both passive targeting, through Enhanced Permeability and Retention (EPR) effect (Decuzzi et al., 

2009), and active targeting (Lee et al., 2010a; Liang et al., 2010; Zheng et al., 2012) were exploited 

in the application of NPs. In the example of passive targeting (EPR effect), Kim and colleagues 

developed polymeric NPs containing the fluorogenic probe Cy5.5 and the dark quencher BHQ-312, 

linked together by a peptide sequence specific for a matrix metalloproteinase (MMP) for in vivo 

tumor imaging (Lee et al., 2009). MMPs are a family of zinc-dependent proteins involved in 

inflammatory diseases and cancer progression. When these NPs are exposed to the specific MMP, 

fluorescence emission of Cy5.5 occurs, due to the enzymatic cleavage of the peptide bond between 

Cy5.5 and the quencher. The specificity of tumor imaging is usually enhanced by the conjugation of 

NPs with specific antibodies. Other moieties used in specific targeting include folic acid (Hong et 

al., 2008; Suen and Chau, 2013, Yoo et al., 2012), galactose (Yoo et al., 2007), peptides (Rowe et 

al., 2009; Zhang et al., 2010) and cell ligands (Chen et al., 2009a).  

 

5.1 Biodistribution and biocompatibility 

The size of nanoparticles is the parameter which chiefly affects their biodistribution (Riehemann et 

al., 2009). Typically particles with diameter smaller than 100 nm are considered for in vivo 
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applications, to reduce opsonization and assure subsequent clearance. It is however still unclear 

how variations in the size of NPs within the range from 20 to 100 nm may influence their 

biodistribution (Yang et al., 2009b). The biodistribution of NPs also depends on their surface 

properties (Stark, 2011). The role of the polymeric coating on circulation lifetime was investigated 

by Ballu and colleagues who injected PEG-coated QDs into the blood stream of mice. These 

remained in the blood circulation for an extended period of time (half-life around 3 h), whereas 

organic dyes were eliminated within minutes after their administration. Incredibly, the fluorescence 

of these nanosystems was detected even after four months in vivo (Ballou et al., 2004). Such 

features are due to the hydrophilic polymer coating that reduces opsonisation and 

reticuloendothelial uptake (Ballou et al., 2007). By studying the biodistibution and urinary excretion 

of three types of surface-modified silica NPs (OH-SNPs, COOH-SNPs, PEG-SNPs), it has been 

shown that both clearance time and organ deposition are dependent on the surface characteristics of 

NPs (He et al., 2008).  

Once NPs enter in the organism, they undergo several biological processes. Typically, NPs in the 

bloodstream are opsonized and then sequestered in the reticuloendothelial system (RES), in order to 

be destroyed, but if they are not biodegraded, NPs may accumulate in cells and tissues with 

potential toxic effects. Thus long-term biocompatibility studies have to be performed, in order to 

clarify the potential risk arising from NP accumulation within cells. One approach to reduce cellular 

internalization and reduce cytotoxicity is to modify the surface of particles with neutral hydrophilic 

polymers. PEG with MW > 2000 Da is a particular useful modifying agent for increasing the blood 

circulation time of NPs, thanks to its ability to reduce the adsorption of opsonins by means of steric 

repulsion forces (Owens and Peppas, 2006; Yang et al. 2007). In the case of non-PEGylated NPs, 

the sequestration in the RES is rapid, typically a matter of minutes, with most of the NPs being 

concentrated in the liver and spleen. Addition of a PEG layer shifts the biodistribution towards the 

spleen (Owens and Peppas, 2006). To further increase the blood circulation time and reduce 

cytotoxicity, some authors combined PEG with chitosan in the particle coatings (Sheng et al. , 

2009). Interestingly, particles with diameter >200 nm show a more rapid clearance than smaller 

particles, regardless whether they have a PEG coating or not. In general, the characteristics of the 

polymeric coating such as thickness, surface density, charge and functional groups affect the 

biodistribution of NPs, since they influence the interaction of the particles with opsonins (Owens 

and Peppas, 2006).   

Dextran is another neutral material which is clinically approved for NP coating for in vivo 

applications (Brigger et al., 2002). Other examples include chitosan, hyaluronic acid (both natural 

polymers), and poly(acrylic acid) and polyethyleneimine (synthetic polymers). Innovative dextran-
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coated silica NPs showed enhanced biocompatibility since they were able to degrade into renally-

cleared components, thus reducing the in vivo toxicity in mice (Park et al., 2009). This is the first 

example of NPs engineered to degrade in vivo into harmless components over specific timescales.  

As mentioned above, many authors employ silica coatings to obtain biocompatible NPs. Such 

fluorescent SNPs were employed for in vivo injection and subsequent histological analysis. 

Peritoneal cells were analyzed by confocal fluorescence microscopy, which revealed that SNPs 

were distributed on the surface and inside the cells, far from the nuclei, with no apparent toxicity for 

up to 1 month (Nakamura et al., 2007). 

Generally, the evaluation of toxic effects in based on whether or not NPs are able to determine cell 

death. More studies are required in order to assess the toxicological effects of NPs, such as 

alterations in the natural morphology or functions of the cell, prior to their approval for in vivo 

applications. For QD-based nanosystems (even coated with polymers or silica), the cytotoxicity 

may arise from the potential release of heavy metals (Lewinski et al., 2008; Selvan et al., 2010). 

Furthermore, the capping reagents, such as triocytlphosphine oxide (TOPO), employed during their 

synthesis, could also have cytotoxic effects on biological systems (Weng and Ren, 2006). Small 

polymer-coated QDs, however, might be eliminated from the body by excretion through the kidney 

(Gao et al., 2004). Thus, further studies are needed to understand the clearance mechanisms of QDs, 

before their use in humans. 

It is worth mentioning that the potential for cytotoxicity depends mainly on the surface 

characteristics rather than on the embedded core. However, NPs might not lead to apparent acute in 

vivo toxicity, but could accumulate within organs. Thus, extensive studies are needed to understand 

the long-term effects of nanosystems due to their accumulation in organs. Apart from the intrinsic 

properties of NPs, their toxicity depends also on dose and route of administration (Yildirimer et al., 

2011). For instance, recent studies suggested that polymeric NPs around 300 nm have higher level 

of intestinal absorption compared to bigger particles (600 and 1000 nm), thus giving a general 

direction in the rational design of NPs for oral drug delivery (He et al., 2012). 

When a NP starts its “journey” within the blood stream, it is transported by the flow of blood until it 

interacts either specifically (through ligand-receptor bonds) or non-specifically (electrostatic, van 

der Waals and steric interactions) with the blood vessel walls. NPs tend to move differently from 

the blood vessel core towards the vessel walls, (a process named “margination dynamics”) 

depending on their shape (Ferrari, 2008). Spherical NPs tend to follow the blood flow and move 

parallel to the vessel walls, whereas discoidal NPs drift laterally from one side of the vessel to the 

other. Interestingly, if NPs are not driven by active targeting forces, they tend to leave large blood 

vessel in favor of smaller ones, thus passively accumulating in the microcirculation (Figure 13). 
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Lateral drift towards the endothelium is observed only in the presence of an external force (such as 

a magnetic field) or because of electrostatic and van der Waals interactions with the vessel walls 

(Decuzzi et al., 2009). Hence, when NPs have to be designed for in vivo applications, their shape 

and coating must be chosen carefully, to allow a proper biodistribution and accumulation in the 

target area. Moreover, the size, shape and surface coating of NPs have an important role to play in 

the intracellular pathways of internalized NPs, as demonstrated by PEG-coated QDs (Duan and Nie, 

2007).  A recent theoretical model showed that large spherical particles are more susceptible to 

internalization within cells compared to small and elongated ones (Decuzzi and Ferrari, 2008). 

Thus, the internalization process could be controlled by tailoring the particle shape. Very recently, 

the particle uptake into HeLa cells of fluorescent polystyrene NPs having different surface charges 

and sizes was studied (Lerch et al., 2013). The results proved that positively charged NPs are taken 

up more efficiently than neutral or anion particles, probably because the positively charged 

polymeric layer interacts electrostatically with the negatively charged glycocalyx present on the 

cellular surface. Even the internalization mechanism depends on the size: for particles <500 nm, 

receptor-mediated endocytosis is the main pathway; larger particles (>1 m) are internalized 

through a more complex phagocytic process. Particles between 500 nm and 1 m undergo 

internalization through a mixed mode (Decuzzi et al., 2009).  

In conclusion, the potentialities of NPs for in vivo diagnostics are evident, and their use is envisaged 

to grow rapidly in the near future. However, although toxicity studies have been widely performed, 

definitive protocols for evaluating the toxicology of different types of NPs are still missing. 

Furthermore, long-term toxicity studies at low concentrations of NPs are urgently required for 

applications in humans, since diagnostic and therapeutic protocols usually require only small 

amounts of NPs. 

 

6. Conclusions and outlook  

Over the past decade the use of polymeric nanoparticles in optical diagnostics has gained 

momentum, due to progress achieved in the tailoring of their physico-chemical properties. From the 

reported examples, it is evident that responsive nanosystems and in particular fluorescent 

nanoparticles have demonstrated great success both for in vivo and in vitro applications. However, 

more improvement is needed in the controlled synthesis of these materials especially in relation to 

their reproducibility, size distribution and long-term stability of NP-bioconjugates. Moreover in 

vivo behavior of NPs must be further examined, in particular with regard to their biodistribution, 

agglomeration and toxicity. An interesting option for improving the biocompatibility of NPs might 
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involve the use of self-destructive components within the NPs, which could be degraded into 

harmless products after the accomplishment of their purpose in vivo. Regarding the application of 

nano-MIPs, currently they are not able to replace biomolecules in diagnostic applications, although 

their potential is evident. Generally a synthesis protocol is still required which enables 

multifunctional MIP nanoparticles to be produced with a uniform size and shape. It is without 

doubt, however, that novel responsive nanosystems and innovative platforms with multiplexing 

capabilities will be developed in coming years for improved optical diagnostic applications.  
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Figure 1. Illustration for the generation of responsive NPs for fluoride ions sensing. The system exploits 

fluoride ions-induced cyclization reaction of non-fluorescent portions to form fluorescent coumarin moieties 

within the polymer, where PEO, MEO2MA, and OEGMA are poly(ethylene glycol), di(ethylene glycol) 

monomethyl ether methacrylate, and oligo(ethylene glycol) monomethyl ether methacrylate, respectively. 

Reproduced with permission from Jiang Y. et al., Macromolecules 2011, 44, 8780. Copyright (2011) 

American Chemical Society. 

 



 
 

Figure 2. Representation of a typical fluorogenic click reaction. Reproduced from Li, C., Liu, S. Chemical 

Communications 2012, 48, with permission of The Royal Society of Chemistry. 

 



 

Figure 3. Thermo-responsive copolymer, composed of N,N-dimethylaminopropylacrylamide (DMAPAM),  

N-t-butylacrylamide (NTBAM) and 4-N-(2-acryloyloxyethyl)-N-methylamino-7-N,N-dimethylamino-

sulfonyl-2,1,3-benzoxadiazole (DBD-AE), in buffer solution acts as a fluorescent molecular thermometer. 

(A) Fluorescence intensity changes upon heating and cooling cycles. Inset: fluorescence emission spectra. 

(B) Visible and fluorescent images of the sample. Adapted with permission from Uchiyama S. et al., Journal 

of the American Chemical Society 2004, 126, 3032. Copyright (2004) American Chemical Society. 

 



Figure 4. Schematic diagram of a general MIP process: the molecule to be imprinted (template) is mixed 

with functional monomers and a cross-linker (here not shown) leading to the formation of a self-assembling 

prepolymerisation complex (1). The following polymerisation produces a polymeric matrix bearing 

imprinted sites (2). The eventual removal of the template molecule leaves behind cavities capable of 

specifically rebind the target molecule (3). 

 



 

Figure 5. (A) Emission spectra of co-doped SNPs and (B) FITC molecular structures in different pH 

conditions. Insert contains the images of SNPs dispersed in Britton-Robinson buffer solutions at different 

pH, under a 365 nm UV lamp. Reproduced with permission from Xu J. et al., Nanoscale Research Letters 

2011, 6, 1. Copyright (2011) Springer. 

 



 
Figure 6. (a) SEM image of one microsphere-NP complex (b) Confocal fluorescence image of a mixture of 

five types of microsphere-NP complexes under 488-nm Argon-ion laser excitation. Reprinted with 

permission from Wang L.; Tan W., Nano Letters 2006, 6, 84. Copyright (2006) American Chemical Society. 

 



 

Figure 7. (a) Fe3O4 nanoparticles are embedded within a polystyrene matrix, which was functionalized for 

further covalent linkage of PEG-functionalized QDs. Afterwards, the system was coated with poly(lactic-co-

glycolic acid) (PLGA) layer. Adapted with permission from Cho H. et al., ACS Nano 2010, 4, 5398. 

Copyright (2010) American Chemical Society. 

 



 

 

Figure 8. Synthesis of fluorescent silica-coated magnetic NPs. Adapted from Corr S. A. et al., Nanoscale 

Research Letters 2008, 3, 87. Copyright (2008) Springer. 

 



 

Figure 9. MR images of a rat’s head after injection with 0.5 L of multifunctional NPs, after (a) 3h  and (b) 

14 days. Fluorescence microscopy images of optical nerve sections from rats injected with NP (orange area) 

into the optical nerve injury site, after (c) 3 hours and (d) 3 days. The arrow represents injection site and the 

injury is indicated by ∗. Adapted with permission from Harrison J. et al., Small 2012, 8, 1579. Copyright 

(2012) Wiley. 

 



 

Figure 10. (a) Peroxalate nanoparticles, embedded with pentacene as the fluorescent dye, employed for in 

vivo H2O2 imaging through a chemiluminescent process. Adapted with permission from Hu J.; Liu S., 

Macromolecules 2010, 43, 8315. Copyright (2010) American Chemical Society. (b) In vivo H2O2 imaging 

using peroxalate NPs. (I) Peroxalate NPs +10 M of hydrogen peroxide; (II) peroxalate NPs+1 M of 

hydrogen peroxide; (III) peroxalate NPs only; (IV) negative control. Adapted with permission from Lee D. et 

al., Nature Materials 2007, 6, 765. Copyright (2007) American Chemical Society. 
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Figure 11. (a) Polymer-paramagnetic QDs for angiogenesis imaging. (b,d) Fluorescence images and (c,e) 

corresponding bright field images of chorioallantoic membrane with topically growing LS174T human colon 

carcinoma tissue. (f) MR imaging of the tumor region in mice. Adapted from Mulder W. J. M. et al., 

Angiogenesis 2009, 12, 17. Copyright (2009) Springer. 

 



 

Figure 12. NIRF optical images of mice at different times after injection with PEG-coated micelles (the 

signal intensity in scale bar is in arbitrary units). Adapted with permission from Yang Z. et al., 

Biomacromolecules 2007, 8, 3422. Copyright (2007) American Chemical Society. 

 



 

Figure 13. Particles tend to accumulate in proximity to the vessel walls and leave large vessels in favor of 

smaller ones. Reproduced with permission from Decuzzi P. et al., Pharmaceutical Research 2009, 26, 235. 

Copyright (2009) Springer. 

 



Table 1. Comparison of the most frequently employed methods for the synthesis of NP for 

biomedical application 

Organic nanoparticles 

Synthetic method Particle size/initiator Advantages Drawbacks/issues 

Mini- and micro- 

emulsion 

polymerization  

10-200 nm 

Initiator: persulfate; 

azoisobutyronitrile 

Performed both in water 

and organics. Good 

monodispersity 

Size control. Surfactant 

needed to obtain smaller 

particles  

Living radical 

polymerization 

30-300 nm 

Initiator: alkoxyamines, 

thioesters, alkyl halides, 

iniferters  

Performed both in water 

and organics. Ideal for 

synthesis of functionalised 

nanoparticles 

Residues of initiator and 

surfactant (if employed). 

Colloidal stability 

Precipitation and 

dispersion 

polymerization 

200 nm – 10 m 

Initiator: persulfate; 

azoisobutyronitrile 

With/without surfactant. 

Moderate-good 

monodispersity  

Size control. Possible 

irregular shape. Difficult to 

obtain particles<200 nm 

Inorganic nanoparticles 

Synthetic method Particle size/catalysis Advantages Drawbacks/issues 

Microemulsion 

polymerization 

10 – 70 nm 

Basic catalysis 

Good monodispersity Presence of surfactant. 

Performed in organics  

Sol-gel method 50 nm – 2 m 

Acid/basic catalysis 

Good monodispersity 

 

Presence of surfactant 

Stöber method 15 nm – 2 m 

Basic catalysis 

Surfactant-free. 

Excellent monodispersity 

Difficult to obtain particles  

<50 nm 
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