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There is rapid growth in the use of multi-functional nanoparticles as 

transducers to probe the intracellular environment. New designs of 

nanoparticles can provide quantitative information at sub-cellular resolution 

on parameters such as pH, temperature and concentration of nicotinamide 

adenine dinucleotide (NADH) or selected metal ions. This new work builds on 

the existing practice of using nanoparticles and fluorescent dyes to provide 

enhanced microscopic images of cells, but goes beyond it by adding new 

functionalities and analytical capabilities. Here we review the recent literature 

on the development of such nanoparticles for simultaneous biosensing and 

imaging. We explore and examine the different measurements that will be 

possible and analyze the likely accuracy and resolution that could be 

achieved. 
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Biosensing using nanoparticles 

Nanoparticles with multi-functional properties can now be designed to transduct (see 

Glossary) biochemical signals at sub-cellular spatial resolution. Solid nanoparticles 

offer several advantages over fluorescent dyes when imaging and probing the 

intracellular environment. For example, nanoparticles do not bleach as readily as 

fluorescent dye probes, they can be readily  internalized into cells [4, 5], many 

appear to have low cytotoxicity [6, 7], some can capture incident light and amplify the 

local electromagnetic field, and, of course, they have a massive surface-to-volume 

ratio and so a very small quantity can have a surprisingly large effect. An early 

application of nanoparticles was to produce surface enhanced Raman scattering 

(SERS). Under suitable conditions it becomes possible to detect an analyte at 

zeptomolar levels [8]. The application of SERS within live cells has also been 

investigated for some years and information on this topic is widely available [9, 10]. 

There are, however, a number of other, lesser known, ways in which a nanoparticle 

can be used to transduct biochemically-relevant parameters such as intracellular 

temperature, pH, or the concentration of metabolites or metal ions. These are the 

focus of the present review. 

 

Transduction of intracellular temperature 

The temperature difference between the intra- and extracellular environment, or 

within the cell, can provide a sensitive indication of cellular activity [11] and how it 

might be changed by drugs or disease [12].  Under static conditions, objects the size 

of a typical cell will rapidly reach thermal equilibrium in an aqueous environment.  

However, exo- or endothermic processes within cells (such as metabolism or 
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division) can perturb the intracellular temperature slightly. An obvious measurement 

strategy is to insert a very small thermocouple into the cell, which can give a 

precision of <0.1 °C [13] while insertion of  a microscopic mechanical resonator can 

give a sensitivity of ~0.002 °C, equivalent to the 5 pJ heat output of a single brown 

fat cell [14]. Unfortunately, a cell will almost certainly be significantly perturbed or 

damaged by the above techniques which are also rather difficult to set-up. In 

contrast, photoacoustic thermometry can provide a precision of about 0.2 °C [15], 

which is similar to the 0.1  to 0.8 °C precision obtained from fluorescent dyes of 

various kinds [11, 16].  The activity of temperature-sensitive enzymes is another 

possible probe, and this gives a precision of about 0.7 °C  [17]. Unfortunately, the 

latter two transduction modalities are also sensitive to the pH and ionic strength of 

the intracellular environment, both of which are variable. Recently, however, reports 

have emerged of new designs of nanoparticles that are capable of transducting the 

intracellular temperature. The transduction of the temperature can be combined with 

imaging of the nanoparticle to generate spatial information.  

The expansion of the crystal lattice of a quantum dot (QD) (see Box 1) due to an 

increase in temperature will cause a red-shift in its emission peak, and this has been 

used to characterize inhomogeneous temperature distributions within live cells. For 

example Yang et al. [18] used commercial QDs to investigate the effect of Ca2+ 

additions on the temperature of NIH/3T3 cells. A precision of about 0.3 °C seems to 

have been obtained. In general, however, blinking of QDs could be a problem 

because it might disrupt a sequence of measurements [19]. 

Measurement of intracellular temperatures by probing the electronic spin state of 

defects within nano-diamonds was reported recently by Kucsko et al. [20] A precision 

of better than 0.05 °C was obtained and the authors note that a precision 
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approaching 0.001 °C should be achievable in theory. The electronic spins within the 

nitrogen-vacancies are first manipulated using microwave radiation and then probed 

using electron spin resonance (ESR) spectroscopy, Figure 1. The elastic strain 

around the N-V centres of the nanodiamond are influenced by temperature and it is 

this that causes the spin signal to vary. 

A temperature-sensitive dye can still be safely used to monitor intracellular 

temperature provided that it can be chemically isolated from the intracellular 

environment.  For example, europium thenoyltrifluoroacetonate can be encapsulated 

within a poly(methyl methacrylate) (PMMA) nanoparticle [19]. Delivery of the hybrid 

construct in this case was assisted by coating it with the cationic polymer 

poly(allylamine hydrochloride) (PAH).  

Another example of a hybrid scheme may be found in conjugates of QD and dyes 

[21]. Here a temperature sensitive-dye (cyanine) is conjugated to a rod-shaped QD 

of CdS. The change in temperature is not inferred directly from the dye or from the 

QD, but rather from the FRET process (See Box 2) occurring between dye and QD. 

Estimates of temperature are made by taking the ratio of emission intensities at 

specific wavelengths. A precision of at least 0.2 °C was demonstrated. A further 

example of using a fluorophore somewhat indirectly is provided by Okabe et al. [22]. 

Here fluorescent molecules are inserted into a nanoparticle of temperature-

responsive poly-N-n-propylacrylamide (pNNPAM). The latter has the property that it 

is more permeable to its aqueous environment at lower temperatures, becoming 

increasingly less so as the temperature rises above 25 °C. Ingress of aqueous ions 

at low temperatures quenches the fluorophore, but as the temperature rises the 

polymer contracts, expelling water and resulting in a systematic increase of 

fluorescence. The precision is about 0.5 °C.  
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Metabolites 

Intracellular metabolite levels and dynamics reflect the cellular response to changes 

in the environment or genetic expression. Monitoring the concentration of these 

molecules, especially with sufficient spatial resolution to resolve cell-to-cell or 

intracellular variation is of scientific importance for understanding cellular behavior 

and has practical application in the study of disease and drug treatment. A number of 

different metabolites have been investigated with nanoparticles including ATP [23],  

cysteine [24] and complex 1 [25]. In this review we focus on detection and imaging of 

the two intensely studied molecular species of most biological importance, ROS and 

NADH. 

Optical imaging of intracellular ROS  

Reactive oxygen species (ROS) in the intracellular environment come from normal 

cellular metabolism or exogenous sources. ROS are used in cell regulation and 

signaling (e.g. apoptosis) and their concentration is tightly controlled by antioxidant 

and enzymatic molecular activity. Pathologies associated with ROS include chronic 

diseases and cancer. Optical imaging using fluorescent dyes has been used [26], 

however possible drawbacks of this technique include lack of localization at the site 

of the redox reaction, non-specific reactions during delivery of the  dyes to target 

tissues/organelles, photobleaching [27] and cytotoxicity [28]. To overcome these 

issues, nanoparticles have also been considered as probes [2]. Of course, some 

means must be found to use the nanoparticle to transduct a signal proportional to 

ROS concentration and the most obvious strategy is to conjugate the nanoparticle 

with a ROS-sensitive fluorophore. In this way, the nanoparticle can be exploited to 
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selectively deliver the fluorophore to a target location, while the fluorophore provides 

a signal in proportion to the ROS [2]. As before, examination of the cell is 

conveniently achieved using a confocal microscope. 

One example of this idea is a silicate sol-gel nanoprobe which contains the 

fluorescent dye 5(6)-carboxyfluorescein [29]. Encapsulation of the dye within the 

inorganic host reduces the leaching of fluorophores and hence minimizes cell toxicity. 

ROS concentrations as low as 1 nM could be detected. Alternatively, chemical 

changes induced by the ROS can be used to trigger a fluorescent signal. Kim et al. 

[30] showed how hyaluronic acid (HA) conjugated with chlorin e6 (Ce6) could be 

used as an indicator of ROS production in stimulated macrophage cells. The 

presence of ROS causes degradation of the HA [31, 32] which releases fluorescent 

Ce6. 

Gold nanoparticles (GNPs) are an alternative platform for detection of intracellular 

ROS. Lee et al. synthesized a ROS-sensitive probe by immobilizing fluorescein-HA 

conjugates on the surface of GNPs [33]. The key point here is that while the 

fluorophore is on or close to the surface of the GNP its fluorescence is quenched 

(See Box 1). The presence of ROS releases the fluorophore which can then escape 

the proximity of the GNP and become fluorescent. When live macrophages were 

treated with such conjugates and stimulated by lipopolysaccharide, ROS production 

occurred, resulting in a strong fluorescent signal. The generation of ROS (and its 

location within the macrophages) could be monitored using confocal microscope 

analysis, Figure 2.  

The situation for very small (<2 nm) gold nanoparticles is subtly different. In this case 

the particle and its stabilizing ligand can be thought to form a single hybrid entity 
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which is luminescent by virtue of its electronic configuration. Reaction with ROS can 

alter the surface electronic states of the cluster and change its properties. H2O2 can 

be detected, for example, by the effect it has on quenching the fluorescence of the 

complex formed between 2 nm Au 'nanodots' and 11-mercaptoundecanoic acid [34]. 

Although most ROS-sensing nanoparticles make use of fluorescence, there are 

techniques for the transduction of a chemical environment even without a 

fluorophore. SERS (see Box 2) is one of the mostly widely known of these 

possibilities [2, 4]. In this context, Au nanoshells have been used for measuring 

reductive and oxidative stress in fibroblast cells. The SERS probe molecules were 

1,8-diaza-4,5-dithia-1,8-di(2-chloro-[1,4]-naphthoquinone-3-yl)octane and 2-

mercapto-benzene-1,4-diol. These molecules have redox-active quinone moieties 

which gain or lose H+ ions with a detectable change in their Raman spectra thereby 

allowing the detection of  intracellular redox potentials without using fluorescent dyes 

[35]. 

The detection of dissolved oxygen is a related issue to the detection of ROS. Some 

nanoparticle-based schemes for O2 detection are discussed in recent reviews [36, 

37]. More recently polymer core-shell particles with an oxygen-sensitive platinum 

porphyrin dye (PtTFPP) covalently attached to the hydrophobic core have been 

examined [38]. These nanoparticles were taken up by Vero (monkey) cells, resided 

in organelles in the cytoplasm and showed qualitatively decreasing fluorescence as 

atmospheric O2 was decreased from 20% to 0%. In other recent work, quantitative 

analyses  were achieved by including a second O2-insensitive reference fluorophore 

which acts as a fluorescence energy transfer (FRET) donor (see Box 2) for PtTFPP 

[39]. Further improvement of this scheme to obtain sub-cellular resolution would be 

of great interest. 
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Optical probes for NADH 

NADH is involved in multiple biological processes so its concentration reflects 

cellular redox environment, mitochondrial activity, oxidative stress, and metabolism 

[40]. It can be detected by a variety of means including UV-induced autofluorescence 

(which unfortunately has low sensitivity and induces damage to the cell) and a 

fluorescent protein which provides a high detection specificity in living cells [41].  In 

addition, NADH is a strong reductant, and this can be exploited in analyses. Zhang 

et al. have reported a scheme that exploits the reduction of Cu2+ to Cu0 by NADH, 

with the Cu0 precipitating onto the surface of intracellular GNPs to form a Au@Cu 

core-shell particle [42]. Localized changes in NADH concentration could be detected 

from the dark-field spectra taken from individual nanoparticles using an optical 

microscope. As a demonstration of the technique, the metabolism of HeLa cells was 

slowed with taxol (an anti-cancer drug) thereby causing a decreased production of 

NADH. Dark field spectra collected from individual nanoparticles within a cell 

permitted the formation and intracellular distribution of the NADH to be mapped, 

Figure 3.  

 

Quantum dots (QDs) can be also used as an optical label for probing NADH. For 

example CdSe/ZnS QDs functionalized with Nile blue FRET acceptor were used to 

show that the addition of D-glucose to HeLa cells caused an increase in QD 

fluorescence when the Nile blue was reduced (due to production of NADH generated 

by glycolysis and the Krebs cycle) whereas there was no change with the addition of 

L-glucose (which is not a participant in the glycolysis  pathway) [43].  
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Detection of metal ions 

Metal ions are essential co-factors for many enzymes, often to catalyze redox 

reactions. There are a number of pathologies associated with reduced enzyme 

activity resulting from faulty metal ion regulation. A number of nanoparticle 

transducers for ion concentration have been investigated. In general these are based 

on modification of a fluorescent signal. The most commonly detected ion is Cu2+
 but 

methods for determining the presence of Zn2+, Ca2+, K+, Na+, Al3+, Fe2+, Mg2+, Pb2+, 

Cr3+, Hg2+ and UO2
2+ have also been reported [37, 44-47]. Specificity of the response 

must of course be verified because fluorescence is also affected by ions such as 

H2PO4
-, H+ and S2

-  [45, 48].  

 

As an illustrative example of the technology, Durgadas et al. used fluorescent bovine 

serum albumin-coated Au nanoparticles conjugated to folic acid for improved 

internalization in HeLa cells [49]. The presence of Cu2+ within the cells quenched the 

red Au-BSA fluorescence. Similar Cu2+ fluorescence quenching was seen with 

BODIPY-functionalized Au nanoparticles in Cu2+ treated HeLa cells [50] and 

fluorescein-functionalized silica nanoparticles [51]. Unfortunately, the data obtained 

from a single channel measurement is generally not quantitative for Cu2+ 

concentration. Ratiometric measurements with dual emission nanoparticles have 

been more successful in this regard. For example, fixed permeabilized MCF-7 cells 

containing Rhodamine B-labelled carbon dots ('C-dots') localized in vesicles were 

incubated in 50 uM Cu2+ and the associated fluorescence ratio maps showed clear 

changes resulting from an increase in intracellular Cu2+ [52]. Intracellular Cu2+ 
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changes were also imaged in HeLa cells after incubation in 4 uM Cu2+ with FITC-

doped silica nanoparticles linked to RBITC [53]. These nanoparticles have the 

advantage of sensitivity down to 10 nM Cu2+. Zhu et al [54] used a combination of 

nanoparticles based on a red-emitting CdSe/ZnS quantum dot (as the reference 

signal) and a blue-emitting carbon dot functionalized with a specific Cu2+ receptor 

(AE-TPEA). Treatment with Cu2+ induced quenching of the C-dot fluorescence but 

not of the reference, permitting a quantitative determination of Cu2+. Zn2+ and Ca2+ 

have also been imaged using a ratiometric measurement from nanoparticles [48, 55].  

 

Measurement and mapping of pH   

Intracellular pH affects a wide variety of intracellular processes including enzymatic 

activity, ion channel activity and cell cycle phase by changing the ionization state of 

peptides and proteins. For this reason intracellular pH is tightly controlled and 

deviations from the optimum range can indicate adverse changes in the cell’s pH 

sensing or regulation mechanisms or its metabolic activity. 

 

Optical transduction of cellular pH has been traditionally achieved using fluorescent 

or absorptive indicators. Unfortunately, in addition to the generic issues that plague 

the use of all free dyes, pH indicator dyes are also susceptible to interference from 

the binding of intracellular proteins [56]. Furthermore, fluorescence-based pH 

indicators generally operate over a very limited pH range, typically about one pH unit 

from the indicator pKa. Nanoparticle-based pH transducers can overcome many of 

these limitations by encapsulating the indicator and limiting its interaction with 
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biological molecules or by including a number of different dyes to extend the 

measurable pH range. A useful summary of the types of nanoparticles developed for 

optical transduction of pH is found in [57]. There are many reports on the use of 

nanoparticles to map intracellular (usually endosomal) pH, however many of these 

do not present quantitative information about the mapped pH, an omission that is 

rarely commented on. In this section we highlight recent successful application of 

nanoparticles to quantitative measurement and mapping of intracellular pH. 

For example, GNPs with two fluorophores (pH-insensitive rhodamine and pH-

sensitive anthracene) were endocytosed by CHO cells. Fluorescence was excited 

with 364 nm radiation and the ratio of the two fluorescence bands was found to be 

correlated with the pH in the 4 to 8 range. A precision of ±0.3 pH unit was claimed, 

which is sufficient to differentiate various locations in the cell [58]. In another 

example, the pH of endosomes in HeLa cells was monitored with quantum dot 

(CdS/CdSe) - fluorophore (5(6)-carboxy-X-rhodamine) hybrids. In this case it is the 

linker molecule (DNA) that is sensitive to pH (via conformation change) and the 

modulation of the fluorescent signal is via FRET [59]. Imaging was straightforward: a 

single excitation wavelength (460 nm) generated two easily separated fluorescent 

bands centered on 560 nm and 610 nm. The system produced a precision of ±0.4 

unit in the pH range 6.0 to 7.4. 

Mesoporous silica nanoparticles can also be loaded with a pair of pH-sensitive 

fluorophores such as fluorescein isothiocyanate (FITC) and Rhodamine B 

isothiocyanate (RITC). Chen et al [60] used such nanoparticles with negatively or 

positively charged surfaces to map the pH in HeLa cell endosomes. The endosomal 

pH reported by the negatively charged nanoparticles was < 5, while that reported by 

the positively charged nanoparticles was in the range 6.0 to 6.3. The difference is 
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explained by assuming some of the positively charged nanoparticles have escaped 

the endosomes into the cytosol (which has a higher pH) through a charge-mediated 

mechanism. 

Although nanoparticles usually enter the cell by the endocytic pathway, accurate 

measurement of the pH over the lifetime of the vesicle is not straightforward because 

the evolution of pH can extend over more than two pH units. A focus of recent 

research has been to increase the measureable pH range. Tsou and co-workers 

extended the pH response of silica nanoparticles loaded with FITC and RITC by 

designing the nanoparticle to exploit the surface-curvature dependence of the 

fluorophore pKa [61]. These particles were used to determine the pH in 

predominantly endocytic regions of HeLa cells over pH from 4.5 to 7.5. Large 200 

nm polymeric nanoparticles containing Rhodamine 6G (R6G) and 1,3-

phenylenediamine have been shown to have a useful pH range from 8.0 to 3.0 

although their use it limited to situations where the pH monotonically decreases 

since increase in nanoparticle protonation results in irreversible R6G release [62]. 

Triple labelling of nanoparticles is another strategy to increase range. For example, 

acrylamide porous nanoparticles can be loaded with Oregon Grenn (pKa 4.1), 

fluorescein (pKa 6.0) and Rhodamine B [63].  

Zhou et al [64] have used a different approach by producing a set of on/off 

fluorescent nanoparticles each with a different emission wavelength and sharp 

(<0.25 pH units) pH transition point, however implementation of this scheme is more 

complex since a number of different nanoparticles need to be synthesized.  

Two-photon fluorescence, which offers the advantage of reduced optical scattering 

and reduced cellular auto-fluorescence, has also been used in combination with 
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nanoparticle-based transduction of pH. Silver nanoparticles coated with 8-

hydroxypyrene-1,3,6-trisulfonic acid (HPTS) were encapsulated with polyacrylamide 

and endocytosed by MDA-MB-435 cancer cells [65]. They were then excited at two 

wavelengths (900 nm and 740 nm) and the pH value was calculated from the ratio of 

the two fluorescence intensities. A precision of ~ 0.2 pH units was reported. 

Another approach to avoid auto-fluorescence involves the use of fluorescence 

lifetime imaging microscopy (FLIM) where the image channels represent 

fluorescence lifetimes rather than the wavelengths and intensities. Cellular auto-

fluorescence has a shorter lifetime (2 to 3 ns) than QDs (five to hundreds of ns) so 

with time-resolved spectroscopy the signals are easily distinguished. This was 

exploited by Orte et al [66] who used CdSe/ZnS nanoparticles capped with 

mercaptoproprionic acid (which have a pH-dependent fluorescence lifetime) to map 

changes in pH of endocytic vesicles of cells.  

SERS has also been used to map the pH on a subcellular level. 4-Mercaptobenzoic 

acid (pMBA) was attached to gold nano-aggregates. The NIH/3T3 cells took up the 

nanoparticles by endocytosis and the cellular pH was monitored over 4.5 hours. The 

pH was determined to be in the range 6.2 to 6.9 when the nanoparticles were in 

early stage endosomes, but the range increased to 5 to 6.9 after 4.5 hours due to a 

variety of endosomes of different ages being present [67]. Large (0.5-1 µm) 

“nanopeapods” of silica nanotubes containing chains of pMBA-capped Au NPs have 

also been used as SERS intracellular pH transducers [68]. 

Although endosomal pH has attracted substantial interest, it is of course also 

possible to use nanoparticles to probe the pH in other parts of a cell. For example, 

Vemula et al encapsulated pHrodoTM dye with self-assembled hydrogel nanofibers 
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[69] and used these to determine the pH in the cytoplasm, phagosomes and nucleus. 

C-dots should penetrate even more readily than nanofibers as their very small size 

facilitates their diffusion into all regions of the cell (see Box 3). Shi et al [70] used 

dual-labeled (FITC/RITC) C-dots excited at 488 nm to map the pH in both 

cytoplasmic and nuclear regions of HeLa cells treated with oxidizing reagents. The 

measurable pH range was 6.0 to 8.0 with an uncertainty of ~0.2 pH units. Very small 

(2 - 7 nm) SiC nanoparticles have been used to map the cytosolic pH in HeLa cells 

[71]. 

 

Concluding remarks and future perspectives 

Intracellular sensing using nanoparticle-based transduction is a rapidly developing 

field. Significant progress has been made with mapping the concentration of reactive 

oxygen species and key biomolecules such as NADH. Temperature and pH can also 

be mapped. However, the field is still relatively young and other possibilities have yet 

to be explored in any detail. Intracellular viscosity, for example, can be deduced from 

the rotation of a non-spherical magnetic particle within the intercellular environment 

[72]. Could the force required to penetrate an internal membrane be determined 

using a magnetic particle? What other possibilities are there? There is also the 

important question of whether the measurement perturbs the very system that is 

being studied. The effect of intracellular nanoparticles on cellular processes is an 

active but as yet still unsettled field. Many nanoparticles exert quite marked effects, 

often being cytotoxic or damaging in some way. Others, such as GNPs >5 nm in size 

seem to be practically inert. Nanodiamonds also seem to be biocompatible. Effects 

external to the nanoparticle itself need to be considered. The addition of Cu2+ ions in 
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the NADH assay using Au@Cu nanoparticles, for example, might be expected to 

exert some influence on cellular processes. Despite these difficulties, the scientific 

insights to be gained from improved methods of quantitatively transducting aspects 

of the intracellular environment are potentially immense. Nanoparticle-based 

techniques are already a useful member of the tool-kit that is available, and many 

exciting new developments in this field may be anticipated.      
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Glossary 

Biosensor:  is a device for detection and quantification of small biologically-

relevant molecules. It interacts with the biochemical and this stimulus is 

transduced to, for example, an optical signal. 

Endocytosis:  is a process by which a cell absorbs large molecules or 

nanoparticles by engulfing them 

Endosomes:  are intracellular vesicles into which the foreign matter absorbed by 

endocytosis are initially placed 

Hyaluronic acid (HA): is a carbohydrate polymer that is common in tissues and 

the extracellular matrix 

Nicotinamide adenine dinucleotide (NADH):  is a metabolic coenzyme that 

plays an important role in cell activity. Forms a redox couple with its oxidized form 

NAD+. 

Reactive oxygen species (ROS): are reactive molecules or free radicals such as 

H2O2,  O2
- or ·OH. These play an important role in living cells. They are generated 

naturally by cellular metabolic processes and have a potent effect on signaling, 

DNA, proteins, lipids, redox homeostasis, metabolism and aging [1-3] 

Transduction: is the process of converting a signal from one form (e.g. chemical, 

magnetic, temperature) to another (e.g. electrical, optical). 

 

 

http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Polymer
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Box 1.  Quantum dots, gold nanoparticles, and fluorophores 

A quantum dot is an inorganic semiconductor nanoparticle, typically less than 

10 nm in size.  Examples include CdSe@ZnS (a CdSe core surrounded by a ZnS 

shell). These are used as fluorescent probes and are characterised by narrow 

emission lines, the wavelength of which can be controlled by the nanoparticle 

size. They are brighter than organic dyes and do not photobleach, however they 

do have disadvantages such as potential cytotoxicity and fluorescence blinking. 

Carbon dots (C-dots) are recently developed platform showing great potential for 

biosensing applications because of their biocompatibility and versatile surface 

chemistry. 

Gold nanoparticles (GNPs) of between 5 to 50 nm in diameter undergo a strong 

electromagnetic resonance with light of wavelengths of the order of 520 to 550 

nm. This resonance causes the electric field in the vicinity of the particle to be 

greatly enhanced. If a fluorophore (QD or dye molecule) is located within 20 or 30 

nm of the GNP then its light emission will be attenuated. Essentially, the energy of 

the excitation within the fluorophore is transferred into the GNP by a dipole-to-

dipole interaction.  The situation is illustrated schematically below, in which an 

SiO2 spacer has been used to provide a reproducible separation between a GNP 

and a dye molecule. (Reprinted with permission from Reineck et al, ACS Nano, 

vol.7, 2013, pp.6636–6648. Copyright (2013) American Chemical Society.) 
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Box 2. Imaging Methodologies 

FRET (Förster resonance energy transfer) – This effect transduces the distance r 

between donor and acceptor fluorophores since the efficiency depends on r6. It is 

effective when the analyte causes a displacement between donor and acceptor 

moieties or cleaves one moiety altogether. When FRET takes place an excited 

fluorescent donor relaxes to its ground state transferring energy to an acceptor 

via dipole-dipole coupling. An increase in transfer efficiency results in quenching 

of donor fluorescence and increase in acceptor fluorescence if the acceptor is 

fluorescent. 

Ratiometric Method – This method is based on the ratio of two independent 

fluorescence intensities. The analyte interacts with one fluorophore to change its 

fluorescence yield while a second fluorophore is insensitive to the presence of the 

analyte. This technique has the advantage of automatically taking into account 

variations in excitation intensity, local nanoparticle concentration etc. 

SERS (surface enhanced Raman scattering) – Raman spectroscopy yields the 

vibrational energies of molecules which can be used to identify the molecule or its 

conformation. In the SERS effect the Raman signal of a molecule in the 

immediate proximity of a metal nanoparticle is enhanced by a factor 104-1012 and 

background fluorescence may also be quenched.Gold or silver substrates are 

typically used. In the case of a biosensor, the molecule which undergoes 

enhanced scattering may be the analyte itself, or more commonly, a reporter 

molecule whose vibrational levels change when it interacts with the analyte. 
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Box 3. Outstanding questions 

Nanoparticles most commonly enter the cell through the endocytic pathway and 

remain localised in endosomes. What are the best ways to deliver nanoparticles to 

other parts of the cell, such as the cytosol or nucleus, for extended quantitative 

analysis and imaging? 

Mitochondria are of particular interest as they produce most of the cell's ROS and 

heat, consume most of its oxygen and have a pH which varies widely across their 

cross-sections. What options are there for targeting the nanoparticles for specific 

organelles like the mitochondria, which are relatively resistant to penetration by any 

kind of probe? 

Some nanoparticles have cytotoxic effects, but even seemingly inert nanoparticles 

can modify cellular behaviour. To what extent do various nanoparticle transducers 

perturb the processes within the target region of the cell in any significant manner 

and how can this be mitigated? 
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Figure Captions 

 

Figure 1. Use of nanodiamonds as ultrasensitive temperature sensors in live cells. (A) 

Principles of the process: (i) and (ii) cell is injected with several nano-diamonds, (iii) 

electronic spin (yellow arrows) of defect sites in nano-diamonds excited using microwave 

radiation, (iv) temperature-dependent spin state read-out by analyzing fluorescent emission 

(red) of selected nano-diamond using probe laser (green). (B) Temperature indicated as 

fluorescence counts per second (c.p.s). The cell has been heated using the plasmon 

resonance of a gold nanoparticle located at X. (C) Calibration of thermometer. (Panels B and 

C reprinted by permission from Macmillan Publishers Ltd: G. Kucsko, P. C. Maurer, N. Y. 

Yao, M. Kubo, H. J. Noh, P. K. Lo, H. Park & M. D. Lukin, Nanometre-scale thermometry in a 

living cell. Nature, vol.500, 2013, pp.54-59, copyright (2013).) 
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Figure 2. (A) Schematic illustration of GNP-probe immobilized with fluorescein-HA 

conjugates for intracellular ROS monitoring, (i) when dye is attached to GNP its fluorescence 

is quenched, (ii) presence of ROS cleaves dye from GNP enabling fluoresence. (B) 

Monitoring of intracellular ROS generation for 2 h in macrophages stimulated with LPS and 

then treated with functionalized gold nanoparticles. The production of ROS was indicated by 

green fluorescence. The cell nuclei are stained blue in these images. Redrawn with 

permission from Lee et al. [33]. 
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Figure 3. Reduction of  a Cu0 shell onto a Au nanoparticle core is a quantitative measure of 

NADH. (A) Principle of process: (i) gold nanoparticles are introduced into cell, (ii) NADH in 

cell will reduce Cu2+ to Cu to form a shell on the Au, (iii) formation of the Cu shell causes a 

marked red-shift on the scattering spectrum. (B) (iv) HeLa cells incubated with gold 

nanoparticles and CuCl2 (v) Au@Cu nanoparticles scatter light in the dark-field optical image 

of the previous panel, (vi) spectra are collected of individual particles (circled) and their red-

shift determined. Panel (B) reproduced with permission from Zhang et al. [42] (with some 

lines removed for clarity). 

 

 


