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Abstract 

We report on upconverting luminescent nanoparticles (UCLNPs) that are spectrally tuned such 

that their emission matches the absorption bands of the two most important species associated 

with enzymatic redox reactions. The core-shell UCLNPs consist of a β-NaYF4 core doped with 

Yb3+/Tm3+ ions and a shell of pure β-NaYF4. Upon 980-nm excitation, they display emission 

bands peaking at 360 nm and 475 nm which is a perfect match to the absorption bands of the 

enzyme cosubstrate NADH and the coenzyme FAD, respectively. By exploiting these spectral 

overlaps, we have designed fluorescent detection schemes for NADH and FAD that are based on 

the modulation of the emission intensities of UCLNPs by FAD and NADH via an inner filter 

effect. 

 

 

 

Introduction 

Upconverting luminescent nanoparticles (UCLNPs) are capable of converting near-infrared 

excitation light (NIR) into visible light.1 The most efficient UCLNPs consist of lanthanide-doped 

sodium yttrium fluoride as a host material.2 Ytterbium(III) ions, which act as sensitizers, absorb 

excitation light (usually with a wavelength of 980 nm) and then transfer energy to activator ions 

such as thulium(III).3,4 The relaxation of the excited state of activator ions to their ground states 

leads to the emission of photons shorter in wavelength than the excitation wavelength. This 

process is known as energy transfer upconversion.5 Sensitizer and the activator ions usually are 

incorporated into an inorganic host lattice consisting of hexagonal-phase NaYF4.6 This host is 
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considered to be an ideal material for highly efficient UCLNPs due to its low phonon energy, 

which reduces multiphonon relaxation steps and due to excited state lifetimes of up to a few 

milliseconds.7 Recently, highly photostable UCLNPs have been widely applied as contrast 

agents in biomedical imaging and biochemical sensing because autofluorescence of biological 

matter is largely reduced when using NIR light as an excitation source.8,9 Moreover, UCLNPs 

exhibit tunable emissions with narrow emission bandwidth, low cytotoxicity, and they can be 

incorporated into living cells,10 and used as nanolamps for the excitation of fluorophores.11,12 

Their unique optical properties also have resulted in the design of near-infrared excitation light 

triggered drug release13,14 and quite new chemical sensing schemes.15,16 

Flavin adenine dinucleotide (FAD; a coenzyme) and nicotinamide adenine dinucleotide 

(NADH; a cosubstrate of all dehydrogenases) are essential coreactands in numerous enzymatic 

redox reactions and in biological electron transport.17 For example, the NADH/NAD+ system 

transfers hydrogen atoms and electrons from one metabolite to another in many cellular redox 

reactions and is a known cofactor in more than 300 types of enzymatic reactions.18 

Electrochemical methods have been reported to monitor NADH via oxidation to NAD+ during an 

enzymatic reaction.19,20 However, interferences by easily oxidizable other species are 

compromising their selectivity since direct electrochemical oxidation of NADH at a bare 

electrode requires a high overpotential.21,22 Electrode fouling due to the adsorption of stable 

reaction intermediates formed during the oxidation process is another issue.23 

To overcome these concerns, the electrode surface can be chemically modified, or mediators 

are being introduced. Lisdat et al. have reported on the concentration-dependent detection of 

NADH in the 20 µM to 2 mM range by immobilizing CdSe/ZnS nanocrystals (quantum dots, 

QDs) on gold. Such a photoswitchable interlayer of QDs on a gold electrode allows for a 
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spatially resolved read-out of the sensor surface at low electrode potentials (at ~ 0 V vs. 

Ag/AgCl, 1 M KCl).24 Most NADH-based enzymatic reactions are monitored via UV 

spectroscopy at 345 nm where NADH (in contrast to NAD+) displays fairly strong absorption. 

Numerous (clinical) assays rely on this scheme that can be operated in the kinetic and in the 

endpoint mode.25 Both FAD and NADH display intrinsic fluorescence. They can be excited by 

450-nm light in case of FAD (emission peaking at 512 nm) and by 350-nm light in case of 

NADH (emission peaking at 450 nm).26,27 Unfortunately, NADH has a low quantum yield, and 

excitation in the UV causes biological samples such as serum to display strong 

autofluorescence.28,29 In addition, exciting light (350 nm) often is screened off due to an inner 

filter effect so that methods that work at much longer wavelengths are preferred. It was shown, 

for example, that NADH can be determined with the help of optical probes. Recently, Su et al. 

reported on albumin-coated CuInS2 QDs emitting in the NIR for the determination of pyruvate 

using lactate dehydrogenase and NADH.30 The fluorescence of the QDs with their emission peak 

at 680 nm is quenched by NADH. Willner et al. introduced CdSe/ZnS QDs modified with Nile 

Blue to monitor NADH-associated biocatalytic transformations.31 They were applied to 

metabolic studies on cancer cells, and anticancer agents were screened with respect to their effect 

on metabolism. Recently, Natrajan et al. reported on the application of upconverting two-

wavelength phosphors (of unspecified size) to ratiometric monitoring of the enzyme 

pentaerythritol tetranitrate reductase via FRET (which we seriously doubt to occur given the 

distances involved in their system).32 

Here, we present an enzymatic detection scheme for the two most common cosubstrate and 

coenzyme in enzymatic reactions, viz. NADH and FAD. It relies on the modulation of either the 

blue or the UV emission of specifically designed UCLNPs by NADH and FAD, respectively. 
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Most notably, NIR excitation (980 nm) can be applied, which is in striking contrast to practically 

all existing fluorometric methods. 

 

 

 

Experimental Section 

Chemicals 

Yttrium(III) chloride hexahydrate (99.99 %), ytterbium(III) chloride hexahydrate (99.9 %) 

were from Treibacher (www.treibacher.com). Thulium(III) chloride hexahydrate (99.99 %), 

ammonium fluoride (ACS reagent ≥ 98.0 %), sodium hydroxide (reagent grade ≥ 98.0 %), 

poly(isobutylene-alt-maleic anhydride) (PMA; average Mw ~ 6 kDa), dodecylamine (98 %), 

glucose oxidase from Aspergillus niger (type X-S, lyophilized powder, with an activity of 

147.9 U·mg-1 of lyophilized solid, EC 1.1.3.4), alcohol dehydrogenase from Saccharomyces 

cerevisiae (lyophilized powder, ≥ 300 units·mg-1 protein), β-nicotinamide adenine dinucleotide 

hydrate (≥ 99 %), tris(hydroxymethyl)aminomethane (ACS reagent, ≥ 99.8 %), semicarbazide 

hydrochloride (≥ 99 %), β-D(+)-glucose, 2-(N-morpholino)-ethanesulfonic acid (MES), glycine 

(ACS reagent, ≥ 98.5 %), boric acid (99.999 %), flavin adenine dinucleotide (FAD) disodium 

salt (≥ 95 %), β-nicotinamide adenine dinucleotide (NADH), reduced dipotassium salt were 

purchased from Sigma-Aldrich (www.sigmaaldrich.com). Oleic acid (technical grade 90 %) and 

1-octadecene (technical grade 90 %) were from Alfa Aesar (www.alfa.com). All other reagents 

and organic solvents were of the highest grade available. Unless otherwise noted, all chemicals 

were used as received without further purification. 
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 6

 

Instrumentation 

Transmission electron microscopy (TEM) was performed using a 120 kV Philips CM12 

microscope (www.fei.com). The particle size distributions of the nanocrystals were evaluated 

from the TEM images using the ImageJ software (http://rsbweb.nih.gov/ij/). The Zetasizer Nano-

ZS from Malvern (www.malvern.com) was used for DLS dynamic light scattering experiments 

(DLS) with intensity distribution weighted mode and for the measurement of the zeta potential. 

X-ray powder diffraction (XRD) patterns with a resolution of 0.005° (2θ) were collected using a 

Huber Guinier G670 diffractometer (www.xhuber.com) with a Cu source (Kα radiation, 

λ = 1.54060 Å) operating at 40 kV and 30 mA. A Flame-EOP inductively coupled plasma optical 

emission spectrometer (ICP-OES) from Spectro (www.spectro.com) was used for the 

determination of the amount of rare-earth ions in the UCLNPs. All centrifugation steps were 

carried out using a Hettich Universal 320 centrifuge (www.hettichlab.com). A Sonorex Digitech 

DT255H ultrasonic bath from Bandelin (www.bandelin.com) was used. The upconversion 

luminescence spectra were recorded at room temperature with a luminescence spectrometer 

(LS 50 B) from Perkin Elmer (www.perkinelmer.com) modified with a 980-nm continuous wave 

(CW) laser module (120 mW, ~ 15 W·cm-2) from Roithner (www.roithner-laser.com) for 

upconversion photo-excitation. Disposable cuvettes (1.5 mL, semi-micro, Brand GmbH, 

Wertheim, Germany, www.brand.de) made from poly(methyl methacrylate) (PMMA) with an 

optical pathway of 1 cm were used for luminescence measurements. The upconversion 

luminescence lifetimes of the UCLNPs were measured using a home-built setup. The optical 

bandpass filter (FF02-470/100-25) for measuring a single emission band was bought from 

Semrock (www.semrock.com). The optical chopper system (MC2000 with two slot chopper 
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blade MC1F2) was purchased from Thorlabs (www.thorlabs.com). The laser module 

(DH-980-200-3, 200 mW, ~ 130 W·cm-2) was bought from Picotronic (www.picotronic.com). To 

store and analyze the amplified signal a digital oscilloscope DSO 8204 from Voltcraft 

(www.voltcraft.ch) and LabVIEW-code (www.ni.com/labview) were used. 

 

 

Synthesis of Nanoparticles based on α-NaYF4 

Cubic-phase α-NaYF4 nanocrystals were prepared by dissolving YCl3·6H2O (5 mmol) in 

~ 5 mL of methanol using sonication. This solution was transferred into a 250 mL flask, mixed 

with 80 mL of oleic acid and 150 mL of 1-octadecene under an atmosphere of nitrogen and 

heated to 160 °C. A homogeneous, clear solution was formed after 30 minutes at 160 °C under 

vacuum. The reaction mixture was then cooled to room temperature and 50 mL of methanol 

containing NaOH (0.25 M) and NH4F (0.4 M) were added at once. After stirring for 30 minutes 

at 120 °C, the resulting colloid suspension was heated to 240 °C for 30 minutes. After cooling to 

room temperature, the UCLNPs were precipitated by addition of ~ 100 mL of ethanol and 

isolated via centrifugation at a relative centrifugal force (RCF; 1000 g for 5 minutes). The pellet 

was washed several times by dispersing it in small amounts (~ 2 mL) of chloroform and 

cyclohexane, then precipitating them by the addition of a large excess (~ 20 mL) of ethanol and 

acetone. Finally, the purified UCLNPs were dispersed in 6 mL of oleic acid/1-octadecene 

(1/2 v/v) and used as shell material for the preparation of core-shell UCLNPs. 
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 8

Synthesis of Nanoparticles based on β-NaYF4 doped with Yb3+/Tm3+ Ions 

Hexagonal-phase, Yb3+/Tm3+-doped β-NaYF4 nanoparticles were prepared by dissolving the 

salts of YCl3·6H2O (3.735 mmol), YbCl3·6H2O (1.25 mmol), TmCl3·6H2O (0.015 mmol) in 

5 mL of methanol by sonication.33,34 This solution was transferred into a 250 mL flask, mixed 

with 40 mL of oleic acid and 75 mL of 1-octadecene under an atmosphere of nitrogen and heated 

to 160 °C. A homogeneous, clear solution was formed after 30 minutes at 160 °C under vacuum. 

The reaction mixture was then cooled to room temperature and 50 mL of methanol containing 

NaOH (0.25 M) and NH4F (0.4 M) were added at once. After stirring for 30 minutes at 120 °C, 

the resulting colloid suspension was heated to reflux (~ 320 °C) for 20 minutes. The UCLNPs 

were precipitated by addition of ~ 100 mL of ethanol after cooling to room temperature. The 

procedure for cleaning was the same as described for the alpha-NaYF4 nanocrystals. Finally, the 

purified UCLNPs were dispersed in 10 mL of cyclohexane and used as core material for the 

preparation of core-shell UCLNPs. 

 

 

Synthesis of Core-Shell Nanoparticles based on β-NaYF4(Yb3+/Tm3+)@NaYF4 

Hexagonal-phase core-shell UCLNPs based on β-NaYF4(Yb3+/Tm3+)@NaYF4 were prepared 

as follows.35 40 mL of oleic acid and 75 mL of 1-octadecene were mixed in a 250 mL flask and 

heated to 160 °C under an atmosphere of nitrogen. The mixture was cooled to 80 °C after 

30 minutes at 160 °C under vacuum. β-NaYF4(Yb3+/Tm3+) core UCLNPs dispersed in 10 mL 

cyclohexane were added and the mixture was heated to 120 °C in order to evaporate the 

cyclohexane. After 30 minutes at 120 °C, the resulting colloid suspension was heated to reflux 

(~ 320 °C). α-NaYF4 nanocrystals dispersed in 6 mL of oleic acid/1-octadecene (1/2 v/v) were 
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 9

quickly injected. Thereupon, the temperature dropped to ~ 300 °C. The mixture was stirred for 

another 15 minutes at reflux and cooled to room temperature. The core-shell UCLNPs based on 

β-NaYF4(Yb3+/Tm3+)@NaYF4 were precipitated by addition of ~ 100 mL of ethanol after 

cooling to room temperature. The procedure for cleaning was the same as described for the 

alpha-NaYF4 nanocrystals. Finally, the purified UCLNPs were dispersed in 10 mL of 

cyclohexane. 

 

 

Surface Modification using an Amphiphilic Polymer Coating Strategy 

The hydrophobic, oleate-coated, core-shell UCLNPs based on β-NaYF4(Yb3+/Tm3+)@NaYF4 

were coated with an amphiphilic polymer poly(isobutylene-alt-maleic anhydride) (PMA) 

modified with dodecylamine in order to render them water dispersible. The synthesis of the 

amphiphilic polymer was reported previously.36,37 Hydrophobic core-shell UCLNPs (500 µL; 

number of core-shell UCLNPs is ~ 1014 as determined by ICP-OES) dispersed in chloroform 

were mixed together with 100 µL of amphiphilic polymer solution (0.5 M) in a round bottom 

flask. Afterwards, 5 mL of chloroform were added, and sonication for 5 minutes was applied. 

Then, the chloroform was slowly evaporated under reduced pressure until the sample was 

completely dry. The remaining solid film in the flask was redispersed in ~ 5 mL of sodium 

borate buffer (SBB12; 50 mM; pH 12) under vigorous stirring until the solution turned clear. The 

resulting polymer-coated core-shell UCLNPs were pre-concentrated using centrifuge filters 

(membrane: 100 kDa Mw cut off, polyethersulfone membrane, RCF 870 g for 15 minutes). 

Centrifugation was carried out until the sample solution had been concentrated to a volume of 

less than 250 µL. The pre-concentrated core-shell UCLNPs were further purified by 
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 10

centrifugation (RCF: 17000 g for 30 minutes) and the resulting pellet redispersed in MES buffer 

(100 mM, pH 6.1). 

 

 

Quantification of Ethanol 

A Tris buffer solution (pH 8.7, 75 mM) containing 75 mM semicarbazide hydrochloride, 

21 mM glycin, 24 mM NAD+, 300 U·mL-1 alcohol dehydrogenase and 1 µM amphiphilic 

polymer-coated core-shell UCLNPs based on β-NaYF4(Yb3+/Tm3+)@NaYF4 was prepared. The 

upconversion emission intensity at 360 nm was measured (I0). Thereafter, different amounts of 

ethanol in TRIS buffer solution were added. The enzymatic oxidation of the ethanol took place 

immediately which resulted in a decrease of the emission intensity at 360 nm due to the 

production of NADH. The intensity (I) (after the enzymatic reaction stopped) was divided by I0 

and plotted against the mass concentration of ethanol. 

 

 

Quantification of Glucose 

A MES buffer solution (pH 6.1, 100 mM) containing 600 U·mL-1 glucose oxidase (GOx) and 

1 µM polymer-coated core-shell UCLNPs based on β-NaYF4(Yb3+/Tm3+)@NaYF4 was prepared 

under nitrogen atmosphere. The solution (total volume of 700 µL) was transferred into a cuvette 

and sealed with a layer of paraffin oil. The upconversion emission intensity at 475 nm was 

measured (I0). Afterwards, different amounts of glucose in MES buffer solution were added. The 

enzymatic oxidation of the glucose took place immediately which resulted in an increase of the 

emission intensity at 475 nm due to the production of FADH2. The intensity (I) (after the 
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 11

enzymatic reaction stopped) was divided by I0 and plotted against the molar concentration of 

glucose. 

 

 

 

Results and Discussion 

Preparation and characterization of UCLNPs 

UCLNPs consisting of a Yb3+/Tm3+-doped β-NaYF4 core (with an inner diameter of 

31.1 ± 1.0 nm) that was covered with a 3-nm shell of pure β-NaYF4 were prepared.33,34 TEM 

images of α-NaYF4, which were used as sacrificial nanoparticles for the synthesis of the shell, 

β-NaYF4(Yb3+/Tm3+) core UCLNPs, and β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs are 

shown in Figure 1. Both the core-only and the core-shell UCLNPs exhibit a narrow size 

distribution (see Figure 2) and a purely hexagonal (β-phase) crystal structure (see Figure 3) 

according to the reference pattern (ICDD PDF #16-334). 

 

 

Figure 1. TEM images of: (left) pure un-doped α-NaYF4 nanoparticles (Scale bar: 20 nm); 

(middle) β-NaYF4(Yb3+/Tm3+) core-only UCLNPs (Scale bar: 60 nm); and (right) 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs (Scale bar: 60 nm). 
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Figure 2. Size distribution histograms of (left) core-only UCLNPs (number of particles 191; 

mean diameter 31.1 nm; standard deviation 1.0 nm) based on β-NaYF4(Yb3+/Tm3+), and (right) 

core-shell UCLNPs (number of particles 202; mean diameter 36.9 nm; standard deviation 

1.4 nm) based on β-NaYF4(Yb3+/Tm3+)@NaYF4 as revealed from the corresponding TEM 

images. 

 

 

 

Figure 3. XRD patterns of: (left) pure un-doped α-NaYF4 nanoparticles (reference pattern ICDD 

PDF #77-2042, cubic phase); (middle) β-NaYF4(Yb3+/Tm3+) core-only UCLNPs; and (right) 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs (reference pattern ICDD PDF #16-334, 

hexagonal phase). 
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 13

The average diameter of core-shell UCLNPs based on β-NaYF4(Yb3+/Tm3+)@NaYF4 is 

36.9 ± 1.4 nm as determined via evaluation of TEM images. In addition, the average nanocrystal 

size was calculated by evaluating the XRD data using Scherrer’s equation to be ~ 3 nm for 

α-NaYF4, ~ 30 nm for β-NaYF4(Yb3+/Tm3+) core-only UCLNPs, and ~ 36 nm for 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs. These results are in good agreement with the 

TEM images. Scherrer’s equation relates the size of sub-micrometer particles, or crystallites, in a 

solid to the broadening of a peak in a diffraction pattern.38 The solvodynamic diameter of 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs dispersed in cyclohexane was determined by 

dynamic light scattering experiments to be ~ 35 nm with a polydispersity index (PdI) of 0.134, 

which is also in good agreement with the results of the TEM images and the XRD data. The 

concentration of UCLNPs in solution was determined by ICP-OES measurements. The 

calculation of the elemental composition agrees well with the data calculated from the amounts 

of lanthanide ions applied in synthesis (see Table 1). 

 

 

Table 1. Elemental composition of α-NaYF4, β-NaYF4(Yb3+/Tm3+) core-only UCLNPs, and 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs determined by ICP-OES measurements. 

Element α-NaYF4  

[mol%] 

Core-only UCLNPs 

[mol%] 

Core-shell UCLNPs 

[mol%] 

Yttrium 100 75.4 ± 0.1 85.2 ± 0.1 

Ytterbium - 24.1 ± 0.1 14.5 ± 0.1 

Thulium - 0.5 ± 0.1 0.3 ± 0.1 
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A core-shell architecture was chosen because it increases the intensity of the upconversion 

luminescence (compared to the emission peak at 475 nm normalized to an Yb3+ concentration of 

~ 8 mM) by a factor of ~ 60 (see Figure 4). An inert un-doped shell of NaYF4 minimizes the 

nonradiative deactivation of UCLNPs caused by solvent molecules, ligands, and surface defects 

since it spatially separates the lanthanide-doped core from the surrounding environment. 

Therefore, the upconversion luminescence lifetime of core-only and core-shell UCLNPs should 

be different. 

 

 

Figure 4. Upconversion luminescence spectra of β-NaYF4(Yb3+/Tm3+) core-only and 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs dispersed in cyclohexane upon 980-nm CW 

laser excitation (~ 15 W·cm-2). Both spectra are normalized to an equal Yb3+ concentration 
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(8.4 mM) as determined by ICP-OES analysis. An enhancement of the upconversion 

luminescence intensity (peak at 475 nm) by a factor of ~ 60 can be calculated. 

 

 

 

Figure 5. Upconversion luminescence lifetimes (emission at 470 nm) obtained for 

β-NaYF4(Yb3+/Tm3+) core-only (~ 0.5 ms; black line) and β-NaYF4(Yb3+/Tm3+)@NaYF4 core-

shell UCLNPs (~ 0.9 ms; red line) dispersed in cyclohexane upon 980-nm CW laser excitation 

(excitation power density ~ 130 W·cm-2). The upconversion luminescence lifetime of core-shell 

UCLNPs dispersed in MES buffer (100 mM, pH 6.1) was the same as measured in cyclohexane 

viz. ~ 0.9 ms. 
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 16

 

The luminescence lifetime of core-only UCLNPs doped with Yb3+/Tm3+ (with their emission 

peaking at 470 nm in cyclohexane dispersion) increased from ~ 0.5 to ~ 0.9 ms in case of the 

core-shell UCLNPs (see Figure 5). A mono-exponential decay fitting based on the single 

exponential decay law was used. The increase in the average particle diameter, in luminescence 

intensity, and in luminescence lifetime along with the results of the ICP-OES measurements 

prove the presence of a core-shell architecture of the UCLNPs used here.35 The decay curve of 

the core-only UCLNPs shows a deviation from a mono-exponential decay because of 

experimental limitations. The recorded decay consists of two emissions (450 nm and 475 nm) 

which could not be separated by filters. Fitting it by a bi-exponential function results in lifetimes 

of 0.4 ms and 0.6 ms (R2 = 0.999). The average value of 0.5 ms is in accordance to a mono-

exponential fit (R2 = 0.988). For core-shell UCLNPs there is no such deviation from mono-

exponential decay. Here the lifetime is estimated to 0.9 ms (R2 = 0.999). 

In addition, the results demonstrate the beneficial effect of an un-doped shell of pure NaYF4 

around the Yb3+/Tm3+-doped core UCLNPs in terms of upconversion quantum yields (QYs).39 

These are, however, difficult to determine because several kinds of nonradiative deactivation 

(such as those caused by surface defects, ligands, and solvent) can occur. While an inert and un-

doped shell of NaYF4 can minimize nonradiative deactivation processes, other effects are 

strongly affecting the accuracy in the determination of QYs. Moreover, their determination is not 

a trivial task, not the least because it is not defined for UCLNPs. If QYs are to be determined 

with an absolute method (for example by using an integrating sphere), the Stokes-shifted 

emissions (at >1000 nm) also have to be taken into account, but these emissions are irrelevant in 
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this context. Moreover, the QYs depend on the power density of the excitation (i.e., the laser 

source) because upconversion luminescence is a nonlinear phenomenon. 

 

 

 

Surface modification 

Core-shell UCLNPs obtained in this way are hydrophobic and carry an oleate coating. In the 

next step, they were covered with the amphiphilic polymer poly(isobutylene-alt-maleic 

anhydride; PMA) that was previously modified with dodecylamine. This coating is remarkable 

stable, probably due to the strong van-der-Waals interaction of the hydrophobic chains of the 

polymer with the hydrocarbon chains of oleate-coated UCLNPs. In addition, this coating renders 

initially hydrophobic UCLNPs water dispersible, obviously because its outward-directed polar 

side chains increase hydrophilicity. 

Hydrophilic, polymer-coated UCLNPs can be colloidally dispersed in aqueous media after 

drying and purification. The hydrodynamic diameter of β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell 

UCLNPs (coated with PMA modified with dodecylamine) dispersed in 

2-(N-morpholino)ethanesulfonate (MES; 100 mM) buffer of pH 6.1 is ~ 61 nm (PdI 0.124). 

Their zeta potential is ~ 47 mV in MES buffer (100 mM, pH 6.1), and the colloid is stable for 

months which is in agreement with earlier reports.36,37 This indicates that the surface-modified 

UCLNPs do not aggregate under these conditions. 
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Bioanalytical application 

Core-shell UCLNPs used in this work exhibit emission bands matching the absorption bands 

of both NADH and FAD. The normalized UV luminescence (peaking at 360 nm) of Yb3+/Tm3+-

doped core-shell UCLNPs upon 980-nm continuous wave (CW) laser excitation at a power 

density of ~ 15 W·cm-2 is shown in Figure 6. It can be seen that it nicely matches the absorption 

band of NADH. The normalized visible (blue) luminescence of UCLNPs (peaking at 475 nm) 

overlaps the absorption band of FAD. These two upconversion luminescence bands are the result 

of electronic transitions from the 1D2 to the 3H6, and from the 1G4 to the 3H6 state, respectively, 

of Tm3+ activator ions of UCLNPs. 

 

 

 

Figure 6. Normalized upconversion luminescence spectra of hydrophilic 

β-NaYF4(Yb3+/Tm3+)@NaYF4 core-shell UCLNPs dispersed in MES buffer (100 mM, pH 6.1) 

upon 980-nm CW laser excitation (~ 15 W·cm-2, blue line). (A) Normalized absorption spectra of 

NAD+ (black line) and NADH (red line) in MES buffer. (B) Normalized absorption spectra of 

FADH2 (black line) and FAD (red line) in MES buffer. 
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Figure 7 shows the decrease in the intensity of the upconversion emission at 360 nm with 

increasing concentration of NADH, and also at 475 nm with increasing concentrations of FAD. 

This can be attributed to an inner filter effect, not the least because the decay time of the 470-nm 

emission (~ 0.9 ms) does not change on addition of FAD. An energy transfer between the 

UCLNPs and FAD and NADH can be excluded. Rather, the core-shell UCLNPs are acting as 

nanolamps whose emission is screened off. NADH can be detected in this way in the 30 to 

150 µM concentration range, and FAD in the 30 to 100 µM range. 
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Figure 7. Decrease of upconversion luminescence intensities at 360 nm with increasing 

concentration of NADH and at 475 nm with increasing concentration of FAD due to the 

absorption of the redox cofactors upon 980-nm CW laser excitation (~ 15 W·cm-2). 

 

 

Next, two enzymatic reactions were studied in order to demonstrate the potential of this 

detection scheme. In the first experiment, the NAD+-associated oxidation of ethanol by alcohol 

dehydrogenase in Tris buffer solution of pH 8.7 was monitored in the presence of UCLNPs 

which were found to remain completely inert. This reaction involves the oxidation of ethanol to 

form acetaldehyde (ethanal) along with NADH. While NAD+ does not absorb light at 360 nm, 

NADH is a strong absorber that can attenuate the emission at 360 nm as can be seen in 

Figure 8A. Ethanol can be quantified by this method in the concentration range from 0.5 to 

2.7 mg·L-1. 
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Figure 8. Quantification of (A) ethanol and (B) glucose using NADH- and FAD-related 

enzymatic reactions. Each data point reflects the average of three measurements, operated in the 

endpoint mode. 

 

 

In an experiment involving the coenzyme FAD, we have monitored the enzymatic oxidation of 

β-D-glucose by glucose oxidase (GOx) to form D-glucono-1,5-lactone in MES buffer solution of 

pH 6.1 in the presence of UCLNPs. In this case, the situation is reversed in that the absorber 

(FAD) initially is present in high concentration but is converted to a non-absorbing species 

(FADH2) in the course of the reaction. As a result, the emission peaking at 475 nm increases 

over time. Glucose can be determined by this method in the 20 to 200 µM glucose concentration 

range as can be seen in Figure 8B. 

 

 

Conclusions 

In summary, it is demonstrated that core-shell UCLNPs based on 

β-NaYF4(Yb3+/Tm3+)@NaYF4 with their two emission peaks at 360 nm and 475 nm can be used 

to fluorescently monitor the formation of NADH and the consumption of FAD during enzymatic 

reactions using 980-nm photo-excitation. Given the average distances between the nanoparticles 

(where luminescence is created) and the coenzymes in solution (which is far beyond any Förster 

distance) we conclude from luminescence lifetime measurements that the effect is the result of an 

inner filter effect. Rather, the UCLNPs act as a kind of nanolamps. The effect is exemplarily 

shown to enable enzymatic assays for glucose and ethanol in that the intensity of the emission of 
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the core-shell UCLNPs is affected by either the formation of NADH or the consumption of FAD. 

We presume that this method is applicable to numerous other enzymatic processes based on the 

NAD+/NADH (or NADP+/NADPH) or FAD/FADH2 redox systems. 
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