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NaYF4:Yb:Tm rare-earth upconversion phosphors have been
utilised to monitor the redox behaviour of flavin
mononucleotide and report on the turnover of a flavo-protein,
(pentaerythritol tetranitrate reductase). The presence of two
bands separated by over 300 nm in the UCP emission spectra
allows ratiometric signalling of these processes with high
sensitivity.

Rare-earth upconverting phosphors (UCPs) are a rapidly
emerging class of (nano)particles with potential application in
sensing and imaging, optical memory, security, and
photodynamic therapy.' Upon excitation with near-infrared (NIR)
light, UCPs exhibit efficient photoluminescence in the visible
spectrum due to photon upconversion (UC). The type and
efficiency of the UC process, in addition to the size and phase of
the UCPs, can be tuned by doping the UCPs with varying levels
of certain lanthanides® and involves a non-linear multi-photon
absorption process. This mechanism is based on sequential
absorption and energy transfer of NIR photons, leading to the
population of real, metastable excited states (here of ps order),
differing to the virtual excited state observed in two-photon
absorption (Fig S1).* Due to this UC behaviour, probes based on
these UCPs exhibit no auto-fluorescence (i.e. noise) in biological
media and negligible photobleaching.* These advantages over
conventional fluorophores, combined with relatively
associated toxicities,” has led to a particular focus on bioimaging,
with relevant applications in in vitro studies.® UCPs have also be
applied as optical chemosensors, with systems developed for pH,
0,, Hg(II), Cu(II), and Fe(III) recognition,” amongst others. The
synthesis, characterisation, and properties of these UCPs have
been well summarised in a number of key reviews.®

The unparalleled substrate selectivity and sub-nM substrate
affinity of enzymes offers a sensitive and selective method of
sensing biomolecules. For enzymes that contain chromophoric
substrates/intrinsic cofactors, it should be feasible to induce
Forster resonance energy transfer (FRET)’ between suitable
UCPs (donor) and enzyme/substrate chromophores (acceptor). As
the spectral absorption properties of enzyme chromophores
typically change during redox enzyme turnover, the FRET
efficiency will be sensitive to the presence of enzyme substrates.
This is the proposed basis for a new class of luminescent enzyme-
based biosensor, with proof-of-principle studies described herein.

Pentaerythritol tetranitrate reductase (PETNR) belongs to the
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Fig. 1 Schematic illustration of ‘on-off” FRET process based on UCPs
and PETNR. Reduction of the enzyme inhibits FRET and alters the
intensity of the 475 nm band in the UCP emission spectrum.

old yellow enzyme (OYE) family of NAD(P)H (reduced
Nicotinamide Adenine Dinucleotide (Phosphate)) dependant
enzymes.'® This family of flavoproteins, which are capable of
accommodating a wide-range of substrates,'' have played a
significant role in the development of enzymology. PETNR was
first isolated from explosives-contaminated soil'” and catalyses
the reduction of unsaturated activated alkenes (e.g. 2-cyclohexen-
1-one), aromatic and aliphatic nitro-containing compounds (e.g.
PETN), and aromatic ring systems (e.g. TNT)." Despite the
considerable amount of work carried out on OYEs, their
physiological role is still a matter of contention.

In this study, we present a novel application of rare-earth
UCPs to probe the redox behaviour of PETNR, utilising FRET
between the emission bands of the UCP and the enzyme
absorbance band. Due to a variation in the absorbance profile of
the flavin core of the enzyme upon reduction/oxidation, the FRET
between the two can effectively be turned ‘on’ or ‘off’ by
changing the redox state of PETNR (Fig. 1). To the best of our
knowledge, this is the first time such upconversion particles have
been used to probe protein function.

The UCPs used in this study (PTIR 475) were obtained from
Phosphor Technology Ltd and directly suspended in aqueous
TRIS buffer solution (pH 7). Following continuous wave (CW)
980 nm excitation, these UCPs give dual-emission bands in the
blue and near IR regions of the electromagnetic spectrum.

The PTIR 475 emission bands centred at 475 nm and 800 nm
can be assigned to 'G,—H and *H,—>Hj transitions of Tm>",
respectively (Fig. S1).!* The separation of over 300 nm between
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Fig. 2 Overlay of FMN absorption (solid red line), PETNR absorption
(dashed red line), and PTIR 475 emission (black line) spectra with
relative intensities scaled for comparison.

s these transitions can be utilised to great effect for determining
relative concentrations by normalising the band at 800 nm (also
known as ratiometric analysis), a technique that has been
previously applied for related lanthanide-based systems."> As the
intensity of the NIR emission at 800 nm is independent of added
flavin/enzyme concentration, measuring responses as a variation
in the ratio between these two emission bands negates any probe
concentration dependence.'® This ratiometric analysis is
particularly important for such systems that exist as a dispersion
in solution with variable concentration per scan. All experiments
were carried out in 100 mM TRIS buffer, 10 mM NaCl, pH 7.
Initial studies focussed on the energy transfer between the
UCPs and flavin mononucleotide (FMN) free in solution. The
flavin absorption band centred at ~460 nm has good spectral
overlap with the 475 nm UNCP emission band (Fig. 2), allowing
FRET to occur from the UNCP to FMN. Upon two-electron
reduction, the 460 nm absorption of FMN is lost and the solution
becomes colourless (Fig. S8), thus preventing such FRET. This
variable FRET behaviour should result in a decrease in the 475
nm emission band of the UCP upon FMN addition, followed by
full return of this emission upon reduction of the FMN. As the
UCPs are excited with NIR laser at 980 nm, direct FMN
excitation is avoided and background noise is eliminated.
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Fig. 3 Variation of UCP emission spectra upon incremental addition of
FMN, with decrease in 475 nm emission expanded in inset. The emission
band at 800 nm is unaffected by increased flavin concentration, enabling

for ratiometric analysis of the data.

In order to further test this FRET process, an aqueous solution
of UCPs (0.01 wt%) was irradiated by CW 980 nm diode laser
excitation and the emission spectrum recorded. To this solution
was added FMN (2 mM aqueous solution) in incremental
additions, from 10 to 500 pM, resulting in a gradual decrease of
the 475 nm UCP emission band (Fig. 3). While the absorption of
the FMN may cause significant inner filter effects during visible
40 excitation of these samples, this is negated by the NIR excitation

of the UCPs. Also, by analysing the total area of the 475 nm band
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as a ratio of the area of the 800 nm emission band, which is
unaffected by the addition of FMN, slight fluctuations in
emission intensity per measurement due to the UCPs existing as a
dispersion in solution can be avoided. A Stern-Volmer analysis
(see SI) of this ratio as a function of FMN concentration displays
multiple linear regions, suggesting the occurrence of both static
and dynamic quenching mechanisms, the relative contributions of
which change as a function of increasing concentration (Fig. S2).
The existence of additional non-radiative quenching pathways
that serve to decrease the emission intensity of the Tm®* based
emission by the introduction of proximal O-H and C-H oscillators
may also affect the Stern-Volmer analyses.

In order to mimic the behaviour of protein-bound FMN during
enzyme turnover, it is necessary to observe the FRET process in
the presence of an FMN-reducing agent. In order to investigate
this, a solution containing PTIR 475 phosphors (0.01 wt%) and
FMN (100 uM) in TRIS buffer was prepared and deoxygenated
by bubbling with N,. To this solution was added sodium
dithionite (600 pM), also prepared as a separate anaerobic
solution in TRIS buffer. As anticipated, upon reduction of the
FMN, the FRET process between the flavin and UCPs is
effectively turned off and the original UCP emission spectrum is
restored (Fig. S3a). The spectral effects of this reduction can also
be observed physically, with a loss of the deep yellow colour of
the flavin in solution. The FRET process can be restored simply
by shaking the sample in air to reoxidise the FMN. The reduction
and subsequent oxidation can be cycled multiple times (>3) with
no apparent negative effect to either flavin or phosphors. These
processes can also be analysed experimentally by observing
direct flavin emission upon 475 nm irradiation (Fig. S3b).

These promising studies with FMN led to investigations into
the interactions between the full enzyme system and UCPs.
PETNR was prepared following literature procedures.'” The
FRET process between the two systems was achieved by
irradiating a solution of UCPs (0.01 wt%) with CW 980 nm
excitation, followed by incremental addition of PETNR. A
similar response was observed to that with flavin, with a
reduction in the 475 nm UCP emission band with increasing
PETNR concentration (Fig. 4). Comparison of the Stern-Volmer
analyses over the relevant concentration range (0-50 pM)
suggests electrostatic binding in solution is much stronger in the
enzyme-UCP system than in the FMN-UCP system (Fig. S4).

FRET-induced flavin emission can also be observed upon
addition of the enzyme (Fig. S5). However, due to the broad
nature of the flavin emission in comparison the narrow, line-like
luminescence of the UCPs, this emission appears very weak in
comparison, highlighting an advantage of using lanthanide-based
emission over standard organic chromophores.

Due to the weak nature of this FRET-induced flavin emission
band, FRET efficiency calculations (discussed in detail for
related systems elsewhere)'® using changes in the acceptor
excited state lifetimes proved unfeasible. No significant change in
the UCP emission lifetime (T475n, = 881 s, Tgooum = 17211 ps)
was observed upon the addition of uM aliquots of either FMN or
PETNR. Combined with the results from the Stern-Volmer
analysis, these data suggest predominantly static quenching is
occurring in this system, particularly when PETNR or FMN is at
low concentration. UV-vis absorption spectra were unsuitable for
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monitoring this quenching due to the high level of scatter caused
by the UCPs in solution.

Next, to model enzyme turnover, reduction of the protein was
investigated with the addition of NADPH under anaerobic
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Fig. 4 a) Variation of UCP emission spectra upon incremental addition of
PETNR, with only the 475 nm emission band of interest shown; b) Stern-
Volmer analysis of the 475 to 800 nm emission intensity ratio as a
function of PETNR concentration, where I, is the emission intensity
10 before enzyme addition and I is the intensity upon x pM PETNR addition.

conditions (Fig. 5). As with the sodium dithionite reduction of
FMN, an initial reduction in the 475 nm UCP emission band is
observed upon addition of 100 uM PETNR. As the enzyme is
reduced by NADPH (200 puM), the FRET process between
1s PETNR and the UCPs is far less efficient, resulting in almost full
recovery of the 475 nm emission. By exposing the sample to air,
the enzyme is reoxidised and the FRET process is restored.
Again, this behaviour can be confirmed by observing direct
enzyme emission (Fig. S6). These redox states can be repetitively
2 cycled (>5 times) with no apparent degradation of either the
UCPs or the enzyme, indicating the stable reversibility of the
system. Incremental addition of NADPH under anaerobic
conditions can also be measured as a ratiometric response (Fig.
S9), establishing the basis for the system to act as a responsive
25 probe for various species in solution.

Intensity / a.u.
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Fig. 5 PTIR 475 UCP emission (Aexe = 980 nm) in anaerobic solution
before (black line) and after (blue line) addition of 100 uM PETNR,
followed by reduction of the enzyme with 200 pM NADPH (red dashed
30 line) and subsequent reoxygenation in air (blue dashed line).

Conclusions

This study indicates a proof-of-principle basis for the use of
UCPs to report on the function of biological systems; in this case
the redox state of a flavoenzyme. As the emission profile of the

3s UCPs can be tuned by altering the rare-earth dopant
concentrations, this technique can be expanded to monitor other
biological chromophores. Investigations are underway to improve
concentration limits by covalently binding UCPs to biological
compounds, in order to develop functional in vitro bioassay
40 systems. This work establishes the basis for the development of a
new class of responsive luminescent probe systems that combine
the advantages of UCPs (NIR excitation, no autofluorescence,
etc.) with the high sensitivity and selectivity of enzymes for

ratiometric detection of enzyme-substrate activity e.g. during
45 substrate and/or enzyme variant screens in biocatalysis.
We thank Phosphor Technology Ltd. for the UCPs, Prof. Nigel
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