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Abstract

One of key roadblocks in UCNP development is its extremely limited choices of excitation
wavelengths. We report a generic design to program UCNPs to possess highly tunable dye
characteristic excitation bands. Using such distinctive properties, we were able to develop a new
excitation wavelength selective security imaging. This work unleashed the greater freedom of the
excitation wavelengths of the upconversion nanoparticles and we believe it is a game-changer in
the field and this method will enable numerous applications that are currently limited by existing
UCNPs.

In recent years, lanthanide-doped upconverting nanoparticles (UCNPs) have received a
considerable amount of attention due to their ability to convert two or more low-energy
pump photons at the NIR region to a higher-energy output emission at the ultra violet (UV),
visible (Vis), and shorter wavelengths of NIR.! Because of these unique optical properties,
UCNPs have been applied in many areas including bio-sensing,? in vivo imaging,? drug
delivery,* photodynamic therapy,® photoactivation,® and solar cell development.” In spite of
these advances, one key roadblock in UCNP development is their extremely limited
excitation wavelength choice. For example, the excitation wavelength of conventional Yb
ion doped UCNPs are generally limited at 980 nm (matching the absorption of sensitizer
Yb3*).8 Even we and other colleagues have recently developed Nd3* and Yb3* co-doped
UCNPs to generate an additional excitation peak at 800 nm,? these UCNPs remain limited
by the intrinsically weak absorption coefficients and constitutional excitation peaks of the
lanthanide sensitizers (Yb3* and Nd3*). Such an inability to tailor excitation wavelength
bands of the upconversion nanoparticles has been a major barrier in regard to numerous
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practical applications such as solar cell development, orthogonal bicimaging and photo-
modulation.

Compared to these inorganic lanthanide ions, organic NIR dyes can be rationally designed
through facile structural modification and derivation, to provide remarkable flexibility of
tuning excitation wavelengths.10 In addition, NIR dyes have much higher absorption
coefficients than the lanthanide sensitizers. However, to date, the only example in this
regard is that, in 2012, Zou et al. reported that a NIR dye (IR-806 dye) can transfer the
energy to UCNPs so as to amplify upconversion emissions via directly adding dyes into the
solution of as-synthesized hydrophobic ligand coated UCNPs.1! Since then, surprisingly, the
dye sensitization has not been further studied. IR-806 dye has been the only dye molecule
reported and this method has not been successfully extended to any other dyes with different
chemical structures. The highly tunable excitation advantages of NIR dyes have not been
utilized in regard to UCNP. This inability is likely a result of the well-established knowledge
that subtle changes in incoming molecule/ligand structures and reaction conditions can
profoundly affect kinetics and thermodynamics of displacement reactions on ligand covered
nanoparticles (NPs) surfaces.12 For example, in the above-mentioned method, the dye has to
penetrate into the hydrophobic oleylamine ligand layer on UCNP surface and then displace
some of them.

We reasoned that we can take advantage of hydrophobic organic ligand free UCNPs13 (i.e.,
removing the barrier on UCNP surface which affects the dye access) and largely selective
NIR dyes as a series of sensitizers (or a set of antenna) to program the excitation bands of
the UCNPs. We now report a generic design to create upconversion nanoparticles with NIR
dye characteristic tunable excitation bands in which a series of near-infrared dye groups with
systematically progressive absorption wavelengths are able to interact with a hydrophobic
organic ligand free UCNP as customized “antennae” for programming excitation bands
wavelengths of UCNPs (Scheme 1). Moreover, the excitation bands of UCNPs can be
expanded by the inclusion of mixed dyes. Finally, using the distinctive properties of the
engineered dye-sensitized UCNPs, we were able to develop a new excitation wavelength
selective orthogonal security imaging.

In this study, UCNPs (B-NaYF4: 20%Yb, 2%Er) with an average core diameter of 20 nm
(Figure S1) were prepared using a literature method.1# Subsequently, the UCNPs were
treated with nitrosonium tetrafluoroborate to remove hydrophobic organic ligands. To
examine the feasibility of dye-sensitized UCNPs at different wavelength bands, a series of
NIR dyes with systematically progressive absorption wavelengths were used. These
included commercially available dyes (IR-783 and IR-820) and their respective carboxylate
derivatives (IR-808 and IR-845) we synthesized. (Figure S2)

We first assessed the optimal concentrations of these IR-dyes (Figure S3). When these IR-
dyes were titrated into the solution of UCNPs, we found that the upconversion emission
intensity first increased which was consistent with an increase in overall absorption of the
excitation energy. However, beyond a critical concentration, a further increase in the IR-
dyes resulted in declining upconversion emission intensity, similar to that reported in the
literature.1! The optimal IR-dyes: nanoparticles ratio is around 5 pmol/L : 0.1 pmol/L (dyes
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vs. UCNPs). The samples of the optimal ratio of IR-dyes coated nanoparticles were able to
be isolated by centrifugation and the absorption spectra of the supernatants were
subsequently measured. (Figure S4). No discernible free dyes were observed in the
supernatant. Thus this result suggested that the dyes were quantitatively conjugated onto the
UCNPs and the number of dyes that are conjugated on UCNP was able to be estimated 11.13
to be 50:1 dyes per particle. Except as noted, this ratio was used in all subsequent
experiments.

As shown in Figure S5, at 750 nm excitation, the emission spectrum of all these IR-dyes
extends well beyond 1000 nm. The overlap between the emission spectrum of IR-dyes and
the excitation spectrum of the UCNP nanoparticles, allows for energy transfer from IR-dyes
to the Yb3* in the nanoparticles. The interaction of the IR-dyes with the nanoparticle was
characterized by lifetime study. We observed that the lifetime of the IR-dye’s luminescence
on the particle was shorter than that of the pure IR-dyes, indicating the occurrence of energy
transfer from the IR-dyes to the nanoparticle (Figure 1).

Furthermore, we studied the IR-dyes conjugation on the surface of the UCNPs by FT-IR
spectra. The peak at 1550 cm~1 (C=C benzene skeleton vibration), the peak around 1400
cm~1 (C-H bending vibration), the peak at 1250 cm~1 (C-N stretching vibration), and the
peak around 1170 cm™1, 1110 cm™1, 1035 cm™1 (S=0 stretching vibration) were observed in
the FTIR spectrum of IR-dyes-coated UCNPs (Figure S6). These results suggested that the
IR-dyes had been coated on the surface of UCNPs.

The upconversion excitation spectrum was measured using a 2 m\W calibrated wavelength-
tunable laser. The total number of photons over the 500-685 nm range for the UCNPs that
were collected was then plotted versus the excitation wavelength. It was found that all of
these samples had distinguishable excitation bands that were recorded in the 720-1,000 nm
spectral range. It was further found that there was an excellent match with the respective
absorption peaks of the IR-dyes (Figure S7). When compared to the UCNPs alone, the
different dye-coated UCNPs (denoted respectively as NPs-783, NPs-808, NPs-820, and
NPs-845) exhibited shifted broad band excitation peaks around 790 nm, 810 nm, 830 nm,
and 850 nm, respectively. The integrated spectral response of the IR-808 coated UCNPs was
found to be approximately 200 times stronger than that of the non-sensitized nanoparticles.
When compared to the non-sensitized nanoparticles (Figure 2), the IR-783 coated UCNPs
exhibited 80 folds enhancement, the IR-820 coated UCNPs exhibited 70 folds enhancement
and the IR-845 coated UCNPs exhibited 100 folds enhancement. As shown in Figure 3, this
excitation wavelength selected upconversion can clearly be seen by the naked eye.

In addition, the emission spectra of the UCNPs that were irradiated at the corresponding
excitation maxima (determined above: NPs-783 excited at 790 nm, NPs-808 excited at 810
nm, NPs-820 excited at 830 nm, NPs-845 excited at 850 nm) under the same power of 2
mW were recorded (Figure S8). The peak-to-peak ratio of non-sensitized and sensitized
upconversion was about 1:18 (UCNPs:NPs-783), 1:35 (UCNPs:NPs-808), 1:14
(UCNPs:NPs-820), and 1:22 (UCNPs:NPs-845). Furthermore, to explore whether we can
“mixing and matching” a pair of dyes, 0.25 umol/L IR-783 and 0.25 pmol/L IR-845 dyes
was mixed with 0.1 pmol/L UCNPs. As a result, we observed that, compared to the
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individual IR-dye coated nanoparticles, the nanoparticles of the mixed a pair of dyes (NPs/
IR-783+I1R-845) showed an expanded wavelength range (Figure 4).

Since the eyes are sensitive in the visible range, while has no response to NIR light, the
security detection application by taking advantage of NIR-to-Vis upconversion
photoluminescence has gained considerable attentions. Indeed, an encrypted pattern that is
invisible to human eyes, but flares up at a specific wavelength, providing a unique way to
secure the object.215 Nevertheless, to the best of our knowledge, existing security imaging
applications in regard to UCNP-doped materials have used only single NIR excitation
wavelength. We envision that IR-dye-coated nanoparticles with distinguishable excitation
maxima would multiply the number of unique pieces of information that can be conveyed by
conventional single wavelengths of UCNPs. To provide a proof-of-concept with respect to
our system, we fabricated a traffic signal type logo of “GNQO” bearing poly-urethane and
poly-acrylic thin slab using a 3d-printer (Figure 5). We blended dye-UCNPs in PMMA and
then loaded NPs-783 in the letter “G”, NPs-845 in the letter “N”, and NPs-783+845 co-
coated nanoparticles in the letter “O”. These dye-UCNPs were solidified in PMMA after
being remained overnight at room temperature (details in Supporting information). We
subsequently imaged the slab under 790 nm and 850 nm CW laser beams. This generic
pattern conveys manifold signals when illuminated by different wavelengths of lights,
whereas single wavelength excitation yields a binary value (bright or dark). Under 790 nm
excitation, “GO” was bright and “N” was dim. Under 850 nm excitation, “NO” was bright
and “G” was dim. This versatility would also give UCNP a wide array of applications in
regard to orthogonal imaging and photoactivation.

Conclusions

In conclusion, this report illustrates a readily replicable method of engineering the excitation
wavelength of upconverting nanoparticles in the NIR region via utilizing a series of NIR
dyes with systematically progressive absorption wavelengths. We demonstrated that these
NIR dye molecules are able to act as a set of “antennae” to capture various bands of NIR
wavelength photons for subsequent upconversion energy transfer. As a result, we can create
a new set of UCNPs that feature NIR dye characteristic excitation wavelengths. Due to the
modular nature of NIR dyes, the excitation band of UCNPs can also be expanded by mixing
a pair of dyes. Finally, we provided proof-concept to engineer excitation wavelength of dye-
sensitized UCNPs by applying it in orthogonal security imaging. This approach promises to
provide a new generalized method to engineering upconversion nanoparticle excitations.
This new strategy would be paradigm-shifting as it overcomes the key limitations of current
UCNPs. We anticipate that our method will open a wide array of new opportunities in
photonics and biophotonics such as orthogonal photoactivation and photostimulation as well
as solar cell development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time-resolved fluorescence of IR-dyes (5 umol/L) and IR-dyes/B-NaYF4:20%Yb,2%Er NPs

(5 pmol/L : 0.1 pmol/L) were respectively excited at 780 nm, 800 nm, 820 nm, 840 nm and
detected at 820 nm, 835 nm, 850 nm, 865 nm by 150 fs pulsed 300 micron slit width laser.
The decrease of fluorescence lifetime of IR-dyes upon of NPs indicated energy transfer from
IR-dye to nanoparticles.
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Figure 2.
Excitation spectra of p-NaYF4:20%Yb,2%Er NPs and (a) IR-783, (b) IR-808, (c) IR-820,

and (d) IR-845 IR-dye sensitized NPs.

Nanoscale. Author manuscript; available in PMC 2015 November 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 9

TI0nam TS50am TTOam TH0am B10sm B30nm 850n= 8T70n= 890nm

NPs-783 Sample

NPs-808

NPs-820

NPs-845

Figure 3.
Photographic images of the corresponding solution samples taken under different excitation

wavelengths from 730 nm to 890 nm. The right of the figure shows the portion of the light
beam with each sample which was used for these images.
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Figure4.
The experimental upconversion excitation spectrum of NPs with co-coated dyes (IR-783 and

IR-845).
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Figureb5.
Schematic designs (top) of “GNQO” bearing thin slab made by a 3D-printer. As shown on the

bottom, excitation wavelength selective images were acquired under 790 nm (bottom, left)
and 850 nm (bottom, right).
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Scheme 1.
Schematic illustration of creating a set of UCNPs that feature NIR dye tuneable

characteristic excitation wavelengths (ET: Energy transfer).
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