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Enhanced NIR-I emission from water-dispersible
NIR-Il dye-sensitized core/active shell
upconverting nanoparticlest

Chanchal Hazra,*® Sajjad Ullah,
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@ York E. Serge Correales,” Lais G. Caetano® and

Recently, there has been a surge in research studies directed towards near-infrared (NIR) dye-sensitized
upconverting nanoparticles (UCNPs) as they carry the prominent advantages of a broader absorption
range and enhanced upconversion efficiency. Unfortunately, however, the UCNPs combined with the
native form of NIR dye are of little use for biological imaging in the NIR-I or NIR-II window as the dye-
sensitization process is mostly carried out in non-aqueous media. To overcome this shortcoming, we
propose to employ a water-dispersible NIR-II dye (IR-1061) to sensitize core/active shell UCNPs and
achieve sufficiently high upconversion quantum efficiency in agueous media. We have particularly focused
on achieving strong NIR-I emission rather than visible upconversion emission as the latter suffers from the
problem of shallow tissue penetration depth. For this purpose, Pluronic F68-encapsulated water-
dispersible IR-1061 dye was coupled with polyethyleneimine (PEl)-coated NaYF, Tm>"/Yb3* @NaYF,Yb**
core/active shell UCNPs. We thus achieved a 283% enhancement in NIR-I emission (i.e. 800 nm emission
of Tm** ion) from water-dispersible NIR-II dye-sensitized core/active shell UCNPs via doping of ytterbium
ions (Yb®*) in the UCNP shell, which bridged the energy transfer from the dye to the UCNP core.
Practically, in comparison with the native form of the dye, this water-dispersible dye can also efficiently
harvest irradiation energy, which is nonradiatively transferred to Yb®* ions in the shell and subsequently to
Yb®* ions in the core. The latter sensitizes Tm** ions positioned in the core, thus generating upconversion
luminescence from the UCNPs. We envision that our water-dispersible NIR-II dye-sensitized core/active
shell UCNPs are not only potential candidates for a broad spectrum of photonic applications but that they
will also find new opportunities in several biological applications.

(us to ms) and even exhibit multiple emissions spanning a wide
region (UV to NIR), which are exploited in a wide range of

In recent years, UCNPs, which possess the ability to convert low-
energy radiation into high-energy photons via the multiphoton
process, have been gaining enormous research attention.'™*
This interest is mainly attributed to the growing importance of
these UCNPs in areas such as bioimaging, biosensing, solar cells
and volumetric displays, among others."*>* The UCNPs are
generally composed of lanthanide (Ln**) ions that are spatially
distributed in an appropriate host matrix.>>*” The Ln** ions
contribute interesting optical properties to UCNPs such as
sharp luminescence signals and longer luminescence lifetimes
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applications including phosphors, lasing, biomarkers, optoelectronic
devices, to name a few.?®™3!

Some recent research attempts have enabled good control
over UCNP size, phase and emission colours.>”>* However,
their emission brightness and excitation wavelength range are
limited by the weak and narrow band absorption of lanthanide
ions due to the parity-forbidden character of the intra-4f
transition.®>3® Recently, different strategies such as surface
plasmon resonance effects from metal nanoparticles, optimal
dopant concentration and formation of core/shell nanostructures
have been employed to enhance upconversion luminescence
from UCNPs.*”*? Unfortunately, however, most of these strategies
suffer from limitations such as low absorption coefficient, narrow
excitation band and low absorption cross section of Yb*" ions.
For example, Yb>* ions absorb light in a spectral window of
~938-975 nm, which is about 10 times narrower than that of
organic dye molecules. Similarly, their absorption cross section
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is 1000 to 10000 times lower than that of traditional organic
dye molecules.**** These fundamental features limit UCNPs in
broadly harvesting near infrared (NIR) light and producing
bright upconversion luminescence, thus restricting their scope
of utility in a wide range of applications.

To address the problems of the low intensity absorption and
narrow excitation band of Yb**-doped UCNPs and allow their
use in clinical applications, researchers are still developing nano-
materials with high upconversion emission under low excitation
power density. Following this trend, recently, a few reports
suggested the use of NIR dyes to sensitize UCNPs to significantly
improve their upconversion performance. In such cases, if the
dominating NIR-emissive peaks of the dye overlap well with the
absorption of sensitizer ions (e.g. Yb**, Nd*"), a suitable combination
of NIR dye and UCNPs with sensitizer ions (e.g. Yb**, Nd*") doped
in the shell could afford superior upconversion luminescence
upon NIR laser excitation. Concerning this issue, Hummelen’s
research group first designed and synthesized IR-806 dye con-
jugated NaYF.Er’*/Yb®" UCNPs and they observed a giant
enhancement in the upconversion emission.*® The shortcoming
of their work was a large energy mismatch between Yb*" ion and
dye molecule leading to low energy transfer. In fact, the utilized
UCNPs (NaYF,:Yb*"/Er*") had to be devoid of any shell in order
to allow dye sensitization to occur efficiently. Moreover, strong
surface-related deactivations manifested that typically led to
upconversion luminescence quenching, two to three orders
stronger than that for a core/shell structure with suppressed
deactivation.”” These limitations resulted in a very low upconver-
sion quantum efficiency from the UCNPs. Later on, Prasad et al.
introduced the cascade energy upconversion concept to mitigate
such drawbacks and they also observed a large enhancement in
visible upconversion emission as well as high energy transfer
and high (~19%) quantum efficiency.*® These excellent features
allow the UCNPs to exhibit unrivalled three photon blue upcon-
version using a biocompatible 808 nm infrared light excitation
with a power density comparable to that of solar irradiation at
the earth surface. The same research group has shown the use of
dye-sensitized UCNPs for multicolour emission bands in the
NIR-II window, which seems more relevant over the NIR-I
window for biological applications.” They demonstrated that
the NIR-II emission from indocyanine green dye-sensitized
Er**-doped NaYF,:Yb*"/X**@NaYbF,@NaYF,:Nd** (X = null, Er,
Ho, Tm, Pr) core/shell/shell nanocrystals allows a sharp image
through 9 mm thick chicken breast tissue. Not only that, the
emission signal detection through 22 mm thick tissue yields
a better imaging profile than from the typically used Yb**/Tm**
co-doped UCNPs imaged in the NIR-I region (700-950 nm). Han
and co-workers have applied dye-sensitized UCNPs for optogenetic
analysis in the NIR tissue optical window for potential use in
controlling neuronal activity.*> In particular, using dye-sensitized
core/active shell UCNPs embedded poly(methyl methacrylate)
polymer implantable systems, they successfully shifted the opto-
genetic neuron excitation window to a biocompatible and deep
tissue penetrable 800 nm wavelength. Very recently, Lin’s
research group has shown the use of dye-sensitized UCNPs for
multimodal imaging applications in vitro and in vivo.>® The use
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of dual photosensitizers and the upconverted visible emissions
from NaGdF,:Yb*'/Er** @NaGdF,:Nd*'/Yb*" core/shell UCNPs allow
for the activation of photodynamic therapy (PDT) agents to generate
reactive oxygen species for antitumor therapy.

However, most of the reports mentioned above are related to
NIR-I dye in its native form and their particular focus was based
on visible upconversion emission. To the best of our knowledge,
there is no report available on water-dispersible NIR-II dye-
sensitized core/active shell UCNPs. In this research study, we
for the first time synthesized and used water-dispersible NIR-II
dye (IR-1061) to carry out sensitization experiments in aqueous
medium, which is biologically more important. Our main goal was
to achieve a strong NIR-I (e.g. ~800 nm emission from Tm*" ion)
signal, which is more beneficial for bioimaging applications over
visible emission as the latter has shallow tissue penetration. More
specifically, PEI-coated NaYF,:Tm®*/Yb*'@NaYF,Yb>" core/active
shell UCNPs and Pluronic F68 encapsulated water-dispersible
IR-1061 dye sensitization synergistically make the UCNPs promising
to provide highly intense NIR-I signal under 980 nm laser excitation.

Experimental

Materials

Y503 (99.99%, Sigma-Aldrich), Yb,0; (99.99%, Sigma-Aldrich),
Tm,0; (99.99%, Sigma-Aldrich), HCl (Synth), NaOH (Synth),
NH,F (Merck), methanol (CH;0H, Synth), 1-octadecene (ODE,
Aldrich), oleic acid (OA, Aldrich), cyclohexane (Synth, Brazil),
ethanol (C,H;OH, Synth, Brazil), diethyl ether (Synth, Brazil),
polyethyleneimine (PEI, Sigma-Aldrich, mol. wt. 800), Pluronic-
F68 (Sigma), IR-1061 (Aldrich) and IR-806 (Aldrich) were used in
this study. All chemicals were used without further purification.

Synthesis of f-NaYF,:Yb**(30)/Tm>(0.5) core UCNPs.

The core NaYF,:Yb*'(30)/Tm®'(0.5) UCNPs were synthesized
following a modified co-precipitation method according to a litera-
ture report.®® In a typical experiment, 4 mL of an aqueous solution
(0.2 M) of LnCl;-6H,0 (Ln =Y, Yb and Tm) was added to a 100 mL
three-necked flask containing oleic acid (6 mL) and 1-octadecene
(14 mL). The resulting mixture was heated to 150 °C and kept for
1.5 h to form lanthanide oleate complexes and then cooled down to
50 °C. Subsequently, a methanol solution (10 mL) containing NH,F
(3.25 mmol) and NaOH (2.0 mmol) was added and the mixture was
stirred at 50 °C for 45 min. The temperature of the reaction mixture
was then increased to 100 °C to remove methanol. Upon removal of
the methanol and keeping the reaction mixture at 100 °C under
vacuum, the solution was heated to 290 °C under a N, atmosphere
and kept for 1.5 h before cooling down to room temperature
naturally. The resulting nanoparticles were precipitated out by the
addition of ethanol, collected by centrifugation, washed with cyclo-
hexane, ethanol and methanol and finally redispersed in 4 mL of
cyclohexane.

Synthesis of f-NaYF,:Yb**(30)/Tm**(0.5)@NaYF,:Yb**(X)
(X =0, 2, 5,10, 20) core/active shell UCNPs

In a typical experiment, 4 mL of a solution (0.2 M) of LnCl;-6H,0
(Ln =Y, Yb) in water was added to a 100 mL three-necked flask

This journal is © The Royal Society of Chemistry 2018
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containing oleic acid (6 mL) and 1-octadecene (14 mL). The
mixture was then heated to 150 °C and kept for 1.5 h with
magnetic stirring and then cooled down to 50 °C naturally.
Afterwards, NaYF,:Yb**/Tm>" core UCNPs in 4 mL of cyclohexane
were added along with a 10 mL methanol solution of NH,F
(3.25 mmol) and NaOH (2.0 mmol). The resulting mixture was
stirred at 50 °C for 45 min. The temperature of the reaction
mixture was heated to 100 °C to remove the methanol. Upon
removal of the methanol and keeping the reaction mixture at
100 °C under vacuum, the solution was then heated to 290 °C
under a N, atmosphere and kept for 1.5 h before cooling down
to room temperature naturally. The resulting nanoparticles
were precipitated out by the addition of ethanol, collected by
centrifugation, washed with cyclohexane, ethanol and methanol
and finally redispersed in 4 mL of cyclohexane.

Preparation of hydrophilic B-NaYF,:Yb**(30)/Tm>"(0.5)@
NaYF,:Yb**(X) (X = 0, 2, 5, 10, 20) core/active shell UCNPs.

A total of 1.3 mL of a cyclohexane dispersion of the core/active
shell UCNPs was precipitated by the addition of ethanol and
redispersed in 5 mL of HCI solution (0.1 M in deionized water).
The slurry was then sonicated and stirred for 1 h and 3 h,
respectively, to remove the oleate ligands from the surface of
the UCNPs. The aqueous solution was mixed with diethyl ether
in a separating funnel to remove the oleic acid by extraction
with diethyl ether. The aqueous portion containing the UCNPs
was collected in a centrifuge tube. The UCNPs in the aqueous
fraction were recovered by centrifugation after precipitation
with acetone. This process was repeated twice and finally the
UCNPs were dispersed in 10 mL of water. Then, the ligand-free
core/active shell UCNP aqueous dispersion was mixed with PEI
solution (10 mg mL™"), followed by vigorous stirring for 12 h.
PEI coated core/active shell UCNPs were obtained followed by
centrifugation at 13000 rpm for 30 min. The product was
washed with distilled water by sonication and centrifugation
twice. Finally, the PEI coated core/active shell UCNPs were
dispersed in 4 mL of water for further use.

The preparation of water-dispersible IR-1061 dye and the
water-dispersible IR-1061 dye-sensitized core and core/active
shell UCNP dispersion in water is discussed in Section SA and
Section SB of the ESI,{ respectively.

Characterization

Fourier transform infrared (FTIR) spectra were collected using a
PerkinElmer Spectrum 1000 FT-IR spectrometer with a resolu-
tion of 2 cm ™" and averaged over four scans. Room temperature
optical absorption spectra of the samples were recorded on a
Varian model Cary 5000 spectrophotometer. The samples were
taken in a 3 mL quartz cuvette (path length, 2 cm). The XRD
measurements were performed on a D8 Advance Powder X-ray
diffractometer (Bruker) operated at 30 mA and 30 kV using
Ni-filtered Cu Ko X-ray radiation (4 = 1.540 A) at a scanning rate
of 1° min~! in the 20 range from 10° to 70°. TEM analyses of
the samples supported on holey carbon-coated copper grids
were carried out using an FEI TECNAI (G’F20) transmission
electron microscope operated at an accelerating voltage of 200 kVv.

This journal is © The Royal Society of Chemistry 2018
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Upconversion emission spectra of the core and core/active shell
UCNPs were acquired using a Horiba Jobin Yvon spectrofluorometer
(model fluorolog-3 FL3-122) equipped with a photomultiplier
tube (model R 928 P, Spex) sensitive between 250 and 850 nm.
A 980 nm laser diode (from DMC, Brazil) coupled with an optical
fiber (200 um diameter) was utilized as the excitation source.
All spectra were acquired in an identical fashion under the
same experimental conditions and the upconversion emission
measurements were carried out at an optical spectral resolution of
1 nm. The laser power used in the measurement was 7 W cm™ > and
the beam diameter was 1 mm. The same experimental conditions
were used to measure downshifting luminescence of the samples.
The photoluminescence (PL) emission spectra were collected using
a Jobin Yvon Fluorolog system under 980 nm diode laser excitation
and the signal was detected using an NIR PMT module detector
(HAMAMATSU, H10330A series). The emission lifetime measure-
ments were performed with the Horiba Jobin Yvon Fluorolog-3
machine (USA); FL3-122 model; spectrometer equipped with a
Xenon pulsed bulb with 0.15 Joules per flash. The dynamic light
scattering (DLS) data were collected using a Malvern Zetasizer Nano
equipped with a 4.0 mW He-Ne laser operating at 633 nm. All
samples were measured in an aqueous system at room temperature
with a scattering angle of 173°. The size distribution was calculated
by Nano software and is derived from a non-negative least square
(NNLS) analysis.

Results and discussion

The efficient energy transfer between Yb*" and Tm®* ions and
upconversion emission in the core NaYF,:Yb**(30)/Tm**(0.5)
UCNPs is well reported and can be further enhanced through
dye-sensitization and the proper choice of core/active shell
configuration. In our strategy to obtain strong NIR-I upconver-
sion emission along with high energy transfer upconversion, we
coated the core NaYF;Yb**(30)/Tm**(0.5) particles with an
active shell of NaYF,:Yb*" (X = 0, 2, 5, 10 and 20) and the
resulting core/active shell UCNPs, after surface modification
with PEI, were combined with a Pluronic F68 encapsulated,
water-dispersible NIR-II (IR-1061) dye. Doping of ytterbium ions
(Yb*") in the UCNP shell was used to bridge the energy transfer
from the dye to the UCNP core (Scheme 1).

Phase analysis of the core and core/active shell UCNPs was
performed using powder X-ray diffraction (PXRD) measurement
(Fig. S1, ESIt). All diffraction peaks perfectly match with the
standard diffraction pattern of hexagonal NaYF, crystals
(JCPDS No. 28-1192).

The TEM images of oleic acid capped NaYF,:Yb**(30)/Tm**(0.5)@
NaYF4:Yb® (X = 0, 2, 5, 10, 20) core/active shell UCNPs along with
their corresponding core particles are shown in Fig. 1 and Fig. S2
(ESIt). TEM images show the formation of uniform and mono-
disperse nanoparticles with an average diameter of 27 nm and
38 nm for the core and core/active shell UCNPs, respectively. The
shell thickness of the core/active shell UCNPs is thus estimated
to be around 5 nm. Monodispersity in the size of the core and
core/active shell UCNPs is evident from the size distribution
histograms shown in Fig. S3 (ESIT).

J. Mater. Chem. C, 2018, 6, 4777-4785 | 4779
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Scheme 1 Scheme illustrating energy transfer mechanism between
Pluronic F68 encapsulated IR-1061 dye and PEl-coated core/active shell
UCNPs, producing enhanced NIR-I upconversion emission from the
activator (Tm**) positioned in the core.

The surface capping of core and core/active shell UCNPs with
oleic acid is confirmed by the appearance of a strong carbonyl
stretching vibration near 1710 cm™ " (vide infra). This frequency is
much lower than that observed for the free oleic acid molecules.

The presence of Yb*" ions in the core and core/active shell
UCNPs is confirmed by the presence of their characteristic
absorption peak in the electronic absorption spectra of the samples
(Fig. S4, ESIT). The absorption intensity of this characteristic peak of
Yb®* ion increases with an increase in the Yb®" concentration in the
shell, suggesting efficient incorporation of Yb*" ions in the shell.

Fig. 2 shows the upconversion emission spectra of the core
and core/active shell UCNPs obtained under 980 nm laser excitation.
Strong blue and NIR emissions are observed near 450, 477 and
800 nm, respectively. These emissions are ascribed to the 'D, — °F,,
'Gy; — *Hg and *H, — ’Hg transitions of Tm®", respectively. In
addition, other peaks observed near 359 and 650 nm are assigned
to the transitions 'D, — *H, and 'G, — °F,, respectively. These
emissions originate from the excited energy levels of Tm** ions,

) — O

Fig.1 TEM images of (a—c) oleic acid capped NaYF4:NaYF,:Yb**(30)/
Tm**(0.5) core particles and (d-f) the corresponding NaYF4:Yb®*(30)/
Tm3*(0.5)@NaYF4Yb>*(X) core/active shell UCNPs where X = 0, 5 and
10%, respectively.
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Fig. 2 Upconversion emission spectra of oleic acid capped NaYF4:NaYF,:
Yb**(30)/Tm**(0.5) core particles and NaYF4:NaYF4:Yb**(30)/Tm>*(0.5)@NaYFy:

Yb**(X) (X = 0, 2, 5, 10 and 20%) core/active shell UCNPs in cyclohexane using

980 nm laser excitation at 7 W cm™2.

which are predominantly populated by multiple energy transfers
from excited Yb®" ions. The Yb** ions act as a sensitizer for the
Tm>" ions due to their relatively high absorption coefficient. From
Fig. S5 (ESIY), it is quite clear that the optimum concentration of
the Tm*" jon and Yb*" ion in the core is 0.5 and 30 mol%,
respectively. The upconversion emission intensities from the 'D,,
G, and >H, states of Tm®" ions in the core/active shell UCNPs
have a similar dependence on the Yb®" concentration, reaching
the maximum at the Yb®" concentration of 10% in the shell
(Fig. S6, ESIt). The number of photons involved in the energy
transfer process (for NaYF,:Yb*'(30)/Tm’'(0.5)@NaYF,:Yb*'(10)
core/active shell UCNPs) was estimated by studying the power
(P) dependence of upconversion emission intensity (I) using the
relation (P oc I", where n is the number of photons involved in
producing the upconversion emission). The values of n obtained
from the slope of the log P vs. log! plot (Fig. S7, ESIf) are 3.67,
3.85, 3.0, 2.66 and 2.27, respectively, for the "D, — *Hy, 'D, — °F,,
'G, — *Hs, 'G4 — °F, and *H, — *H, transitions, suggesting the
involvement of 4, 4, 3, 3 and 2 photons. Based on the well-known
Yb®" sensitized Tm>" upconversion, together with the calculated n
values, the upconversion mechanism in our samples is illustrated
in Fig. S8 (ESIt).

In contrast to the upconversion emission from the NaYF,:
Yb**(30)/Tm>*(0.5)@NaYF,:Yb**(10) core/active shell UCNPs, a
remarkable quenching was observed when Yb*" ions (30 + 10 =
40, in total) were doped into the core UCNPs (Fig. S9, ESIT). This
result indicates that incorporation of Yb** ion only in the shell
makes the core/active shell UCNPs efficient to achieve energy
transfer upconversion (Yb*' shemy = Yb*'(core) = TM*' (core)) via a
cascade mechanism. Moreover, the core/active shell design can
minimize surface quenching induced energy loss and subse-
quently improve the upconversion emissions. The PXRD and
TEM image of the NaYF,:Yb**(40)/Tm>"(0.5) UCNPs are shown in
Fig. S10 (ESIY).

In parallel to upconversion luminescence, we also studied
downshifting luminescence from the core and core/active shell
UCNPs, which was also found to be dependent on the Yb**
concentration (Fig. S11, ESIt). These results illustrate that the

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8tc00335a

Published on 27 March 2018. Downloaded by Y unnan University on 8/23/2025 9:47:24 PM.

Journal of Materials Chemistry C

Yb** ions in the shell transfer excitation energy to the Yb** ions
in the core, which in turn sensitize the Tm** ions in the core of
the UCNPs.

Optimized upconversion emission intensity at certain Yb**
concentrations (30% in the core and 10% in the shell) is
attributed to two concurrent processes. The first one is the harvesting
of light, upon 980 nm excitation, by Yb>" ions in the shell and
then the transfer of the energy to Yb®" ions in the core. A high
concentration of Yb*" ions is expected to increase the upconver-
sion emission due to the increased absorption cross section of
the core/active shell UCNPs. The other one is the unfavourable
cross relaxation process between the Yb*" ions, which deactivates
the harvested energy of Yb*" ions and which even increases with
the increase of the Yb** concentration in both core and shell.
A suitable balance between these two processes is achieved only
at optimized Yb** concentrations (10% in the shell and 30% in
the core), leading to the most intense signals from the activator
(e.g. Tm™*). Moreover, NaYF:Tm>"(0.5)/Yb**(30) not only acts as
a superior core but also favours intense upconversion emission
from Tm®" ions. This facilitates the Yb*'(gnemy = Yb**(core)
energy transfer process. The efficiency of a nonradiative energy
transfer can be quantified using the following equation:

ET=1— IDA/ID

where ET stands for energy transfer efficiency, and In, and I,
are the upconversion emission intensity of the energy donor in
the presence and absence of an energy acceptor, respectively.
Following this equation, the energy transfer efficiency was
determined to be ~90% and ~40% for the NaYF,:Yb**(30)/
Tm?**(0.5)@NaYF,:Yb**(10) and NaYF,:Yb*'(40)/Tm**(0.5)@
NaYF,(0) UCNPs containing 10% and 0% Yb** ions in the shell,
respectively. These results confirm the importance of using a
30% Yb*' enriched NaYF, host lattice as a core and 10% Yb>"
enriched NaYF, as a shell to produce efficient Yb3+(shell) -
Yb*' (core) €nergy transfer.

To integrate the core and core/active shell UCNPs with water
dispersible NIR-II (IR-1061) dye, an oleic acid ligand on the
surface of the UCNPs was firstly replaced by the positively
charged polyethyleneimine (PEI) ligand. Replacement of oleic
acid and further capping of PEI ligand onto the surface of the
core and core/active shell UCNPs were confirmed by the absence
and presence of vibrational modes of -COOH and -NH, (along
with -CN and -NH) groups, respectively (Fig. S12, ESIt). After
HCI treatment, the aqueous dispersion of UCNPs becomes acidic
and the zeta potential value of bare UCNPs is found to be
+47.3 mV. With an increase in pH, the zeta potential value also
starts to decrease,”” making the surface feasible for binding with
the PEI ligand, which is positively charged. PEI-capped water-
dispersible UCNPs possess a +31.3 mV zeta potential value. Upon
ligand exchange, there is hardly any change in the crystalline
phase (Fig. S13, ESIt) and size (Fig. 3) of the core/active shell
UCNPs observed. Moreover, we calculated the upconversion
emission for the water-dispersible core and core/active shell
UCNPs. Fig. 4 clearly depicts that the core/active shell UCNPs
having 10% Yb*" in the shell exhibit the strongest luminescence.
The trend in upconversion emission from the water-dispersible
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Fig. 3 TEM images of PEl-capped NaYF4;Yb**(30)/Tm>*(0.5)@NaYF,:
Yb3*(X) core/active shell UCNPs where X = 0, 5 and 10% in a, b and c,
respectively.

core/active shell UCNPs is similar to that of the oleic acid coated
UCNPs except for a slight decrease in emission intensity.

On the other hand, water-dispersible IR-1061 dye was
synthesized using tip sonication via a phase transfer process.
Encapsulation with Pluronic F68 poloxamer renders the dye
water-dispersible because of the (—)ve charge of the -OH
groups. The zeta potential value of Pluronic F68 encapsulated
IR-1061 dye was found to be (—) 10.9 mV. The zeta potential
graphs of PEI capped NaYF:Yb**(30)/Tm>*(0.5)@NaYF,:Yb**(10)
core/active shell UCNPs and Pluronic F68 encapsulated IR-1061
dye are shown in Fig. S14 (ESIY).

The characteristic absorption spectra of the dye in pure form
and in water-dispersible form are shown in Fig. 5. It is clear
from the spectra that the water-dispersible dye has a much
broader absorption in water than in bare or pristine form
dissolved in dichloromethane (DCM). Moreover, it is interesting
to note that both 808 and 980 nm laser excitation points are lying
in the broad range absorption of the dye in water. Thus, the water
dispersible dye could be excited using both laser excitations. This
assumption is further supported by the photoluminescence (PL)
emission measurement of dye in water. Upon 808 and 980 nm
laser excitations, the dye molecule shows a similar PL character
(Fig. S15, ESIt), suggesting the plausibility of dye excitation using
both lasers. It is worth mentioning that 808 nm laser excitation is
better than 980 nm laser excitation for biological applications as
using 980 nm laser excitation also leads to unwanted overheating,
which is harmful for biological species. Moreover, as mentioned
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Fig. 4 Upconversion emission spectra of PEl-capped NaYF4:NaYFy:
Yb**(30)/Tm**(0.5) core and NaYF4:NaYF,:Yb**(30)/Tm**(0.5)@NaYFy:
Yb**(X) (X = 0, 2, 5, 10, 20%) core/active shell UCNPs in water using

980 nm laser excitation at 7 W cm™2.
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Fig. 5 Absorption spectra of (a) Pluronic F68-encapsulated IR-1061 dye
in water and (b) pure IR-1061 dye in DCM.

earlier, our main goal was to achieve strong NIR-I (i.e. ~800 nm
from Tm®" ion) emission, which might be lost if the same
wavelength (808 nm) is used for excitation. Furthermore, the
upconversion emission from the UCNPs overlaps with the absorp-
tion of water dispersible IR-1061 dye in the 800 nm region
(Fig. S16, ESIt), which is not good for sensitization experiments
as the dye should be highly transparent to the upconverted
photons emitted by the core/active shell UCNPs.

The emission spectrum of water-dispersible NIR-1061 dye
overlaps with the absorption peak of the Yb®" ions of the NaYF,:
Yb**(30)/Tm>"(0.5)@NaYF,:Yb?*(10) core/active shell UCNPs
(Fig. S17, ESIt). Though this overlap is not very strong, the
high absorption capability of the dye molecules allows the
nonradiative energy transfer from water-dispersible NIR-1061 dye
to Yb** ions in the shell and consequently to Yb** ions in the core.

A short distance between UCNPs and dye is essential for
efficient energy transfer between them. The interaction of the
water-dispersible NIR-1061 dye with the UCNP surface is a
complex process that might involve electrostatic interaction
or physical adsorption or even covalent conjugation. Among all
these complex processes, electrostatic interaction occurs only
when the UCNPs (acceptor) and dye (donor) carry opposite
charges on their surface. In accordance with our earlier discus-
sions, our UCNPs and dye meet these criteria. After efficient
electrostatic interaction, the zeta potential value of PEI capped
UCNPs decreases from (+) 31.3 mV to (+) 23 mV. The average
size of the PEI-coated UCNPs increases from 44 £ 2.4 nm to
51 + 3.1 nm after electrostatic coupling with the water-
dispersible dye (Fig. S18, ESIf). This small increase may be
related to the partial aggregation of the UCNPs.

To further verify this, a control experiment was performed.
The absorption maximum wavelength of NIR-1061 dye undergoes a
blue shift from 801 nm to 797 nm when combined with the core/
active shell UCNPs (Fig. S19, ESIT). However, the orientation of the
dye molecules on the surface of the UCNPs is not still clear.

We examined the upconversion emission for the water-
dispersible NaYF,:Yb*"(30)/Tm’*(0.5)@NaYF,:Yb**(10) core/active
shell UCNPs with water-dispersible IR-1061 dye sensitization under
980 nm laser excitation. Fig. 6 compares the upconversion lumines-
cence from the NaYF,:Yb*'(30)/Tm*'(0.5%)@NaYF,:Yb**(10)
core/active shell UCNPs with and without dye sensitization.
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Fig. 6 Upconversion emission spectra of NaYF,:Yb**(30)/Tm**(0.5%)@NaYF:
Yb**(10) core/active shell UCNPs with and without dye sensitization.

Upon addition of 0.6 pM dye to the UCNP dispersion (0.01 uM),
283% enhancement (3.8 time) in the NIR signal (~800 nm
emission from Tm** ion) was observed (Fig. 6). Upconversion
luminescence from other states of Tm** ions is also observed to
increase to different extents. (Fig. S20, ESIt). Similar trends
were observed in the case of the core particles and other core/
active shell UCNPs prepared with different amounts of Yb*" in
the shell (Fig. 7). Interestingly, a twist in the results comes
when the core and core/shell having no Yb** in the shell are
compared. The increase in the NIR-I signal for the core
becomes higher than that of the core/shell having 0% Yb** in
the shell. Thus, the inert shell having no Yb®" ion has an adverse
effect on the dye sensitization process. The integrated area of the
upconversion emission peak (800 nm) for the dye-sensitized
NaYF,:Yb**(30)/Tm>"(0.5%)@NaYF,:Yb**(10) core/active shell
UCNPs was 2.87 times higher than the dye-sensitized core
UCNPs (NaYF,:Yb**(30)/Tm>*(0.5)) and 3.32 times higher than
the same sized dye-sensitized NaYF,:Yb**(30)/Tm’*"(0.5%)@
NaYF,:Yb*'(0) UCNPs. In this study, we also increased the
Yb®" content to 20% in the shell layer and found that above
the optimal doping concentration (10% Yb?"), the upconversion
emission intensity decreases (Fig. 7). This decrease is presum-
ably caused by Yb®" cross relaxation quenching. Moreover,
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UCNPs (in water)

120000 I
100000
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Yb* (2)
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Fig. 7 Bar diagram indicating enhancement in NIR-I (~800 nm) emission
from water-dispersible NIR-II dye-sensitized UCNPs (both core and core/
shell with different amounts of Yb>* ions in shell) in water (Zex = 980 nm

laser, 7 W cm™2).
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Fig. 8 Upconversion emission of water dispersible NaYF,:Tm®*(0.5)/

Yb®*(30)@NaYF,:Yb**(10) UCNP suspension (0.01 pM) against different
concentrations of dye in water (1o, = 980 nm laser, 7 W cm™2).

another control experiment with NaYF,:Yb**(40)/Tm>*(0.5) core
UCNPs (~27 nm) was also carried out. Upon 980 nm laser
excitation, the upconversion emission intensity of the water-
dispersible IR-1061 dye-sensitized NaYF,:Yb’'(40)/Tm>*(0.5)
core UCNPs was also much lower than that of the NaYF,:
Yb**(30)/Tm>"(0.5%)@NaYF,:Yb**(10) core/active shell UCNPs
(Fig. S21, ESIf).

To find the optimal ratio between the water-dispersible dye
and core/active shell UCNPs and thus get an intense NIR-I
signal, we added different concentrations of dye to the NaYF,:
Yb**(30)/Tm>"(0.5%)@NaYF,:Yb**(10) core/active shell UCNP
dispersion (fixed concentration of 0.01 pM) (Fig. 8). A gradual
increase in the upconversion emission intensity of all emis-
sions from Tm>* ions is noticed with an increase in the dye
concentration up to 0.6 pM. Further increasing the dye concen-
tration led to a decrease in upconversion emission intensity.
The adverse effect of high dye loading (>0.6 uM) can be
explained considering two factors: (i) increased mutual interactions
between the water-dispersible dye on the core/active shell UCNP
surface (ie. self-quenching) and (ii) an increased concentration of
non-interacting (excess) dye molecules that absorb the excitation
energy but do not transfer it to the UCNPs.

To get proof for the optimal ratio between the water-
dispersible dye and core/active shell UCNPs in a reverse way,
we added different concentrations of UCNPs to the dye dispersion,
where dye concentration was fixed at 0.6 pM. Upon addition of
0.01 pM UCNPs, the PL emission intensity of the dye was found to
decrease (Fig. S22, ESIT). These results clearly indicate that for
efficient energy transfer between the water-dispersible IR-1061 dye
and UCNPs, the optimal ratio is UCNPs: dye = 1: 60. Calculation of
the approximate concentration of core/active shell UCNPs in water
is shown in Section SC in the ESL}

Furthermore, we carried out the photostability study of the
water-dispersible IR-1061 dye and water-dispersible IR-1061
dye-sensitized NaYF,:Yb**(30)/Tm**(0.5%)@NaYF4:Yb*"(10) core/
active shell UCNPs. The nature of the absorption spectra remains
almost unchanged except for a slight decrease in the absorbance
value (Fig. S23, ESIt). These results suggest that the antenna effect
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is only generated by the water-dispersible IR-1061 dye interacting
with the core/active shell UCNP surface. We further studied the
stability of the prepared water-dispersible IR-1061 dye-sensitized
NaYF,:Yb*"(30)/Tm>**(0.5%)@NaYF,:Yb*"(10) core/active shell
UCNPs by measuring the upconversion emission spectrum of
the same as a function of time under 980 nm laser excitation.
From Fig. S24 (ESIt), it is clearly noted that after as long as 10 h,
the upconversion emission intensity decreases by only around
40%, indicating the reasonable stability of the water-dispersible
dye-sensitized UCNPs. There is, however, room for further
improvement of the stability through a closer contact between
dye and UCNPs, possibly via strong electrostatic interaction.

The dye antenna effect may occur through a radiative or
nonradiative path. Upon dilution, the upconversion emission
intensity of the water-dispersible IR-1061 dye-sensitized NaYF,:
Yb**(30)/Tm>"(0.5%)@NaYF4:Yb*>*(10) core/active shell UCNPs
decreases gradually (Fig. 9) and the plot of change in upconver-
sion emission intensity against concentration becomes linear
(Fig. S25, ESIf). This result rules out the possibility of any
radiative type energy transfer mechanism. Moreover, we
measured the decay of emission of the 'G, state (concerning
'G, — *Hg transition) of the Tm’" ion of the core/active shell
UCNPs and dye-sensitized core/active shell UCNPs. From
Fig. S26 (ESIY), it is quite clear that the average lifetime of
the 'G, sate of the Tm** ion increases from ~60 ps (for core/
active shell UCNPs) to ~105 us (for dye-sensitized core/active
shell UCNPs, [dye] = 0.6 uM). This increase in emission lifetime
again confirms a non-radiative type energy transfer mechanism
from dye to UCNPs.

The maximal efficiency of nonradiative energy transfer was
determined to be ~30% for the optimized core/active shell
UCNPs doped with 10% Yb*' in the shell. The energy transfer
efficiency (E) is calculated using 1 — (Ipa/Ip), where I, and I
represent the emission intensity from water-dispersible NIR-
1061 dye in the presence and absence of the acceptor (UCNPs),
respectively. The nonradiative energy transfer from water-
dispersible IR-1061 dye to Yb>" ions (in core/active shell UCNPs)
might take place through either Foster type or Dexter type
mechanisms. We presume that the Foster type is more likely
to occur in our case. The short distance between the water-
dispersible IR-1061 dye and the Yb*" ions (in the shell) as well
as the random distribution of the Yb*" ions in a 5.5 nm thick
shell support the above assumption, though the energy gap
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Fig. 9 Upconversion emission spectra of (A) NaYF,:Yb**(30)/Tm**(0.5%)@
NaYF4:Yb**(0) and (B) NaYF4:Yb**(30)/Tm**(0.5%)@NaYF,:Yb>*(10) core/
active shell UCNPs against dilution of the same.
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between dye and Yb*" ions is not clear to us. To understand the
efficient energy transfer process between the water-dispersible
dye and core/active shell UCNPs, we calculated the Foster
distance R, between them, where R, is the distance between
the donor and acceptor at which energy transfer efficiency is
50% between the two. It is calculated using the following
equation:

o) 5 1/6
Ry = 0.211 {MJ
n

where « is an orientation factor between the donor and acceptor
(x> = 2/3), n refers to the refractive index, @y, is the fluorescence
quantum yield (Section SD in the ESIf) of the donor (water-
dispersible dye) in the absence of the acceptor and j(4), in units
of M" ecm™ ! nm* is the overlap integral between the normalized
emission spectrum of the donor and the absorption spectrum of
the acceptor (core/active shell UCNPs). J is defined by the equation
as follows:

00
J(A) = J Fp(W)ea(2)24d2
0
where ¢, is the extinction coefficient of the acceptor in units of
M ' em™', J is the wavelength in nm and Fp, is the wavelength
dependent donor emission spectrum normalized to an area of
numeric 1. The obtained J(4) value for the donor acceptor pair
was found to be 1.59 x 10" M ' em ™" nm*". This value was then
used to calculate the Foster distance (R,), which was found to be
33.38 A. The energy transfer efficiency (E) between the water
dispersible dye and core/active shell UCNPs was calculated to be
~30%. These values were then used to calculate the average
distance (r) between the donor and acceptor following the
equation:

r = Ro[(1/E) — 1]"°

The average distance (r) between the donor and acceptor was
found to be 38.44 A. Moreover, the average intermolecular
distance of the water-dispersible IR-1061 dye on the surface
of the core/active shell UCNPs (Section SE, in the ESI}) was
determined to be 8.7 nm at optimal dye concentration. Finally, the
upconversion quantum efficiency (UQE) of the water-dispersible
IR-1061 dye sensitized core/active shell UCNPs was evaluated to be
6.1%, when excited at 980 nm laser with a power density of
7 W cm 2. This UQE value is lower than the recent literature
reports based on IR-808 or IR-806 dye sensitized core/active
shell UCNPs wherein sensitization experiments were carried
out in non-water solvent.*®*° The calculation of quantum
efficiency for the NaYF,:Yb**(30)/Tm>*(0.5%)@NaYF,:Yb**(10)
core/active shell UCNPs is shown in Section SF in the ESIL.{

Conclusions

We propose, for the first time, the use of a water-dispersible
NIR-II dye (IR-1061) with a broader absorption in aqueous
medium to sensitize NaYF,:Yb*'(30)/Tm>"(0.5%)@NaYF,:Yb*"
core/active shell UCNPs and improve their upconversion efficiency.
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Instead of the native form of the dye commonly employed in
dye-sensitization studies in non-aqueous media, the proposed
water-dispersible and Pluronic F68-encapsulated dye (IR-1061)
is able to effectively harvest irradiation energy when conjugated
with polyethyleneimine (PEI) coated-NaYF,:Tm>"/Yb** @NaYF,:
Yb** core/active shell UCNPs. This harvested energy is nonradiatively
transferred to the Yb** ions in the shell and subsequently to the
Yb** ions in the core that sensitize Tm** ions positioned in the
core to generate upconversion emission from the core/active
shell UCNPs. We achieved around 283% enhancement in NIR-I
emission (800 nm emission of the Tm** ion) from the water-
dispersible IR-1061-sensitized core/active shell UCNPs via
doping of ytterbium ions (Yb®*, 10% optimal) in the UCNP
shell. We have carried out a detailed characterization of the
proposed dye/UCNP system, highlighting the possible energy
transfer mechanism as well as the effect of the shell and core
configuration and dye-loading on the upconversion response of
the system. We thus offer an interesting strategy to improve
NIR-I emission from core/active shell UCNPs, which will pave
the way for new biological and medical applications.
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