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Abstract Using a methanol assisted thermal decomposition
approach, sphere shaped NaYGdF,:Yb/Er upconversion
nanoparticles (UCNPs) were successfully synthesized. The
chemical, spectroscopic and fluorescence properties of the
UCNPs were fully characterized. Characteristic upconversion
fluorescence emissions were produced by the NPs in the
green, red and NIR regions and the NPs were also shown to
possess paramagnetic properties. The influence of the UCNPs
on the spectroscopic and fluorescence properties of an alumin-
um octacarboxy phthalocyanine AIOCPc was investigated.
Covalent conjugation to an AIOCPc resulted in a large blue
shift of the phthalocyanine’s Q band, which was accompanied
by a decrease in the Pc’s fluorescence lifetime in DMSO. By
combining the phthalocyanine and upconversion nanoparti-
cle, we present a system capable of multimodal imaging, using
both the upconversion nanoparticle’s and phthalocyanine’s
emission, and magnetic resonance imaging (as a result of dop-
ing the upconversion nanoparticles with Gd** ions).
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Introduction

Phthalocyanines have been used extensively in the dye indus-
try and have found numerous applications in chemical sens-
ing, catalysis, solar cells, medicine and various other industrial
initiatives [1-4]. In particular, their utilization as photosensi-
tizers in photodynamic therapy has seen continued research
interest through the synthesis of new phthalocyanine com-
pounds as well as new combinations with nanostructures to
form nanoparticle conjugates. Photodynamic therapy (PDT)
has established itself as a non-invasive medical procedure ap-
plied to the treatment of cancer and several other diseases [5].
It utilizes reactive oxygen species (such as singlet oxygen)
when a photosensitizer, which has accumulated in the tumour
cells, is irradiated with selected frequencies of visible light [5].

The optical properties of phthalocyanines (such as strong
absorbance in the near infra-red region) make them good can-
didates for PDT [5, 6]. However, poor solubility and selectiv-
ity, together with the fact that the excitation wavelengths for
these molecules are still short enough to be intercepted and
absorbed by water and other organic molecules in cells and
tissue systems, limits penetration depths and severely restricts
the treatment areas of PDT [5, 6].

There are several mechanisms by which this problem may
be addressed. Firstly, phthalocyanine molecules may be
engineered to possess central metals and peripheral substitu-
ents which contribute to the red shifting of the molecule’s
absorption bands [7]. Secondly, phthalocyanines may be at-
tached to other molecules or nanoparticles which, themselves,
can act as carrier platforms for the sensitizer, and which can
absorb longer wavelengths and produce emissions which are
then able to excite the phthalocyanine molecules via an energy
transfer mechanism. Ideal initiators for this kind of “indirect”
PDT action are upconversion nanoparticles (UCNPs) since
they can act, at the very least, as multimodal imaging and
delivery agents. In this work, aluminium octacarboxy
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phthalocyanine (AIOCPc) is combined with UCNPs and the
fluorescence behaviour of the conjugate is examined.

Upconversion nanoparticles possess the ability to absorb
radiation in the infrared region and produce visible or UV
region emissions [8, 9]. This process utilizes the absorption
of two or more infrared photons whose energy is then com-
bined into a single visible or UV photon, producing a fluores-
cent emission [8, 9].

In their capacity to act as probes for in vivo fluores-
cence imaging and sensing, UCNPs may be combined
with a variety of other molecules in order to create
highly fluorescent, multi-functional nanoprobes and drug
carriers. One area, which has stimulated some research
interest in the last 7 to 8 years, is the application of UCNPs to
photosensitizers.

The attachment of photosensitizers to UCNPs has been
facilitated utilizing both covalent and non-covalent ap-
proaches and usually requires modification of the nanoparticle
surface. Polyethylenimine, N-succinyl-N’-octyl chitosan and
mesoporous silica are commonly used to alter nanoparticle
surfaces. A wide variety of photosensitizer molecules have
been employed in conjunction with UCNPs including: a
runthenium (II) complex [10], rose Bengal [11], tetraphenyl
porphyrin [12, 13], merocyanine 540 [14, 15], chlorin e6
[16—18], hematoporphyrin [19], pyropheophorbide [20],
methylene blue [21] as well as three different phthalo-
cyanines including: aluminium tetracarboxy phthalocya-
nine (AITCPc) [22], dihydroxy silicon phthalocyanine
((OH),SiPc) [19] and unsubstituted zinc phthalocyanine
(ZnPc) [23-25], with ZnPc being the most studied. In
some instances the NaYGdF, unit is incorporated into a
core shell structure with other inorganic crystal species.
Still other studies have utilized additional dopants (e.g.,
manganese). These studies have also been reviewed in
more detail elsewhere [26]. For the purposes of this
work, a covalent conjugation approach was utilized in
order to observe any spectroscopic changes resulting
from the addition of UCNPs to phthalocyanines.
Conjugation was facilitated by the addition of a 3-
aminopropyl triethoxysilane (APTES) functionalized sil-
ica shell to the nanoparticle surface. Here we attempt to
examine any possible changes in Pc absorbance, fluo-
rescence lifetime and fluorescence quantum yield values
arising from the combination of the Pc (AIOCPc) and
Er*" activated NaYGdF, upconversion nanoparticles.
Covalent grafting to UCNPs using a tetracarboxy AlPc
derivative has been undertaken elsewhere [22]. The
octacarboxy AlPc (AIOCPc) used in this work has not
been studied in conjunction with a NaYGdF,:Yb/
Er@Si@APTES UCNP before, to the best of our knowledge.

The PDT activity of UCNP-Pc conjugates in mouse blad-
der cancer cells (MB49) using a Zn (II) phthalocyanine pho-
tosensitizer has been reported [24]. Uptake of the
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nanoconjugate into cells was found to be dependent on nano-
particle concentration and time [24]. A recent study has also
demonstrated the potential for use of multifunctional UCNPs
for both magnetic resonance imaging (through the inclusion of
gadolinium in the nanocrystal) and photodynamic therapy
(utilizing an aluminium tetracarboxy phthalocyanine
(AITCPc)) [22].

Whilst the use of upconversion nanoparticles as photosen-
sitizer excitation and delivery platforms appears to be achiev-
ing some success, one significant challenge, experienced in
several studies, is the highly inefficient loading of pho-
tosensitizer molecules which adsorb onto the functional-
ized nanoparticle surface or are encapsulated in meso-
porous silica shells. A recent study has presented sur-
face functionalized upconversion nanoparticles which
are covalently linked to Rose Bengal photosensitizer
molecules. This covalent conjugation approach was
shown to significantly improve photosensitizer loading,
energy transfer and singlet oxygen quantum yields [11].
The covalent incorporation of AITCPc inside the silica
shells of a NaGdF,4:Yb,Er/NaGdF,; UCNP has also been
reported [22]. The authors described the synthesis of a
NaGdF,:Yb,Er core coated with a NaGdF, shell follow-
ed by further encapsulation with silica where an
AITCPc was embedded in the silica shell [22].

Our work reports on the first covalent conjugation of an
octacarboxy Al phthalocyanine to a silica coated NaYGdF,:
Yb/Er UCNP (NaYGdF 4:Yb/Er@Si@APTES). Until now, no
studies have examined the effect of this conjugation on the
inherent photophysical properties of the phthalocyanine mol-
ecule itself in the presence of UCNPs. This work examines the
effect of conjugation to upconversion nanoparticles on the
photophysical properties of an aluminium octacarboxy
phthalocyanine (AIOCPc). The UCNPs employed in this
work are NaYGdF,:Yb/Er. Facilitation of the covalent
attachment was achieved through functionalization of
the nanoparticle surface with a silica shell to give the
NaYGdF4:Yb/Er@Si nanoparticle and 3-aminopropyl
triethoxysilane (APTES) to form the NaYGdF4:Yb/
Er@Si@APTES. The terminal amino group of APTES
allowed for covalent linking to the carboxylic group of
the AIOCPc via the formation of an amide bond. The
central metal (Al) was chosen due to the fact that AlPc
derivatives are already in use for PDT [6] and also the
fact that metallated octacarboxy phthalocyanines are mo-
nomeric in solution as opposed to their tetracarboxy
phthalocyanine derivatives [27]. The resulting conjugate
was characterised using X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), Fourier transform
infra-red (FTIR) and UV visible absorption spectrosco-
py. Fluorescence lifetimes and quantum yields of the
conjugates were also determined for the conjugate and
compared to the Pc alone.
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Materials and Methods
Materials

Yttrium nitrate hexahydrate, gadolium chloride anhydrous,
ytterbium chloride hexahydrate, erbium chloride hexahydrate,
ammonium fluoride (NH4F), 1-octadecene, oleic acid,
Igepal CO-520, tetraethoxysilane (TEOS), 3-
aminopropyltriethoxysilane (APTES), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide (EDC), N-
hydroxysuccinimide (NHS) and unsubstituted zinc
phthalocyanine were purchased from Sigma-Aldrich.
NaOH pellets were purchased from SAARChem.
Ethanol, methanol, cyclohexane, dimethyl formamide
(DMF) and toluene were purchased from SAARChem.
Uvasol®, dimethyl sulfoxide (DMSO) and toluene were
purchased from Merck.

Equipment

Transmission electron microscope (TEM) images were obtained
using a Zeiss Libra TEM at 120 kV accelerating voltage. X-ray
diffraction was undertaken using a Bruker D8 discover equipped
with a LynxEye detector and Cu-K & radiation source (1.5403 A,
nickel filter). Samples were analysed upon a silicon wafer slide
and diffraction data were collected at 20 values between 10 and
100° using a locked coupled scan with 9381 steps of 0.00959° at
a rate of 0.4 s per step and a slit width of 6 mm. Data were
analysed using evaluation curve fitting software, EVA (Bruker),
and Rietveld refinements were performed using Topas version
4.2 software (Bruker). A Shimadzu UV-2550 spectrophotometer
was used to record UV-visible spectra. Samples were analysed
in solution utilizing a quartz cuvette with a path length of 1 cm.
Steady state fluorescence spectra were recorded on a Varian
Eclipse spectrofluorimeter where the samples were analysed in
solution utilizing a quartz cuvette with a path length of 1 cm.
Phthalocyanine lifetime measurements were undertaken using a
time correlated single photon counting setup (FluoTime 200,
PicoQuant) and excite the samples with a laser diode (LDH-P-
670 with PDL 800-B, PicoQuant GmbH, 672 nm, 20 MHz
repetition rate). Fluorescence was detected under the magic an-
gle with a Peltier cooled photomultiplier tube (PMT) (PMA-C-
192-N-M, PicoQuant) and integrated electronics (PicoHarp
300E, PicoQuant). A monochromator with a spectral width of
about 4 nm was used to select the required emission wavelength
band. The response function of the system, which was measured
with a scattering Ludox solution (DuPont), had a full width at
half-maximum (FWHM) of about 200 ps. All luminescence
decay curves were measured at the maximum of the emission
peak. The data were analysed with the program FluoFit
(PicoQuant). The support plane approach was used to estimate
the errors of the decay times. Upconversion lifetime measure-
ments were recorded using a time correlated single photon

counting setup with continuous wave (cw) and flash lamp ex-
tension (FluoTime300, PicoQuant). Upconversion emissions
were induced using a LDH-D-C-980 diode laser (972 nm,
20 mW pulsed mode, 180 mW cw mode, PicoQuant). Steady
state emission spectra were obtained under cw excitation while
time resolved measurements were performed using the burst
mode with a maximum pulse width of 500 ps. Emissions were
detected under the magic angle utilizing a PMA-C 192-M-N
photomultiplier tube (PicoQuant). Photon counting was done
using an integrated TimeHarp 260 NANO Multi-Channel
Scaler card (PicoQuant). The emission from the visible to the
NIR spectral range were selectively detected using an
Omni-A300 monochromator with two interchangeable gratings
(1200 lines/mm blazed at 500 nm for the visible range and 600
lines/mm blazed at 1250 nm for the NIR spectral range) in
combination with motorized slits giving a tunable spectral width
between 0.1 and 10.4 mm. Fourier transform infrared spectros-
copy (FT-IR) was performed using a Perkin Elmer Spectrum
100 ATR FT-IR spectrometer.

Aluminium octacarboxy phthalocyanine, with an axially
ligated chloro substituent, (AIOCPc), was synthesized accord-
ing to literature methods [28].

Fluorescence Quantum Yields and Fluorescence Lifetimes

Fluorescence quantum yields were calculated using the stan-
dard comparison method with Eq. 1 [29] where unsubstituted
ZnPc was used as a standard in DMSO with @y values of 0.2
[30]. The standard and sample absorbencies at the vibronic
band were kept the same and excitation was done using the
wavelength of the cross over point between the vibronic bands
of the sample and standard absorbance spectra.

F. Ag,d.nz

Cr = sy 15—
FStd~ A .n_%td

(1)

Here, @ is the quantum yield of the sample and @, that of
the standard; F and F,; represent the area under the fluores-
cence emission curve for the sample and standard respective-
ly; A and Ay, refer to the absorbance of the sample and stan-
dard and n and ng are the refractive indices of the sample and
standard solutions, respectively.

The fluorescence lifetime refers to the time spent by a sys-
tem in the excited state, from which decay by fluorescence
occurs and is equal to the reciprocal of the sum of the decay
constants for all the relaxation processes acting upon the ex-
cited state, as illustrated by Eq. 2 [31, 32]:

1
(=]

T =

(2)

where 7 refers to the molecular fluorescence lifetime and &,
and k,,, represent rate constants for radiative and non-radiative
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decay processes respectively. Fluorescence lifetimes are in-
trinsic, or state properties, and therefore, they are characteristic
of a particular fluorophore and independent of its concentra-
tion, as well as the excitation wavelength, intensity and time
[31, 32]. They are widely used to investigate the radiative and
non-radiative decay rates acting on fluorophore excited states,
the interaction of these states with the environment (i.e., with
solvents), as well as excited state reaction rates. Lifetime mea-
surements were acquired using the time domain technique,
known as time correlated single photon counting, and was
used extensively in this work.

Synthesis of NaYGdF,:Yb/Er Upconversion Nanoparticles
(UCNP)

Upconversion nanoparticles were synthesized utilizing a
methanol assisted thermal decomposition approach as de-
scribed elsewhere [33]. The relative amounts of Ln ions used
differed for the different products. Activator dopants were
included at 2 mol % (for the total % of rare earth dopants)
for Er'*. Yb*" was included at 18 mol % when co-doped with
Er’"and Y. However, gadolinium (0.04 mmol-0.24 mmol)
and yttrium (0.6 mmols—0.4 mmol) concentrations were pur-
posely varied to obtain the 15, 25 and 30 % Gd doped UCNP.
Yield: 70-90 mg.

Synthesis of NaYGdF,:Yb/Er Silica Coated Upconversion
Nanoparticles (UCNP@Si)

Synthesis of silica coated UCNPs was undertaken using a
modified literature method [34]. Oleic acid stabilized
UCNPs (79 mg) (synthesized in “Synthesis of
NaYGdF4:Yb/Er upconversion nanoparticles (UCNP)” sec-
tion) were dispersed in 67.5 ml of cyclohexane. Igepal CO-
520 surfactant (1.125 ml, 2.5 mmol) was added and the solu-
tion was stirred for 10 min. While stirring, 25 % ammonia
(0.9 ml, 12.06 mmol) and additional Igepal CO-520 (4.5 ml,
10.2 mmol) were added. The solution was then agitated using
sonication for 1.5 h after which it was stirred for 10 min.
Lastly, TEOS (0.45 ml, 2.02 mmol) was added and the solu-
tion was left to stir for 4 days. Yield: 30-35 mg.

Synthesis of NaYGdF,:Yb/Er Silica Coated, Amino
Functionalized Upconversion Nanoparticles
(UCNP@Si@APTES)

APTES functionalization of UCNPs was performed using a
modified method found in literature [35]. UCNP@Si NPs
(30 mg) were washed several times with dry ethanol and tol-
uene, dried, and added to a mixture of DMF (36 ml) and
toluene (24 ml). APTES (1 ml) was added dropwise under
argon and the solution was left to stir for 24 h. The
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functionalized particles were collected by centrifugation and
washed several times with toluene. Yield: 25-28 mg.

Synthesis of the NaY GdF,: Yb/Er@si@APTES-AIOCPc
Conjugate (UCNP@Si@APTES-AIOCPc)

AlOCPc (15 mg, 0.014 mmol) was added to PBS buffer solu-
tion pH 7.4 (15 ml). EDC (0.35 g, 1.8 mmols) and NHS
(0.172 g, 1.5 mmol) were added to activate the carboxylic
groups of the Pc. The reaction mixture was left to stir for 3 h
under argon. UCNP@Si@APTES (5 mg) were suspended in
PBS buffer solution pH 7.4 (15 ml) and added to the Pc solu-
tion. The mixture was allowed to stir for 15 h under argon. The
obtained product was precipitated by adding ethanol and col-
lected by centrifugation. The conjugate particles were washed
once with NaOH, to remove unconjugated Pc. Yield:
3.5-4.5 mg.

Results

Structural and Photoluminescence Characterisation
of the NaYGdF,:Yb/Er Upconversion Nanoparticles
(UCNPs)

Synthesis of UCNPs

Using a methanol assisted thermal decomposition approach,
the UCNPs were synthesized in the presence of an oleic acid
stabilizer [33]. The use of Gd*>* doping was employed in order
to control nanoparticle size and shape as well as to impart
additional functionality through gadolinium’s interesting para-
magnetic properties [33]. Gd*" ions were doped in at 15 and
30 mol % for the NaYF,:Yb/Er nanoparticles. Doping of Gd**
ions did not exceed a maximum of 30 mol % due to the
unfavorable effects of doping at higher concentrations on fluo-
rescence [33]. Gd®" doping did not appear to influence nano-
particle size and shape to the same degree as reaction temper-
ature and the rate of reaction heating. The control of the max-
imum temperature at 300°C was found to be important in
controlling the morphological characteristics of the
nanoparticles.

In order to facilitate covalent attachment to an AIOCPc, the
UCNPs were coated with silica and further functionalised with
3-aminopropyltriethoxy silane (APTES). The silica coated
and APTES functionalized particles are represented as
NaYGdF,: Yb/Er@Si and NaY GdF,: Yb/Er@Si@APTES, re-
spectively. The particles selected for silica coating and further
conjugation to an AIOCPc were NaYGdF,:Yb/Er sphere
shaped particles which contained a Gd*>* concentration of
15 mol %.

Silica coated UCNPs were synthesized by means of a re-
verse microemulsion method (Scheme 1). Very simply, added
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representation of the reverse Surfactant
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APTES functionalization of .
NaYGdF,:Yb/Er@Si UCNPs Nanoparticle @
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e _/
APTES s

surfactant molecules behave as nano sized ‘reaction cham-
bers’ by enclosing small concentrations of water and ammonia
around the oleic acid stabilized UCNPs in a reverse phase
micelle [36]. The silica shell is created as tetracthoxysilane
(TEOS) becomes concentrated within the micelle and ammo-
nia facilitates the creation of the surface OH groups [36]. The
inclusion of nanoparticles within the micelle is reported to
involve the initial replacement of surface ligands by surfactant
molecules and TEOS [37]. The silica coated nanoparticles can
then be further functionalized with APTES by the simple ad-
dition of APTES in DMF.

TEM

TEM images of the synthesized NaYGdF,:Yb/Er (Fig. 1a)
shows them to be monodispersed, spherical in shape and fairly
uniform in size. The white rings surrounding the UCNPs are
clearly visible on the TEM micrograph in Fig. 1b, indicating
that the UCNPs were successfully coated with silica. From the
TEM image, the average thickness of the silica shell was es-
timated to be around 10 nm. Also shown in the TEM image
are small white silicon nanoparticles which are an expected,
yet unwanted, by-product of reverse microemulsion. Vigorous
washing assisted in the removal of most of the silica nanopar-
ticles; however, to remove them entirely was found to be vir-
tually impossible.

XRD

Powder X-Ray diffraction patterns were obtained for the
NaYGdF4:Yb/Er NPs, the NaYGdF 4 Yb/Er@Si@APTES
NPs and the UCNP-Pc conjugate (Fig. 2). The diffraction
patterns for all three samples were well matched to the (3 phase
hexagonal crystal pattern (ICDD card 028-1192). For the
NaYGdF,:Yb/ Er@Si@APTES sample (Fig. 2b), the broad
peak observed at around 20=22° is due to the presence of
amorphous silica and indicates successful formation of a silica

shell on the nanoparticle surface [38], confirming the results
obtained from the TEM images.

The average crystallite size of the NaY GdF,4: Yb/Er sample
was calculated using the Scherrer equation (Eq. 3):

aA) = o ®)

where £ is a proportionality constant with a range of values
depending upon the crystallite shape and size distribution
(typically a spherical particle is assumed with k=0.9), A is
the wavelength for the X-ray source (1.5405 A for a Cu
source), 3 is the line broadening at full width at half maximum
of'the selected diffraction peak(s) in radians and 0 is the Bragg
angle. The peak selected for model fitting using the Scherrer
method was the 201 reflection at 20=43.5°.

The relatively small size distribution and monocrystalline
nature of the samples allowed for a reasonable application of
the Scherrer method and despite fairly large (7.7 %) RWP
values (weighted profile residuals), the calculated sizes of
27 nm were similar to those obtained using TEM (i.e., 10—
27 nm). No real change is observed in the NP’s powder dif-
fraction pattern upon silica encapsulation. No change in the
NP size was observed either and this is thought to be due to the
amorphous nature of the silica, though the TEM unequivocal-
ly shows the presence of a shell which is approximately 10 nm
thick (as stated above).

IR Spectroscopy of the UCNPs

The presence of surface silica, as well as that of APTES, was
also confirmed using infrared spectroscopy (Fig. 3). The un-
coated UCNPs (Fig. 3a) possess peaks at 1718 and 2918 cm™
which represent the C=0 and CH stretches for oleic acid respec-
tively [39]. A prominent band at around 1070 cm ' represents
the Si-O bend (Fig. 35, c), while the NH, bend at 1653 cm!
(Fig. 3¢) supports the presence of surface APTES [39].
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Fig. 1 Transmission electron
micrographs of: a NaYGdF,:Yb/
Er, b NaYGdF,:Yb/
Er@Si@APTES and ¢ the
UCNP-Pc conjugate

Steady State and Time Resolved Fluorescence Spectroscopy
of the UCNPs

Steady state fluorescence spectroscopy was carried out on the
NaYGdF,:Yb/Er samples (10.4 mg) dissolved in toluene (3—
4 ml) using 972 nm continuous wave laser excitation. These
Er’" activated UCNPs produced emissions at~840, 660, 550
and 530 nm (Fig. 4) and the emissions may be attributed to the
S35 - i3, *Fon - Lisa, *S3n — *Lis, “Hitp — “lis and
"Hy), - *1;5)» transitions, respectively (Fig. 5) [40]. Figure 4
also shows the upconversion emission spectra for silica coated
NaYGdF,:Yb/Er spherical nanoparticles. The UC emissions
for the silica coated particles were, however, obtained in
DMSO. Interestingly, silica coating of the oleic acid stabilized
UCNPs resulted in the simultaneous increase and decrease of
the 410 and 840 nm emissions respectively, as well as a slight

increase in the red emission at 660 nm. These changes are
most likely a result of the protection from the environmental
quenching effects offered to the UCNP core by the silica shell
where population of the higher energy states, at the expense of
the lower energy states, is more efficient.

Time resolved fluorescence measurements were acquired
for the green, red and NIR emissions of the Er*" activated
particles. The analysis of time resolved data for UCNP can
be quite complicated in upconversion fluorescence, because
population of the energy levels from which fluorescence emis-
sions result from is assisted by the initial population of inter-
mediate states. Generally, the time needed to populate and
depopulate excited states is given by a rise and decay compo-
nents, respectively, in a time resolved fluorescence spectrum.
Interpretation of these components varies in the literature.

0 20 3 40 50 60 70 80 90 100
20

Fig. 2 X-ray diffraction data for: @) the oleic acid stabilized
NaYGdF4:Yb/Er nanoparticles, b) NaYF4:Yb/Er@Si@APTES, ¢)
UCNP-Pc conjugate
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Fig. 3 Infrared spectra of @) NaYGdF,:Yb/Er, b) NaYGdF,:Yb/Er@Si
and ¢) NaYGdF,: Yb/Er@Si@APTES
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Fig. 4 Steady state UC emission spectra of a) NaYGdF4:Yb/Er (in
toluene) and b) NaYGdF,: Yb/Er@Si (in DMSO) UCNPs. A =972 nm

Authors in one study fitted an entire curve to a kinetic model,
reporting two lifetimes that were taken to represent the decay
and rise times [41]. The authors maintained that since the long
lived intermediate states represent the limiting step in the time
mediated population of the higher excited states, the rise time
is more reliable in representing the true decay time of the
emitting states [41]. Several studies have used the mono ex-
ponential fits of the decay portion of the time resolved curve
only to report the decay times of the emitting levels only [42],
however, while still other researchers have suggested that the
application of exponential fitting models is wholly unsuitable

4
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Fig. 5 Electronic transitions giving rise to fluorescent emissions in Er**
ions via Yb®" sensitization. Revised from [40]

[43]. In this work, time resolved emissions were obtained
using a high repetition rate, burst mode lasing where multiple
laser pulses result in the emission of one photon. The use of
burst mode results acts as a barrier to rise time measurements
because the rise curve now represents the burst pulses.
Therefore, in this work, tail fittings were performed only on
the decay curve portion of the time resolved spectrum.
Lifetimes were calculated using a multi exponential tail fit
equation (Eq. 4) [44]:

n

](,) = i:lA,'e’:_f (4)

where n represents the number of exponential components
and A4; and T; represent the amplitude and decay time of the
ith exponential component. A single exponential component
was found to best fit the data, with fitting x> values equal to
around 1, and all decays could be quantitatively expressed
with one lifetime value (Table 1). The statistical fitting errors
for the calculated lifetime values were obtained using support
plane error analysis and the number of bursts, collection time
and bin width parameters were adjusted for each emission in
order to yield the smallest fitting errors. In general, increased
bin widths and collection times were needed in order to obtain
reasonable values for the longer decays. As an example, the
decay curves for the green, red and NIR emissions of the
NaYGdF4:Yb/Er UCNP sample is shown in Fig. 6, while
the lifetime measurements are shown in Table 1.

An increase in fluorescence lifetimes, for both the red and
green emissions, was also observed for the silica coated and
APTES functionalized nanoparticles (Table 1). While the
green emission lifetime experienced only a slight increase of
around 10 ps, that of the red emission was found to increase
substantially, despite the larger error values. However, it is
also possible that these changes may have been induced by
the use of DMSO as a solvent. Some studies have highlighted
the effect of increasing lanthanide fluorescence lifetimes upon
the use of deuterated solvents which are thought to reduce
multiphonon loss owing to the lower vibrational energies as-
sociated with C-D, as opposed to C-H, bonds [45]. It is pos-
sible that DMSO, which possesses fewer C-H groups than

Table 1  UC Fluorescent lifetimes of NaYGdF4:Yb/Er (toluene),
NaYGdF,;:Yb/Er@Si (DMSO) and NaYGdF,;:Yb/Er@Si@APTES
(DMSO) UCNPs

Emissions  Tp (ms)  Errors (ms)  y
NaYGdF4:Yb/Er Green 0.093 +0.001 1.005
Red 0.190 +0.020 1.100
NaYGdF4:Yb/Er@Si  Green 0.103 +0.002 0.974
Red 0.310 +0.030 1.024
NaYGdF4:Yb/ Green 0.106 +0.004 1.071
E@Si@APTES  Reg 0240 0.040 0951
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Fig. 6 Time resolved upconversion emission spectra of green (a), red (b)
and NIR (c) emissions for the NaYGdF,:Yb/Er spheres. Ax=972 nm

toluene, may also have contributed to a lower induction of
multiphonon loss in this case, thereby increasing the lifetimes
and emissions of the particles (Table 1).

Synthesis, Spectroscopic and Photophysical Characterisation
of Aluminium Octacarboxy Phthalocyanine

Aluminium octacarboxy phthalocyanine, with a chloro axial
ligand, abbreviated AIOCPc (Fig. 7), was synthesized [28]
and successfully characterised (see supporting information).
Figure 7 shows the absorption, emission and excitation spectra
of AIOCPc¢ in DMSO. The peak maxima, 705, 705 and
714 nm for the absorption, excitation and emission spectra
respectively, are similar to those obtained in for AIOCPcs in
DMSO reported elsewhere [46].

Synthesis, Spectroscopic and Photophysical Characterisation
of Aluminium Octacarboxy Phthalocyanine Conjugated
to Silica Coated UCNPs (AIOCPc-UCNP)

The AIOCPc—UCNP conjugate was synthesized by adding
the amino functionalized UCNPs to AIOCPc in the presence

Fig. 7 Normalised absorbance
(a), emission (b) and excitation
(c) spectra of AIOCPc in DMSO.
Aex=672 nm
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Scheme 2 Synthesis of AIOCPc-UCNP conjugate (scale of NP to Pc not
representative)

of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimde (EDC)
and N-hydroxy succinimide (NHS) coupling agents
(Scheme 2). The combined usage of EDC and NHS as cou-
pling agents for the formation of amide bonds has been shown
to be significantly more effective than the use of either species
in isolation [47]. The conjugation reaction was undertaken in a
phosphate buffer solution (PBS) with a pH of 7.4 in order to
minimize the effects of acid/ base hydrolysis on amide bond
formation. The presence of the amide bond was confirmed
using FT-IR (and is discussed in “IR spectroscopy of the
AlOCPc-UCNP conjugate)” section.

The TEM images obtained for the conjugate (Fig. 1c) did
not clearly show the NPs coated with the phthalocyanine. This
is probably due to the fact that that we were unable to find a
suitable solvent for the conjugate, thus making spotting the
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Fig. 8 IR spectra of (a)
NaYGdF,: Yb/Er@Si@APTES
UCNPs, (b) AIOCPc-UCNP
conjugate and (c) AIOCPc

Normalised transmittance

4000

sample on the TEM grid difficult. Dark concentric points with
smudges resembling silica shells were observed. However,
they do show that the sample underwent a change from the
silica coated NPs themselves.

The XRD (Fig. 2¢) pattern for the AIOCPc—-UCNP conju-
gate shows the diffraction peaks attributed to the UCNP them-
selves, confirming that the integrity of the NP has not changed
upon conjugation. The Pc and silica are both amorphous en-
tities and are therefore not expected to produce sharp peaks.

IR Spectroscopy of the AIOCPc-UCNP Conjugate

The IR spectrum of the amino functionalised UCNP (Fig. 8¢)
displays the characteristic NH, group bends at 1561 and
1468 cm™'. The carboxylic acid functional group (C = O) of
the AIOCPc is also observed at 1704 cm™' (Fig. 8c). Upon
conjugation (Fig. 8b), this peak was shown to disappear, since
it is replaced by a vibration at 1640 cm ™' which represents the
amide (CONH) functional group. The functionalization of the

28+
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Fig. 9 Absorbance spectra of a) AIOCPc, b) AIOCPc-UCNP conjugate
and ¢) NaYGdE,: Yb/Er@Si@APTES UCNPs in DMSO
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NaYGdF,:Yb/Er sphere shaped nanoparticles with silica and
APTES was discussed in “IR spectroscopy of the UCNPs”
section.

Ground State Absorption Spectroscopy and Photophysical
Characterisation of the AIOCPc in the AIOCPc-UCNP
Conjugate

The Q band in the UV—Vis absorption spectra of the conju-
gated AIOCPc displayed a striking blue shift of 33 nm from
that of the un-conjugated Pc and displayed no peak broaden-
ing (Fig. 9). A blue shift as large as 33 nm resulting from
conjugation is particularly unusual and such phenomena have
not been reported in most studies concerned with the
photophysical properties of Pc — NP conjugates. The blue or
red shifting of a Pc absorption peak can be directly related to
the relative energies of the molecule’s HOMO-LUMO levels.
As the absorption peak was found to shift to higher energies,
one might assume that the energy gap separating the HOMO-
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Fig. 10 Absorbance (a), emission (b) and excitation (c¢) spectra of the
AlOCPc-UCNP conjugate in DMSO. A,,=672 nm
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Table 2 Spectroscopic and fluorescence properties of AIOCPc and the AIOCPc-UCNP conjugate in DMSO
Qabs (nm) Qex (nm) Qem (nm) TF (ns) X2 (abundance) (Df To (I’IS)
AIOCPc 705 705 714 5.53+0.02 1.04 (100 %) 0.17 32.53
NaYGdF4:Yb/Er@Si @APTES-AIOCPc 672 674 680 3.17+0.02 1.04 (94 %) (6 %) 0.12 26.42
0.89+0.03

LUMO levels had increased. Red and blue shifting of Q band
absorption peaks has been attributed to the electron withdraw-
ing or donating properties of the Pc substituents [48]. In this
case, it is possible that the UCNP effectuates a large removal
of electron density from the Pc macrocycle, possibly as a
result of the high concentration of electronegative F~ atoms
in the UCNP core. Presumably, the extent to which the Q band
undergoes a blue shift depends upon the number of conjugated
substituents through which electron density may be removed.
It is possible that the large blue shift reported for this sample
may have arisen as a result of several of the carboxylic acid
groups of the Pc conjugating to the nanoparticle surface at
once, resulting in the Pc macrocycles lying flat against the
UCNP surface in a perpendicular orientation. It is possible
that the blue shift may have been induced by co-facial aggre-
gation of AIOCPc on the surface of the UCNP; however, this
kind of aggregation is usually associated with some degree of
peak broadening as well as fluorescence quenching, both of
which were not observed [49, 50]. Also, the fact that the blue
shift was so large makes co-facial aggregation unlikely to be
the cause. In addition, the absorption and excitation spectra of
the conjugate were found to overlap, indicating that no change

in molecular geometry had occurred upon excitation (Fig. 10).

Conjugation of the AIOCPc also induced significant
changes in the fluorescence lifetime whereby the presence of
two lifetimes were obtained for the conjugate, one of which,
the one in highest abundance, was considerably shorter
(3.17 ns) than that of the unconjugated Pc (5.56 ns)
(Table 2). A small decrease in the fluorescence quantum yield
of the AIOCPc was also observed upon conjugation (Table 2).
The decrease in fluorescence lifetimes and quantum yields of
the conjugated Pc, as opposed to the Pc alone, may have
resulted from several possible phenomena. These include a
heavy atom effect [S1] as well as the relative orientations of
the Pc and UCNP dipole moments. Studies on the
photophysical properties of dye molecules linked to gold
NPs have shown that dyes attached to the NP surface along
their longitudinal axes experience an enhancement of their
emitting dipole as a result of the constructive summation of
the transition dipole and induced dipole of the dye and NP
respectively which are arranged in parallel (Fig. 11) [52]. This
emitting dipole enhancement was shown to result in increased
fluorescence. In contrast, the anti-parallel arrangement of dye
and NP dipole moments associated with the linkage of the dye
to the NP surface in a perpendicular or transverse arrange-
ment, i.e., along its shorter axis, was shown to cause a

Fig. 11 A diagrammatic
representation of the longitudinal
and perpendicular arrangements
of dye molecules attached to NP
surfaces. Transition dipole
moments are represented by
dotted arrows. Revised from [51]
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decrease in fluorescence (Fig. 11) [52]. The effect of distance
between the dye and NP surface was also shown to influence
the amount of non-radiative energy loss where close proximity
of the dye to the NP surface resulted in an increase in lifetime
decay [52]. Based on these assumptions, we might assume
that the AIOCPc was closely attached to the nanoparticle sur-
face in a perpendicular orientation. However, it should be
emphasised, that the above mechanisms were elucidated for
conjugations with metallic nanoparticles and the extent to
which these same mechanisms operate in NPs consisting of
metal salts is unknown. The presence of two lifetimes for the
conjugated AIOCPc also suggests that the Pc occupies two
different local environments on the surface of the NP [53].
Again, this may involve different orientations of the Pc on
the NP surface [53].

In general, it was found that linking the AIOCPc to the
UCNP was inefficient, resulting in few covalently linked Pc
molecules per UCNP and thus the low absorption peak inten-
sities observed. Also concluded, was that the conjugation of
AIOCPc to silica coated UCNPs results in a blue shifted Q
band. It is possible that the extent to which the Q band is blue
shifted is dependent upon the number of Pc substituents co-
ordinated to the UCNP as well as orientation of the Pc mole-
cule with respect to the UCNP samples.

Fluorescence Properties of UCNPs Conjugated to AIOCPc

In order to examine the effects of conjugation to AIOCPc on
the upconversion emissions of the silica coated UCNPs,
steady state and time resolved fluorescence measurements
were undertaken for the conjugate sample (Fig. 12 and
Table 3). The green to red emission peak ratio of the silica
coated UCNPs increased upon conjugation to the AIOCPc
and this may be a result of energy transfer processes from
the UCNP to the AIOCPc. The lifetimes of the conjugated
silica coated UCNPs were found to be similar to those of the
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Fig. 12 Upconversion emission spectra of ) UCNP@Si and b) the
AlOCPc-UCNP conjugate in DMSO. A,,=972 nm

Table 3  Fluorescence lifetimes of AIOCPc-UCNP conjugate and
NaYGdF,;: Yb/Er@Si@APTES in DMSO. A,=972 nm

Emissions Tp (ms) Errors (ms) Xz

AlOCPc-UCNP conjugate  Green 0.103 +0.002 0.940
Red 0.220 +0.020 1.100

NaYGdF4:Yb/ Green 0.106 +0.004 1.071
Erf@Si@APTES Red 0240  £0050 0951

unconjugated APTES functionalized silica coated UCNPs,
indicating that UC emission lifetimes were unaffected by con-
jugation, presumably as a result of 4f orbital shielding and
additional shielding of the metal ions by the silica shell.

Conclusion

Sphere shaped NaYGdF,:Yb/Er upconversion nanoparticles
were successfully synthesized using a thermal decomposition
method and displayed characteristic upconversion fluorescence
emissions and magnetic properties (supporting information).
EDX (supporting information) and powder diffraction
Jtechniques also suggested that the structural formula of the
synthesized UCNPs is likely to be NaYFs. NaYGdF,:Yb/Er
nanoparticles were also successfully coated with silica and
functionalized with APTES. As expected, silica coating was
shown to increase the upconversion emission lifetimes, possi-
bly as a result of decreased surface quenching effects. The
effect of conjugating the UCNPs on the spectroscopic and
fluorescence properties of the phthalocyanine was also exam-
ined. Covalent conjugation to silica coated UCNPs was found
to induce significant changes in the spectroscopic and fluores-
cence properties of the AIOCPc. These changes included a
30 nm blue shift in the Q band absorption peak of the Pc, as
well as the appearance of two fluorescence lifetimes, both of
which were shorter than that of the unconjugated Pc. These
changes are thought to be influenced by the relative orienta-
tions of the Pc and NP dipole moments and the number of Pc
carboxylic groups bound to the NP surface. The synthesis of
the conjugated particles was found to suffer from low yields
with low levels of Pc attachment to the UCNP surface. The
presence of the Pc appeared to exert no change in the fluores-
cence lifetimes of the UCNPs, most likely as a result of
shielding of the excited state energy levels within the lantha-
nide activator ions as well as from the host matrix ions. Using
972 nm laser excitation, we were unable to observe any FRET
processes between the UCNPs and the conjugated Pc.
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