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ABSTRACT

Albumin Conjugated Upconversion Nanoparticles for Photodynamic Therapy

Applications

Tarek Sabri, Ph.D.

Concordia University, 2022

Photodynamic therapy (PDT) is the least invasive therapeutic procedure that can exert a
selective cytotoxic activity toward malignant cell. The procedure involves administration of
photosensitizer, a light absorbing molecule, that upon irradiation by a specific wavelength will
produce reactive singlet oxygen that induces cell death or tissue damage. Major limitations include
poor selectivity of photosensitizers toward tumors, and radiation using visible light that weakly
penetrates tissues. Hence, effectiveness of PDT is limited to superficial treatments, and its validity

to treat deeper tissues is very limited.

Lanthanide upconverting nanoparticles (Ln-UCNP) are efficient energy transducers that
can absorb light efficiently in the near infrared (NIR), while emitting via the process of
upconversion in the UV-VIS-NIR regions of spectrum. NIR light excitation permits light
penetration deeply in tissues, without causing any photodamage to biological entities. However,
any foreign entity entering the body are coated by group of serum proteins (coronas). This will
result in aggregation that might induce toxicity or change circulation fate of the nanoparticles
lowering PDT efficacy. Albumin (ALB) the most abundant protein in serum, has been approved

as a passive drug delivery loading modality. Herein, A modified version of desolvation method

I



was developed to render Ln-UCNPs (NaGdF4: Yb*', Er**) dispersible in biological relevant media
and biocompatible for PDT. The approach generated a uniform ~2 nm thick shell with
approximately 112 molecules of ALB were present to cover 15290 nm? area of single NaGdF4:
Yb**, Er*'. Additionally, Rose Bengal (RB) photosensitizer was structurally modified, and energy
transfer of different RB loaded on NaGdFs4: Yb*", Er’" surface was studied under 980 nm
irradiation. Further, in vitro studies using human alveolar lung cancer cells (A549) showed that
RB presence solely allowed cellular internalization of ALB coated NaGdFa: Yb**, Er**. Also,

cellular toxicity was induced under 980 nm excitation within a period of 10-minute exposure time.

New model of ALB conjugated to Ln-UCNPs is also developed. Bifunctional linker
possessing maleimide group grafted on NaGdF4: Yb**, Er** surface, and employed to target thiol
group present on ALB cysteine 34. Albumin presence rendered Ln-UCNPs biocompatible and
dispersible in aqueous environment and permitted the loading of different RB concentrations.
Spectrophotometric analysis of the RB photoreaction processes identified both type I & II energy

transfer mechanism, through the release of hydroxyl radical (HO") , and 'O: respectively.

In vitro evaluation of the cellular activity of ALB presence on NaGdFs: Yb*", Er** revealed
a substantial selective cellular internalization effect using glioblastoma tumor cells (U251N), in
comparison to A549 cells. Further, cellular toxicity assay of the nanoconstruct using U251N
irradiated with 980 nm, revealed an intense cellular toxicity effect as a result of the enhanced
cellular uptake, and the release of various toxic reactive oxygen radicals. Thus, RB modified ALB-
NaGdF4: Yb*", Er** provided biocompatible surface coating, targeting and cytotoxicity capabilities

that all enhance PDT efficacy.
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Figure S 2.2 TEM image of NaGdFa: Yb*'/Er** ;1% solution in Toluene. Average size of the
particle is 78 nm +/-2.9 nm (Scale 500 NIM). ...ccveieiiieeiiieeiieeee e e e e e e 63

Figure S 2.3 Luminescent intensity measurements using 980 nm excitation. Same concentration of
BSA coated NaGdF4: Yb*"/Er**used for both measurements (1mg/ml). In red sample in D0, and
BIACK I HoO .ottt 64

Figure S 2.4 MALDI-MS for hexanoic acid modified RB. (M-H) ionization peak at 1086.6421
represents the expected molecular weight for the modified RB. ...........cccooooeiiiiiiiiniii 65

Figure S 2.5 Overlap spectrum of NaGdF4: Yb**/Er**and RB. Luminescence emission using 980
nm excitation shown in black, and RB absorption shown in red..........cccecceeviieiiieniiiinienieeieeen. 65

Figure S 2.6 TNBS assay for primary amine quantification. Lysine used as standard with different
concentrations. BSA-Ln-UCNPs (1 mg/ml, H,O) unknown primary amine concertation shown in
(ST USROS P SRRSO 66

Figure S 2.7 DPBF absorption decrease as a function of irradiation time using 980 nm. 1mg/ml
nanoparticles in deuterated DMSO and D,O (1:1) with 35 uM DPBF. ... 66

Figure S 2.8 Viability assay of A549 cell using different concentrations of RB-BSA-Ln-UCNPs.
Blue columns without irradiation, and red columns under 980 nm excitation for 10 minutes period,
using A549 cells. Four different concentrations 10, 40, 100, and 250 ug of nanoconstruct used.67

Figure 3.1 (A) TEM image of oleate capped UCNPs (NaGdF4: Yb** , Er** ) 1 mg.mL™! dispersed
in toluene. UCNPs measured between two opposite vertices giving average size distribution of
31.3 £ 1.6 nm as shown in the blue. (B) Thermogravimetric assay (TGA) in red MA-UCNPs, 6-
maleimidohexanoic acid linker conjugated to NaGdF4: Yb**, Er*" with a 1.29 % mass loss. Black
curve represents albumin (ALB) conjugated with MA-UCNPs with a 3.86 % mass loss............ 73

Figure 3.2 (A) Energy transfer emission spectra of ALB conjugated UCNPs (ALB-UCNPs), and
in the presence of different RB concentrations using 980 nm irradiation. Values at the legend
corresponds to 2 mg.mL-1 nanoparticles in PBS solution, and the number of RB molecules present
in a single nanoparticles(RB-ALB-UCNP). (B) Electron paramagnetic resonance of RB-ALB-
UCNP with DMPO spin trap and the corresponding stimulated adducts...........ccccceeevvveenieennneen. 74

Figure 3.3 First row for each section (A,B, and C)represent confocal image of A549 , and second
raw U251N. Blue color is the nuclei stain using DAPI, Green represents emission from UCNPs
excited with 980 nm, and in Red is RB emission using 548 nm excitation. 200 pg.mL™! (of
nanoconstruct is used. (A) cellular localization of ALB-UCNPs, F-merged represent fluorescent
merged images. Overlay, is the merged images including bright field showing internalization of
ALB-UCNPs into the cytosol. (B) cytosolic localization or RB without the nanoconstruct. (C)
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Represent RB-ALB-UCNPs localization, where cell uptake noticed for merged U251N image.
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Figure S 3.1 X-ray powder diffraction of NaGdF : Yb3+, Er compared to hexagonal phase pattern

(JCPDS card 27-0699) in blue, and cubic phase pattern in red (JCPDS card 27-0697). All
diffraction are assigned to the hexagonal B-phase. ..........ccceviieiiiiniiiiieniieee e 86

Figure S 3.2 FT-IR spectroscopy (Black) 6-maleimidohexanoic acid (MA), (Red) NaGdF,: Yb3+ ,

Er3+ conjugated with MA. All measurements were performed on powder samples. The free MA
exhibits an intense carbonyl stretch at 1693 cm’ which splits into two bands when conjugated on
the UCNP surface, attributed to symmetric (v,) and asymmetric (v, ) carboxylate stretches at 1578

cm_l, and 1443 cm’” respectively. Maleimide group stretching modes of C-N (v, 1405 cm_l, (UM

1109 cm_l), and =C-H bending modes (830 cm_l) are also observed for both coordinated and free
MA confirming linker COOTdINAtION ...........ocvieruieiiieiieeieeiie ettt esee e e ebeeseeesbeeseeeenseeenas 87

Figure S 3.3 Tryptophan fluorescence of native albumin (red) and ALB-MA-UCNPs (black) under
Aoy 280 nm in PBS buffer at pH 7.4. .....coooiiiiiiiii 87

Figure S 3.4 A) Emission spectrum of UCNPs (black) irradiated at 976 nm, and RB absorbance
shown in red. B) Energy level diagram showing the upconversion process of NaGdF4: Yb**, Er**
NANOPATLICIES. ..evteiieiieite ettt et b ettt st be et e bt bt e e sae e bt et eate bt entesaee e 88

Figure S 3.5 Calibration curve of RB concentrations with corresponding RB UV-vis absorption
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Figure S 3.6 DPBF absorption spectra as a function of irradiation time at 976 nm of 2mg.mL_1 of
RB-ALB-UCNPs dispersed in PBS solution. (A) without sodium azide. (B) with 20 mM sodium
azide. (C) Percentage decrease of the maximum absorbance for Aand B. .........c.ccoccevviiinnnenn. 89

Figure S 3.7 A) confocal images of z-stack using U251N cells treated with ALB-UCNPs for 4
hours. B) Orthogonal projections representing cross sectional slices obtained from z-stack with 9
uM depth. Green is emission from ALB-UCNPs excited with 980 nm, with DAPI in blue as nuclear
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Figure S 3.8 Cell viability assays of different RB-ALB-UCNPs using U251N cancer cells without
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Figure 4.1 (A) Studied nanoparticle compositions. (B) Particle size distributions. (C-F)
Transmission electron microscopy images (TEM) of (C) NaGdF Yb3+, Tm3+ ,(D) NaGdF; Yb3+,
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Chapter 1. Introduction

1.1 Lanthanide Theory

1.1.1 Rare earth Elements (Lanthanides)

Lanthanides (Ln) belong to consecutive elements in periodic table starting from Lanthanum
and ending with Lutetium (atomic number Z= 51-57). Scandium and yttrium are included with
lanthanides due to the similar electronic configuration. Lanthanides with trivalent oxidation state
(Ln®") are the most stable. The electronic ground state configuration of Ln*"is [Xe]4/" where n is
between 0 and 14. This give large number of electronic configurations of the electrons (n) in the
f orbitals (14! /[n!(14-n)!]). Ln** are characterized by Xenon (Xe) core with 54 electrons shielding
the 4f orbital of Ln*" from its external chemical environment, and the partially filled f orbitals are
not present in the outermost shell. This fact is due to the expansion of the filled 5s* and 5p®
subshells exceeding the 4f orbitals !. This permits Ln®" to retain free ions optical properties when
doped into crystalline materials where the crystal field is minimally affected by the environment.
As a result, 4/~4f transitions exhibit sharp, and narrow emission bands as observed in gas spectra
due to the weak crystal field effect on the electronic cloud of Ln*" !,

The assignment of 47-4f energy levels of free Ln** can be described by the Russel Saunders
coupling scheme also known as LS coupling. This simply specifies a coupling scheme of electronic
spin and orbital angular momenta. In the case of multi electron atoms where the spin orbit coupling
is weak it can be presumed that the orbital angular momenta of the individual electrons add
resulting in the total orbital angular momentum, L ( S=0, P=1, D=2, F=3, etc.) In addition, the spin
angular momenta also couple resulting in the total spin angular momentum, S. The coupling

between L and S result in the total angular momentum, J given by J=|L =S|, |[L +S - 1|,.....|L-S|



. The labels on the energy level diagram of the lanthanides are based on the Russell Saunders term
symbol, *5*1L;. Detailed experimental work was carried by Dieke and coworkers tabulating energy
levels of all trivalent ions lanthanides (Figure 1.1) 2. It is worth mentioning that splitting of the
energy levels are influenced with the environment (ligand) that generate a crystal field with less
magnitude in comparison to coulombic force (electrostatic interaction), or spin-orbit coupling.

The crystal field is in the order of 10? cm! 3.

1.1.2 Lanthanides Doped Upconverting Nanoparticles (Ln-UCNPs)

Ln-UCNPs are luminescent nanocrystals with narrow emission profiles and unique
physical and chemical features. Ln-UCNPs are insulators, implying that they possess a large
bandgap in which the quantum confinement effect is not observed.

In general, luminescent probes rely on single photon excitation using high energy sources,
resulting in Stokes emission of low energy radiation. Although multiphoton luminescence may be
possible with quantum dots and dyes, they require a high photon density excitation source. Ln-
UCNPs 1ons can be excited using lower power densities and low energy light, for example Near-
infrared (NIR). Using low energy excitation the lanthanides undergo the process of upconversion
where low energy light is converted to higher light such UV, visible or NIR (wavelength lower

than the excitation source).
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1.1.3 Multiphoton upconversion mechanisms

Upconversion can occur via two major mechanism: excited state upconversion (ESA), and
energy transfer upconversion (ETU).

1.1.3.1 Excited state upconversion (ESA)

Excited state absorption was the first mechanism identified in 1959 by Bloembergen where
he proposed that infrared photons could be detected through the sequential absorption within levels
of an ion in a solid. The mechanism involves the sequential absorption of two or more photons to
promote the ion to an excited state with the subsequent radiative emission to the ground state. The
process is initiated with the excitation of a single ion (X) with resonance energy photon matching
the energy gap of the ground state (G) and the first excited state E1. El is a metastable long lived
excited state acting as an energy reservoir permitting sufficient time for second photon to excite
the ion from E1 to higher energy level E2 (assuming energy gap of G-E1 matching E1-E2 state)
followed by higher energy radiative emission to the ground state (Figure 1.2). Lanthanides are
characterized by a ladder like energy level structure with resonant energy gaps between ground

state and excited state thus, ESA would be allowed when using a single pump source with resonant

energy gap *.
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Figure 1.2 Schematic representation of upconversion excited state absorption (ESA) mechanism

1.1.3.2 Energy transfer (ETU)

Energy transfer upconversion was proposed by Auzel and Ovsyankin et al. independently

in 1966 > 6. Auzel called it APTE (Addition de Photons par Transferts d’Energie). ETU is a far
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Figure 1.3 Schematic representation of energy transfer upconversion (ETU) mechanism.



more efficient than ESA. The mechanism is shown in Figure 1.3 and is of particular interest in this
dissertation. ETU is realized by nonradiative energy transfer between two neighboring ions donor
(activator), and acceptors. The first ion is the sensitizer (e.g. Yb**) also known as the donor, and
the second ion is the activator (acceptor) such as, Er**, Ho’*, Tm**.The sensitizer possess a high
absorption cross section at the excitation wavelength. The initial process is the same as ESA in
ground absorption, however, incoming photon populate intermediate states (E1) for both donor
and activator ions.

The first radiative process could occur from the acceptor ion (A), where sequential photon
absorption from E1 populate ions to E2 in a similar fashion as ESA assuming G-E1, and E1-E2
have same energy gap. The first radiative decay to the ground state occurs from E2 of the A ion
alone. The second radiative pathway arise from the non-radiative energy transfer of the excited
donor ion (D) metastable E1 state to (A) ion E1. Another incoming photon will pump the ion in
(A) to higher energy state E2 where a radiative relaxation could occur from E2-G. The third route
depends on the (D) G-E1 and (A) E1-E2, when the energy gap is similar non-radiative energy
transfer occur from (D)-E1 to (A)-E2 where a radiative decay to ground state could occur. In ETU,
emission intensity from acceptor ion is magnified comparing to ESA, due to the energy loop
provided by (D) ion present in host material ’. The energy transfer processes are based on electric
dipole interactions. ETU is on the order of 10 cm?/W that is two orders of magnitude higher than
ESA.

1.1.4 Upconversion luminescence efficiency

1.1.4.1 Host Material Phonon Energy

The most common host used for lanthanide-doped UCNP are fluoride based materials

(NaYF4, NaGdFs, and LiYF4). In contrast to oxides and phosphates, fluoride hosts have low



phonon energies. Phonon energy is referred to the resonant oscillation/vibration of atoms in crystal
lattice. Phonons are non-radiative energy that directly affect the depopulation of excited states of
lanthanides doped in host material. Previously, we described upconversion processes radiative
decay to ground state without taking into account the rate of phonon assisted transition (®) that
can affect the radiative relaxation state from different excited state to the ground state as shown in
equation (1.1)
® X eXp(-kAE/hvmax) (1.1)

where £ is the Boltzmann constant, AE is the energy gap between the excited state and its lowering
energy level, and /vmax represents the phonons linked to the radiative levels ®°. As AE increases
between excited state of interest (E1-E2), the probability of multi phonon relaxation decreases
since more phonons are required to bridge the gap between the two excited state. Thus, phonon
assisted transitions (®) decrease the non-radiative decay from the higher excited state (E2) (Figure
1.4). Fluoride hosts have a phonon energy of 350 cm™. For example, when E1-E2 transitions
possess 1500 cm™! energy gap this require more than four phonons to non radiatively decay from
E2-E1 which less likely process to occur. In contrast, high phonon energy crystals such as
phosphate (1000 cm™ ) require one photon to bridge this gap and quenching the emission from E2.
Thus, low phonon energies is essential to minimize the non-radiative relaxation resulting in high

upconversion luminescence efficiency !,

1.1.4.2 Host lattice crystal phase
Crystal field symmetry is one of the major contributors for enhanced upconversion
luminescence intensity. Ln** ions electric dipole transition is parity forbidden (4fN-4fY). The

presence of Ln** ions in low symmetry sites permits the degeneracy of Ln** ions to be removed.
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Figure 1.4 Host lattice influence on the phonon energy of Ln **dopant ion

Ln*" (4fY state) interact with opposite parity, leading to a mixed parity states where various parity

forbidden states become allowed '?. The outcome of this parity mixing improves optical absorption

and emission probabilities in Ln** 12,

In principle, increasing the degree of asymmetry will
enhance parity mixing transition and Ln*" optical activity. For example, the transition of NaYF4
from cubic to hexagonal phase causing the symmetry of Er** dopants to change from On to Can
respectively, permitting 10 fold increase in luminescence intensity under same doping

concentration '3 14,



1.1.4.3 Dopant Concentration

Optimizing Ln*" doping concentrations is one of the major factors that influence the
luminescence intensity of a given host. Yb*" is the most used donor ion at a relatively high
concentration (20 mol%) compared to acceptors (Er**, Tm?>*, Ho>") that are sub-2 mol%. Yb** has
the highest absorption cross-section of all lanthanides, with single excited state 2F7» — 2Fsp that

allows NIR excitation ’

. This unique energy state diminishes cross relaxation effect of
neighbouring Yb*" ions present in same host crystals, that results in higher absorption of NIR. In
addition, the *F7» — *Fs; excited state has a phonon energy of 10* cm™ compared to 350 cm™ of
the fluoride host materials. This huge difference in phonon energy decreases the probability of
non-radiative decay to occur, thus enhancing the upconversion luminescence. On the other hand,
acceptor ions have many excited states compared to Yb*'. Therefore, at higher doping
concentration of the acceptor ion there is an increase in the non radiative resonance energy transfer

between similar acceptors (emitting ions), that is a major factor resulting in upconversion

quenching '°.



1.2 Photodynamic therapy history

Light as a therapeutic tool has been employed over thousands of years in ancient civilizations
such as India, Egypt, and Greek for skin diseases, cancer, rickets, and psychosis treatments 617,
However, the first scientific concept of utilizing light and organic molecules for treatments dates
to the accidental discovery made by Oscar Raab a German medical student (1900) studying
acridine lethal activities on paramecium '’. Raab noticed that when performing experiments in the
dark, acridine did not demonstrate any adverse effect on paramecium. It took several decades until
the milestone of photodynamic therapy (PDT) started by Dr. Thomas Dougherty (1975) at the
Roswell Park Cancer institute in U.S.A, Buffalo, NY. Dougherty et al. used hematoporphyrin

derivative (HpD) in combination with a red light as an excitation source to induce cytotoxic effect

to cure mice carrying mammary tumors '%.

Currently, (PDT) is regarded as the least invasive therapeutic procedure compared to
conventional cancer treatments such as chemotherapy or radiotherapy. PDT makes use of three
components, light of a specific wavelength, a photosensitizer (PS) that is a light sensitive molecule,
and oxygen. Individually, these three components are harmless however when combined, the
putative cytotoxic reactive oxygen species are generated to induce cytotoxic reactions in the cells
via apoptosis or necrosis, leading to the self-destruction of tumor cells. Production of free radicals
induce vascular distortion resulting in tumor tissue death. Simultaneously, toxic radicals directly

eradicate cancer cells by rupturing cell membrane, or internal organelles.

1.2.1 Oxygen Excited States
Molecular oxygen has three electronic configuration that are differ by occupancy of

electrons in the n-antibonding orbitals (7"). In its ground state oxygen is in triplet state O (°X.)

10
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Figure 1.5 Oxygen electronic configuration with two excited singlet states and
their corresponding energy above ground triplet state.

where electrons have parallel spin distributed in different "~ orbitals. 325 has two low lying
excited states differ in electron spin in two degenerate m anti-bonding orbital. The first is A,
referred as singlet oxygen ('O2) where opposite electron spin are residing within the same "
orbitals. The transition between 'A, — 325 1s spin forbidden, this behaviour generates relatively
stable long lived species with life time of 1us-1ms depending . The second excited state is
123 where electrons are in opposite spin in the n" orbitals (Figure 1.5). The transition of IZ; —

'A, is spin allowed and short lived with a lifetime below 1ps %°.

1.2.2 Photosensitizers (PS)

PS are light absorbing molecules mainly in the UV-Vis region. PS for PDT are
characterized by high absorption coefficient with long lived triplet state lifetime in the pus domain,
with an energy gap (Et = 95 KJ/mol) matching the oxygen triplet state >O,. These characteristics
will provide efficient energy transfer to neighbouring substrate/oxygen molecules that induces the

production of reactive oxygen species (ROS) 2!. Most of the clinically approved PS are classified

11



mainly as porphyrin or porphyrin like derived compounds such as chlorin, and bacteriochlorin 2.
The backbone skeleton of these PS are derived from blood hemoglobin, consisting of tetrapyrroles
with 22 7 (porphyrin), 20 &t (chlorin), and 18 & (bacteriochlorin) electrons in a highly conjugated
heterocyclic macrocycle 22. This basic structure allows porphyrin PS and its derivatives to acquire
long and different wavelength absorption profiles (figure 1.6). All porphyrin PS show a maximum
absorption band in the 350-450 nm region known as the Soret band, and weaker Q-bands with
absorption bands centered at 630nm, 650 nm, 710 nm for porphyrin, chlorin, and bacteriochlorin,

respectively.

Porphyrin Chlorin Bacteriochlorin
22 1 electrons 20 7 electrons 18 m electrons

Figure 1.6 Backbone structure of porphyrin photosensitizer and its derivatives with © electrons
difference highlighted in colors for Chlorin and Bacteriochlorin.

The difference in maximum absorption profile is a result of different delocalized n electrons
present in each derivative, which can be explained by Hoffman square one dimensional potential
well 2. Herein, it is assumed that aromatic ring presence with delocalized © electrons behave as
one particle. Energy level (En) calculation of different absorption bands could be derived using a

square potential in a confined region (L) as shown in equation 1.2

_ h%(n+1)?
T gmL?

En + E(n,N) (1.2)

12



where /4 is Plank’s constant, 7 is the energy state valence ensemble electrons, and m is the mass of
the electron. E(n, N) is related to electron interaction that cause perturbation to the energy level
from ground state (n =0) to higher excited state (n= 1,2,3,..n) in the presence of number of electron
(N>1) . This term is equal to zero in the presence of single electron in a potential well. However,
E, increase upon the addition subsequent electrons. Since energy is inversely proportional to
wavelength, the presence of high numbers of & electrons require shorter wavelength for exciting

PS as shown in figure 1.7.

n=9

n=>0 n=0

N=0 N>0

Figure 1.7 Energy state diagram illustrating the increasing number of electrons in a ring system is the
energy of excited states. N is the number of electrons, and n is the number of excited states.

As a result, porphyrin with 22 © electrons show a blue shifted (hypsochromic) wavelength
absorption compared to chlorin and bacteriochlorin with 20 and 18 & electrons, respectively.
Furthermore, porphyrin PS are considered the least cytotoxic compared to other photosensitizers
because they are derived from naturally occurring blood hemoglobin. However, porphyrin efficacy
is restricted to superficial cancer treatments, due to the need of higher energy radiation for

activation 2.

13



1.2.3 Photosensitizer activation

Photosensitizer activation requires light with appropriate wavelength matching the energy
gap of the ground state (So) and the higher excited singlet state (S,). Upon illumination the
photosensitizer is excited from the ground state (So) to the short lived excited state (S,) in the
nanosecond time domain. The Jablonski diagram in Figure 1.8 shows the electronic states and the
radiative and non-radiative transitions that the photosensitizer can undergo: (i) non-radiative
vibrational relaxation between two electronic states with the same spin multiplicity known as
internal conversion (IC), which occurs on a timescale of 107! to 10 s (ii) fluorescence, a radiative
transition between two electronic states of the same spin multiplicity, which occurs on a lifetime
of 101° to 107 s, (iii) intersystem crossing (ISC) a non-radiative transition between two
isoenergetic vibrational levels belonging to electronic states of different spin multiplicity (Si to the
T1, (iv) phosphorescence, a radiative transition between two electronic states of different spin
multiplicity, Ti to So, with lifetimes in the 10 to 10 s. The excited triplet state may lose its energy
either via phosphorescence or quenching. The long lifetime of the triplet state allows the
photosensitizer to react with surrounding molecules (e.g. oxygen) that generates cytotoxic agents
such as singlet oxygen as shown in Figure 1.8, which is known as a Type II photoreaction process
24 The activated photosensitizer could also undergo a Type I photoreaction, which involves
hydrogen atom extraction or electron transfer reactions between the photosensitizer’s excited state
and a substrate (S) such as biomolecules, to produce radicals and radical ions. These radicals may

interact with molecular oxygen to produce superoxide anion or with hydrogen peroxide to produce

hydroxyl radical (HO") %°. These species are cytotoxic and lead to cell death.

14
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Figure 1.8 Jablonski diagram of excited photosensitizer for the release of reactive singlet oxygen. IC:
internal conversion, ISC: intersystem crossing, Ti: triplet state of photosensitizer

1.2.4 Light Penetration Depth

Being able to target tissue at depth is an important consideration in photodynamic therapy to

maximize effectiveness. In addition, to the penetration depth of light the wavelength used must

meet the requirements for efficient excitation of the photosensitizer. In general, photosensitizers

have two main absorptions, the Soret band and the Q-bands. The Soret band is in the 400 nm region

and the Q-band in the 630 nm region. Neither of these regions take advantage of the biological

optical window (650 to 1000nm). In this region, water, hemoglobin, and oxyhemoglobin show the

lowest absorption (Figure 1.9).
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As mentioned previously the attenuation of light plays a major role in the effectiveness of
photodynamic therapy. Light used to excite the photosensitizer is attenuated at different tissue
levels before reaching target site. For instance, illuminating skin tissues with visible radiation, a
portion of light is reflected the remaining is absorbed and scattered by biological tissue 2. The
extent of tissue penetration is dependent on the wavelength and optical properties of the

illuminated tissue, which is defined as fluence rate depth (V) in a volume of scattering media given

by following equations which is derived from diffusion theory 27-2%,
e—(ZT
¥=yo— (1.3)
8=a'=[3pa (Ws+ pa) I (1.4)

8= [3(pat Cr) (Ws + (ot C)] ™ (1.5)

Where o is standard fluence rate at a given wavelength, () is the depth from light source. [o (cm”
1] is the attenuation coefficient of light dependent on the nature of the tissue to absorb and scatter

light. This is experimentally determined for different biological entities 2% 3°

. a is dependent on
the sum of all optical absorption coefficients ([.) for all tissues and fluids present in a given area
such as, hemoglobin oxygenated/deoxygenated, fat, and water content. p's is the reduced scattering
coefficient. The inverse of (a) is the attenuation depth [d (cm)]. The fluence rate is inversely
proportional ». This implies that as tissues thickness increases (), the light fluence rate become
weaker, and the less likely that the photosensitizer is activated. Similarly, to a larger extent, a slight
change 1is the attenuation tissue coefficient which results from an increase in the
absorption/scattering (1. and p's) will cause exponential decrease of the fluence rate, and an

increase in the attenuation depth (8). However, decreasing 6 at a specific distance » could be

enhanced by utilizing higher concentration (C) of the photosensitizer (Equation 1.5) %% .

16



There have been numerous studies reporting the penetration depth of UV, visible and near infrared
light in tissue. Near infrared light in the 800 nm region has been shown to provide the best results

with respect to penetration depth, since light in minimally attenuated due to tissues absorbance 2.
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Figure 1.9 Molar absorptivity coefficient of water, oxyhemoglobin HbO,, and
deoxyhemoglobin Hb at different wavelength 24,
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1.3 Literature Review
1.3.1 Nanocarriers in PDT

Like any cancer treatment PDT faces major challenges in activating and delivering
photosensitizer (PS) molecules towards their target tissues. Most PS are hydrophobic in nature
with poor solubility in aqueous environment (serum) and require loading carrier to enhance their
selective delivery toward tumor site. Photosensitizer are below ~5 nm in size which contributes to

!, and potentially reduce their PDT efficacy.

rapid kidney clearance through renal filtration *
Notwithstanding the fact that the majority of photosensitizer are non-selective to tumor tissue, and

induce cellular toxicity when present in a healthy tissue environment. Nanocarriers can contribute

to overcome these obstacles and enhance loading, and targeting of PS into tumor sites.

Nanocarriers have high surface area to volume ratio, that permits the loading of significant
number of PS either through encapsulation, or surface conjugation with ligand on nanoparticles
(NP) surface. This will prevent the significant loss of PS before reaching their target sites. Further,
NPs could be functionalized with a cellular targeting surface ligand such as antibodies, peptides
or aptamers, and folic acid receptors that are highly expressed on cancer surface that improve
delivery of PS to cellular targets 3*3*. Also, NPs could passively target tumors through the
enhanced permeability and retention effect (EPR). The EPR effect is the result of abnormal
regulation of tumor tissues caused by hyper proliferation growth of cell with rapid vascularization,
and inefficient lymphatic drainage *°. Currently, there are many NPs that act as loading and
delivery systems for cancer drugs and photosensitizers, such as liposomes, dendrimers, polymeric
micelle, and silica (figure 1.10). Although these models are successfully utilized for PS, optically
inactive NPs require high energy radiation excitation for PS activation, this limits their utility for

deep tissue tumor treatments.
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Figure 1.10 Different PS loading strategies. (a,d, e) are based are hydrophobic
interaction of PS with core NPs. (b,c) hydrophobic or covalent coupling depending in
PS.

1.3.2 Ln-UCNPs NaGdFs: Yb*, Er’*

Fluoride based host materials have low phonon frequencies (350 cm™), an important factor
that affects the luminescence efficiency of Ln*" where non radiative relaxation occurs due to multi-
phonon relaxation. Thus, fluoride materials such as NaGdFs and NaYFs4 have been used
extensively as ideal host for luminescent ions showing upconversion. In addition, fluoride host
materials have high chemical stability, long luminescence lifetime, tunable emission wavelength,

low cellular toxicity. In addition, the absence of autofluorescence and blinking permits fluoride

based upconversion nanoparticles as the ideal nano-medicine applications.

investigated synthetic procedures are thermal decomposition

Owing to their unique optical properties, different synthesis routes have been developed to
produce fluoride based upconversion nanoparticles. These strategies generated well-defined

crystal phase nanoparticles with high crystallinity and narrow particle size distribution. The most

36
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Nanoparticles such as NaGdF4 produced by these methods allow for excellent control of the size
ranging from the ultra small 2.5 nm up to 100 nm size diameter ®. A unique optical feature of
NaGdF4nanoparticles, is the presence of Gd** ions that can act as an intermediate sensitizer in host
matrix by permitting energy transfer to neighbouring lanthanides activators (Tm?*, Tb**, Sm*",
Dy**) enhancing the radiative emission of visible light emissions **. Apart from optical feature,
Gd*" ions are paramagnetic relaxation agent imparting multimodal characteristics thus can be used

as contrast agent for magnetic resonance imaging (MRI).

The common binary dopants of NaGdF4 host for PDT applications are 20 moles % Yb**
for NIR absorption at 980 nm, and 2% mole Er*" acting as emitting centers in the visible region.
The combination permits a strong emission profile in the green and red region of spectrum. The
Er** emission bands are either a result of energy transfer from Yb*'— 2Fs, transition to Er’**—
*F712/*Fo2 or by two photon absorption of Er’" through *Iis» — *I112 — *F752 transitions. Non-
radiative decay from *F7, to lower excited states I112, *S32, and *Fon show emission bands
centered at 524 nm, 546 nm, and 658 nm respectively (Figure 1.11). However, the emission profile
of NaGdF4: Yb*", Er’* should overlaps with the PS absorption spectrum, which is required for the
activation (excitation) of PS, and subsequently the production 'O,. An example is the FDA
approved PS for metastatic melanomas Rose Bengal (RB) shows a maximum overlap around 548

nm %,

20



1.3.3 Ln-UCNPs surface coating strategies (approaches) for PS loading

1.3.3.1 Organic functional ligands (Electrostatic interaction)

High quality NaGdFs nanocrystals can be produced using the thermal decomposition method. The
synthesis involves the decomposition of fluoro-organic acid salts of lanthanides (usually
trifluorocetate) oleic acid (ligand) and 1-octadecene (a high boiling solvent). The surface of

resulting nanoparticles are oleate capped, therefore are hydrophobic. For biological applications
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Figure 1.11 Upconversion mechanism energy diagram for NaGdFs: Yb**, Er**

surface modifications of the nanoparticles are required to enable dispersion in hydrophilic solvents.
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In order to achieve dispersibility of oleate capped nanoparticles Bogdan et al. developed a novel
and facile approach that used a mild acidic conditions (pH 4.0, 0.1 M HCI) to protonate the oleate
carboxylate moiety on Ln-UCNPs surface *!. Protonation of the oleate produces oleic acid which
is freed from the surface leaving a positively charged surface rendering Ln-UCNPs dispersible in
a hydrophilic environment. An alternative approach of generating a positively charged water
dispersible surface is the use of nitrosonium tetrafluoroborate (NOBF4) in presence of
dimethylformamide (DMF) solution **. NOBF. generates nitrous acid (HNO,) that protonates
oleate ligand, and tetrafluoroborate (BF4) ions will electrostatically interact with positively

charged surface enhancing dispersibility in aqueous environment.

Uncapped Ln-UCNPs have a positively charged surface that utilized to load PS directly
via electrostatic interaction. However, for direct surface conjugation, PS must possess carboxylate,
phosphate, or sulfonate functional groups that have strong affinity to the Ln-UCNPs surface. For
example, Chen et al. modified PS phthalocyanine zinc (ZnPc) to B-carboxy phthalocyanine zinc
by adding a single carboxyl group functionality (ZnPc-COOH)*. This modification was used by
Wang et al. to effectively graft ZnPc-COOH on the oleate free LiYF4: Yb**, Er** and showed the
production of reactive singlet oxygen species under NIR irradiation **. In a relatively similar
approach, Yu et al. electrostatically functionalized LiYF4: Yb*", Tm*" with benzoic acid modified
FDA approved Foscan®. Yu et al. showed that the overlap of the emission band of Tm>" in the blue
region overlaps with the Soret absorption band of the photosensitizer resulted in energy transfer

from the donor (Ln-UCNP) to the acceptor (photosensitizer), which activated the photosensitizer

to produce 'O> and induced Hela cells toxicity *°.

Although functionalization of the PS to the Ln-UCNP surface using electrostatic

interaction shows the production of 'O», undesirable premature release (leakage) remain the main
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challenge for in-vivo applications . In addition, excessive loading of PS on the surface of Ln-
UNCPs will induce self quenching and decrease the efficiency of 'Oz production. To overcome
these limitations, the positively charged surface of the nanoparticles are functionalized with a
surface ligand with dual functionality. First, a functional group such as phosphate, thiol, and
carboxylate with free negative charge that can electrostatically interact with the positively charged
nanoparticles surface. Phosphates is considered to provide an enhanced ligand stability in
biological environment in comparison to carboxylate and thiol moieties. 4’ . The second functional
moiety of the ligand should be a primary amine or hydroxyl group to target carboxyl functional

groups present in PS such as alendronate ligand as shown in figure 1.12 *,
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Figure 1.12 Different phosphate surface coated ligand for Ln-UCNPs dispersibility
in aqueous media. OPLT: O-phospho-L-threonine ¢

1.3.3.2 Long chains amphiphilic polymer coatings

Despite the stability of adding a functional ligand on the surface of Ln-UCNPs, grafting of
hydrophilic or amphiphilic long chains molecules (AC) such as, poly (ethylene glycol)*, silica®®,

poly (allyl amine) or poly (acrylic acid) (PAA) °!, poly (ethylene imine) (PEI) >? provides further
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advantages for the above-mentioned organic surface ligands for PDT therapy. Adding AC doesn’t
require the removal of the oleate capping ligand from the surface of the Ln-UCNPs through acidic
conditions, which may cause etching of nanoparticle surface. AC alky chain provide a stealth
surface coating through hydrophobic interaction with oleate chain present in the surface of Ln-
UCNPs. In addition, AC provides a full surface coverage, and the thickness can be controlled on
the surface of the Ln-UCNPs. The significance of full surface coverage on Ln-UCNPs relies on
preventing solvent phonon quenching by shielding the surface from the surrounding environment
media. This enhances the luminescence intensity required for PS activation and singlet 'O,
production. Moreover, AC possess functional moieties, which may be used for PS coupling, and
dispersibility in biological aqueous environment. For example, Ren et al. utilized commercial
available nontoxic food additive TWEEN-80 surfactant to coat Ln-UCNPs without the use of
surface pre-treatments for loading hydrophobic drugs or PS molecules **. TWEEN-80 hydrophobic
tails were grafted on NaYF4:Yb*", Er*'@NaYFs via intercalating with the oleate surface ligand
(Figure 5). The other side chain of TWEEN-80 aliphatic ester provide hydrophilicity rendering
NPs stable in biologically relevant media such as, fetal bovine serum (FBS), saline buffered

solution (PBS), and in vitro cell culture amino acid media >.
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Figure 1.13 Surface modification of NaYF:Yb**, Er¥*@NaYF, (UCNPs) using Tween 80. (a)
Oleate capped UCNP, (b) tween addition, (c) Tween 80 structure with amphiphilic properties 3'.

1.3.4 Delivery modes of NP in vivo

1.3.4.1 Passive targeting

Vascular endothelium (VE) is one of the barriers encountered by NPs to reach the tumor

site. VE is defined as the biological boundary between circulating blood and the surrounding
underlying tissue that is responsible for the diffusion of blood component towards tissues. Injured,
inflamed, and cancer tissues show leaky VE due to the large fenestration between endothelial cells
that ranges from 10 nm to greater than um >*. These endothelial gaps are the passive routes
responsible for therapeutic NPs delivery towards tumor sites and reducing nonselective delivery
into normal tissues. Furthermore, tumor tissues with massive proliferation rate may lose lymphatic

drainage function, which is the existing pathway leading to increased NP retention >*. In other
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words, vessel leakiness and minimal tissue efflux is referred to the enhanced permeability and
retention (EPR) effect (figure 1.14). Therapeutic NP are designed to pass the tumor endothelial
cells, at the same time have threshold above the normal fenestration present in normal tissues. For
instance, NPs less than 6 nm in diameter are removed from circulation by kidneys through renal
filtration >°. Also, hepatic clearance through the liver represents a primary route for efficiently
capturing and excreting of NPs (10-20 nm) present in blood>. Thus, consideration relative to size

of the NP are essential for enhancing nanoparticles delivery system.

Tumor cells

Non- targeted NPs Endothelium

Figure 1.14 Enhanced permeability and retention (EPR) effect diagram showing leaky
endothelial cells around tumor site. Non targeted NPs corresponds to passive diffusion
with bare surface targeting ligand >°.

For example, using a lung carcinoma model Tang et al. showed that silica NPs of 50 nm
had the highest tumor penetration in comparison compared to 200 nm silica-NPs that was regarded

as the best cut-off for tumor penetration by the EPR effect *°. In a similar approach, Park et al.
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showed that a 42 nm NaYF4:Yb**, Er*" @ NaGdF4 coated with PEG phospholipid loaded with PS
chlorin e6 (Ce6) was readily accumulated in tumor (glioblastoma) by the EPR effect, which could
be used for both imaging and PDT *’. Although size consideration is highly significant in tumor
passive targeting, physicochemical properties of NPs such as hardness, shape, surface charge and
coating affect NPs organ distribution, toxicity, and cellular localization. To elaborate on hardness,
Anselmo et al. used a 200 nm PEG-NP with different elastic moduli, and demonstrated that harder
NPs (3x10° kPa) showed diminished targeting ability compared to a softer 10 kPa PEG-NP that

resulted in an extended blood circulation and passive targeting in vivo 5.

Moreover, tumor exhibit intra/intertumoral heterogeneity with different vascular leakiness
between periphery and hypoxic core that have implications in NP passive delivery. Adjustments
of the heterogeneity of vascular permeability may be enhanced by vasodilants such as vascular
endothelial growth factor (VEGF), nitric oxide (NO), LPS (lipopolysaccharide), and thrombin that
disrupt endothelial cell barrier function *. VEGF is most attractive vasodilants since it exhibits
elevated level or overexpression of its receptor in tumors such as pancreatic, and breast cancer.
VEGF activates vascular permeability by triggering disassembly of the inter-endothelial cell

junctions causing increase in intracellular gaps that potentially augment the uptake of NPs .

1.3.4.2 Active Targeting

Active targeting is complementary to passive targeting and involves grafting targeting
ligand in the surface of NPs that permits biological interaction with the target cell. There are
numerous biological ligands that provide NPs with active targeting and facilitate cellular
internalization and increase retention and therapeutic efficacy. Herein the focus will be on the most

significant targeting ligand used for targeting cancer cells.
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(a) Aptamers

The term aptamers are derived from Latin that means ‘to fit’. Aptamers are class non-
biological nucleotides (DNA or RNA) characterized by short size sequence between 20 and 100
nucleotide residues. Apartments “synthetic antibodies” target many protein families such as
proteases, cytokines, kinases, and more notably cell-surface receptors °°. Aptamers are relatively
non-immunogenic, chemically stable due to their phosphodiester bond, and easily conjugated with
organic molecules such as photosensitizer that can be introduced during synthesis . There are
currently many aptamers in clinical phase trials, with one FDA approved Pegaptanib (Pfizer)
composed of 27 nucleotides that target VEGF receptor. Conjugated with 40 kDa PEG, Pegaptanib
is used for treating aberrant angiogenesis of age related macular degeneration (AMD) °'. Another
promising candidate is the sgc8c aptamer that can recognize protein tyrosine kinase 7 (PTK7), a
transmembrane receptor that is highly expressed in lymphoblastic leukemia CEM cancer cells .
Hou et al. elegantly utilized sgs8c aptamer by extending its sequence with poly T (thymine) bases
possessing thiol end, and embedded primary amine functionality. The former group form disulfide
bridge with UCNPs (NaYF4: Yb**, Er**) surface, and the latter applied to couple PS-Ce6 (Chlorin
e6) for PDT application . The system provided with sgs8c a surface recognition site permitting
UCNPs CEM cell entry, the UCNPs-Ce6 was activated via energy transfer, which induced cellular

toxicity under 980 nm NIR irradiation.

(b) Small molecules

Although there are many molecules used as a targeting surface ligand such as mannose,
galactose and biotin ®, folic acid remains the most used ligand for targeting tumor cells. Folate
receptor (FR) family are membrane associated glycoprotein cysteine rich cell surface receptors
that are responsible for folic acid (vitamin B9) cellular uptake. Folic acid is essential for cell cycle

as it interferes with the biosynthesis of DNA, and RNA. There are four FR isoforms FRa, FR,
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FRy, and FR$ %. Among the four, FRa is expressed in tubular epithelial linings along with FRp
and are responsible for most FA shuttling inside the cells. Since cancer cells have high proliferation
rate in comparison to normal cells, FR are highly expressed in the cancer cell surface to
accommodate for the excessive need of FA that is needed for DNA synthesis for dividing cells .
Although FR receptors are present in normal tissues, their expression levels are considered
negligible compared to cancer tissues. For example, the levels of FR receptors in ovarian fallopian
tube cancer tissue are 13 times more than in normal tissues®. Another significant finding was
observed in colorectal metastatic cancer cells where FRa is overexpressed compared to normal

colorectal tissues where expression level is not observed ©’.

These FR are employed in active targeting strategies for delivering therapeutic nanocarriers.
Chien et al designed a complex photocage system of SiO2-Ln-UCNPs (NaYF4:Yb*", Tm*") linked
with PEG to deliver doxorubicin (Dox) a chemotherapeutic agent ®®. To enhance cellular targeting
and delivery of the drug, the targeting ligand FA was conjugated the NP system. Using amidation
coupling, FA was covalently linked with PEG, permitting cellular internalization of the Ln-UCNP
in Hela cells (confocal image Figure 7), and the release of Dox inside the cells under 980 nm

irradiation 8.
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Alexa 488 DAPI

Figure 1.15 Confocal images of Hela cells. (a) Cells alone, (b) Folate-Ln-UCNPs, (c) Folate-Ln-
UCNPs-Dox, (d) 980 nm excited Folate-Ln-UCNPs-Dox. Alexa 488 used for phalloidin staining,
DAPI for nucleus .

Another promising candidate, is 18B-Glycyrrhetinic acid (GA) derived from the hydrolysis of
naturally occurring glycyrrhizin present in the roots of licorice that is used in Chinese medicine ¢.
This emerging molecule for enhanced targeted delivery has been selectively used for targeting
hepatocellular carcinoma (HCC) and are currently extensively investigated in nanoparticles
delivery systems 7°. Glycyrrhetinic acid receptor (GA-R) expression on the sinusoidal surface of
hepatocytes has been identified as the target receptor responsible for shuttling nanoparticles inside

the cells . There are many emerging and successful reports on utilizing GA for delivering
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nanoparticles for therapeutic approaches such as liposomes, micelles, and graphene oxide ’'. A
relevant example related to Ln-UCNPs, is Li(Gd,Y)F4:Yb>", Er** with an active core, and inert
shell coated with PEG modified GA for imaging hepatic cancer cells ’?. Using in vitro and in vivo
model with HepG2 liver cancer tumor, GA-Ln-UCNPs was efficiently delivered to the tumor/cell

site and could be imaged using 980 nm excitation 2.

There are more emerging small targeting molecules that are important in delivering therapeutic
nanomaterials for different target tissues. For example, bisphosphonates ligand with Ln-UCNPs
have been used for bone active targeting °. Although small targeting molecules are a growing
interest due to their feasible preparation and coupling on nanomaterial surface, their major
challenge is identifying new surface targeting ligands that are solely specific for certain type of

cancer tissue.

(c) Antibodies and peptides

Antibodies belong to immunoglobulin superfamily with known function in neutralizing
foreign antigens and stimulating immune responses. Due to their extreme specificity toward cell
surface antigens (epitopes), their uses in cancer therapy have grown enormously, and currently
there are more than 40 FDA approved Abs therapeutics for a wide range of cancerous tissues '*.
The general mechanism of Abs in cancer cell eradication is binding to the surface of growth factor
signalling receptors such as EGFR that is responsible for tumor cell proliferation, migration, and
invasion. Abs binding block the signaling activity of the receptor, and induce cellular toxicity 7.
It is worth mentioning, that there are significant number of Abs that have diagnostic properties that
target biomarkers present in specific cancer cells, and lack the therapeutic activity , as an example

is the p53-Ab that is an early marker for lung cancer °.

31



Abs can be loaded to the surface of Ln-UCNPs. Jin et al. targeted carcinoembryonic antigen
(CEA) that is highly expressed in colon cancer with CEA-Abs grafted on the surface of the Ln-
UCNPs. The core shell nanoparticles designed (NaYF4:Yb*", Er’* @ NaGdF4) represented a
selective bimodal imaging probe (Fluorescence/MRI) for selectively detecting colon cancer in
vivo 8. The same core shell Ln-UCNPs were applied by Liang et al. using EpCAM-Ab (epithelial
cell adhesion molecule transmembrane glycoproteins) to target colorectal adenocarcinoma HT-29
cells. Also, PS can be grafted to induce highly selective local PDT toxicity with 'O, released under

NIR irradiation’’.

Although Abs conjugated to Ln-UCNPs are promising there are some major challenges
that limit their effectiveness. First, the production of Abs is associated to very high costs. Abs are
large protein molecules normally above 150 KDa that effects the number that can be conjugated
on the nanoparticles surface. Moreover, Abs require specific orientation to identify epitopes
present on target protein molecules, which might be lost or limited when present on nanoparticles
surface 7. A very promising alternative is the use of short low molecular weight peptides that can
target cell surface receptors. RGD (arginine-glycine-aspartic acid) is the most commonly used
peptide that target tumors endothelial adhesion integrin receptor avfs. Jin et al. designed a very
elegant system for targeting an aggressive tumor in vivo, triple negative breast cancer cells (MDA-
MB-231). The design combined Ln-UCNPs (NaYF4: Yb**, Er*") with amphiphilic surface coating
conjugated with PS, and RGD 7%, Selective nanoparticles targeting, and retention was observed up
to seven days in mice bearing tumors (Figure 1.16). There are some other proteins used in active
targeting, albumin is one such biomolecule that will be covered in detail in section 1.3.6 due to the

relevance to this thesis.
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Figure 1.16 In vivo fluorescence images of Ln-UCNPs loaded with RGD
peptide for tumor targeting and PDT therapy. 1D, 2D, and 7D represents the
number of day nanoparticles retained in tumor tissues 6.

1.3.5 Protein Corona and NP delivery

Although the above-mentioned delivery strategies prove to be efficient in delivering NPs
towards tumor sites, there are additional challenges that reduce or prevent the amount of injected
dose to reach their target sites. Foreign entities nanoparticles entering the blood stream are exposed
to biomolecules (proteins) that adsorb into their surfaces. There are two types of protein that adsorb
on NPs. First, high affinity proteins with long retention time and high interaction ability with NPs.
These proteins remain intact with the NPs forming a permanent structure known as hard corona.
Second, low affinity (transient) proteins that weakly bind to NPs hard corona (figure 1.17), which
can be easily exchanged or released in the biological media forming soft corona . Presence of
hard corona is the major contributor compared to soft corona that will affect the biological fate,
and the identity of nanoparticles . Corona deposition will increase the size of the nanoparticles,
and may engulf many nanoparticles forming clusters or aggregates. Also, corona presence will
mask the targeting ligand grafted on the nanoparticles. Thus, diminishing passive or targeted

delivery efficiency towards tissues of interest.

33



The nature of protein corona deposited on the surface of the NPs is dependent on the
physiochemical properties of the NPs. Walkey et al. generated a library of 63 different
nanoparticles, and reported more than 100 proteins could be present in a single nanoparticles. The
majority are transient proteins, and only 6 proteins are intact with high affinity and high abundance
such as apolipoprotein Al, Albumin, and fibrinogen °. Recently, in similar study with Au-NPs
Vitali et al. identified that albumin is a major constituents of the HC reaching up to 75 % protein

composition on the surface of gold nanoparticles *'.

Soft Corona
(low affinity/weakly bound)

Hard Corona
(high affinity/strongly bound)

Figure 1.17 Protein corona adsorption on the surface of NPs. Stealth coating formed
by high affinity protein. Low affinity binding form soft corona with different kinetic
(k). and thermodynamic (K) function 7.
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1.3.6 Albumin

1.3.6.1 Biological Properties

Albumin (ALB) is the most abundant protein present in human blood. It is estimated that
up to 15g of ALB produced predominantly in the liver and distributed in the vascular tissues daily,
albumin has a circulating half life of 19 days 2. ALB is composed of 585 amino acids arranged in
three domains (DI, DII, and DIII) forming a heart shape structure. Each domain is composed of
two subdomains A, and B each consisting of 4, and 6 a-helices respectively. ALB has no -sheets
with 17 disulphide bridges, and unique free thiol at cysteine 34 present in DI. These features give
ALB high stability in variable pH, denaturation solvents, and heat. ALB is very soluble in aqueous
media due to the nature of the charged amino acids present with 99 acidic, and 83 basic residues
82 These characteristics permit ALB to have significant biological functions such as lipid
metabolism by acting as solubilization agent of fatty acid, transportation of metals (copper,
calcium, nickel, zinc), osmotic pressure in blood, and its own catabolic reactions that provide

energy to tissues %2,

1.3.6.2 Surface receptors and trafficking

There are six known receptors present on different cell type surface that recognize ALB
and mediate its cellular internalization, degradation, and recycling. Secreted protein acidic and rich
in cysteine (SPARC), glycoprotein receptors (gp18, gp30, gp60), neonatal Fc receptor (FcRn), and
cubilin-megalin complex are all ALB surface receptors. The gp18, and gp30 are expressed mainly
in liver endothelial cell membranes. These two receptors are known as scavengers responsible for
binding modified or altered ALB with high affinity (1000x) compared to native ALB 33, The gp60

are present in vascular endothelial membrane, which regulates permeability of circulating lipids,
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and proteins including native non modified ALB 4. Gp60 utilize caveolae meditated endocytosis
to transport ALB. Caveolae (little caves) are plasma membrane invagination reaching up to 80 nm
in size are capable of harvesting extracellular matrix serum components. Caveolae dependent
mediated endocytosis entering the cell escape lysosomal vesicles ®. This pathway protects the
loaded contents from lysosome hydrolytic degradation, which is one of the most significant routes
for the development of therapeutic nanoparticles. FcRn receptor is expressed in a wide range of
epithelial tissues (alveolar, vascular, brain, and renal), and have similar activity to gp60 receptor.
At low endosome pH, FcRn binds ALB with high affinity preventing its degradation, increasing

the half lifetime, and recirculating ALB to extracellular matrix.

SPARC is an extracellular secreted glycoprotein, and its expression is restricted to stressed
tissues undergoing remodelling, repair, in a wide range of cancerous tissues such as, colon, glioma,
breast, head, and lung. SPARC is released in the vicinity of the tumors extracellular matrix, bind
albumin with high affinity, and assist in tumor growth suppression and restrict metastasis of cancer
cells ®. Thus, accumulation of ALB in tumors through SPARC binding is a key element in

designing ALB nanovehicle therapeutics for targeting wide range of tumors.

1.3.6.3 Albumin NPs in cancer therapy

As a result of the abovementioned characteristics, albumin is becoming a unique naturally
occurring protein for cancer therapeutics. The usefulness of ALB relies on its ability to combine
active (receptor mediated) and passive (EPR) delivery modes when present in nanocarriers. More
importantly, providing surface protection from surface deposition of serum protein corona. One of
the landmark example, is the novel FDA approved ALB nanoparticles Abraxane® (ALB-
paclitaxel) used for treating metastatic breast cancer. The formulation is based on fusing ALB

under high pressure with paclitaxel (PTX) a chemotherapeutic cancer drug. The approach
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produced ALB-NPs with an average size of 130 nm which are employed using the passive targeted
EPR effect. In addition, both gp60 and SPARC surface receptor were employed to provide

enhanced cell targeting and ALB-NPs retention (Figure 1.18) %7.
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Figure 1.18 Caveolin mediated endocytosis utilizing gp60 for trafficking ALB-NP inside
endothelial cells. SPARC released bind ALB-NP near tumor cells for enhanced retention .

Inspired by the Abraxane® model, different ALB-NPs systems are emerging for use as a
multimodal nanoprobes for cancer therapeutics. Lie et al. used CTAB-Au nanorods covalently
linked with ALB for combining photothermo-chemotherapy . Au provided photothermal cancer
cell ablation under NIR excitation, and the presence of ALB permits the loading of the

chemotherapeutic agent PTX via hydrophobic interaction. In addition, ALB acted as biomimetic
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transportation of Au-NPs utilizing SPARC targeted pathway to human colon cancer cells

(HCT116).

1.4 Statement of the problem

Cancer is regarded as one of the deadliest and most challenging disease that faces mankind.
The current conventional invasive treatments such as, radiotherapy and chemotherapy have major
drawbacks such as, recurrence, and the use of indiscriminately drug molecules that induce toxicity
to healthy tissues present in the body. PDT is a treatment that has garnered great attention, which
utilizes individually nontoxic components (light, PS, and oxygen) that are activated in a

spatiotemporal manner to induce a local cancer cell destruction.

Currently, PDT success is limited to superficial treatments, and face major challenges to
translate the treatment to deeper tumor tissues. For example, the irradiation source used in PDT to
activate most PS are far from the ideal biological optical window. PS activation lies in the UV-Vis
spectral region where light has very limited tissue penetrance. Also, PS injected in the blood are
removed from circulation through RES, and renal filtration. As a result, higher dose is required to
circumvent PS lost by circulation, which could possibly induce toxicity to healthy tissues.
Although cargo nanovehicle may assist in loading high concentration and suppress renal filtration,
presence of blood serum protein biomolecules (corona) will change NPs identity and cellular target
fate. Thus, PS would not reach their target tissues and will diminish the efficacy of PDT in deeper

tissues.

Herein, lanthanides upconversion nanoparticles (Ln-UCNPs) are used as an optically
active NIR energy transducer, and nanocarrier to enhance PDT utility for deeper tissue treatment.
NIR excitation provide deeper tissue penetration, compared with excitation sources used presently

for most PS (photosensitizer). Upconversion of Ln-UCNPs provide a selective tailored emission
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to excite an FDA approved PS Rose Bengal. Ln-UCNPs are noncompatible in biologically aqueous
media. Thus, different surface coating strategies are required to be optimized to load protein
albumin onto the surface on the nanoparticles. Albumin was selected because of its natural
abundance in blood serum providing dispersibility in biological media, and providing surface
functionality for PS loading. Further, albumin presence will mimic the adsorption of blood serum
proteins, which has implications in Ln-UCNPs targeting. PS modifications, and coupling strategies
are used to study energy transfer, and activation processes responsible for toxic radicals generation.
Cellular studies using different cancer cells line glioblastoma, and alveolar lung carcinoma (A549)
are employed to study cellular targeting, and toxicity under NIR irradiation. Both unfolded and
native albumin present on Ln-UCNPs cellular internalization studies are conducted. In both cancer
cells lines studied, cellular toxicity assays under NIR irradiations were explored showing an
enhanced PDT effect. These studies improve the use of Ln-UCNPs as optically active vehicle for
loading and activating PS. The model is not limited to PDT, and could be extended to be used as

a novel biocompatible nanocarrier for different cancer therapeutics.
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2.1 Abstract

Scheme 2.1 Graphical content of PDT nanoprobe. Rose Bengal conjugated to albumin
NaGdF4+:Yb*", Er** upconversion nanoparticles.

A modified version of a desolvation method was used to render lanthanide doped
upconverting nanoparticles NaGdFs: Yb**/Er** (Ln-UCNPs) water dispersible and biocompatible
for photodynamic therapy. Bovine serum albumin (BSA) was used as surface coating with a direct
conjugation to NaGdF4: Yb**/Er** nanoparticles forming a ~2 nm thick shell. It was estimated that
approximately 112 molecules of BSA were present and crosslinked per NaGdFs: Yb*/Er**
nanoparticle. Analysis of the BSA structural behavior on the Ln-UCNPs surfaces displayed up to
80% loss of a-helical content. Modification of the Ln-UCNPs with a BSA shell prevents
luminescence quenching from solvent molecules (H2O) with high energy vibrations that can
interact with the excited states of the optically active ions Er’*" and Yb*" via dipole-dipole

interactions. Additionally, the photosensitizer Rose Bengal (RB), was conjugated to albumin on
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the surface of the Ln-UCNPs. Emission spectroscopy under 980 nm excitation was carried out and
an energy transfer efficiency of 63% was obtained. /n vitro cell studies performed using human
lung cancer cells (A549 cell line) showed that Ln-UCNPs coated with BSA were not taken by the
cells. However, when RB was conjugated to BSA on the surface of the nanoparticles, cellular
uptake was observed and cytotoxicity was induced by the production of singlet oxygen under 980

nm irradiation

2.2 Introduction

Photodynamic therapy (PDT) is a minimally invasive cancer treatment that involves the
combination of light, photosensitizer (PS), and oxygen *. Individually the three components are
harmless, however when combined reactive singlet oxygen (102) is generated, which induces
cytotoxic reactions in cells resulting in cell death either via apoptosis or necrosis %. Unlike
conventional treatments such as chemotherapy or radiotherapy, PDT presents remarkably reduced
side effects, and improved selectivity towards cancer cells. However, the efficacy of PDT is limited
since the majority of currently available photosensitizers are excited using UV/visible light *°2.
In this range of spectrum, light has a lower tissue penetration depth of typically 1-3 mm due to
scattering and the absorption of visible light by melanin and hemoglobin **. Thus, PDT is currently
restricted to superficial treatments since deep-tissue penetrance is so poor. Substantial effort has
been invested in designing photosensitizers that have absorption profiles lying in the biological
optical window corresponding to the near infrared region (NIR) of the spectrum (750-1300 nm).

In this region of the spectrum, both scattering and absorption by biological entities found in tissues

are reduced °%.
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Various challenges have been encountered in the effort to develop NIR-active photosensitizers.
First, modifying the structure of the photosensitizer diminishes targeting specificity and may
enhance toxicity. Second, the energy of NIR photons used to excite the PS is not sufficient to
induce the production of 'O, *> %, This has driven research in the area of developing efficient light
or energy transducers that can strongly absorb in the near infrared region, and simultaneously emit
in different regions of the spectrum, which could activate a broad range of PSs with different
absorption profiles.

Lanthanide-doped upconverting nanoparticles with unique optical properties have garnered
attention in biomedical applications such as photodynamic therapy *>>°!*7, bioimaging, sensing °*

100 and security inks '°!. Upconversion is the

9 and other fields such as photovoltaics devices
conversion of long-wavelength radiation (NIR) into short wavelength (UV/visible) via a sequential
two-photon or multiphoton mechanism. NIR excitation provides a number of advantages in
biological applications, which include: higher tissue penetration, lack of cytotoxicity, and
improved detection sensitivity due to the absence of autofluorescence **. Additionally, lanthanide-
doped upconverting nanoparticles possess a number of attractive features such as stability with
respect to photobleaching, long photoluminescence lifetimes, low cytotoxicity, sharp f-f
absorption and emission peaks, and tunable emission that are extremely useful for biological
applications '%2, Moreover, the large surface to volume ratio of these nanoparticles can act as a
scaffold upon which to build new functionalities such as conjugation with targeting molecules and
drugs 1.

Despite the attractive properties of Ln-UCNPs that make them excellent potential candidates for

possible photodynamic therapy applications, as synthesized Ln-UCNPs are hydrophobic, which

limits their utilization in biological applications. Different surface modification strategies have
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been used to achieve dispersibility in aqueous environments and enhance PS loading. Common
functional surface coating include adding a silica '%, or poly(ethylene glycol) shell ', rendering
Ln-UCNPs dispersible in aqueous environment. For example, Zhao et al. used a silica coated core
shell NaGdF4:Yb*'/Er**@ NaGdF4 for incorporating a modified phthalocyanine PS in PDT
applications '°. In a recent work Dou et al. covalently attached Chlorin e6 (PS) to amine
functionalized silica coated NaYF4:Yb**/Er**, showing a promising photodynamic effect at low
nanoparticles concentration 7. Very recently, another surface coating for NaYF4:Yb**/Er** using
polymer poly(allyamine) conjugated to RB was proposed as a model to enhance tissue
photochemical regeneration and possible application in PDT % _ In a different approach our group
reported the utilization of oleate-free Ln-UCNPs *!, to electrostatically graft the modified PS
temoporfin on the surface of LiYF4:Yb*"/Tm*" for the production of singlet oxygen *.

Surface modifications have been used as enhanced application of Ln-UNCPs in drug delivery
and cancer targeting. However, nanoparticulate foreign entities entering the body are typically
coated by various proteins in the serum to form a corona ”°. Furthermore, the corona can be divided
into two types: a ‘hard’ corona, consisting of proteins adsorbed to NPs with high affinity, and a
‘soft’ corona, consisting of more loosely bound proteins passively acquired from the serum of the
host. Soft coronas adsorbed to the surface can cause aggregation, affecting both the biological
identity of the nanoparticles and their therapeutic effects '%. Albumin, the most abundant protein
in serum, has received considerable attention recently because it has been demonstrated to increase
biocompatibility and stability in aqueous environments when adsorbed to the surface of
nanoparticles ''°. Furthermore, it has been proposed that pre-loading of purified albumin onto NPs
as a hard corona can confer a ‘stealth’ property onto an NP, preventing unwanted and uncontrolled

accumulation of various host serum proteins to form an adventitious corona blocking cellular
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uptake ''!. In addition, albumin-coated nanoparticles have been shown to be effectively loaded
with drugs and to accumulate in cancer tissues through passive targeting '°.

In this work, we present NIR excited upconverting nanoparticles NaGdF4: Yb**/Er*" coated with
bovine serum albumin (BSA) for dispersibility in aqueous medium, biocompatibility and loading
capability. By targeting free amine groups on the BSA surface we covalently bonded Rose Bengal
(RB) modified with a hexanoic acid chain. Herein, we show that efficient energy transfer occurred
between Ln-UCNPs and RB under 980 nm excitation, producing singlet oxygen that can be
detected via a 1,3 diphenylisobenzofuran (DPBF) trap. Optimization of the concentration of RB
on nanoparticles was carried out, and the energy transfer process was monitored by the decrease
in the emission intensity of the *S3»-*I15, transition. In addition, the stoichiometry and structural
conformation of BSA molecules bound to Ln-UCNPs surface were examined. Circular dichroism
spectroscopy demonstrated a major loss of BSA helical structure on the surface of the
nanoparticles. Transmission electron microscopy (TEM) studies revealed the thickness of the BSA
shell on the nanoparticles to be ~2 nm. Moreover, in vitro cellular uptake and toxicity tested using
A549 lung cancer cell line were carried out. BSA coated Ln-UCNPs (BSA-Ln-UCNPs) showed
no cellular internalization. Most significantly, conjugating RB to the BSA coated nanoparticles,
resulting in the nanoconstruct “RB-BSA-Ln-UCNP” imparted targeting ability that facilitated
cellular uptake. Following uptake, RB-BSA-Ln-UCNP induced cellular toxicity upon irradiation

with 980 nm infrared light.

2.3 Results and Discussion

In the present study, we synthesized hexagonal phase oleate capped lanthanide-upconverting

nanoparticle NaGdFs: Yb*'/Er*" (oleate capped-Ln-UCNPs) (Fig. S2.1, ESI) using a thermal
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Figure 2.1 Transmission electron microscopy (TEM) of water dispersible BSA conjugated
NaGdFs: Yb**/Er*" (BSA-Ln-UCNPs) 0.1 mg/ml in H>O. (A,B) BSA coated nanoaggregates
of BSA-Ln-UCNPs using desolvating agent with ethanol only. (C,D) BSA-Ln-UCNPs
desolvation in presence of 4uL of 8% glutaraldehyde. (E) Negative staining TEM using uranyl
formate. (F) High resolution TEM revealing the deposition of 2 nm BSA on the surface.

decomposition method previously reported by our group !'2. The oleate capped-Ln-UCNPs have
hexagonal morphology with a length of 78 nm between opposite vertices (Fig. S2.2, ESI). As
synthesized Ln-UCNPs are freely dispersible in non-polar organic solvent due to the oleate ligand
present on the surface of the nanoparticles. To enhance biocompatibility and dispersibility in
physiologically-relevant aqueous environments, BSA was used as a surface coating using a
modified version of an ethanol-based desolvation method reported previously ''°. This approach
produced monodisperse albumin coated nanoparticles with different shell thickness depending on
the desolvating (ethanol) and cross-linking agents (glutaraldehyde) used ''*. The technique is
similar to micellar production in polar solvents '!*. Specifically, the presence of the desolvating
agent promoted local unfolding of BSA, exposing the majority of the amino acid side chains in an
amphipathic manner. Amino acid residues with non-polar side chains form an interior-facing non-
polar surface interacting with non-polar oleate groups, while exterior-facing hydrophilic side

chains are solvent-exposed, rendering BSA-coated Ln-UCNPs water dispersible. Initially, we used
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a desolvation method employing ethanol alone with BSA in the presence of Ln-UCNPs. The BSA-
coated Ln-UCNPs were examined by TEM, and large nanoparticle clusters were observed (Figs.
2.1A and 2.1B). In order to produce a well-defined surface coating per single nanoparticle,
different concentrations of glutaraldehyde (4, 15, 20, 30 pL of an 8% (v/v) solution) was added to
the reaction mixture. It was evident that 4 pL. of glutaraldehyde was the optimal concentration to
minimize the formation of nanoparticle aggregates, and to form a uniform 2 nm thick BSA coating
as seen in high-resolution TEM images (Figs. 2.1C, 2.1D and 2.1F). Conversely, elevated
concentrations of glutaraldehyde (20uL, and 30uL) induced precipitation of the BSA-Ln-UCNPs,
presumably due to the formation of inter-particle crosslinks as well as an overall decrease in the
surface polarity due to the loss of primary amines on targeted Lys residues of BSA.

Although TEM was effective in determining the structure, size and morphology of oleate
capped-Ln-UCNPs and BSA-Ln-UCNPs, low-mass elements such as carbon, oxygen and nitrogen
contributed to low contrast and difficulties in imaging. We therefore employed negative staining
to enhance contrast as well as to mitigate sample damage due to electron beam irradiation.

Nanoparticle surfaces were coated with uranyl formate followed by TEM imaging. Resulting
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Figure 2.2 Thermogravimetric assay (TGA): (A) Oleate capped NaGdF 4:Yb3+/Er3+ with

a 2.65 % oleate loss between 320-500 C. (B) BSA coated NaGdF,: Yb' /B ‘shows
15.24 % mass loss for a net of 120.6 pg of BSA for 1 mg nanoparticles.

images clearly showed that each nanoparticle is surrounded by a continuous layer of BSA, the
thickness of which is ~ 2 nm (Figs. 2.1E and 2.1F).

Thermogravimetric analysis (TGA) of the oleate capped Ln-UCNPs indicated a weight loss of
2.65 %, which represents a mass of 26.4 ug of oleate molecules on the surface per 1 mg of
nanoparticles (Fig. 2.2A), and a surface coverage of approximately 15 %. This result is based on
comparing the surface area of Ln-UCNPs (15290 nm?, ESI) to that of the surface area of the oleate
that has been reported to be (0.4 nm?) !>, The same measurement was performed for BSA-Ln-
UCNPs which showed a net mass loss of 15.24%, corresponding to 120.6 pug of BSA per 1 mg of
nanoparticles (Fig. 2.2B), which corresponds to a stoichiometry of 112 BSA molecules per
nanoparticle (Calculation, ESI). Given that the largest solvent-exposed surface of BSA is
approximately 64 nm? (overall BSA dimensions approximately 8 nm x 8 nm x 3 nm (PDB code:
3V03) !, 112 folded BSA molecules would cover approximately 7,200 nm?, which is less than

the surface area of a single Ln-UCNP nanoparticle (15,290 nm?).
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Figure 2.3 Circular dichroism (CD) analysis of native BSA shown in red, and
BSA-Ln-UCNPs. Two minima between 215-225 nm represents a-helices region.

Since we observed a continuous layer of BSA coating Ln-UCNPs, we therefore reasoned that some
degree of unfolding of BSA had occurred upon adsorption to the nanoparticle surfaces. Given that
BSA is an a-helical protein, we used far-UV circular dichroism (CD) to determine helical content
of BSA when adsorbed to the Ln-UCNPs. Far-UV CD spectra of BSA and BSA-Ln-UCNPs
revealed a decrease in BSA helical content of approximately 80% when adsorbed to Ln-UCNPs
in comparison with the same concentration of BSA in solution (Fig. 2.3). This supports our
hypothesis that BSA undergoes unfolding upon adsorption to Ln-UCNP surfaces, resulting in the
formation of a continuous BSA layer on the nanoparticle surfaces.

The synthesized nanoconstruct BSA-Ln-UCNPs is water dispersible, which is necessary for
biological applications. To investigate the effect adding BSA on the surface of the Ln-UCNPs on
upconversion spectra, measurements were performed on the BSA capped Ln-UCNPs
nanoparticles dispersed in water (H>O) as well as deuterated water (D,0O) (Fig. S2.3, ESI). We
observed that both the peak positions in the green region centered at approximately 525 nm and
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550 nm ascribed to the transitions 2Hi12-*I152 and *S3/2-*1152 respectively remain the same in both
solvents. Also, the peak position in the red region centered at 650 nm assigned to the transition
from the “Fo/2 excited state to the *I52 ground state remains the same. More importantly, no change
is observed in the overall intensities of the peaks in the green and red region. These results provide
evidence that BSA on the surface of the Ln-UCNPs provides excellent coverage of the surface of
the nanoparticles thus preventing any interaction with the high-energy OH vibrational groups in
H,O , thus preventing the multiphonon relaxation from the 2Hj1/2/*S352 to the “Fop, state *I> 17. If
multiphonon relaxation was occurring an increase in the intensity of the transition at 650 nm (*Foy
to the *I;s2) with the concomitant decrease of the intensity in the green region would have been
observed.

RB is a well-known photosensitizer (PS) that exhibits the facile conversion of triplet oxygen to
singlet oxygen is used !'®. The production of singlet oxygen is achieved upon irradiation with green
light in the wavelength range 530 to 560 nm. At 549 nm RB has a high absorption cross section
(99,800 M'cm™) and an excellent overlap with the green emission of the NaGdF4: Yb**/Er** (Ln-
UCNPs) from the 2Hj12/*Ssi to the *Iisp state of the Er** ions (Fig S2.4, ESI). This overlap
facilitates the energy transfer process from the upconverting Ln-UCNPs to the surface RB
molecules that can trigger the production of singlet oxygen. Conjugation of a PS to the surface of
a nanoparticle via hydrophobic or electrostatic interaction results in poor stability of the
nanoplatform with the consequence that desorption/and or leakage may occur. Liu et al.
demonstrated that electrostatic interaction of RB to the surface of NaYF4:Yb**/Er** nanoparticles
was an inefficient system due to the release of the PS. The authors reported that the amount of RB
in the eluate to be one order of magnitude less for covalently bonded nanoparticle-photosensitizer,

indicating less leakage occurs '°.
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Conveniently, the presence of BSA on the surface of the Ln-UCNPs can be utilized as a scaffold
which may be used to covalently conjugate the RB. The amine groups from lysine residues present
on BSA are utilized to carry out amidation coupling to covalently link RB to the surface of the
BSA-Ln-UCNPs. In order to covalently conjugate RB to the surface of the BSA-Ln-UCNPs, the
RB hexanoic ester was synthesized by reacting RB with 6-bromohexanoic acid ' 1?°. The
formation of the RB hexanoic ester was confirmed by MALDI-MS (Fig. S2.5, ESI). The
conjugation of the RB hexanoic ester to the BSA-Ln-UCNPs was accomplished using a
carbodiimide coupling reaction between the amino group of the BSA and the carboxylic acid group
of the hexanoic acid ester of RB. The addition of hexanoic acid is required because the carboxylate
group of the RB is sterically hindered by the adjacent chlorine which reduces the efficiency of the
amidation reaction.
2,4,6-trinitrobenzene sulfonic acid (TNBS) has UV-active chromophore which were used to
determine primary amine content following formation of 2,4,6-trinitrophenyl (TNP) lysine, which
absorbs maximally at 346 nm '?!. A calibration curve to measure free Lys residues following
trinitrophenylation was prepared (Fig. S2.6, ESI) and used to determine the number of free amine
groups per BSA-Ln-UCNP nanoparticle. We determined that each BSA molecule attached to a
Ln-UCNP contained 19 reactive free primary amine groups out of 60 Lys residues per BSA
molecule. This represents a total of approximately 2128 primary amine conjugation sites per BSA-
Ln-UCNP.

The upconversion emission spectra of a dispersion of BSA-Ln-UCNPs (0.1 wt% in H>O and a
solution of RB-BSA-Ln-UCNPs (0.1 wt% in H>O) with different RB concentrations (30, 20, 3 uM
equal 1292, 855, and 133 RB molecules per BSA-Ln-UCNP, respectively) are shown in Figure

2.4. We observe a significant difference in the intensities of the green peak centered at 550 nm of

51



—— BSA-Ln-UCNPs without RB
—— 30 M [RB]
——20 uM [RB]
——3 uM[RB]

0.8

bt
o
1

Normalized Intensity
£
1

0.2 4

ks L ! L - 1 L 1
500 550 600 650 700
Wavelength (nm)

Figure 2.4 Energy transfer spectrum of different RB conjugated to surface of BSA
coated NaGdF,: Yb''/Er’ under 980 nm excitation. Values at the legend represent the
concentrations of 1 mg/mL of RB-BSA-Ln-UCNPs in H>O.

the RB-BSA-Ln-UCNPs in comparison to the respective peaks for the BSA-Ln-UCNPs. This
provides evidence of energy transfer from the Ln-UCNPs to the RB. The maximum energy transfer
efficiency was calculated using the following equation,

E=1-(Ii/Ib)
where E is the energy transfer efficiency, I is the intensity of RB-BSA-Ln-UCNPs at 550 nm, and

I» is the intensity of the BSA-Ln-UCNPs at 550nm. The maximum energy transfer efficiency was
calculated to be 68 %.

The nanoconstruct (RB-BSA-Ln-UCNPs) was assessed with respect to its production of 'O,
under 980 nm excitation, using the standard reaction of 1,3-diphenylisobenzofuran (DPBF) with
singlet oxygen, where the decrease in the absorption peak for DPBF at 415 nm represents the
amount of singlet oxygen produced®. The nanoconstruct was irradiated with 980 nm light over a

period of 90 minutes at 15 minute intervals. Assuming that the reaction between 'O, and DPBF
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occurs in a 1:1 ratio, the number of 'Oz molecules produced was calculated to be 5.9x10%! (Figure
S7). This value is higher than the threshold required to induce cell damage that has been estimated
to be 7x10° 122,

Using confocal microscopy, we evaluated the localization of RB hexanoic ester, BSA-Ln-

UCNPs and RB-BSA-Ln-UCNPs in the mammalian cancer cell line A549. The confocal images

Modified RB

ALB-Ln-UCNP

Figure 2.5 Confocal images of A549 cancer cell line. All red colored images represent
emission from RB with excitation 548 nm, and green images represents emission from Ln-
UCNPs with 980 nm excitation. (Top) Localization of modified RB, shown from the merged
image RB localize in the cytosol. (Middle) Represent localization of BSA coated NaGdF4:
Yb**/Er¥*(BSA-Ln-UCNPs). (Bottom) RB-BSA-Ln-UCNPs localization, merged image
show that RB-BSA-Ln-UCNPs localize inside the cells occupying the cytosol of A549 cells.

(Fig. 2.5) clearly demonstrate that the RB-BSA-Ln-UCNPs are internalized by the A549 cells and

reside in the cytosol. In contrast, BSA-Ln-UCNPs lacking RB were not internalized by the cells
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rather they were found to be located around the membrane as clearly shown in the merged confocal
image (Fig. 2.5). Collectively, these two results provided evidence that RB conjugation is
necessary for the cellular uptake of BSA-Ln-UCNPs. Interestingly, albumin did not appear to be
directly involved in cellular targeting of BSA-Ln-UCNPs, in contrast to reports of other albumin-
coated NPs where uptake was thought to occur via albumin-binding ‘scavenger receptors’ '2°.
Given that RB-dependent uptake of BSA-Ln-UCNPs into A549 cells occurred in a culture medium
containing various serum proteins, the pre-loaded albumin hard corona appears to have played a
‘stealth’ role in preventing formation of an adventitious soft corona that could have interfered with
cellular uptake. Taken together, our results support the idea that this nanoconstruct may have
potential applications as a delivery vehicle of the RB that can be activated via energy transfer from
the Ln-UCNPs to produce singlet oxygen for PDT. Furthermore, as a theranostic agent, this
nanoconstruct can simultaneously be employed for deep tissue imaging.

In vitro cell viability tests using a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium reduction assay were carried out to ascertain the effect of different
concentrations of RB-BSA-Ln-UCNPs on the cells in the absence and presence of 980 nm
irradiation 1%,

The A549 lung cancer cells were incubated with RB-BSA-Ln-UCNPs at concentrations of 10
to 250 pg mL™! for 4 hours and were irradiated with 980 nm with power of 0.8 W for 10 minutes.
In the absence of irradiation, the nanoconstruct demonstrated intrinsic cellular toxicity reaching
15 %. This similar activity has been recently shown for RB alone, that induces tumor regression
and immunogenic cell death in human colon cancer cells while not affecting normal fibroblast
cells 2>, However, following 980 nm excitation, an increase in toxicity was observed to be

proportional to the nanoconstruct concentration (RB-BSA-Ln-UCNPs) and reached up to 36 %
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cell death for a 10-minute exposure time using 250 ug concentration (Fig. S2.8, ESI). This toxicity
level could be enhanced by increasing the concentrations of the nanoparticles, and exposure time.
CONCLUSION

In summary, we used a one-step approach we prepared BSA-coated monodisperse NaGdF4:
Yb3+/Er3+ upconversion nanoparticles with a shell thickness of 2 nm, by crosslinking BSA on
the surface of the nanoparticles in presence of glutaraldehyde and ethanol. Also, the structure of
BSA attached to nanoconstruct surfaces was examined, and a loss of helical content was observed,
indicating BSA unfolding. The number of BSA molecules and reactive primary amine groups were
quantified, and this information was used to prepare RB-conjugated BSA-Ln-UCNP
nanoconstructs. We demonstrated that RB conjugated to the surface of the BSA-Ln-UCNPs
acquired a cellular targeting ability, facilitating cellular uptake of the nanoparticles. We also
showed that energy transfer induces singlet oxygen release in vitro under 980 nm excitation and
cause cellular toxicity of A549 cells within a 10-minute exposure time. The RB-BSA-Ln-UCNP
nanoconstruct reported here provides additional targeting and cytotoxic capabilities to selectively

detect and destroy tumor cells in deep tissue.

2.4 Experimental Section

2.4.1 Synthesis of NaGdFs: Yb3*/Er3* (Ln-UCNPs)

Monodisperse upconverting NaGdF4:Yb*'/Er’** nanoparticles were synthesised by thermal
decomposition technique established by our group *!. Erbium oxide (Er203, 99.99%), Gadolinium
oxide (Gd203), Ytterbium oxide (Yb20s3), trifluoroacetic acid (CF3;COOH, 99%), Sodium
trifluoroacetate (NaCF3;COONa, 98%), oleic acid (technical grade,90 %), and 1-octadecene

(technical grade, 90%) were all purchased from Sigma-Aldrich and were used without any further
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purification. First, lanthanides precursors are prepared by dissolving Gd20s (0.534 g, 9.75x10™
mole, 78 mol % ), Er203(0.0096 g, 2.5x10”° mole, 2 mol % ), and Yb2053 (0.0985 g, 2.5x10™ mole,
20 mol %) in a 10 ml mixture of distilled water and trifluoroacetic acid (1:1) at 80 ‘C for 12 hours
under reflux. The solvent was evaporated slowly at 60 “C for 16 hours to produce a white powder.
Sodium trifluoroacetate (0.34 g, 2.5 x10” mole) was added over the dried precursor and the
solution is gradually heated up to 125 °C under vacuum in the presence of 7.5 mL oleic acid and
7.5 mL 1-octadecene. Meanwhile, a receiving flask containing 12.5 mL oleic acid and 12.5 mL
1-octadecene heated up to 150 ‘C under vacuum for 30 minutes, followed by a direct temperature
increase up to 310 ‘C under inert atmosphere using gentle flow of argon gas. Heated precursors
were injected to the receiving flask at rate of 1.5 mL/min using syringe and pump system and left
stirring for an additional hour. The solution was cooled down to room temperature, and NaGdFa:
Yb**/Er** nanoparticles were precipitated with ethanol. Nanoparticles were isolated by
centrifugation 3400 rpm for 15 minutes. For additional purification, collected pellet were washed

twice with hexanes/ ethanol (1:4).

2.4.2 Transmission electron microscopy and negative staining

To determine the particle size and morphology, high resolution transmission electron microscopy
using a Philips CM200 operated at 200kV equipped with a charge coupled device (CCD) camera
(Gatan) was used. A solution of 0.1 wt % Ln-UCNPs was prepared in toluene and 15 pL of the
solution was evaporated on a formavar/carbon film supported on a 200 mesh copper grid. Samples

for the negative stain were prepared by adding 5 uL of BSA coated Ln-UCNPs in water (0.5
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mg/mL) to copper grid, and sample left to air dry. Later, 5 uL of 1.5% uranyl formate solution in

5 M NaOH solution was added, incubated for 1 min and allowed to dry.

2.4.3 X-Ray powder diffraction

X-ray powder diffraction (XRPD) measurements was performed using Scintag XDS-2000
diffractometer equipped with Si(Li) solid state Peltier detector, a Cu Ka source using a generator
power of 40mA and 45 kV, receiving beam slits (0.2-0.5 mm), and beam divergent (2 mm and 4
mm). The range of the scan was set between 20-80° 26 with a 0.02° step size and a count time of

1s.

2.4.4 Bovine serum albumin (BSA) coated NaGdF4: Yb3*/Er3*

A modified version of BSA nanoparticle synthesis protocol ''*, was used to produce water-
monodisperse BSA coated NaGdFs: Yb*'/Er’* (BSA-Ln-UCNPs). To prepare the coated
nanoparticles, 2 mg of Ln-UCNPs were dispersed in 7 mL ethanol, sonicated for 10 minutes and
injected using a syringe and pump system to a BSA (Bovine Serum Fraction V, Bioshop) solution
Img/mL at a rate of 1 mL/min. Once the injection was terminated, different volumes (4, 15, 20,
30 pL) of (8%) glutaraldehyde solution was added, and the reaction stirred for an additional 4
hours. BSA-Ln-UCNPs were centrifuged (12470 g, for 5 minutes) and the white pellet washed 3

times with ultrapure water and stored in water at -20 "C.

2.4.5 Thermogravimetric Assay (TGA)

TGA was used to estimate the actual mass of BSA on the surface on of the Ln-UCNPs. The mass

of oleate was quantified by measuring the mass loss of NaGdF4: Yb**/Er** between 250-600 “C.

Initial mass of the Ln-UCNPs used was 9.845 mg and showed a total weight loss of 2.65%. This

represents 5.63x10'® molecules of oleate per 1 mg Ln-UCNPs, which corresponds to a surface
115

coverage of approximately 15 % , based on the surface area of 0.4 nm? for the oleate molecule ''°,
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and 15290 nm? area of single Ln-UCNPs. The area of the Ln-UCNPs is calculated by measuring
the average length of the hexagon prism shown by TEM. Similarly, TGA measurement was carried
out for BSA-Ln-UCNPs and percent mass loss was recorded between 200 °C and 800 °C, showing
a 15.24 % mass loss which represents 120.64 pg for 1 mg Ln-UCNPs. BSA has a molecular weight

of 66 463 kDa, this will imply to 112 BSA molecules per single Ln-UCNP.

2.4.6 Primary amine quantification

Trinitrobenzenesulfonic acid (TNBS) a well-established method for primary amines
quantification, and protein detection, was used to quantify free amine on BSA-Ln-UCNPs !,
Briefly, 0.25 mL of TNBS solution in 0.01% NaHCO3 was mixed with lysine standard solutions
between 1-10 pg, for a total volume of 2 mL per sample to generate a standard curve. Mixtures
were incubated for 2 hours at 37 °C, followed by addition of 0.25 mL 10% SDS, and 0.125 mL of
IM HCI generating an orange color that was quantified by measuring the absorbance at 346 nm.
BSA-Ln-UCNPs quantification was obtained using the lysine standards. Based on calibration

curve we estimated that 2128 primary amine sites per single BSA-Ln-UCNPs.

2.4.7 Luminescent intensity NaGdFa: Yb3"/Er3*

To study the influence of water on the luminescence of the Er** ions of the BSA conjugated
nanoparticles the emission spectra were recorded using ultra pure water and D0 as the solvent. A
980 nm diode laser (F6 series fiber coupled, 0.5 W power) was used to excite the sample solution
(1 wt %). The emission spectra were collected using a double monochromator (Jarrell-Ash Czerny
Turner), photomultiplier tube (R943-02, Hamamatsu), SR440 (Standard research amplifier),

SR400 (Gated photon counter), and SR465 (computer data acquisition software).
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2.4.8 Rose Bengal linker addition, and surface conjugation

RB (Rose Bengal) was modified by adding a hexanoic acid linker to facilitate coupling with the
primary amines of BSA that is coated on the nanoparticles surface !'°. In brief 50 mM RB and 125
mM 6-bromohexaonic acid were mixed in 70% acetone solution (20 mL) and refluxed at 60 °C for
18 hours. The reaction mixture was acidified with H>SO4 and extracted three times using
dichloromethane (30 mL). The sample was dried under vacuum for 24 hours. Matrix assisted laser
desorption ionization mass spectrometry (MALDI-MS) was used to confirm the modification to
RB. In order to couple modified RB to BSA-Ln-UCNPs, 20 mM modified RB was mixed with 50
mM EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, Sigma-Aldrich) and 50 mM NHS
(N-Hydroxysuccinimide, Sigma-Aldrich) in DMSO and stirred for three hours at room
temperature. Different concentration of nanoparticles were added over the mixture and stirred
overnight (in dark). Dialysis was performed using ultrapure water for 4 hours, and 16 hours using
12-14 kD membrane (Spectrum labs). RB-BSA-Ln-UNCPs are collected via centrifugation (14000

rpm), and washed three times using ultra pure water and the sample was stored at -20 “C.

2.4.9 Energy transfer measurements

The concentration of modified RB coupled to BSA-Ln-UCNPs was determined using RB
calibration curve. Three different concentrations (30, 20, and 3 uM) were conjugated to BSA-Ln-
UCNPs. For Luminescent intensity measurements, same concentration of Ln-UCNPs were
optimized to 1 mg/ ml in water using ICP-MS (inductively coupled plasma mass spectrometry,

Agilent 7500ce). BSA-Ln-UCNPs were used as standard emission under 980 nm excitation.
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Energy transfer is attributed to the decrease in the intensity of *Ss;-*I1s/2 transition at 540 nm for

RB-Ln-UCNPs emission compared to BSA-Ln-UCNPs.

2.4.10 Singlet oxygen measurement

DPBF (1,3 dipenylisobenzofuran, Sigma-Aldrich) probe was used to detect singlet oxygen
production ¥, RB-BSA-Ln-UCNPs (1mg/ml) are dispersed in 1:1 ratio in deuterated solvents of
Dimethyl sulfoxide-ds (Sigma Aldrich), and D,O (Sigma Aldrich). Absorbance of DPBF (35 uM)
at 415 nm was measured prior to 980 nm laser irradiation. 980 nm excitation of RB-BSA-Ln-
UCNPs was performed at 15 minute time intervals for a total time of 90 minutes. Assuming 1:1
ratio of singlet oxygen and DPBF, approximately 28 % of DPBF was consumed which was used

to calculate the production of molecules of singlet oxygen (5.9x10%1).

2.4.11 In vitro localization assay

Cellular localization of the nanoconstruct was tested using A549 lung cancer cell lines. 35 mm cell
culture dish cells are seeded with a density of 2.5x10° cells. After 24 hours, different concentration
of RB-BSA-Ln-UCNPs were mixed with 2 mL cell culture medium that contained F-12k (Wisent
Bioproducts) with 10% FBS (Thermofisher Scientific), and 1% Penicillin/ streptomycin
(Thermofisher Scientific) (10, 000 U)/mL. RB-Ln-UCNPs were incubated for 4 hours, followed
by isotonic saline washing using PBS (Thermofisher Scietific). Furthermore, cells are fixed with
10 % formalin (Sigma Aldrich) for 15 minutes, followed by washing with PBS twice. Fixed cells

are stored at 4 "C, and imaged using a Zeiss LSM780 confocal microscope.

2.4.12 Cell viability assay

A549 lung cancer cells were seeded on 96-well plate with a density of 5000 cells/ well. The cells
allowed to grow for 18 hours, followed by PBS wash and the addition of 100 pL cell culture
medium (F-12k medium with 10% FBS and 1% Penicillin/streptomycin (10, 000 U)/mL).
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Different concentrations of RB-BSA-Ln-UCNPs were incubated with A549 cells for 4 hours at 37
°C. The cells are washed with PBS and incubated for additional hour at 37 ‘C in cell culture
medium. After this, cells are irradiated with 980 nm for a period of 10 minutes. A549 cells are
allowed to grow for additional 18 hours. Later MTT ((3-[4,5-dimethylthiozol-2-yl]-2,5-
diphenyltetrazoliumbromide, Thermo-Fisher Scientific) reagent (0.2 mg/mL in cell culture
medium) was added to cells and incubated for 4 hours at 37 °C. Formazan crystals formed are
dissolved by the addition of 150 pL of DMSO, and MTT absorbance at 590 nm measured using
96-well plate (BioTeK). Same procedure as above was done for RB-BSA-Ln-UCNPs but without

irradiation to estimate the toxicity of nanoconstruct by itself for A549 cells.
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2.5 Supporting Information
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Figure S 2.1 X-ray powder diffraction pattern of NaGdF4:
Yb**/Er** (Black). Spectrum comparisons are drawn to reference
hexagonal and cubic phases shown in red and blue respectively.
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Figure S 2.2 TEM image of NaGdF4: Yb**/Er**,1% solution in
Toluene. Average size of the particle is 78 nm +/-2.9 nm (scale 500
nm).
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Figure S 2.3 Luminescent intensity measurements using 980 nm excitation. Same concentration
of BSA coated NaGdF4: Yb*/Er**used for both measurements (1mg/ml). In red sample in D,0,

and black in H,O.
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Figure S 2.5 Overlap spectrum of NaGdFs: Yb**/Er**and RB.
Luminescence emission using 980 nm excitation shown in black, and RB
absorption shown in red.

3000

1086.6421

2500

2000+

1500+

604.2723

1000

960.7413

L 1028.5945
— 1147.7728

500

779.2302

F530.0005
F=6202445—

=

E

5

[=}
o

T T T L
1000 1500 2000 2500 3000
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Figure S 2.6 TNBS assay for primary amine quantification. Lysine used as
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Figure S 2.7 DPBF absorption decrease as a function of irradiation time using
980 nm. Img/ml nanoparticles in deuterated DMSO and D,O (1:1) with 35 uM

DPBF.
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under 980 nm excitation for 10 minutes period, using A549 cells. Four
different concentrations 10, 40, 100, and 250 pg of nanoconstruct used.
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3.1 Abstract

10, -OH -SH

selective uptake

Scheme 3.1 Schematic representation of selective cellular uptake of RB albumin
conjugated Ln-UCNPs

We report an approach to the conjugation of native albumin to the surface of upconverting
nanoparticles, endowing the nanoconstructs with enhanced photosensitizer loading, and permitting
selective delivery towards glioblastoma cells. Improved PDT efficacy was realized after

nanoparticle internalization and the detection of ROS radicals under NIR irradiation was observed
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3.2 Introduction

Although reactive oxygen species (ROS) are part of normal cellular metabolism,
aberrant production of ROS can have significant effects on the cellular environment
including redox homeostasis, cell functions and signalling pathways that regulate cell
division and stress response systems'2®. Photodynamic therapy (PDT) is a non-invasive
cancer treatment that induces ROS generation through the combination of photosensitizer
(PS), light, and in situ oxygen to induce the production of singlet oxygen ('02) and ROS
that oxidizes lipids, proteins and DNA, destroying cellular and tumor vasculatures '%7.
PDT has several disadvantages that affect its efficacy in cancer treatment. First, most of the
commonly used PS that possess high 'O> yield are excited in the UV or visible range '**
129 This high-energy light can induce tissue damage, and has low tissue penetration depth?.
Second, most PS lack the ability of tumor cell recognition, resulting in unintended uptake
by healthy cells '*°. Third, due to an insufficient oxygen supply in tumors, 'O, production
is limited, and consequently so is PDT efficacy '*°.

Lanthanide doped upconversion nanoparticles (UCNPs) are near-infrared (NIR) energy
transducers, undergoing a sequential absorption of two or more NIR photons that results in
the emission of higher energy radiation (UV-Visible-NIR). NIR as an excitation source
provides major advantages in the context of PDT. NIR radiation affords deeper tissue

penetration due to reduced absorption and scattering '3!: 132

, and more importantly reduced
photodamage of tissues by circumventing the requirement for the direct use of higher
energy radiation %3, Collectively, these features promote UCNPs as an excellent therapeutic
tool for PDT, and other applications such as bioimaging !**, light mediated drug delivery

134,135 "biosensing 1?6, and optogenetics 37 13%,
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However, effective delivery of nanoparticles (NPs) towards a specific biological target
remains a major challenge for multiple reasons. First, the NP size, mechanical flexibility,
surface charge, and functionality are all contributors for delivering NPs with their cargo to
the target 3% %, Second, adsorption of serum protein (coronas) to NPs entering the body
alters the biological identity of the NPs, diminishing targeting ability, as well as therapeutic
efficacy 4!

Albumin (ALB) has garnered great attention as a loading and targeting nanocarrier for
different cancer treatments. It is the most abundant protein in serum and is known to
selectively accumulate in tumor tissue. It is also used as a major energy source for protein
production in cancer cells '*?. ALB uptake in tumor vessels, malignant and stromal cells is
dependent on the presence of albumin binding proteins (ABP), in particular the
overexpression of metastasis-related extracellular matrix glycoprotein (gp 60), and SPARC
(secreted protein acidic and rich in cysteine) receptors which have high binding affinity to

native serum albumin!'®?

. In this regard, Zhao et al. determined the presence of
overexpressed SPARC on human colon tumor cells (HCT®8) has facilitated the cellular
uptake of cancer drugs encapsulated in ALB NPs that demonstrated enhanced toxicity 4.
Inspired by ALB targeting abilities, and the biological relevance of UCNPs in PDT, we
developed a covalent linking strategy without the use of coupling reagent to load native
ALB onto the UCNP surface. ALB provides biocompatibility and dispersibility of UCNPs
in aqueous environment. Rose Bengal (RB) was chosen as a PS for its strong ALB binding
affinity and excellent spectral overlap with UCNPs, producing type II and I photoreaction

processes. The latter bypass the oxygen requirement for ROS production, which is

important in hypoxic tumor environments. Incorporation of RB with ALB-UCNPs had no
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influence on the cellular uptake behaviour on lung cancer cells (A549). However, ALB
presence solely selectively permits intracellular targeting ability of UCNPs towards
glioblastoma cancer cells (U251N), permitting an intense upconversion PDT effect

demonstrated upon the 976 nm irradiation.

3.3 Results and Discussion

NaGdF4: Yb**, Er*" UCNPs were synthesized using a thermal decomposition method
known to produce monodisperse and highly crystalline nanoparticles'®. The synthesized
UCNPs exhibited a hexagonal prism morphology, with an average size of 31.3 = 1.6 nm
(Fig. 3.1A) and a hexagonal crystal phase (Fig. S3.1).
The as-synthesized oleate-capped UCNPs are only dispersible in nonpolar organic solvents.
To this end, oleate-free UCNPs were prepared and 6-maleimdohexanoic acid (MA) was
introduced as a bifunctional linker to be grafted on the NP surface. The carboxylic acid
moiety of MA coordinates with the positively charged surface of the oleate free UCNP
surface, and the maleimide end acts as a thiol targeting group, forming a stable thioether
adduct at pH 7.4 '*. To confirm the grafting of MA linker, the stretching modes of free and
conjugated MA are compared as shown in Fig. S3.2. Maleimide groups extending from the
UCNPs surface were then used as anchors for the thiol group on bovine serum albumin at
pH 7.4. Kratz et al. reported that albumin possesses a single thiol group (cysteine 34) at
neutral pH, which is used for conjugating maleimide modified doxorubicin to ALB for
enhancing chemotherapeutic drug delivery '*¢. By mixing ALB with MA-UCNPs in PBS
buffer at pH 7.4, coupling was performed, without the need for additional coupling
reagents, to generate ALB-coupled MA-UCNPs (ALB-UCNPs). Thermogravimetric

assays (TGA) were employed to estimate the number of ALB molecules loaded on UCNPs.
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Initially, surface MA molecules were quantified, and determined to be 10.82 ng MA/mg
UCNPs, corresponding to 2030 molecules per NP. Similarly, TGA was applied to ALB-
UCNPs identifying the presence of 31.34 pg of ALB, giving resulting in approximately 18
ALB per NP (Fig. 3.1B). This translates to a 25.7 % surface coverage using 64 nm?* as ALB
surface area !''°, with the calculated area of a single UCNP ~ 4488.4 nm?. Liu et al.
identified that carboxylate anions have a higher binding affinity towards lanthanide ions on
the (100) facet of hexagonal phase NPs '47. This indicates that the MA linkers are

potentially asymmetrically grouped on one facet. Additionally, the globular size of ALB
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Figure 3.1 (A) TEM image of oleate capped UCNPs (NaGdF4: Yb*", Er**) 1 mg.mL"! dispersed in
toluene. UCNPs measured between two opposite vertices giving average size distribution of 31.3 £
1.6 nm as shown in the blue. (B) Thermogravimetric assay (TGA) in red MA-UCNPs, 6-
maleimidohexanoic acid linker conjugated to NaGdF4: Yb**, Er** with a 1.29 % mass loss. Black
curve represents albumin (ALB) conjugated with MA-UCNPs with a 3.86 % mass loss

prevents accessibility to neighbouring MA, consequently decreasing the UCNP percent
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Figure 3.2 (A) Energy transfer emission spectra of ALB conjugated UCNPs (ALB-UCNPs), and in the presence of
different RB concentrations using 980 nm irradiation. Values at the legend corresponds to 2 mg.mL~1 nanoparticles
in PBS solution, and the number of RB molecules present in a single nanoparticles(RB-ALB-UCNP). (B) Electron
paramagnetic resonance of RB-ALB-UCNP with DMPO spin trap and the corresponding stimulated adducts

surface coverage. This postulation was consistent with an observed shift in the intrinsic
fluorescence maximum of tryptophan that showed a 6 nm blue shift (Fig. S3.3) , which has
been used as a diagnostic landmark for ALB clustering 4%,

In order to impart the ALB-UCNPs with PDT capability, Rose Bengal (RB) was chosen as
a photosensitizer. RB has a high 'O, quantum yield and low rate of photodegradation,
resulting in efficient ROS production '*°. Also, RB absorbance has a strong spectral overlap
with the green emission from Er’" in the UCNPs, with a maximum overlap centered at 540
nm (Fig. S3.4A) which is attributed to the *S3»-*1;s/ transition of Er*" (Fig. S3.4B). This
spectral overlap is necessary for energy transfer to RB, and therefore for triggering the
production of ROS. Apart from the advantages listed above, Alarcon et al. showed that RB
possesses high binding affinity for native ALB, reaching up to 10 molecules of RB for a
single ALB molecule, with a high 'O, flux at low RB concentrations '*°. To determine the
optimal RB loading for the UCNP-PDT system, we loaded 3 different RB concentrations
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onto the ALB; 1.96, 2.45, and 2.94 uM, corresponding respectively to approximately 77,
97 and 116 molecules for a single ALB-UCNP based on an RB standard curve (Fig. S3.5).
The range studied permits the presence of less than 7 RB molecules per ALB, based on the
total 18 ALB present on a single UCNP. Low RB concentrations are important to prevent
stacking and triplet state quenching which are known to significantly affect ROS

production!'>®

. Upconversion emission spectroscopy at 976 nm excitation of the different
RB loaded concentrations (RB-ALB-UCNP) was performed, with maximum energy
transfer (74.02 %) observed at 97 RB loaded per UCNP, corresponding approximately to 5
RB molecules for a single ALB molecule (Fig. 3.2A). Energy transfer was calculated based
on the decrease in emission intensity from the *S3/>-*Iis» Er’" transition for UCNPs in the
absence and presence of RB.

ROS production was first evaluated using DPBF (1,3-diphenylisobenzofuran), a known

probe for activity towards different radicals !'°!

, with higher sensitivity towards the
detection of 'O2 which is implicated in type II photoreactions '°2. The RB-ALB-UCNPs
were irradiated for 20 minutes in the presence of 25 pM DPBF, and in the absence and
presence of sodium azide (NaN3), a known 'O, quencher (Fig. S3.6A, S3.6B). The
nanoconstruct showed a 54.4 %, and 42.3 % decrease in DPBF absorbance in the absence
and presence of NaNs, respectively (Fig. S3.6C). This change in DPBF signal in the

presence of NaN3 gives clear indication for the release of different ROS, in addition to

confirming 'O, production.
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Figure 3.3 First row for each section (A,B, and C)represent confocal image of A549 , and second raw
U251N. Blue color is the nuclei stain using DAPI, Green represents emission from UCNPs excited with 980
nm, and in Red is RB emission using 548 nm excitation. 200 pg.mL"" (of nanoconstruct is used. (A) cellular
localization of ALB-UCNPs, F-merged represent fluorescent merged images. Overlay, is the merged images
including bright field showing internalization of ALB-UCNPs into the cytosol. (B) cytosolic localization or
RB without the nanoconstruct. (C) Represent RB-ALB-UCNPs localization, where cell uptake noticed for
merged U251N image. Scale bar shown in white represents 10 um
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Electron paramagnetic resonance spectroscopy (EPR) is a technique that can be utilized to
detect and identify the production of radical species through the use of a spin trap. The ROS
produced by RB-ALB-UCNPs were evaluated using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO), a spin trap which forms adducts with oxygen, nitrogen and sulfur-based radicals,
and 3,3,5,5-tetramethyl-1-pyrroline-N-oxide (TMPO), a spin trap that specifically reacts
with superoxide radicals'®.

EPR spectra of an aqueous mixture of DMPO and the RB-ALB-UCNPs were obtained after
10 minutes of irradiation at 976 nm. As seen in Fig. 3.2B, the DMPO-OH radical adduct
(on =14.3 G, an= 14.3 G) was observed, confirming the production of type I photoreaction
hydroxyl radicals by this system, in agreement with the RB-mediated production of
hydroxyl radicals with X-PDT nanosystems !°*. The type I mechanism is oxygen-
independent, which is a major advantage at deep tumor sites where oxygen is scarce'>,
thus enhancing the efficacy of PDT. The DMPO-SH radical adduct (an=15.0 G, au =17.8
G) was also observed and can be attributed to the reaction of 'O> with the cysteine and
methionine residues in the ALB coating the NPs '°°. The EPR results are thus in agreement
with the absorbance-based assays for detecting ROS and 'O,.

The efficacy of PDT is enhanced when ROS are produced inside the cells or at the vicinity
of mitochondria '*’. However, different cancer cell lineages exhibit different expression

levels of ALB binding proteins or receptors on their surfaces '8

, consequently affecting
the outcome of cellular trafficking of ALB NPs. Lin et al. reported that brain tumors
overexpress SPARC, and gp60 proteins, which are responsible for cellular uptake of the

ALB-modified paclitaxel cancer drug '*°. Two cancer cell lines, human alveolar epithelial
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cancer (A549) and human glioblastoma (U251N), were used to evaluate the efficacy of the
RB-ALB-UCNP for PDT, as these lines exhibit different expression levels of ALB binding
proteins or receptors. Cellular uptake in each line was evaluated using the upconversion
emissions of the ALB-UCNPs for NIR-excited confocal microscopy. Cellular uptake using
A549 cancer cells showed no internalization behaviour, as observed by confocal
microscopy (Fig. 3.3A). However, ALB- significant cellular uptake was observed in
U251N as evidenced by the UCNP emissions spanning the area around the nuclei (Fig.
3.3A). To confirm that the ALB-UCNPs were residing in the cytosol, and not attached to
the cellular membrane, orthogonal sections for z-stack confocal images show that the
particles show heterogeneity in the cytosolic compartment (Fig. S3.7).

Further, we examined the effects of the presence of RB on cellular trafficking, as its

presence was previously demonstrated to enhance the cellular uptake '°.

RB alone was
shown to stain the cytosolic compartments for A549, and U251N cells (Fig. 3.3B) in both
cell lines. Cellular localization of the RB-ALB-UCNPs in both lines showed similar uptake
patterns as previously found for RB-free ALB-UCNPs (Fig. 3.3C). Since U251N was able
to internalize the RB-ALB-UCNPs, the XTT cell viability assay was used to measure the
intrinsic toxicity (without irradiation) and the PDT toxicity effect under 976 nm irradiation.
A range of RB-ALB-UCNP doses from 10 to 120 pg/100 pLL were evaluated. RB-ALB-
UCNPs demonstrated intrinsic cellular toxicity at high concentrations of NPs (Fig. S3.8),
which is in the accordance with the significant uptake of the nanoconstructs as shown by
confocal microscopy. In contrast, low NP concentrations (60 pg/100 uL) did not show

significant intrinsic cellular toxicity (Fig. S3.8). The same concentration ranges were

applied to the U251N cells and excited with a 976 nm pulsed (5kHz) laser using a power
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density of 0.3 W/cm? for 5 minutes. The RB-ALB-UCNPs demonstrated a very strong
PDT effect at very low doses of NPs, inducing approximately 80 % decease in cellular
viability for just 0.6 ug/100 pL of the nanoconstruct, as a result of the ROS (102, RS’, and
HO") released by RB excitation.

In conclusion, NaGdF4:Yb**, Er’* UCNPs were functionalized with native ALB without
the use of coupling reagents, by utilizing the single thiol group present in cysteine 34
residues at physiological pH. We demonstrated that the presence of ALB on the UCNP
surface induces a selective intracellular targeting ability towards glioblastoma U251N cells
compared to A549 cells, owing to the presence of ALB binding proteins and receptors on
the U251N surface. Incorporating RB PS with ALB revealed both type I and II PDT
photoreactions confirmed by EPR and colorimetric measurements. /n vitro toxicity using
RB-ALB-UCNPs with 976 nm shows an intense PDT toxicity effect due to the
internalization behaviour of U251N, and the released radicals that are in the vicinity of
organelles within the cell. These results demonstrate an attractive approach in employing
ALB as a surface loading carrier with selective targeted delivery towards cancer cell for

enhanced PDT efficacy through the use of their intrinsic protein overexpression profile.
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3.4 Experimental Procedures

3.4.1 Materials

All reagents used without further purification. Gd203 (99.99 %), Yb203 (99.99), Er203 (99.99),
Sodium trifluoracetate, Oleic acid (90 %), 1-octadecene (90%), 1,3-Diphenylisobenzofuran
(DPBF) (97%), Sodium Azide (99.5%), Deuterium oxide (99.99), 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride, Paraformaldehyde, and 6-Maleimidohexanoic acid were
purchased from Sigma Aldrich. Rose Bengal was purchased from Alfa Aesar. 3,3,5,5-Tetramethyl-
1-pyrroline-N-oxide (TMPO) (>95%) and 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) (>98%)
were purchased from Santa Cruz Biotechnology and used without further purification. CyQUANT
XTT cell Viability Assay, Bovine Serum Albumin, and phosphate buffered saline (PBS), Gibco
GlutaMaX-DMEM (Dulbecco’s modified eagle medium), FBS (fetal bovine serum), and
Penicillin-Streptomycin (10,000 U/mL) were purchased from Fisher Scientific. 35 mm Dish Poly-

D-Lysine coated coverslip was purchased from MatTek Life Sciences.

3.4.2 Thermal Decomposition Synthesis of NaGdF4: Yb**, Er3*

Monodisperse lanthanide-doped upconverting nanoparticles were synthesized using the thermal
decomposition technique previously reported in the literature '!. Trifluoroacetate precursors were
prepared by refluxing lanthanide oxides Gd2O3 (78 mol %, 0.534 g, 9.75x 10" mol), Yb,O3 (20
mol %, 98.5 mg, 2.5 x 10 mol), and Er,O3 (2 mol %, 9.6 mg, 0.25 x10"%* mol) with 10 ml of
trifluoroacetic acid and distilled H>O (1:1) overnight (18 h) at 80 °C. The transparent solution
evaporated at 60 °C for 16 h, forming a white precipitate. Oleic acid (7.5 mL), 1-octadecene (7.5
mL), and sodium trifluoroacetate (0.34g, 0.25 x10-04) were added to the white precipitate, and
gradually heated to 125 °C under vacuum. Meanwhile, in another receiving flask, Oleic acid (12.5

mL), and 1-octadecene (12.5 mL) were degassed for 25 minutes at 150 °C. The temperature of the
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receiving flask was increased to 310 °C under an inert atmosphere (Ar) at a rate of 10 °C / minute.
Using a syringe pump, the precursor was injected into the receiving flask at a rate of 1.5 mL/min,
and the reaction was stirred for 60 minutes at 310 °C under an inert atmosphere (Ar). The mixture
was cooled down to room temperature under argon, followed by the addition of ethanol (99%, 60
mL), and the nanoparticles were centrifuged at 3600 rpm for 15 minutes. To remove solvent

residues, nanoparticles were washed twice with hexanes/ethanol (1:4).

3.4.3 Transmission electron microscopy (TEM)

Electron microscopy images were acquired using a Jeol-JEM-2100F microscope operated at 200
kV equipped CCD (charge coupled device) camera. The sample was prepared by making a 0.1 %
solution of NaGdF4: Yb*", Er*" in toluene and sonicating for 10 minutes. 15 pL of the nanoparticle

dispersion was deposited onto a formavar/carbon film-coated 300-mesh copper grid.

3.4.4 X-ray Powder Diffraction

X-ray diffraction patterns were measured using a Scintag XDS-2000 diffractometer equipped with
a Si(L1) Peltier-cooled solid state detector, Cu Ka source, at a generator power of 45 kV and 40
mA, beam divergent (2 mm and 4 mm), and receiving slits (0.2-0.5 mm). The measurement scan
covered the range 10-90° 20 with a step size of 0.01° and count time of 2 seconds. All samples

were measured using a quartz zero background disk.

3.4.5 NaGdFs: Yb*', Er’* upconversion emission spectra

The luminescence emission of the NaGdFa4: Yb*", Er** UCNPs were measured following 976 nm
excitation using a Coherent 6-pin fiber-coupled F6 series 980 nm laser diode coupled to a 100 um
(core) fiber. The upconverted luminescence emissions were obtained from a sample of 2 mg. mL-
! UCNPs in toluene, and for albumin conjugated UCNPs 2 mg.mL"! in PBS at pH 7.4 . The
upconverted visible emissions were collected at 90° with respect to the incident beam and
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dispersed by a double monochromator (1180 grooves/mm, Jarrell-Ash Czerny-Turner 25-102 1
m) coupled to a cooled Hamamatsu R943-02 photomultiplier tube. The photomultiplier signal was
processed using a gated photon counter model SR400 Stanford Research Systems data acquisition

system as an interface between the computer and the spectroscopic hardware.

3.4.6 Oleate removal and linker coordination on NaGdF4: Yb**, Er3*

A modified version of the protocol for generating oleate-free upconversion nanoparticles was
used*!. Oleate-capped NaGdF4: Yb**, Er*" nanoparticles (30 mg) were dispersed in 3 mL of 0.1 M
HCI solution for 30 minutes. Hexane (5 mL) was added to the nanoparticles to extract oleic acid
released into the solution. This extraction procedure was repeated 3-5 times until the solution
becomes clear. The aqueous layer was collected and centrifuged with acetone (1:5) at 13000 rpm
for 20 minutes. Nanoparticles were precipitated and washed twice with (1:1) water/ethanol
solution, centrifuging at 13000 rpm for 20 minutes. Collected nanoparticles were redispersed in
distilled water for further use. 5 mg of oleate-free nanoparticles were then dispersed in 3 mL
distilled water and mixed with 5 mg of 6-maleimidohexanic acid (linker). The solution was stirred
for 18 hours, and precipitated using centrifugation at 8700 rpm for 20 minutes. The precipitated
nanoparticles are dialysed with 12-14 kD MWCO in distilled water for 24 hours. Collected

nanoparticles were redispersed in 1x PBS (pH 7.4) solution.

3.4.7 Fourier transform infrared spectroscopy (FT-IR)

6-maleimidohexanoic acid and 6-maleimidohexanoic acid-conjugated on nanoparticles were dried
under vacuum. Dried samples are deposited onto a diamond ATR crystal of an iS550 FT-IR
spectrometer (Thermofisher Scientific) utilizing ATR (attenuated total reflectance) mode. Spectra

are collected with 64 scans and 0.8 cm resolution covering 2800-700 cm™! range.
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3.4.8 BSA surface coupling, and Rose Bengal photosensitizer loading

Albumin (0.5 mg.mL™") in PBS was added dropwise to the nanoparticles solution in PBS and
stirred for 2 hours at room temperature. ALB-MA-UCNPs were precipitated by centrifugation at
8000 rpm for 10 minutes, and washed twice with 1x PBS (pH 7.4). Three different concentrations
of RB (1.96, 2.45, and 2.94 uM) were added to aliquots of 1 mg.mL™' of ALB-MA-UCNPs. The
mixture was stirred for 24 hours at 4 °C, and dialysed with 12-14 kD MWCO for an additional 24
hours at 4 °C. Purified RB-ALB-NaGdFs: Yb**, Er*(UCNPs) conjugates were collected by

centrifugation at 13000 rpm for 10 minutes.

3.49 Tryptophan emission spectra

Fluorescence emission spectra of ALB and ALB conjugated to NaGdF4: Yb*", Er’* were measured
using a Varian Cary eclipse fluorescence spectrophotometer equipped with a xenon flash lamp and
set to an 880 Hz acquisition rate. The excitation wavelength was 280 nm and the entrance and exit

slits were set to 5 nm. The ALB concentration was set to 0.3 mg.mL"! in PBS solution at pH 7.4.

3.4.10 Thermogravimetric analysis of surface ligand

TGA measurements were carried out using TA instrument Q50 analyzer. A dried pellet of
nanoparticles and its conjugates (6-8 mg) were placed into a platinum pan, and heated under
nitrogen flow from 25 to 800 °C at a heating rate of 10 °C/minute. The 6-maleimidohexanoic acid
linker-conjugated nanoparticles showed a 1.92 % mass loss, corresponding to 10.82 pg/mg
nanoparticles. ALB coupled to the surface linker showed a 3.86% weight loss, corresponding to a

net of 31.34 pg ALB/mg nanoparticles.

3.4.11 Energy transfer measurements
Different RB loading amounts onto the surface of NaGdFs: Yb**, Er** were calculated from a
calibration curve. Different amounts of RB were added to ALB-NaGdF4: Yb*", Er’" using a
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concentration of Img.mL™! UCNPs. To estimate energy transfer under 976 nm excitation, the
upconversion emission spectrum of ALB-NaGdF4: Yb**, Er*" without RB was compared to the
emission spectrum of RB-ALB- NaGdF4: Yb**, Er** nanoparticles. The decrease in the intensity
of the *S32-*I15,2 transition at 540 nm provides an estimate of energy transfer that is attributed to

different RB concentrations.

3.4.12 Singlet oxygen detection

The DPBF (1,3 dipenylisobenzofuran) assay was used to detect reactive oxygen species released
by RB-ALB-NaGdF4: Yb**, Er*" nanoparticles under 976 nm irradiation*. 25 uM of DPBF is
added to 2 mg.mL™! of nanoparticles. The first absorption measurement was acquired without
irradiation, which provides a baseline DPBF signal. The DPBF and nanoparticles were then
excited with 976 nm, and the absorption was recorded at 5 minute intervals for a total of 30 minutes

of irradiation. The same procedure is followed for the NaN3 (20 mM) treated nanoparticles.

3.4.13 Free Radicals detection with Electron paramagnetic resonance spectroscopy (EPR)

EPR spectra acquired using a Bruker Elexsys E580 X band EPR spectrometer (Karlsruhe,
Germany) equipped with a high-sensitivity resonator cavity. The aqueous samples were analyzed
in a 150 pL Suprasil flat cell with a 0.3 mm thickness. 1 G modulation amplitude and 20 mW
power were used for acquisition. All samples were analyzed at a concentration of 50 mM TMPO
or DMPO and 2 mg/mL nanoparticles in pH 7 H>O. Sample irradiation was performed using a
continuous wave 976 nm diode laser at a power density of 3 W/cm? at a distance of 5 cm from the
sample. Aqueous solutions of TMPO and DMPO were analyzed by EPR spectroscopy prior to the
addition of the nanoconstruct to ensure the paramagnetic purity of the spin trap. Polynomial

baseline corrections were performed on each spectrum prior to fitting. Spectra were fitted using
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SimLabel EPR spectroscopy software and MatLab 2019b. All spectra were fit using an isotropic

g value of 2.0087 and correlation time of 2.25x1070 s.

3.4.14 1In vitro localization assay

ALB conjugated to NaGdF4: Yb**, Er** was tested for cellular localization using U251N, and A549
cell lines. Using 35 mm poly-lysine cover slip coated dishes, 5x10* cells are seeded and left to
grow for 24 hours in DMEM cell culture media supplemented with 10% FBS and 1%
Penicillin/streptomycin (10, 000 U/mL). 0.3 ug of ALB conjugated NaGdF4: Yb*", Er’" were
added to the wells, and incubated for 4 hours. The cells were washed twice with PBS, and fixed
with 4% formalin for 15 minutes at room temperature, followed by washing twice with PBS. Fixed

cells were imaged using an LSM780 confocal microscope.

3.4.15 Cell viability assay

U251N cells were seeded at a density of 5000 cells/well on a 96 well plate. After 18 hours of
incubation, cells were washed with PBS, and 100 pL of fresh media (DMEM, 10% FBS, and 1%
Pencillin/Streptomycin) was added per well. Different concentrations of RB-ALB-NaGdF4: Yb**,
Er** conjugates were added and incubated for 4 hours. Cells were irradiated with a pulsed 976 nm
laser with a power density of 0.3 W/cm? and frequency of 5 KHz for 5 minutes. The cells were left
to grow for an additional 16 hours, washed with PBS and 100 pL of media was added. The XTT
assay was performed as recommended by the manufacturer. Briefly, the XTT reagent was thawed
at 37 °C, and combined with the electron coupling reagent and 70 pL of the mixture added to each
well. After 4 hours of incubation, absorbance at 450 nm, and 660 nm recorded using a 96-well
plate reader, and specific absorbance is calculated according to the equation (Specific Absorbance

= [Abs450nm (Sample) — Absssonm (blank)] — Absesonm(Sample)).
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3.5 Supporting Information

NaGdF,: Yb*", Er*
Cubic Pattern
Hexagonal Pattern

CPS

W e

B N R

. —
10 15 20 25 30 35 40 45 50 55
20 (°)

Figure S 3.1 X-ray powder diffraction of NaGdF : Yb%, Er compared to hexagonal phase pattern

(JCPDS card 27-0699) in blue, and cubic phase pattern in red (JCPDS card 27-0697). All diffraction are
assigned to the hexagonal -phase.
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Figure S 3.2 FT-IR spectroscopy (Black) 6-maleimidohexanoic acid (MA), (Red)
NaGdF,; b , Er conjugated with MA. All measurements were performed on powder

samples. The free MA exhibits an intense carbonyl stretch at 1693 cm’ which splits into
two bands when conjugated on the UCNP surface, attributed to symmetric (v ) and

asymmetric (v, ) carboxylate stretches at 1578 cm_l, and 1443 cm’ respectively.
Maleimide group stretching modes of C-N (v, 1405 cm—l, v, 1109 cm_l), and =C-H

bending modes (830 cm_l) are also observed for both coordinated and free MA
confirming linker coordination
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Figure S 3.3 Tryptophan fluorescence of native albumin (red)
and ALB-MA-UCNPs (black) under A_ 280 nm in PBS buffer at

pH 7.4.
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shown in red. B) Energy level diagram showing the upconversion process of NaGdFa: Yb**, Er**
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Figure S 3.6 DPBF absorption spectra as a function of irradiation time at 976 nm of ng.mL_] of RB-ALB-
UCNPs dispersed in PBS solution. (A) without sodium azide. (B) with 20 mM sodium azide. (C) Percentage
decrease of the maximum absorbance for A and B.
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Figure S 3.7 A) confocal images of z-stack using U251N cells treated with ALB-UCNPs for 4 hours. B) Orthogonal
projections representing cross sectional slices obtained from z-stack with 9 uM depth. Green is emission from ALB-
UCNPs excited with 980 nm, with DAPI in blue as nuclear stain.
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Figure S 3.8 Cell viability assays of different RB-ALB-UCNPs using U251N cancer cells without
irradiation (blue) and with 976 nm irradiation (red).
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Chapter 4. An intense, narrow, and sharp blue light emissive band from ultra-

small lanthanides upconversion nanoparticles with active and inert shells

In preparation (Nanoscale advances)

Tarek Sabri, Steven Maurizio, John A. Capobianco*

Department of Chemistry and Biochemistry, and Centre for NanoScience Research, Concordia
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4.1 Abstract

Scheme 4.1 Graphical representation of sub 10 nm core NaGdF4:Yb*,Tm?*" with
active NaGdF4:Yb*" and inert NaYF; shell.

We report the synthesis of ultrasmall lanthanides upconversion nanoparticles, with an active, and
inert shell. An intense 475 nm generated from Tm>" core emitting center attributed to 'Gs —>Hp
transmission is identified which surpass all of the transitions reported for similar lanthanides

upconversion nanoparticles, including the 800 nm transition *Hs — *H.
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4.2 Introduction

Lanthanide upconverting nanoparticles (UCNP) are efficient energy transducers with large
anti-stokes shift that can absorb light efficiently in the near-infrared (NIR), while emitting via the
process of upconversion in the UV-VIS-NIR regions of spectrum’> ' UCNPs are photostable, non
susceptible to photobleaching, and have tunable emission profile based on lanthanides doping
system'®> 19 In addition, the low energy excitation radiation (NIR) can travel deeper into
biological tissues '%*. These luminescent properties are ideal in developing of bio-application
platforms. UCNPs have been extensively employed for imaging!'®®, biosensing ', and cancer

therapeutics'¢% 167,

Currently there are new emerging efforts in designing blue light emitting UCNPs for its
therapeutic functions. For example blue light affect harmfully human retina'®®, and interfere with
the circadian cycle!®. Also, there are intrinsic naturally occurring photoreceptors present in

human cells such as, flavin, porphyrin, and nitrosated proteins that are activated with blue light !7*

71 which are used for photodynamic therapy applications. Further, opsin protein
(channelrhodopsins, ChR) channels are fired with blue light activation (470 nm) that manipulate
neuronal signal behaviors , which could be employed for mental disorders such as, addiction,
autism and anxiety '”>. However, for UCNPs to be employed in biological applications, it is

required to have an intense emission to circumvent the quenching effects generated by O-H

vibrations from water, and biomolecules that are deposited on UCNPs surface 7.

There are many efforts are employed to enhance luminesce intensity. Applying high power
could be utilized to enhance all emission transitions. This pathway generate heat which provokes
cellular toxicity, and should avoided for biological applications !7*. Luminesce intensity could also

enhanced by varying dopant concentration of sensitizer/activator '°, or using dye sensitization that
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can harvest excitation energy facilitating efficient upconversion emission !> 7. For example,
Lowering Tm>" concentration assist in decreasing cross relaxation mechanism, which enhance
luminescence intensity. This has been reported for LiYF4 host crystals, and showed only increase
in the intensity of UV transition !”’. Similar approach was reported with NaYYbF4:Tm** doped
with varying Yb**, and Tm*" concentration. However, 800 nm (*Hs — *Hg ) was the major
transition that showed significant enhancement. Surface plasmon resonance (SPR) is another
approach applied to selectively enhance emission using metallic (Ag, Au) nanoparticles 7% 17,
Although SPR show strong enhancement, majority of the investigated transitions are related to
green and red emissions in Er*'doped UCNPs. Although these approaches are successful in

enhancing different transitions, so far to our knowledge there have not been studies related to

enhancing 'Gs—>Hs (475 nm) emission exclusively in Tm> “doped UCNPs.

Herein, we report the synthesis of low Tm?®" concentration doped ultrasmall NaGdF.
upconversion nanoparticles. Two layers of active and inert shell are added respectively, showing
an intense, sharp blue light (475 nm) emission exceeding all other transitions emitting from Tm>*
ions, including the most intense 800 nm attributed to *Hs — 3Hp transition. Cross relaxation
mechanism of Tm*' processes of the high intensity transitions is analyzed. Using lifetime
measurements, we identified a new mechanism that never been addressed for populating 'Gs—>Hs
and *Hs — *Hg states which is responsible for the blue bright emission. To use this design for PDT
application, the core-shell-shell nanoparticles are coated with riboflavin (Rf) photosensitizer that
has excellent spectral overlap with nanoparticles. Cytotoxic reactive singlet oxygen species are

released and detected under NIR irradiation.
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4.3 Discussion

u . NaGdF,: 20% Yb3*, 0.2% Tm>*

. NaGdF4: 20% Yb3', 0.2% Tm3"
@ NaGdF,: Yb*

. NaGdF,: 20% Yb%, 0.2% Tm?3*
@ NaGdF,: Yb**

@ NaYF,
H 160 .
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Figure 4.1 (A) Studied nanoparticle compositions. (B) Particle size distributions. (C-F) Transmission
electron microscopy images (TEM) of (C) NaGdF,;: Yb3+, Tm (D) NaGdF,: Yb3+, Tm' @ NaGdF,;

Yb" (E) NaGdF,: Yb', Tm" @ NaGdF,: Yb' @ NaYF, and (F) High resolution dark field TEM
image of “E”.

In the present study, we synthesized hexagonal phase ultrasmall oleate capped core NaGdF4: 20%
Yb3', 0.2% Tm>" with additional of two concentric shells: an active NaGdF4:20%Yb*>" and inert
NaYF; (Figure S4.1) using a modified version of coprecipitation method '’. The average size of
the core/shell/shell (NaGdF4:20% Yb**, 0.2% Tm** @NaGdF:20%Yb** @NaYFs)are 7, 14, 22 nm

based on transmission electron microscopy images (Figure 4.1).

96



The upconversion luminescence spectra of the core (C), core/shell (CS) and core/shell/shell (CSS)
UCNPs in powder are presented in Figure 4.2. With the addition of a 3.5 nm thick Yb**-doped
shell on the 7 nm core nanoparticles doped with Tm** and Yb?", there is an increase in overall
luminescence intensity by approximately 60%. The addition of a shell typically results in brighter
nanoparticles by distancing the luminescent ions from solvent or ligand phonons and defects on
the surface, thereby decreasing quenching effects 3% 18! However, with only a 3.5 nm shell, there
have been previous reports that this is not sufficiently thick to minimize these quenching effects,
and the luminescent dopants will still interact with the surface '7* 182, Furthermore, by adding a
shell doped with Yb*", there is an increase in the relative Yb*" concentration with respect to Tm>"
in the host lattice. This is also problematic, as there is the possibility for energy migration between
Yb®" ions, resulting in a prolonged lifetime of their excited state that can be quenched via the

quenching processes previously mentioned '*°.
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Figure 4.2 Upconversion emission spectra of different nanoparticles under 980 nm
excitation in powder.

Only after the growth of an additional 4 nm shell of spectroscopically inert NaYFy is there
over one magnitude of increase in luminescence intensity. This extra shell achieves the expected
threshold for this composition to properly protect the core Tm** ions from possible surface

quenching '#2,

Another interesting point of discussion is the observed Tm** emissions. Focusing primarily
on the CSS-UCNPs, the radiative transitions originate from the Dy, 'G4, and *Hy levels, as depicted
with an energy level diagram in Figure S4.2. This spectrum however, has drastically different
relative intensities for each excited state, compared to previously described nanoparticles of similar
structure 2. With a concentration of 0.2% Tm?", a core nanoparticle size of 7 nm (equaling
1.8x10° A%) and a unit cell size of 114.05 A® (Figure S4.3), there is the probability of only four

Tm*" ions to exist in each nanoparticle . This greatly limits the possibility for Tm** cross-
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relaxation processes that are responsible for the population of the 'Ds state, evident by the
relatively weak emissions originating from this level (at 360 and 450 nm) '8 1% In contrast, the
!G4 — 3F4, *He and *Hs — 3Hp transitions (at 475, 650 and 800 nm, respectively) are strong, owing
to the Tm>" dopant concentration as well. Previously reported cross-relaxation mechanisms
between these excited states are known to quench their emissions in favor of the population of the
3F4 level, which is avoided by having only four Tm** ions in each nanoparticle '*7 1¥8. This
ultimately results in bright nanoparticles in the blue and NIR regions, with almost no UV

emissions.

To further elucidate the dynamics of Tm** in these nanoparticles, luminescence lifetimes
were recorded for the !G4 and *Hy levels, presented in Figure 4.3, and their rise and decay times
are presented in Table S4.1 and 4.1, respectively. As expected, increasing the shell thickness
prolongs all the excited state lifetimes, by preventing surface interactions with the Tm?** ions.
However, this does not affect both excited states equally. By observing the decay times of the core
NaGdFs: Tm*', Yb*>" nanoparticles, the *Ha state relaxes faster than the 'Ga state, and for the
NaGdFs: Tm**, Yb*" / NaGdFs: Yb** / NaYF4 nanoparticles, the *Hy state relaxes slower than the
!Gy state. This can be explained by studying the vulnerability of these levels to quenching. With
respect to phonon-related processes, the 'Ga level relaxes to the next lowest state, being the >F2 3
level, and the *Hs level relaxes to the *Hs level. It is expected that the !G4 — *F2 3 transition (<6000
cm™) is less susceptible to quenching than the *Hs — *Hs transition (<4000 cm™) due to the larger
energy gap. Therefore, the increase in shell thickness is more effective in stabilizing the *Ha level

over the 'Gy level.
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Composition Decay Time (ps)
1G4 9 3H6 3H4 9 3H6

NaGdF,: Tm3*, Yb3* 273.7 207.9
NaGdF,: Tm3, Yb*@NaGdF,: Yb3* 492.8 484.4
NaGdF,: Tm3*, Yb3* @ NaGdF,: Yb3* @ NaYF, 1321.5 1947.3

Table 4.1 Luminescence decay times from the curves in Figure 3
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Figure 4.3 Nanoparticle luminescence decay curves, after a 200 ps pulse of 976 nm

irradiation, of the (A) 'G s 3H6 transition (475 nm) and the (B) H i 3H6 transition (800
nm).
Furthermore, the emission spectra normalized to the *Hs — *Hg transition (presented in
Figure S4.4) show that there is an increase in intensity of the 'G4 — 3F4, *He transitions by over
one magnitude with each additional shell. With a prolonged lifetime of the *Hy level, there is more

opportunity for energy transfer upconversion to populate the 'G4 level, which greatly enhances its

emissions with increasing shell thickness.

100



To utilize !G4 — 3He transition for PDT application, vitamin B2 also called Riboflavin 5’-
phosphase sodium salt (Rf) is grafted on the surface of the CSS nanoparticles. Rf is naturally
occurring photosensitizer that is involved in redox homeostasis. Also, Rf has an excellent spectral
overlap with CSS emission that is necessary for its activation and for singlet oxygen production
('02) (Supporting S4.5). The as-synthesized CSS-UCNPs are oleate-capped. To this end, oleate-
free UCNPs were prepared using NOBF4 approach '*°. The phosphate moiety of Rf coordinates
with the positively charged surface of the oleate free CSS-UCNP surface. Rf grafting was
confirmed by comparing stretching modes of free and loaded Rf on CSS-UCNPs surface
(Supporting S4.6). Thermogravimetric assays (TGA) were employed to estimate the number of Rf
molecules present on CSS-UCNPs. It is calculated that 455 pg Rf/mg(CSS-UCNPs),

corresponding to 289 molecules per single nanoparticle (figure 4.4).

The nanoconstruct CSS-UCNPs were evaluated with respect to its production of 'O, under
980 nm irradiation. The reaction oxygen species released was detected by DPBF (1,3-
diphenylisobenzofuran) a known probe that possess high sensitivity towards 'O 2. The decrease

in the absorption peak of DPBF at 415 nm represent the amount 'O released from grafted Rf.
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Figure 4.4 Thermogravimetric assay (TGA) of Riboflavin coated CSS nanoparticles.
45.29 % mass loss corresponding to 455 ug of Rf/ 1 mg nanoparticles

Employing 40 min exposure at 10 min interval (supporting S4.7), almost 15 % DPBF is consumed

that indicates the potential CSS-UCNPs as PDT vehicle for intrinsic riboflavin.

In summary, we designed a narrow band and highly blue emissive CSS-UCNPs. Employing ultra-
small core nanoparticles with low Tm?" doping concentration, the CSS-UCNPs emission generated
under 980 nm irradiation produced a new pattern that has not been identified for similar Tm?*"*
doped UCNPs. Analysis of decaytimes of different transitions, we proposed a new cross relaxation
mechanism responsible for populating 'Gs — *H¢ and *Hs — *Hp that is responsible for the
emission pattern detected. To validate the significant enhancement of blue emission, naturally
occurring photosensitizer Rf in grafted on the surface of the CSS-UCNPs, that showed 'Ox release
under 980 nm irradiation which is required for PDT application. The model presented, provide a
great potential for a wide range of growing and demanding field of the blue light responsive

materials.
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4.4 Experimental Procedures

4.4.1 Synthesis Core NaGdF4: 20 % Yb**, 0.5 % Tm3*

Lanthanides chlorides (0.75 mmol GdCl3, 0.2 mmol YbCl3, & 0.05 mmolTmCl3) are mixed with
6 mL oleic acid and 15mL 1-octadecene. The mixture is heated up to 120 °C under argon for 25
minutes, and the temperature increased to 160 °C and kept stirring at 500 rpm for 30 minutes.
While keeping the solution under inert atmosphere, the temperature is decreased to 50 °C. Using
injection pump with a rate of 1 mL/min, 8 mL of methanol containing 2.5 mmol NaOH, and 4
mmol NHyF are injected to the solution, and left stirring for 30 minutes. Methanol was removed
by gradually heating the solution under vacuum at 80 °C for 10-15 minutes, and 120 °C under
argon for additional 15 minutes. The solution is heated up to 300 °C with a rate of 10 °C/ minute
for period of 90 minutes. The mixture is cooled down to room temperature under inert atmosphere
and the nanoparticles are precipitated using ethanol using and centrifuged of 3400 rpm for 15
minutes. Two additional washes are done to the particles using 5 ml hexanes and 45 mL ethanol

to remove any residual products of the reaction mixture.

4.4.2 Synthesis of First Active Shell NaGdF4: 20 % Yb3*

The same procedure was followed as above. However, 0.8 mmol GdCl3, 0.2 mmol YbCl3 are mixed
with 6 mL oleic acid and 8 mL 1-octadecene. In addition, at 50 °C 170 mg of sodium
trifluoroacetate in added over the mixture, and 25 mg core nanoparticles are dispersed in 2 mL
hexanes and added over the reaction mixture. The solution stirred for 10 minutes, and gradually
heated to 120 °C for a period of 10 minutes to make sure all hexanes are removed using inert
atmosphere (Argon flow). The reaction temperature increased to 290 °C for 80 minutes, and

nanoparticles collected similar to the core nanoparticles.
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4.4.3 Synthesis of Second Inert shell NaYF4
The synthesis is similar for the first shell. However, 0.5 mmol of YCl; is used with 6 mL oleic acid
and 8 mL 1-octadecene, and 136 mg sodium trifluoroacetate is used at 50 °C. In addition the

reaction temperature is increased to 290 °C for 60 minutes.

4.4.4 X-Ray Powder Diffraction

X-ray diffraction patterns were measured using a Scintag XDS-2000 diffractometer equipped with
a Si(Li) Peltier-cooled solid state detector, Cu Ka source, at a generator power of 45 kV and 40
mA, beam divergent (2 mm and 4 mm), and receiving beam slits (0.2-0.5 mm). The measurement
scan covered the range 10-90° 20 with a step size of 0.02° and count time of 2 seconds. All samples

were measured using a quartz zero background inert disk.

4.4.5 Transmission Electron Microscopy

A 5 mg sample of nanoparticles was dispersed in 5 mL of toluene to yield an approximate 0.1 wt
% solution, and sonicated for 20 minutes. The nanoparticle dispersion allowed to rest for 5 minutes,
and 10 pL dropped over a TEM cupper grid 3 mm in diameter coated with formavar carbon film.
The solution was evaporated for 10 minutes at room temperature. TEM images were obtained
using a JEM-2100F (Jeol microscope) operating power of 200 kV equipped with a charge coupled

device camera (CCD-Gatan).

4.4.6 Emission Spectra and Excited State Decay Times of Upconverting nanoparticles

Different nanoparticles emission spectra are recorded using coherent 6-pin 15 fibver-coupled F6
series laser diode with 976 nm excitation source. The laser is CW controlled by ILX lightwave
LDC-3744B driver. For pulsed mode LDP-3811 ILX lightwave driver is used. For UV emissions
measurements Hamamatsu R4632 PMT used, and emission dispersion (2400 groves/mm) done by
Oriel 77250 1/8 m monochromator. Jarrell-Asj Czerny-Turner 25-102 1 m (1180 groves/mm)
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double monochromator coupled to R943-02 Hamamatsu PMT. The processing of the signal was
done by SR440 Stanford research systems preamplifier, and gated photon counter system. For all
measurement concentration of nanoparticles is used 1mg/mL in Toluene for comparative studies.
Dry powder samples of different nanoparticles are used for lifetime measurements, with
instrumentation as mentioned of the emission spectra. However, the diode laser was pulsed with

200 us width controlled with ILX Lightwave LDP-3811.

4.4.7 Oleate removal and Riboflavin coating

10 mg of oleate nanoparticles are dispersed in 5 ml cyclohexane, while stirring NaBF4 (10mg/2ml)
in DMF are added over the nanoparticles and the solution stirred for 30 minutes. DMF layer is
extracted and washed with 1:1 solution of hexane and toluene. The collected pellet is washed again
with same solution, and a transparent solid noticed in the bottom. The solid is redispersed in 2 ml
DMF, and 5mg of phosphate riboflavin in 2 ml distilled water is added. The solution is stirred for
24 hours, and the particles linked to phosphate riboflavin precipitated by centrifugation 13 000
r.pm. for 10 minutes. The pellet is washed with distilled 3 ml water twice and precipitated by

centrifugation.

4.4.8 Thermogravimetric assay
TGA measurements were carried out using TA instrument Q50 analyzer. Dried pellet of
nanoparticles and its conjugates (6-8 mg) were placed into a platinum pan and heated under

nitrogen flow from 25 to 800 °C at a heating rate of 10 °C/minutes.

4.4.9 Singlet Oxygen generation and detection

Rf-CSS upconverting nanoparticles are dispersed in deuterated DMSO (2mg/mL), and irradiated
with 980 nm with a power density of 13 W/cm™ for 10 minutes exposure time.l,3-
Diphenylisbenzofuran (DPBF)trap is used to detect singlet oxygen generated. DPBF has a

105



maximum absorbance at 415-420 nm depending in the solvent used. The decrease in the maximum
intensity is measured by using Cary 5000 series with a 1 nm resolution, and 600 nm.s™! scan rate.

A calibration curve is used to quantify the amount of singlet oxygen released.

4.5 Supporting Information
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Figure S 4.1 X-ray powder diffraction of (XRPD) of nanoparticles. C, CS and CSS represent
NaGdF4: Yb**, Tm*"/ NaGdF4: Yb**, Tm*" @ NaGdF4: Yb*/ and NaGdFs: Yb*", Tm* @
NaGdF.: Yb** @ NaYF; respectively. At the bottom are theoretical patterns of hexagonal and

cubic phase.
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Figure S 4.2 : Energy level diagrams of Yb**, Tm** and Gd**, depicting energy transfer upconversion
between Yb*" and Tm?".
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Figure S 4.3 Unit cell parameters and structure of B-NaGdF,
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Composition Rise Time (pus)
1G, > 3Hg  *H, > *Hg
NaGdF,: Tm3*, Yb3* / NaGdF,: Yb3* 90.2 167.2

NaGdF,: Tm3*, Yb3* / NaGdF,: Yb3* / NaYF, 578.5 360.6

Table S 4.1 Luminescence rise times from the curves in Figure 3

NaGdF,: Tm?3*, Yb®* / NaGdF,: Yb3* / NaYF,
NaGdF,: Tm3*, Yb** / NaGdF,: Yb3*
NaGdF,: Tm3*, Yb3+ *

Normalized Intensity (arb.u.)

i,
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Figure S 4.4 Emission spectra for all compositions studied, upon 976 nm excitation, normalized to the

3 3 e .
H, — H, transition indicated by the asterisk
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Figure S 4.5 Spectral overlap of CSS nanoparticles emission
upon 976 nm excitation shown in black, and riboflavin
absorbance in red
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Figure S 4.6 FTIR of CSS nanoparticles surface coated with phosphate riboflavin.
In black native phosphate riboflavin, and Rioflavin coated CSS shown in red
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Figure S 4.7 DPBF absorption after irradiation of Rf-CSS nanoparticles with 980
nm. 2 mg/mL of nanoparticles are dispersed in (1:1) deuterated DMSO and D,O in

the presence of 37 uM DPBF
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Chapter 5. Conclusions

In the past few years there are numerous nanoparticles advancement permitted their uses
in a wide range of applications. Nanoparticles have wide range of chemical composition, sizes,
loading properties, and surface coatings depending on the nature of the application. Lanthanides
upconversion nanoparticles (Ln-UCNPs) are unique among nanoparticles with its optical activity
and their response to NIR irradiation. The low toxicity, non photobleaching, and their remarkable
low photodamage to living tissues, Ln-UCNPs has been extensively used in a wide range of
biological application. This includes, biosensing, imaging, and light mediated therapeutics (PDT).
Nevertheless, there are biological limitations for translating Ln-UCNPs as probes for cancer
therapeutics such as selective targeting, renal clearance, preserving the identity in biological
milieu, and maintaining its optical activity in vivo. In this thesis, new approaches of Albumin
(ALB) conjugated Ln-UCNPs for PDT therapeutics were developed. The aim is to surpass some
of the obstacles that hinder the biological relevance of these nano-materials, and improve their

efficacy for PDT applications.

A modified version of desolvation method was developed to render Ln-UCNPs (NaGdFs:
Yb**, Er*") water dispersible and biocompatible for PDT. ALB desolvation (unfolding) in presence
of ethanol cause 80 % loss of a-helical content. This exposed hydrophobic amino acids side chains
enabling hydrophobic interaction with oleate surface, which act as a scaffold for generating a ~2
nm thick shell on NaGdF4: Yb*", Er** surface. This covering was quantified by thermogravimetric
analysis, and it is estimated that approximately 112 molecules of ALB were present to cover 15290
nm? area of single NaGdF4: Yb**, Er’" nanoparticle. This amount of ALB provided dispersibility

in biological relevant media, and provided surface functionality due to the presence of primary
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amine and carboxylic acid residues. Also, ALB presence prevents luminescence quenching in
aqueous media. ALB shielded high energy vibrations solvent molecules (H20) to interact with
NaGdF4: Yb**, Er’" optically active ions Er** and Yb** and persevered nanoparticle emission.
Additionally, to utilize the nanoconstruct as a PDT probe, the photosensitizer Rose Bengal (RB)
was structurally modified, to enhance coupling efficiency for grafting on Ln-UCNPs surface.
Energy transfer of different RB loaded on NaGdF4: Yb**, Er** surface was studied under 980 nm
irradiation, and obtained a maximum of 63% efficiency. This energy transfer is responsible for
inducing cytotoxic release of reaction singlet oxygen ('O2). Further, in vitro studies showed that
RB presence permitted cellular internalization of ALB-NaGdF4: Yb**, Er’*, and inducing toxicity
to human alveolar lung cancer cells (A549) within a 10-minute exposure time under 980 nm
excitation. Thus, RB modified ALB-NaGdF4: Yb**, Er’* provided biocompatible surface coating,

targeting and cytotoxicity capabilities that all enhance PDT efficacy.

New model of ALB conjugated to NaGdF4: Yb*", Er** is also developed. Bifunctional
linker possessing maleimide group as an ALB-thiol targeting moiety is exchanged with oleate
capping ligand. Native ALB with a single active thiol group (cysteine 34) is covalently linked to
NaGdF4: Yb**, Er*" through thioether linkage rendering Ln-UCNPs biocompatible and dispersible
in aqueous environment. Analysis of ALB grafted on NaGdF4: Yb**, Er** showed an asymmetric
facet clustering, with 18 ALB residing on a single NaGdF4: Yb*", Er**. In vitro evaluation of the
cellular activity of ALB presence on UCNPs revealed a substantial selective cellular
internalization effect using glioblastoma tumor cells (U251N), in comparison to alveolar lung
cancer cells (A549). To take advantage of the cellular uptake, different concentrations of RB are
incorporated with the nanoconstruct for PDT application. It is estimated that 5 molecules present

induced 74% energy transfer under 980 nm irradiation. Further, spectrophotometric analysis of the
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RB photoreaction processes identified type II energy transfer mechanism, and the release of toxic
reactive singlet oxygen ('02). However, using electron paramagnetic resonance (EPR), type I
oxygen independent energy transfer pathway is detected through the release of thiol radical, and
hydroxyl radical (HO"). In vitro cellular toxicity assay of the nanoconstruct using U251N irradiated
with 980 nm, revealed an intense cellular toxicity effect as a result of the enhanced cellular uptake,

and the release of various toxic reactive oxygen radicals.

New Ln-UCNPs design was also exploited to enhance the intensity of specific transition
emission. An ultrasmall ~7 nm NaGdF4: Yb*", Tm?" is synthesized with the addition of two layers,
an active (NaGdF4: Yb®") and inert shell (NaYF.) respectively. The former shell provides higher
absorption of 980 nm irradiation, and through energy transfer will feeds into the core emitting
centers. The latter shell offer an energy barrier by decreasing surface phonon quenching. An
intense, narrow blue light (475 nm) emission attributed for !Gs—>Hp transition is detected under
980 nm excitation. The transition exceeds all other transitions emitting from Tm?*, including the
most intense 800 nm attributed to *Hs — *Hg transition in Tm*" doped Ln-UCNPs. Using lifetime
measurements, a new mechanism that have not been addressed for populating 'Gs—>Hg and *Has
— 3Hg states is identified, that is responsible for the emission pattern detected. To apply this design
for PDT application, the nanoconstructs are coated with riboflavin (Rf) a naturally occurring
photosensitizer. Rf is characterized on the surface of the nanoconstructs, and cytotoxic reactive

singlet oxygen species are released and detected under 980 irradiation.

The essence of the work presented herein is to improve the efficacy of Ln-UCNPs as
therapeutic nanoprobes for PDT applications. The NIR light source required to activate Ln-UCNPs
provide a solution for the conventional superficial uses of the high energy radiation employed in

PDT. The transducing or energy conversion ability of Ln-UCNPs designed in this work, permits
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the use of many abandon visible light activated PS that posses the highest 'O, quantum yield. Ln-
UCNPs surface coating strategies via employing biomolecule protein (ALB) provide
biocompatibility and dispersibility in biological relevant media. Also, ALB intrinsic property
permits the loading of different PS (hydrophobic/hydrophilic), and more importantly acting as a
targeting sensor of definitive cancer cell type. Furthermore, Ln-UCNPs optical properties were

utilized in different research applications (see appendix).
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Chapter 6. Future Directions

Although most of the determined goals for the investigation of this thesis have been
accomplished, there are several approaches that could be done to levitate the efficacy of the design

in cancer therapeutic.

The model presented for albumin coated Ln-UCNPs is based on using binary dopant
system NaGdFs: Yb*", Er’* for activating photosensitizer RB. The centered emission at 525 nm,
and 550 nm attributed to Hi12 —*I152 , and *S32,—"I1s5 respectively are responsible for activating
RB grafted into the surface of the nanoparticles. However, there is a relatively intense 650 nm
emission attributed to *Fo/2—*1;5,2 transition that could be employed to load a second PS alongside
RB. This will enhance the flux of 'O, produced from the nanoconstruct under 980 nm irradiation,
increase the rate of cellular toxicity, and enhance PDT efficacy. Chlorin e6 (Ce6) an FDA
approved PS have a very strong spectral overlap with *Fo/» —*I;5/2 emission, and characterized by
high sensitization '*°. Ce6 used for skin and neck cancers, and show rapid elimination from the
body '!. The major limitation with Ce6 is its poor dispersibility in water. However, ALB presence
permits loading Ce6 through hydrophobic interaction. Also, Ce6 posses three carboxylic acids

residue that enable covalent coupling into the surface of the nanoconstruct.

Although the release of 'O in the vicinity of the cell membrane or cellular organelles
induce cellular toxicity, targeting of the nanoparticles into internal organelles precisely to the
mitochondria will cause a surge in cellular toxicity. Mitochondria provide energy to the cells
(powerhouse), and responsible for maintaining reaction oxygen species homeostasis.
Triphenylphosphonium (TPP) is among several ligands that are used to target nanoparticles and
therapeutic drugs towards mitochondria 2. Guan et al. was the first to use a modified TPP

structure with extending aliphatic chain to enhance Ln-UCNPs surface conjugating, and
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mitochondria internalization !*>. Modified TPP could be covalently linked with ALB desolvated
on NaGdFs: Yb*, Er’* surface. Along side RB with cell surface internalization ability, TPP
presence will permits NaGdF4: Yb*", Er’** mitochondrial delivery. Consequently, the release of 'O

will be localized in the mitochondria that enhance the PDT efficacy of the nanoconstruct.

Additionally, ALB has been proved for solubilizing hydrophobic cancer drug.
Chemotherapeutic agent could be coupled, and utilized to provide an additional toxicity and
enhance treatment efficacy to the targeted cancerous tissues. Paclitaxel (PTX) is naturally
occurring drug isolated from the bark of Taxius brevifolia, and has been used for treating different
cancerous tissues '**. PTX effectiveness is based on arresting cell division by targeting cell
cytoskeleton predominantly preventing microtubules disassembly '°*. PTX has a high binding
affinity to ALB, and their fusion is employed for generating an FDA approved drug Abraxane®
that is used for metastatic breast cancer. ALB presence on the surface of NaGdF4: Yb**, Er** allows

PTX loading permitting bimodal cancer treatment PDT and chemotherapy.

Another significant study is to use in vivo models for targeting specific cancerous tumor.
ALB has great tendency to accumulate in various cancerous tissues such glioma, colon, breast, and
lung. However, each tumor holds unique endothelial fenestrations depending on the nature of its
residing tissue. Selection of specific tumor require tunning the sizes of the NaGdF4: Yb**, Er’”.
Varying the sizes will influence nanoconstructs biodistribution, and their passive targeting ability
(EPR) for successfully reaching tumor site. To study the biodistribution of NaGdF4: Yb**, Er*”, it
is necessary to adjust its emission pattern. NaGdF4: Yb**, Er’* has visible emission, in this range
of spectra light is highly absorbed in vivo through biological tissues. This will prevents live

imaging, or trancing of the nanoconstruct in different organs. To overcome this limitation, Tm>*

117



doping will be essential since it will provide an 800 nm emission, which is least absorbing

wavelength in all biological tissues.
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Schematic representation of Core shell Ln-UCNPs with surface emitting centers.

Color-tunable luminescence has been extensively investigated in upconverting nanoparticles for
diverse applications, each exploiting emissions in different spectral regions. Manipulation of the
emission wavelength is accomplished by varying the composition of the luminescent material or
the characteristics of the excitation source. Here we propose core-shell B-NaGdF4: Tm**, Yb**/ B-
NaGdF4: Tb** nanoparticles as intrinsic time-tunable luminescent materials. The time dependency
of the emission wavelength only depends on the different decay time of the two emitters, without
additional variation of the dopant concentration or pumping source. The time-tunable emission
was recorded with a commercially available camera. The dynamics of the emissions is thoroughly

investigated, and we established that the energy transfer from the 'D» excited state of Tm>" ions to
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the higher energy excited states of Tb*" ions to be the principal mechanism to the population of

the °Dy4 level for the Tb>" ions.

Introduction
The emission wavelength is the main characteristic of a luminescent material, and it can be

varied by manipulation of the external excitation source !°>1%

and combining the luminescent
characteristics of multiple optically active ions by co-doping !°’2%> The pumping current, pulse
width, and duty cycle of the excitation source can be varied, which results in changes in power
density or flux, altering the relative intensity of the emissions, resulting in tuning the color of the
light produced. For applications in lighting, luminescent materials are used to shift the main
excitation of the pumping source, commonly ultra-violet light, to wavelengths in the visible
region”’®2!! Several luminescent materials are based on the emissions from lanthanide ions, whose

sharp emission bands determine the high color rendering of lanthanide-doped phosphors 212214,

Lanthanide-based nanoparticles undergoing upconversion luminescence (UCL) have been

produced mainly because of their biological applications!?’ 160. 172, 215219

. Upconverting
nanoparticles (UCNPs) have been investigated with respect to their color tuning in a variety of co-
doped systems. The possibility to obtain multiple emissions from a single system is of particular
interest given the different reported applications. Consequently, the coupling of the characteristic
UV, blue, and NIR emissions from Tm?>" ions to the luminescence from other lanthanide ions has
been exploited 3% 22% 22! In particular, the efficient green and red emissions from Tb*" and Eu**
have been reported to efficiently emit in Tm** co-doped systems, resulting in multicolor emissions.
When the particles are co-doped with Tm>* and Tb** ions together with Yb*" as a sensitizer, energy

transfer upconversion (ETU) favors the population of Tm*" over the other dopant ions'®’ Non-

radiative energy transfer or Forster resonance energy transfer (FRET) occurs from Tm** to the
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other ions, and it yields a tunable emission depending on the relative ion concentrations and the

characteristics of the excitation source'®’

. When the two emitting ions are separated, such as in a
core—shell structure in which Yb** and Tm>" ions are present in the core and the other emitting
lanthanide ion only in the shell, the dynamics of the system are different®® 22 22! FRET is limited
to a certain width at the core—shell interface, in which the distance between the two ions is small
enough to favor the transfer process???.The distance between ions can be manipulated by varying
the concentration of the emitters in the shell, the shell thickness, or co-doping with ions capable

of further promoting FRET*220: 221,

Gd*" is of particular interest for the high absorption cross-sections of its UV bands and strong
resonance with efficient emitters, such as Tb** and Eu?* 206-207. 209211 "Iy the absence of any other
dopant ion, the Gd** ions in B-NaGdF; can be excited using 273 nm light to the °I; states, producing
the characteristic emission from the °P7/; states at 312 nm 22*-22%, Energy migration through the °P;
excited states is efficient and can propagate energy transfer within ions at considerable distances
39.220.221 "When B-NaGdF; is doped with Yb*" and Tm>" ions in the core and Tb*" or Eu** ions in
the shell, it has been proposed that energy can migrate within Gd** ions in core—shell systems,
fostering emissions from the ions in the shell. This mechanism, also known as energy migration-

39, 220, 221

mediated upconversion, has been recently proposed in the literature . Together with

cooperative upconversion, in which the dimerization of Yb*" ions can lead to emissions in the blue

225-228

region ,or transfer this energy to resonant levels of the two considered emitters, these are the

two principal mechanisms reported to explain the luminescence mechanism in such core—shell

systems 39,220, 221 )

Power studies of luminescence dynamics in nanoparticles have underlined that the population

mechanism depends not only on the relative stability of the emitting levels of the ions but also on
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the nanoparticle dimensions *®.Smaller nanoparticles are more affected by quenching phenomena,
requiring a larger number of incident photons for the population of a specific level and reaching
the saturation or steady-state at higher power values ?2°.When complex systems are considered,
the power and pulse width of the pumping source at which saturation is achieved for different ions
can influence the relative emission of the involved transitions . Recently, core—shell systems have
also been shown to achieve time-tunable color emissions '** '*° The concentration of the dopant
ions is varied to obtain a tunable emission, recorded under dynamic scanning 3. The difference in
emissions from core—shell systems doped with five different lanthanides was also reported as
temporal full-color tunable nanomaterials by changing the pulse width of the pumping NIR pulsed
laser '°. In the studied core—shell systems, contrarily, time-tunability of emissions was obtained

without varying the power and pulse width of the pumping source.

Core-shell systems are investigated because of their higher luminescence efficiencies in
comparison to UCNPs constituted by the core only!8%-182230 Herein, we studied the luminescence
mechanism in UCNPs passivated by a thicker shell with respect to similar systems reported in the
literature. It has been recently demonstrated that quenching mechanisms in nanoparticles arise in
the absence of passivation by a thick protective shell'®>. We consequently concentrated our
investigations to B-NaGdFa: Tm*", Yb**/B-NaGdF4: Tb*" core—shell systems of 20 nm with a shell
thickness of about 6 nm. Moreover, the study of dynamics from samples in solution can introduce
further quenching phenomena that have the same characteristics of FRET to the solvent molecules
21" which can result in misinterpreting the time-dependent measurements. Consequently,
luminescence analyses are performed on powder samples and in dilute solutions of toluene, to

avoid further solvent quenching by hydroxy-containing media. A non-statistical distribution of

ions has been reported in the literature >*2, and it has been kept in consideration in the discussion
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of our results. We report a thorough investigation of the luminescence dynamics in B-NaGdF4:
Tm?*", Yb**/B-NaGdFs: Tb>" core—shell materials. Considering the intrinsic differences in
luminescence decay characteristics of Tm>" and Tb>" in these core—shell UCNPs, we propose the

applicability of their time-tunable emissions in anti-counterfeiting systems.

Results and Discussion

Comparative spectroscopic investigations between samples require perfect control of the synthesis
with respect to the particle size, crystalline phase, and composition. Minor differences can result
in significant errors in analyzing the decrease in emission intensity with dopant concentrations and
the luminescence dynamics. B-NaGdFs: 1% Tm**, 49% Yb*'/ B-NaGdF4: x% Tb** core-shell
nanoparticles with varying Tb*>* concentration (x = 0, 10, 20) have been synthesized from the same
core nanoparticles, undergoing epitaxial growth of the shell by a multiple-step process. All the
samples show the characteristic diffractions of the hexagonal B-phase and phase purity, as shown

in Figure S1 of the Supporting Information (SI).

Information on particle size, size distribution, morphology, and crystal phase were obtained by the

analyses of the micrographs in Figure 1. The average size of the core-shell nanoparticles recorded
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Figure 1 a,b,c) TEM micrographs of B-NaGdF4: 1% Tm**, 49% Yb**/ B-NaGdF4: x% Tb*" core-shell
nanoparticles for x =0, 10. And 20, respectively. Scale bar of 20 nm is reported in the figures. d)
HAADF STEM micrographs of B-NaGdF4: 1% Tm**, 49% Yb**/ B-NaGdF4: 20% Tb** core-shell
nanoparticles, and e) magnification of a selected area. The unit cells reported as a visual guide for the
atomic structure are obtained for the hexagonal p-NaGdF, phase with P-6 space group (a = 6.0304 A,
c=3.6111 A). Lanthanide, sodium, fluorine, and vacancies are presented in the atomic model as red,
blue, grey, and white spheres, respectively. Half spheres indicate the relative occupancies of the two
sodium sites. f,g,h) EELS measurements with respect to the Tb*" (g) and Gd** (h) concentration on a
particle section ().

for UCNPs with a Tb*" concentration in the shell of 0, 10, and 20%, respectively was found to be
20 nm from the low-resolution transmission electron microscopy (TEM) micrographs (Figures 1
a, b, and ¢), with a maximum variance between nanoparticles of 1.5 nm by the analysis of 300
UCNPs. TEM micrographs of the core nanoparticles (8.9 = 1.1 nm) are shown in Figure S2, and
their comparison with the core-shell samples shows that the shell thickness is 5.55 + 1.3 nm. High-
angle annular dark-field (HAADF) images in Figures 1 d and e provide further evidence of the
crystallinity of the samples. In Figure 1e the brighter atoms were assigned to lanthanide sites, due
to the more efficient scattering of the incident electron from a lanthanide nucleus compared to
sodium or fluorine. The atomic positions perfectly match with the unit cell of f-NaGdF4 for the P-
6 space group 2*3.The results from electron energy loss spectroscopy (EELS) analyses shown in

Figures 1 f, g, and h prove that all the facets of the UCNPs are covered by the shell. The
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Figure 2 Energy level diagram of the optically active ions with respect to
upconversion luminescence. The relevant levels and transitions are reported
for each ion.

concentration of Tb*" and Gd*" does not change significantly within the particle, while an
incomplete coverage would result in differences of the ionic concentration between the core and
the shell. The crystal plane orientation for the majority of the particles does not change along the
radial coordinate, further proving a uniform growth of the shell as shown by analyses with scanning
transmission electron microscope (STEM) in Figure S3. These results prove complete passivation
of the particle surface, considering that even the highly concentrated Yb*" ions in the core cannot

be detected.

The top facets of the UCNPs shown in Figures 1 a, b, and ¢ correspond to the (001) crystal plane,
while the hidden side facets grow along the (100) plane'*’. In the presence of oleic acid as a
coordinating ligand, it has been demonstrated that a higher ligand affinity with the (001) facet
determines the preferential growth along the (100) side facets'*’. Due to the different coverage of
the facets with this ligand, epitaxial growth of the shell would first cover the less coordinated side
facets in platelet-shaped particles. Complete passivation results in limited quenching phenomena

from the solvent, as it will be further proven in the next section.
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Figure 3 Emission spectra of B-NaGdFs: 1% Tm?", 49% Yb**/ B-NaGdF4: x% Tb*" core-shell
nanoparticles in solution under excitation from a 976 nm CW laser for x = 0, 10, and 20 (black, red,
and blue curve, respectively). Main emissions from Tm?*, Tb**, and Gd*" are labeled in blue, green,
and purple, respectively. The *Hs—>Hs transition at 803 nm is scaled for clarity.

Inductively coupled plasma mass spectrometry (ICP-MS) provides the total concentration of the
samples in the solutions used for comparative luminescence measurements and confirms that the
concentration of Tm*" and Yb** remains constant between the samples within the experimental
error of the measurements, as shown in Table S1. Such preliminary analyses guarantee that
differences between the luminescence response and dynamics arise only from the influence of Tb**

on the emission mechanism and ion distribution.

Luminescence mechanism
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Figure 4 Decay time curves of Tm** transitions, relative decay times, and energy
transfer efficiencies of B-NaGdF4: 1% Tm**, 49% Yb**/ B-NaGdF4: x% Tb*" core-shell
nanoparticles powder samples under excitation from a 976 nm pulsed laser with a 200

us pulse width and 1 W/cm? peak power for x = 0, 10, and 20 (black, red, and blue
curve and values, respectively).

The luminescence mechanism in the core-shell systems under investigation can be simplified as
shown in Figure 2, where the Yb**, Tm** co-doped core results in sensitization of the Tb>* ions in

the shell. Gd*" ions can constitute an additional excitation source to promote the emissions from
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Tb** by energy migration. These two components, the core and the shell of the nanostructure, can
transfer energy between each other via several mechanisms, both non-radiative, such as FRET and
energy migration, and radiative. The complexity of the systems requires a detailed investigation

of each possible pathway for clear identification of the main excitation mechanism of Tb>".

The core of all the nanoparticles under investigation contains an equivalent concentration of the
sensitizer and activator ions and only the concentration of the Tb>" ions in the shell varies, to avoid
the introduction of ulterior differences between the samples. The UCL mechanism of Yb>*, Tm?*
co-doped materials continues to be under investigation, as the population of the high-energy states
is disputed” 186 234237 Co-doped materials with Yb*" and Tm>" undergo upconversion
luminescence mainly via ETU. After excitation of the sensitizer, Yb**, the energy is transferred to
Tm>* ions, which undergo radiative decay as shown in Figure 2. The number of photons required
to populate each Tm>" level by ETU is clearly shown in Figure 2, ranging from two photons for
the NIR emission to four or five to promote transitions in the UV spectral region. The relative
emission intensity from a level can be affected by the occurrence of other non-radiative
phenomena, such as energy migration or cross-relaxation. These two processes are omitted in

Figure 2 for clarity.

The UCL spectra of a colloidal solution of B-NaGdFs: 1% Tm**, 49% Yb**/ B-NaGdF4: x% Tb**
nanoparticles are shown in Figure 3, and the characteristic emissions from Tm**, Tb**, and Gd**
ions are clearly observed. It is evident that the *Hs—>Hg transition of the Tm>" ions dominate the
emission spectra, due to the lower number of photons involved in the population of the *Hy state.
The lack of spectroscopic overlap between the emissions from the *Py level of the Tm** ions with
the °I; and °P; levels of Gd*" ions (see Figure S4) results in the weak emission from the P,

excited state to the ¥S7, ground state, which occurs via phonon-assisted FRET. Spectra have been
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Figure 5 Decay time curves of Gd*" and Tm*" of B-NaGdFs: 1% Tm?", 49% Yb*"/B-NaGdF.: x% Tb**
core-shell nanoparticle powder samples under excitation from a 976 nm pulsed laser with 1, 2, 3, and 4

ms pulse widths and 4, 7, 10 and 14 W/cm? peak power for x = 0, 10, and 20 (black, red, and blue curves,

respectively). The vertical dotted lines for each pulse width are reported as a visual guide.

corrected for the particle concentration obtained from ICP-MS (Table S1). Diluted solution
samples are chosen to verify the variation in luminescence intensity between samples with
different concentrations of Tb** ions. The use of colloidal solutions to analyze luminescence trends
is preferred over the powder samples, because of the limited extent of reabsorption of light in

diluted solutions with respect to the powder samples, although the spectra from powder samples

follow the same trend with minor discrepancies as shown in Figure S5a.
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Figure 6 Energy transfer efficiencies as a function of the Tb** concentration
and pulse width. The evaluated experimental error is 5% and is omitted for
clarity.

The depopulation of the Tm** and Gd*" ion levels in the presence of Tb*" ions displayed in Figure
3 can be attributed to radiative and non-radiative phenomena. In spite of the involved phenomena,
the energy from Tm>" and Gd*" ions propagates from the core to the shell and populates the Tb**
emitting states, or it can be quenched by surface traps after Tb>* or Gd*" are excited. The solvent
quenching is verified by a comparison of the luminescence spectra from powder samples and in
solution, evidencing that only the Tb** ions are quenched by energy transfer to resonant vibrational
modes of the solvent (Figure S5b). The occurrence of non-radiative energy transfer can be verified
by the study of the luminescence decay times of the donor (Tm?" or Gd*") transitions in the absence
and presence of Tb*". An efficient FRET has to correspond to a decreasing decay time of the donor
emissions in the presence of the acceptor ions. Furthermore, if the emission intensities are
quenched by a significantly larger percentage than the FRET efficiency, it would suggest that the
energy transfer mechanism occurs via a radiative pathway. Consequently, when the light emitted
from a donor is reabsorbed, the dynamics of the donor are unaffected, since radiative energy

transfer does not occur by coupling of dipole momenta.

The bands in the emission spectra shown in Figure 3 were integrated, and the relative decrease in
intensity of the emissions of Tm** and Gd** by the addition of Tb** is reported in Table S2. It is

evident that the transitions 'D>—>Hs,’F4, 'G4—>He and *Hs—>Hs from the Tm>" ions and the
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emission of Gd** from the *P7,—8S7, transition are affected to a greater extent by the presence of
Tb*" in the shell. The emission intensities from the Tm>" ions are significantly stronger than the
emission arising from Gd*". Due to the difference in the relative intensities between the Tm>" and
Gd** emissions, the major contribution to the Tb** population arises from the Tm** emissions,
which is consistent with the results reported in the literature for p-NaYFs: Tm?**, Tb*", Yb**
microparticles'’. In these materials, it has been demonstrated that the population of the *Dy state
of the Tb*" ions occurs mainly through the 'D> and 'Gy states of the Tm** ions, favoring Tm>" to

Tb>" FRET from one of these two levels, depending on the power of the pumping source!®’.

In order to study the dynamics of the Tm>" ions, we performed luminescence lifetime
measurements. Figure 4 shows the decay curves of the 'D>—>Fa, 'G4—>Hsg, and *Hs—>He
transitions for the core-shell nanoparticles, p-NaGdFs: 1% Tm>*, 49% Yb>"/ B-NaGdF4: x% Tb>"
powder samples, using a 976 nm pulsed laser excitation with a 200 ps pulse width and a 1 W/cm?
peak power density. The power density of the pumping source is obtained from the beam profile
shown in Figure S6. The fitting of the decay times is achieved using a single exponential, ensuring
that the residuals of the fittings are stochastically distributed. The FRET efficiencies (7£r) were
calculated as a percent difference between the sample without Tb** with those that contain either

10 or 20% Tb** in the shell and are reported in Figure 4.

From the analyses of the rise times for the 'D», 'G4 and *Hy states, it is possible to evaluate the
relative influence of cross-relaxation pathways on their dynamics. The rise times of the three levels
under investigation are significantly different. The 'D; level is characterized by a shorter rise and
decay time with respect to the !G4 and *Hs levels. These two states are characterized by similar
dynamics, with a clear relationship between their rise times (Figure 4). After the population of the

!G4 and *Hy excited states, the probability of cross-relaxation to populate the 'D, state is more
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likely than their radiative decay!S% 234

, which is evidenced by their longer rise times. The
population of the 'Ds state through ETU from the Yb** ions to the Tm?*" 'Gy is unlikely, due to a
lack in resonance. Therefore the process is phonon-assisted, being less probable than the more
resonant cross-relaxations involving several transitions from the Tm?®" 'Gs and *Hy states 86234,
Increasing the Yb*" concentration favors the population of the 'Ds states, which has been recently

demonstrated in the literature®3®.

In the presence of Tb**, the decay time of the three emissions decreases, indicating the occurrence
of non-radiative pathways depopulating the Tm** levels (Figure 4). Considering that we proved
that the only difference between the samples is the inclusion of Tb*" in the shell and that other
non-radiative quenching mechanisms for emissions from Tm?>" ions can be excluded in powder
samples, the differences in decay time can be directly correlated to the efficiency of Tm**—Tb*
non-radiative FRET. The depopulation of the 'Gs and *Ha levels via non-radiative processes is
partially due to the quenching of the 'D», to the same extent in which these levels contribute to its
population. The transfer from this state to Tb*" pushes the equilibrium of its population through
more efficient cross-relaxations from the 'Gs and *Hys states. Furthermore, non-radiative
Tm**—Tb>" FRET has been demonstrated to involve the Tm>" metastable °F4 states, whose
excitation can also involve the *Ha level via cross-relaxation'®”. This additional process explains
the higher Tm*>*—Tb** FRET efficiencies from the *Hy state. As discussed previously, FRET from
D, and °F; states of Tm>" to the D4 and ’F; states of Tb>" corresponds to an increased transfer
rate from the *Hs to repopulate these two Tm?®" levels. It is evident from the schematic
luminescence mechanism in Figure 2 that there are no absorption bands from the Tb*" ground

states, which are resonant with the 803 nm emission for the *Hs—>Hg transition of the Tm>" ion.
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Figure 7 a) Time-resolved spectra of B-NaGdF4: 1% Tm?*", 49% Yb*'/B-NaGdF.: 10% Tb** core-shell
nanoparticles powder samples under excitation from a 976 nm pulsed laser with 1 ms and 4 W/cm? peak
power. The emissions from the Tb*" and Tm>*" ions are indicated by arrows for clarity. B) CIE diagram as
a function of time (in ms), obtained from the spectra in Fig. 7a. c) Digital photographs depicting color-
tunable emissions as a function of luminescence decay time, taken with a Canon EOS 7D digital camera
(operating at a 2.5 ms integration time and ISO6400). A NIR card is present as an indication of the
excitation source.

Considering that the error on the FRET efficiency is less than 5% (Figure S7), the principal source
of depletion for this emission via non-radiative pathways is assumed to be dependent on the FRET

of the Tm>" ion emissions from the 'D> and the 3F4 states to Tb>" ions.

It is worth noting that there is a large discrepancy between the FRET efficiencies obtained from
the analysis of the decay curves shown in Figure 4 and the relative decrease in the emission
intensities obtained by integration of the spectra shown in Figure 3. The considered emissions are
quenched by approximately 50% (Table S2), which cannot be explained without taking into
account a radiative component of the energy transfer. An efficient non-radiative energy transfer
requires proximity of the coupled ions, as well as the spectral overlap between the emission of the
donor and the excitation of the acceptor 2*°. The Tm>" ions in the investigated system reside in the
core, there will be a defined region at the interface between the core and the shell, in which the

distance between the Tm*" and Tb** ions is sufficiently short to allow efficient FRET. On the
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contrary, the emitted light from the core can be attenuated by the Tb*" ions via a radiative energy

transfer throughout the entire shell.

While radiative energy transfer occurs for the Tm*" emissions overlapping with excitation bands
from Tb*" (see excitation spectra in Figure S4), non-resonant transitions from Tm** with respect
to Tb>" are quenched in the presence of Tb**. As an example, the *Hs—>Hp transition at 803 nm
does not correspond to any excitation of the Tb>" ion from its ground states. We performed dual
excitation experiments to verify the effect of reabsorption of this emission from the Dy state of
the Tb>" ion on the emission spectra, reported in the Figures S8 and S9. The dual excitation
experiments prove that only the emissions from the 'Gy state of Tm>" are being populated via a
multiple-step absorption of the 800 nm photons. An increased probability of UCL from the 'Gg4
state after excitation with an 800 nm pumping source has been confirmed by the results in Tm?*-
doped NaYF4 nanoparticles®®. Cooperative UC was also excluded as a possible mechanism to
sensitize Tb>", being generally less efficient??®, as confirmed from the spectra shown in Figure
S10. The dual excitation experiments prove that, although an absorption from the °D4 emitting
state of the Tb>" ion is possible due to its relatively long lifetime, it would not result in an increase
in the D4 emissions or to transitions from higher energy states, due to cross-relaxation pathways.
In the absence of any other process explaining the decrease in the luminescence intensity for all
the Tm>" ion emissions in the presence of Tb*>*, we have shown that the emissions from the 'D;
and Gy levels directly populate the excited states of the Tb>* ion via radiative and non-radiative
pathways. Emissions from Tm®* states, which are not resonant with any absorption band from the
Tb*>" ground states will not increase the D4 emissions. This is confirmed by an increase in the rise
time of the Tb*" D4 emissions, which will be discussed in the next section to ascertain the

influence of the pulse width and peak pulse power density on the luminescence mechanisms.
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Pulse and power modulation

The dynamics of emissions varies with both the pulse width and the power density. Studies of
UCL after short pulse excitation or a pulse width long enough to obtain a steady-state emission
from a specific level has been previously reported >*!*2#2, When an ion undergoing UCL is excited
with a short pulse, the excitation energy will be distributed within the levels of the ion depending
on the absorption cross-section, resonance with the excitation wavelength, and decay time of the
metastable intermediate states, allowing for a further population of the higher energy levels. This
multiple-step process should result in an increase in the rise time of the emissions for the higher
energy states unless the population pathway does not follow a sequential absorption of photons,
characteristic of ETU 24!-2*2 The occurrence of non-radiative phenomena such as cross-relaxation
involving metastable levels of an ion is an example of such a deviation, as discussed in the previous
section. Decay occurs according to the relative emission probabilities and the occurrence of non-
radiative pathways. The rise and decay time are characteristics of the system and represent an
indicator of the pathways by which the population and depopulation of a level occur. After
emission from an ion reaches the steady-state, the rise time is influenced by the characteristics of
the decay time, since the depopulation of the state occurs while further photons are pumped to the
level?*?. Also, the decay time will acquire a faster component, determined by a faster response of
the emission from the level after achieving saturation or steady-state 2*2.If the excited levels reach
their respective steady-states, the decay time does not change with the pulse width. A proof of this
principle is provided in Figure S11, where the dynamics of the 'Ga level is reported as a function
of the pulse width, without changing the duty cycle, i.e., keeping the peak power density constant.

The decay curves are overlapping in the limit of the experimental error, which is due to a minor
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oscillation of the peak power reported in Figure S11. The error in the measurements with varying

the pulse width also takes into account the instrumental response curves shown in Figure S12.

The curves shown in Figure 5 were obtained with different pulse widths and duty cycles, in order
to keep the excitation frequency constant, with increasing peak power. Excitation with 1, 2, 3 or 4
ms pulse widths corresponds to a 4, 7, 10 or 14 W/cm? peak power density. In general, the decay
curves in Figure 5 show a faster decay with increasing the peak pulse power, as the dynamics are
influenced by the pumping power of the excitation source.l*”) In Figure 5, a decreased decay time
of the emissions from the 'D> and 'Gs levels of the Tm>" ion is observed as a function of Tb**
concentration in the shell. These two levels of Tm>" are the predominant source of excitation for
the Tb>" ions, which is consistent with the results obtained for a shorter pulse of 200 ps as discussed
in the previous section. This analysis was limited to the emissions that have been shown to
contribute to the luminescence from the Tb>" ions. These measurements were also performed on
colloidal solutions, reported in Figure S13, which follows the same trend as the powder samples

presented in Figure 5.

The emissions from the P level of the Tm** ions and the °P7,» of Gd*" ions is characterized by
longer decay times with increasing Tb** concentration as provided in Figure 5. The weak
absorption from Tb** from the high energy levels resonant with the Py level of the Tm** ion
represent the major limitation for an efficient Tm*"—Tb*" FRET from this level (Figure S4). The
presence of Tb>" ions in the shell has the same influence as an optically inert ion to the
depopulation of the *Py level of the Tm** ion. Radiative emission from this level becomes more
probable than energy transfer to Gd** ions and corresponds to an additional depletion of the
inefficient population of the Gd*" states through the Tm** 3Py level. Consequently, a portion of the
P7,—%S7, Gd** emission decreases because of the presence of Tb*" in the shell. The decay time
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of the Gd** ion shows a longer lifetime as the luminescence from the Tb>" ion increases. Such a
result can be interpreted considering a decrease in the probability of energy migration and
recombination with surface traps in the presence of the Tb>" ions, due to the decrease in

concentration of the Gd*" ions in the shell.

A part of the Gd*>* ion emission can be efficiently transferred to the Tb* ions, as reported in the

39,220222 "and is the origin of the high quantum cutting efficiencies of Gd**—Tb*" co-

literature
doped materials 2°2%, However, in the system under study, the major effect of the inclusion of
the Tb®" ion in the shell is equivalent to the dilution of the Gd** with inert ions. Furthermore, a
portion of the luminescence is depleted by the less efficient population from the *Py state of the

Tm?*" ion. The Gd*" emission is further reabsorbed from the Tb*" ions, whose location we

considered more probable on the surface, given the low FRET efficiency of Tm**—Tb*".

The thickness of the shell in the UCNPs under investigation is considerably larger in comparison
with the systems reported in the literature. The inefficient FRET process in the system under
investigation in comparison to the large values of the FRET efficiencies reported in the literature
for Yb*', Tm**, Tb*" co-doped samples suggest that the distance between Tm*" and Tb*>" ions is

considerably large '’

, inhibiting the non-radiative energy transfer processes between the two ions.
Nevertheless, the experimental evidence suggests that the Gd*" dynamics does not follow a trend
consistent with the literature. The Gd**—Tb*" FRET is efficient in several systems previously
studied %28, However, if the Tb>" ions are predominantly present at the particle surface, excited
Gd*" in the shell will not transfer energy efficiently to these ions. Clustering in nanomaterials has
been observed and proven spectroscopically in f-NaGdF4: Tb** nanoparticles 2*°, and it provides

an explanation to validate our results. The dynamics of the system further suggests a significant

influence of the shell thickness on the Tb*" population mechanism.
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The lifetimes in Figure S5 were analyzed by integrating the curves from the maximum after the
pulse has ceased, to take into account the deviation from the single exponential discussed
previously for levels reaching the steady-state emission. FRET efficiencies are reported in Figure
6 as a function of Tb** concentration. The values for samples in solution and from the powder
samples have been calculated as well, from the decay times obtained by a double-exponential
fitting, shown in Figure S14. From the reported values, it is clear that the P7» level of Gd**and
the 3Py level of Tm** does not contribute to the Tb*" emission via non-radiative energy transfer.
The main contribution arises from the 'D; levels of the Tm** ion. Such a result is consistent with
the reported trend observed when varying the laser power for microparticles co-doped with Yb**,
Tm?**, Tb*" at low pumping power densities '°’. The !G4 levels have been proven to promote the
emission from the Tb>" ions under higher values of the power density!”’. For the core-shell
nanomaterials under investigation, the main contribution from the 'D; level is confirmed even at
higher power density values up to the saturation point, as reported in Figure S15 by correlating
the integrated emission intensity of each transition with the >Ds—"Fs transition of the Tb>" ion at
different power densities. The luminescence rise and decay characteristics of the Tb** ions are
shown in Figure S16. The temporal difference between the rise time of the Tm*" ion emissions

with the rise time from the Tb>" ion arises from the described luminescence mechanism.

From Figure 7 it is evident that the longer rise and decay times of the D4 emissions from Tb**
ions in comparison to the emissions from Tm?" guarantee a large delay between the blue and green
emissions from the samples, which can be exploited for easy access to time-dependent
luminescence tuning. From the time-resolved spectra in Figure 7a, it is evident that the Tb** ions
are emitting after all the Tm>" emissions have decayed. The points in the CIE diagram in Figure

7b are obtained from the spectra in Figure 7a as a function of time. We propose the use of intrinsic
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differences in decay time between the two ions as an efficient way to temporally tune the
wavelength of the emission. Time-tunable emissions have been demonstrated to have application
in anti-counterfeiting, but the proposed devices require special cameras for the detection of the
emissions or pumping sources with tunable powers or pulse widths, which can be expensive!*® 1%,
Because the discrepancy between the luminescence decay times of the Tm** and Tb** ions are on
the scale of pus and ms respectively, the different colors can be observed with a simple digital
camera operating with a shutter speed of 2.5 ms to discriminate the emission wavelengths, as

shown in Figure 7c¢. Overall, this intrinsic property of the studied nanoparticle system can be a

versatile candidate in applications where color tuning is necessary.
Conclusion

We report a comprehensive investigation of the luminescence dynamics in B-NaGdFs: Tm®",
Yb**/B-NaGdFs: Tb*" core-shell nanoparticles. The study is limited to particles with a size of 20
nm and a thick shell of 6 nm. The use of a thick shell is of paramount importance to avoid
quenching of the emissions from the core, which are responsible for the excitations of Tb*" ions in
the shell. The results prove that the principal mechanism for the population of the *D4 emitting
state of Tb3" is radiative energy transfer from the 'D>—>Hg transition of Tm**. The differences in
the proposed mechanism to the results reported in the literature arise from the shell thickness,
which contributes to the clustering of Tb*" ions on the particle surface. The Tm**—Tb>" radiative
energy transfer results in delayed Tb*" emissions from the °Dj state with respect to the transitions
from Tm**, which arise from the different intrinsic dynamic properties of the two ions and the Tb**
excitation mechanism. As a proof of concept, emissions from the two ions were detectable at a
diverse time after the excitation source as ceased. The proposed intrinsic time-tunability of the

emissions can be applied to other systems in which the decay time of the emitters differs
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significantly as in the studied core-shell nanoparticles. Further investigations would be required to
determine the optimal configuration of the core-shell system for the Tb** co-localization in the
core and the role of the shell thickness in preventing its luminescence quenching. Finally, we
underline the importance of systemic spectroscopic investigations to elucidate the luminescence

mechanisms at the nanoscale.

Experimental Procedures
1- Materials

All chemicals and reagents were purchased from Sigma-Aldrich. Lanthanide chloride
hexahydrates (LnCls-6 H,O) were purchased of highest available purity (GdCls: 99.999%, YbCls:
99.998%, TmCl3: 99.99% and TbCls: 99.999%). Trace metal grade sodium hydroxide (99.99%),
ammonium fluoride (99.99%) and sodium trifluoroacetate (98%) were used. Technical grade oleic

acid and 1-octadecene (90%) were used without further purification.

2- Synthesis of B-NaGdF4: 49% Yb3*, x% Tm3"* Core Nanoparticles

Core nanoparticles were synthesized using an established co-precipitation synthesis method.[*®]
1.0 mmol of LnCl3-6 H,O (51-x% GdClz, 49% YbCls and x% TmCl;, where x = 0 or 1%) were
degassed and dissolved in 15 mL 1-octadecene and 6 mL oleic acid at 160 °C for 30 minutes under
vacuum with stirring of 350 rpm. The reaction solution was then cooled to 50 °C, and the vacuum
was released to inject 10 mL of methanol containing 2.5 mmol NaOH and 4 mmol NH4F at a rate
of 1 mL/min. Stirring was maintained for 30 minutes after the injection was completed. Methanol
removal was then completed at about 68 °C with regulated vacuum and Ar-flow as to avoid over-
bubbling of the solution. The reaction solution was then increased to 90 °C for 10 minutes and
then 120 °C for 10 minutes as to evaporate any residual methanol or water. The vacuum was then

released and replaced with a gas bubbler to regulate the Ar-flow. The reaction was then ramped to
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300 °C for 2 hours (at a rate of 10 °C/min). The reaction vessel was cooled to room temperature
in ambient conditions. Core nanoparticles were collected by dispersion in hexanes and
precipitation in ethanol, followed by centrifugation at 4000 rpm in 50 mL centrifuge tubes. This
washing process was repeated three times, and the collected samples were stored as solid pellets

blanketed in ethanol.

3- Synthesis of B-NaGdF4: 49% Yb**, x% Tm3*/NaGdF4: x% Tb3" Core/Shell
1.0 mmol LnCl3-6 H2O (100-x% GdCl3, x% TbCls, where x = 0, 10 and 20%) were combined in

8 mL 1-octadecene and 6 mL oleic acid, followed by degassing and dissolving at 160°C for 40
minutes with stirring at 350 rpm and an Ar-flow. The reaction was cooled to 80 °C, followed by
the addition of 1.25 mmol sodium trifluoroacetate and 5 minutes of stirring. The reaction
temperature was then increased to 100 °C, followed by the addition of 1 mL of hexanes containing
25 mg of oleate-capped core nanoparticles. This solution was left at 100 °C for 10 minutes, and
then ramped to 280 °C for 80 minutes at a rate of 10 °C/min. The reaction solution was then cooled
to room temperature in ambient conditions and washed/stored using the same method as core

nanoparticles.

4- Spectroscopic Characterization

Upconversion emission spectra were obtained using 976 nm excitation from a Coherent 6-pin 15
fiber-coupled F6 series laser diode, controlled using an ILX Lightwave LDC-3744B driver in CW
mode and a ILX Lightwave LDP-3811 driver in pulsed mode. For comparative measurements, 1
mg/mL samples of UCNPs in toluene were prepared and verified using ICP-MS. Visible emissions
were recorded at a right angle to the incident beam, dispersed by a Jarrell-Ash Czerny-Turner 25-
102 1 m double monochromator (1180 grooves/mm) coupled to a cooled Hamamatsu R943-02

photomultiplier tube. UV emissions were recorded at the right angle of the incident beam,
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dispersed using an Oriel 77250 1/8 m monochromator (2400 grooves/mm) and detected with a
Hamamatsu R4632 photomultiplier tube. Signals were processed through an SR440 Stanford
Research Systems preamplifier and converted using an SR400 Stanford Research Systems gated

photon counter. Further experimental details are provided in the SI.

Supporting Information
Physical Characterization of B-NaGdF4: Ln** Upconverting Nanoparticles

A) Emission Spectra

Upconversion emission spectra were obtained using 976 nm excitation from a Coherent 6-pin 15
fiber-coupled F6 series laser diode, controlled using an ILX Lightwave LDC-3744B driver in CW
mode and a ILX Lightwave LDP-3811 driver in pulsed mode. For comparative measurements, 1
mg/mL samples of UCNPs in toluene were prepared. Visible emissions were dispersed by a Jarrell-
Ash Czerny-Turner 25-102 1 m double monochromator (1180 grooves/mm) coupled to a cooled
Hamamatsu R943-02 photomultiplier tube. UV emissions were dispersed using an Oriel 77250 1/8
m monochromator (2400 grooves/mm) and detected with a Hamamatsu R4632 photomultiplier
tube. Signals were processed through an SR440 Stanford Research Systems preamplifier and

converted using an SR400 Stanford Research Systems gated photon counter.
B) Excitation Spectra

A 150 W Xenon Arc lamp dispersed using an Oriel 77250 1/8 m monochromator (2400
grooves/mm) was used to excite solid powder UCNP samples with varying wavelengths.
Emissions were recorded using the same experimental setup as the emission spectra, with a single
observed emission wavelength. Spectra are corrected for the efficiency of the exciting source

dispersed by the same monochromator.
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C) Dual-Excitation Emission Spectra

Emission spectra were recorded using two distinct excitation sources simultaneously, an 800 nm
diode laser (Shanghai Laser and Optics Century, model IRM800T3) with either a 488 nm argon
ion laser (INNOVA Sabre) or a 976 nm diode laser (Coherent 6-pin 15 fiber-coupled F6 series
laser diode, controlled using an ILX Lightwave LDC-3744B). Emissions were recorded using the

same experimental setup as the emission spectra.

D) Transmission Electron Microscopy

10 uL of a 1 mg/mL solution of UCNPs in toluene was evaporated on a formvar/carbon film
supported on a 300 mesh copper grid (3 mm in diameter). Transmission electron microscopy
(TEM) micrographs were taken using a Jeol JEM-2100F microscope operating at 200 kV equipped

with a charge-coupled device (CCD) camera (Gatan).

Electron energy loss spectroscopy (EELS) and scanning transmission electron microscopy
(STEM) micrographs were completed on the TEM grids of a similar preparation method, using
high-angle annular dark-field imaging (HAADF) from an FEI Titan 80-300 HB electron

microscope.

E) Powder X-Ray Diffraction

Powder x-ray diffraction (PXRD) patterns were recorded on solid sample UCNPs using a Scintag

XDS-2000 diffractometer equipped with a Si(L1) Peltier-cooled solid-state detector, CuKa source
at a generator power of 45 kV and 40 mA, divergent beam (2 mm and 4 mm) and receiving beam
slits (0.5 mm and 0.2 mm). Scan range was set from 10-90° 20 with a step size of 0.02° and an

integration time of 2 s.
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F) Inductively Coupled Plasma — Mass Spectrometry
UCNP samples were digested in preparation for inductively coupled plasma — mass spectrometry

(ICP-MS) analysis. 100 pL of a 1 mg/mL UCNP solution in toluene were combined with 1 mL of
concentrated HCI and 100 pL of H2O in duplicates. Test tubes were covered and heated to 115°C
for 16 hours to dissociate nanoparticles. The solvent was then evaporated, and the resulting
precipitate was dissolved in 5% aqueous HNOs3, producing 5 ppm solutions to analyze. The
analysis was completed using an Agilent 7500ce ICP-MS equipped with a quartz Scott-type spray
chamber, focused with an off-axis Omega ion lens and an octopole reaction system with a

quadrupole mass spectrometer analyzer (operating at a frequency of 3 MHz).

NaGdF, Yb** Tm*"/NaGdF,: 20% Tbh**

NaGdF, Yb* Tm*'/NaGdF,: 10% Tb*"

NaGdF,:Yb®* Tm*/NaGdF,: 0% Tb**
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Figure S1 Powder XRD of B-NaGdF4: 1% Tm**, 49% Yb*'/ B-NaGdF4: x% Tb** core-shell nanoparticles
with x =0, 10, and 20 (black, red, and blue curves, respectively). The theoretical pattern shown at the
bottom was calculated for the P-6 space group, for a = 6.0304 A and ¢ = 3.6111 A.[5?! All the diffractions
are assigned to the hexagonal B-phase.
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sizedistribution analyses, the dimension of the core is 8.9 = 1.1 nm.
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Figure S3 STEM micrographs of B-NaGdFa: 1% Tm**, 49% Yb*'/ B-NaGdF4: 20% Tb** core-
shell nanoparticles with different magnifications. Most of the particles are uniformly covered,
with only a few cores visible, as shown by the distinct crystal planes orientations in one of the
particles (bottom left), reported as an example.
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Table S1 Molar concentration expressed as ionic percentage and total mass concentration
of nanoparticles in solutions of toluene from ICP-MS measurements. The error of the
measurements was propagated to include an experimental error of 5%, as provided by the

instrument specifications.

lon 0% Th3* 10% Tb® 20% Tb**
Gd* 87.5+047% 81.06+5.76% 73.79+3.98%
Tb3* 0.09+0.02% 8.1+£0.60% 15.97 £0.94%
Tm3* 0.26+£0.02% 0.25+0.02% 0.24 £ 0.03%
Yb3* 1215+ 1.46% 10.59+0.92% 10.01+£0.62%
Concentration [mg/mil] 1.084 1.211 0.954
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Figure S4 A) Spectroscopic overlap of the excitation bands from Gd*" with the emission band of Tm** in
the UV region. B) Spectroscopic overlap of the excitation bands from Tb*" and the Tm** emissions in the
UV and visible spectral regions. Excitation spectra are recorded for the Tb*" °D4—’Fs emission at 543

nm, and emission spectra are excited with a 976 nm CW laser.
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Figure S5 a) Emission spectra of the powder samples and b) comparison between spectra in powder
samples and solution under excitation with 976 nm CW laser. Spectra in b) are normalized for the
emission indicated by an asterisk. The decrease in the emission intensities for the powder samples is
comparable to the one in solution, and the difference between spectra in powder samples and solution
can be easily assigned to solvent quenching (emissions from Tb*") and difference of absorbed power
for the small deviations of the other transitions.

Table S2 Percentage of decrease in luminescence intensity for the reported emissions obtained
by integration of the spectra in solution in Figure 3 of the main text. All the reported transitions
are arising from Tm>" ions, except for the Gd** °P7,—%S7, emission at 312 nm.

Integrated emission  Luminescence depletion percentage
Aem (nm)  Transition 10% Th** 20% Tb3*
293 3Po—3He 15.7% 22.1%
312 6P72—8S72 31.0% 49.3%
345 3Po—3F4 11.1% 25.2%
362 1D2—3Hs 35.5% 46.4%
450 1D2—3F4 43.4% 52.3%
475 1G4—3Hs 25.1% 32.6%
650 1G4—3F4 15.7% 26.2%
803 3sH4—3Hs 56.8% 67.7%
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Figure S6 Beam profile obtained using the method described previously in the
literature. !
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Figure S7 Evaluation of the error on the energy transfer efficiencies achieved by comparing
two sets of data obtained on the two PMTs used for the emission from the Tm>" 'D, and 'Gy4
levels (left and right, respectively).
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Figure S8 Emission spectra under dual excitation with 976 and 800 nm CW lasers. The
increase of the 'Gs—>Hs, F4 emissions arise from the direct population after excited state
absorption of the 800 nm from the metastable Tm>" intermediate levels.
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Figure S9 Energy level diagram of Tb**, representing the dual excitation experiment.
Emission from the *Dy level is represented after successive excitation with 488 and
800 nm CW lasers, and the resulting emission spectra.
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Figure S10 a) TEM micrographs of B-NaGdFs: 49% Yb**/ B-NaGdF4: 15% Tb**
core-shell nanoparticles and b,c) relative size distribution of the core (black bars)
and core-shell (green bars). d) Emission spectra of B-NaGdF4: 1% Tm?**, 49% Yb*"/
B-NaGdF4: 10% Tb** (black curve) and B-NaGdF4: 49% Yb**/ B-NaGdF4: 15%
Tb** (red curve) core-shell nanoparticles in solution under excitation from a 976
nm CW laser.
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Figure S11 Decay time of the !Gs—*Hs emission after excitation with a 976 nm pulsed
laser with 1, 2, 3, and 4 ms pulse widths at a constant duty cycle, corresponding to the peak

powers reported in legend. To depict the overlapping of the decay profiles, they are
reported after the excitation source has ceased.
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Figure S12 Instrumental response curves varying the pulse width of the

excitation source at 976 nm. The derived error in the lifetime measurements is
less than 10 ps.
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Figure S13 Decay time curves of Gd*" and Tm>" emissions for B-NaGdFa: 1% Tm**,
49% Yb*3/ B-NaGdF4: x% Tb*" core-shell nanoparticles from samples in solution
under excitation from a 976 nm pulsed laser with 1, 2, 3, and 4 ms pulse widths and 4,
7,10 and 14 W/cm? peak powers for x = 0, 10, and 20 (black, red, and blue curves,
respectively).

The vertical dotted lines for each pulse width are reported as a visual guide.
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Figure S14 Energy transfer efficiencies calculated from the decay curves in
Figure S13 for the solutions (a,b) and for the powder samples in Figure 5 (c,d)
as a function of the Tb*" concentration for 10 and 20% doping, and pulse
widths. The values of decay times are obtained by a double exponential fitting
and the errors bar are obtained by propagating the error of the fitting to the
experimental error for the calculation of the energy transfer efficiencies.
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Figure S15 Integrated intensities of the Tm** emissions reported in the legends,
normalized for the Tb** ’Ds—"Fs integrated intensity as a function of the power density
of a 976 nm CW laser. The Tb** *Ds—’F, emission is reported to show the constant
linear trend for emissions correlating with the Tb** ones.
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Figure S16 Decay time curves of Tb** of B-NaGdF4: 1% Tm*", 49% Yb**/ B-
NaGdF4: x% Tb** core-shell nanoparticles for powder samples under excitation
from a 976 nm pulsed laser with 1,2, 3, and 4 ms pulse widths and 4, 7, 10 and
14 W/cm? peak powers for x = 0, 10, and 20 (black,red, and blue curves,
respectively). The vertical dotted lines for each pulse width are reported asa

visual guide.
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Abstract

Evaluation of particle dynamics at the nano- and microscale poses a challenge to the
development of novel velocimetry techniques. Established optical methods implement external or
internal calibrations of the emission profiles by varying the particle velocity and are limited to
specific experimental conditions. The proposed multiemission particle velocimetry approach aims
to introduce a new concept for a luminescent probe, which guarantees accurate velocity
measurements at the microscale, independent of the particle concentration or experimental setup,
and without need for calibration. The simplicity of these analyses relies on the intrinsic
luminescence dynamics of core—shell upconverting nanoparticles. Upon excitation with a focused
near-infrared pulsed laser, the nanoparticle emits photons at different wavelengths. The time
interval between emissions from different excited states is independent of the local environment
or particle velocity. The velocity of the particles is calculated by measuring the distance between
the maxima of two different emissions and dividing it by the known difference in luminescence
lifetimes. This method is demonstrated using simple digital imaging of nanoparticles flowing in
75—-150 um diameter capillaries. Using this novel approach typically results in a relative standard

deviation of the experimental velocities of 5% or lower without any calibration.
p Y
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Introduction

Particle velocimetry aims to evaluate the velocity field of a particulate probe submerged in a
flowing fluid. This technique generally exploits the optical properties of a probe by detecting the
luminescence or scattered light after an incident excitation source irradiates the liquid-solid flow
under inquiry 2*> 2*. The particle velocity can be obtained by measuring the luminescence or
scattering from the probe and using a mathematical relationship with the velocity via an external

or internal calibration 243244,

An external calibration involves the correlation of a measurable optical property of the probe
with a known external parameter, such as the flow rate, to ascertain the particle velocity. This type
of calibration applies to the majority of velocimetry methods based on the use of a luminescent
probe, whose luminescent profile can be recorded and calibrated with varying the flow velocity?*-
247 Lanthanide-doped upconverting nanoparticles (UCNPs) have been previously adopted for
velocity measurements, and the ratio between specific emissions provided the velocity after
calibration 2*® 247 The limitations of these methods reside in the propagation of the errors to the
measured velocities arising from the external parameters used for calibration and from the

deconvolution of the luminescence profile, and the necessity to repeat the calibration after any

modifications of the experimental setup.

An internal calibration allows evaluation of the particle velocity by tracking the probes within
defined time intervals or recording an internal optical property of the probe that varies with the
velocity, using a known mathematical equation. Particle imaging velocimetry (PIV) and particle
tracking velocimetry (PTV) belong to the first class of techniques relying on an internal calibration,
i, PIV and PTV are self-calibrated methods***->**, The luminescence or scattering from

particulate probes is recorded usually after excitation with double-pulse lasers within a known time
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interval in sequential images, which are collected and analyzed via algorithms predicting the
motion and trajectory of the particles >**2°2. The use of UCNPs in PIV has been proposed to
simultaneously measure the velocity and temperature field of these nanoparticles in
microfluidics. This self-calibrated method is strictly limited to dilute samples, and the
sophisticated algorithms used for the particle tracking change depending on the experimental
conditions. The time between sequential images is determined by the recording speed and is
consequently affected by the response time of the detector and the delay between pulses, which
has to be significantly short to achieve meaningful velocity measurements. These requirements
limit the choice of a feasible detector and excitation source to expensive high-speed cameras and
fast double-pulse lasers. While PTV allows for the resolution of the instantaneous velocity field of
the single particles, other methods, such as molecular tagging velocimetry (MTV), take in
consideration the average instantaneous velocity of an ensemble of particles 2°* 2%, MTV mainly
employs photochromic molecules as tracers, whose luminescence or absorbance can be tailored
by the use of multiple light sources, or recorded via multiple detectors recording different
wavelengths. As a consequence, the use of MTV generally requires a complex experimental setup.
Finally, several ways are described in the literature to achieve 2D and 3D characterization of
particle velocity, by use of laser masks to obtain a discretization of the control volume and allow

the evaluation of the displacement in all the directions®*® 230253254,

The limitations of the reported techniques can be overcome and the experimental setup can be
significantly simplified if the probe provides not only a luminescent signal to track, but information
about the time interval between consecutive recordings. Therefore, it is required to find a system
that undergoes two consecutive events with a known time interval between them, independent of

the flow conditions. Such a system would provide an opportunity to obtain velocity measurements
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without calibration, neither external nor internal. The intrinsic luminescence characteristics of
UCNPs offers such a possibility, since the time interval between two intercorrelated emissions
does not change with the velocity of the nanoparticle and can act as such a reference 2. In this
communication, we prove that the emissions from Tm?* and Tb*>" in NaGdF4:49% Yb**, 1%
Tm**/NaGdF4:20% Tb** core-shell UCNPs respect the requirements for such a reference value.
Consequently, velocity measurements were performed with these core—shell UCNPs in a toluene
flow without the need for calibration or a sophisticated experimental setup. The simplicity and
accuracy of this technique stands out in particular with respect to MTV, considering that the
average axial velocity profile of an ensemble of nanoparticles was obtained by using a single
excitation and detection system. The possible advantages of the use of multiemission particle

velocimetry with respect to and in concomitance with other techniques are also discussed.

Results and Discussion

The engineered core—shell UCNPs have a characteristic hexagonal prism shape (20 x 10 nm),
forming colloidal suspensions in toluene.!'*! The flow of toluene in the investigated velocity range
between 1 and 1000 mm s™! follows the so-called laminar flow regime. The flow immediately
around a nanoparticle with the same geometry of the proposed nanoprobes was pre-emptively
simulated to verify that homogeneous flow was not disrupted by the particles during the
measurements and to evaluate the flow characteristics before performing the experiments

235(Appendix S1, Supporting Information).

From the simulated flow conditions in the simplest flow path (a cylindrical tube), it was shown
that, depending on the inlet velocity, the particle in the stream modifies the velocity field of the
solvent only in a small area around the particle (Figure S1, Supporting Information). More

importantly, for the simulated velocity range, the flow lines do not indicate the appearance of
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turbulence due to the presence of the particle in the flow (Figure S6.1, Supporting Information).
The Reynolds number for the liquid phase (Rer) ranges between 0.1 and 230 over the simulated
velocity regime. This range corresponds to the requirements of laminar flow and produces the
expected parabolic axial velocity u (Equation S1, Supporting Information) in the fully developed
region (Video Sla, Supporting Information)?>®. The capillary dimensions and velocities used here
ensure that this parabolic profile exists over the majority of the capillary length. Simulations and
Equation S2 (Supporting Information) predict that the transition to the parabolic profile after the
so-called entrance region (xg in Equations S1 and S2, Supporting Information) occurs, at worst, in

the first few mm of capillary (Table S1 and Figure S2, Supporting Information).

Another significant dimensionless number yielding insights into the particle motion is the
Reynolds number for the particle phase (Rep)*>. Re, indicates whether the particle flow results in
a colloidal dispersion governed by Brownian forces (Re, < 107°), in a homogeneous (107® < Re, <
0.1), pseudo homogeneous (0.1 < Re, <2) or heterogeneous (Rep > 2) flow.['*) Flow regimes other
than the homogeneous flow lead to segregation of the velocity field of the nanoparticles from the

parabolic profile 2°°

, which would generate errors in the evaluation of the theoretically predicted
velocities, making the validity of the proposed technique impracticable to prove. From the analysis
of Rep (Equations S3—S5, Supporting Information, 2.5E-5 < Rep < 0.025), the solid—liquid system
can be described in terms of homogeneous flow, and the particle dynamics can be modeled
according to the solvent dynamics. Consequently, the Brownian forces acting on each nanoparticle

can be neglected in the considered velocity regime with respect to the measurement of velocity for

an ensemble of nanoparticles, which follows the solvent flow lines.

Finally, the analysis of the pressure and viscous forces acting on the nanoparticle walls with

respect to the other force components further confirms that the resistance offered by the
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nanoparticle to the flow is negligible. The contribution to the force balance from drag is orders of
magnitude higher than the other forces and ranges between 1073 and 107N (Table S2,
Supporting Information), comparable with values previously reported in the literature for
nanoparticles 2°-2>°. The small magnitude of the simulated drag forces also guarantees that the
nanoparticles follow the liquid phase dynamics without significant resistance. The obtained
simulated values and the reported analysis of the dimensionless numbers guarantee that a particle
in regions of flow where the interactions with the wall are minimized follows the expected
parabolic profile. The maximum flow velocity at the center of the capillary can be expressed as 23
vp(x,0) = u(x,0) = 2(uavg) = 2Q/A for x>>xEvpx,0 = ux,0 = 2uavg = 2Q/A

for x>>xE (6.1)

where the particle velocity v, can be calculated from the fluid axial velocity u at the center of the
capillary (» = 0) doubling the average fluid velocity, uave, obtained by dividing the flow rate Q by

the cross-section 4 for any axial coordinate, provided that x is larger than xk.

In summary, measurements of the theoretically predicted velocity of the UCNPs in the
middle of the capillary are expected to follow Equation 1. For a full development of the flow lines,
the nanoprobes were irradiated by a NIR pulsed laser with a focused beam profile (Figure S3,
Supporting Information) after 7 cm from the flow inlet in 10 cm long capillaries (I.D. 150, 100,
and 75 pum). The distance between the inlet and the excitation source guaranteed that the
measurements were performed in the fullydeveloped region, where Equations S1 and S2
(Supporting Information), and Equation 1 are respected. The excitation source was pulsed to avoid
overheating, which would arise for continuous-wave excitation and result in convective motion of
the particles around the heated spots, consequently modifying the flow conditions (Appendix S1,

Supporting Information for the thermal balances). Digital images of the particle profiles were
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recorded with a mobile phone camera mounted on a simple microscope focused on the plane
containing the irradiated area in the capillary and analyzed with the software ImageJ (Schematic

S1 and Appendix S2, Supporting Information).

The luminescent dynamics of NaGdF4:49% Yb**, 1% Tm>"/NaGdF4:20% Tb*" core—shell
nanoprobes have been thoroughly investigated in a previous article '®2. The green emission (540
nm) from the °Dy state of Tb>" originates directly from the D2 emission of Tm?", maximized in
the blue region (450 nm) '%2. The maxima of the Tm>" emission at 450 nm always occurs 252 £ 10
us before the maxima of the Tb*" emission at 540 nm. This time interval is independent of the
pulse width for short pulses before reaching the emission steady-state (Figures S4 and S5,
Supporting Information) 6224 i e., this time interval does not depend on the residence time of the
particles within the excitation beam and is therefore independent of the velocity. Moreover, the
time interval is not influenced by the particle concentration, being the same in powder samples
and colloidal dispersions of these nanoparticles 2. In energy transfer upconversion, after near-
infrared (NIR) excitation, a sensitizer transfers energy to an activator, which in turn emits light at
specific wavelengths »*”2%°. Due to this sequential excitation pathway, the emission rise time of
the activator is a function of the sensitizer dynamics only, in the absence of quenching phenomena,
which can be achieved by protecting the sensitizer ions in a core NP with a thick outer shell. This
dependency between two emissions of sensitizer and activator respects the requirements for the
definition of an internal time reference essential for velocity measurements. The key aspect for the
accomplishment of such a time reference resides in summary in the impossibility to quench the
Tm>" emissions, due to the protection with a thick shell, and the almost insensitivity of
Tb** emissions to solvent quenching. The large energy gap between Tb*" levels guarantees that

the luminescence dynamics of the emissions from the *D4 level are unaffected by the solvent
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quenching from aromatic moieties. The use of a different solvent containing OH functionalities
can, however, cause minor solvent quenching of Tb*>" dynamics. We can conclude that using
solvent similar to toluene with respect to vibrational modes and refractive index would not
influence the difference between maxima, considering that the lifetimes for powder and solutions
have been demonstrated to be the same, and that further studies of the luminescence lifetimes have
to be performed when solvents with functionalities characterized by high energy vibrational modes

are used.

Color digital images of the flowing UCNPs taken through a visible bandpass filter (400 nm <
transmittance < 750 nm) show a spatially differentiated multicolor emission profile (Figure 1a),
which arises from the difference in luminescence lifetimes between emissions from Tm>" (blue
emission) and Tb** (green emission) (Figure S6, Supporting Information). Ten digital images
(minimum) were averaged, the RGB space was converted to the X, ¥, Z coordinates of the CIE
XYZ space, and plotted into the 2D CIE diagram (Figure 1b). The coordinates in the 2D CIE
diagram correspond to previously obtained results from time-resolved spectra (Figure 1¢)!®%. Two
points in the CIE diagram in Figure 1b correspond to the distance between points in Figure 1a and

a time interval between two time-resolved spectra in Figure lc. These results allow for a
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Figure 1 a) Digital image and converted images to the CIE XYZ color space of the typical multiemission

flow lines. b) 2D CIE 1931 diagram showing the obtained color coordinates. c) UCNPs time-resolved
spectra characterized by the same color coordinated as the points in (b).

correlation between the traveled distance of the nanoparticles and the time delay with the color

coordinates, which results in the calculation of the particle velocities.

From previous results 62

, it appears that the time-resolved spectra can change with the excitation
pulse width, resulting in differences in the reported values on the CIE diagram. However, the time
differences between time-resolved spectra representative of two points on the CIE diagram is
constant, due to the discussed independency of the emission time interval from the pulse width.
With increasing pulse widths, the time at which one emission reaches a maximum shift to the same
extent of a second emission sensitized by the first (Figure S4, Supporting Information).
Consequently, the delay between the two emissions is unaffected by the pulse width, i.e., the time
between two coordinates on the CIE diagram is independent of the velocity. This color-coordinate
method requires the use of the same detector for the flow imaging and the time-resolved spectra,
which can be obtained by fiber arrays or modern cameras, which allow for both imaging and
spectroscopic analyses. The use of different detectors to capture the digital images and record the
time-resolved spectra can limit the effectiveness and accuracy of this method if their color
sensitivities are different. Also, it requires calibration of the CIE coordinates with time, resulting

in a similar approach to the ones already reported in the literature 243247,
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A more flexible way to obtain the particle velocities, without any need for calibration, is achieved
by applying blue and green bandpass filters (BP450 and BP540, respectively) to capture the flow
as images. In contrast to the color-coordinate method, the influence of the sensitivity of different
detectors does not constitute a source of error when the multiple emissions are recorded separately.
The luminescent lifetimes (Figure 2a) can be recorded inside the capillary with a photomultiplier
tube, under the same excitation conditions used for capturing their profile with a mobile phone
camera (Figure 2b). The difference in maximum emission with the time in Figure 2a corresponds
to a difference in maximum emission with the distance in Figure 2c, obtained by plotting the
intensity of each emission within a rectangular area from the images in Figure 2b. The distance
between the two maxima for the blue and green emissions in Figure 2¢ can be measured and

divided by the known delay of 252 ps to obtain the velocity of the particles.
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Figure 2 a) Luminescence lifetimes, b) digital images, and c¢) luminescence profiles within a
rectangular area of the microcapillary for the blue and green UCNPs emissions, obtained by
alternating blue (BP450) and green (BP540) bandpass filters.

This multiemission approach provides the steady-state velocity of the particles with a very simple
luminescence imaging setup and without any need for calibration. With respect to the other
methods,!3) only two images are needed to establish the travelled distance by these nanoprobes,

allowing for maximum flexibility of their use and reducing the experimental error. With respect to
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MTV 233254 the proposed approach yields the same 1D information without the necessity for
multiple excitation sources or detectors. The implementation of similar techniques to mask the
excitation source can further produce the 2D or 3D velocity fields when coupled to detection
system with tunable in-focus planes. As an example, detection of multiple emissions can be
performed with a confocal microscope, where different bandpass filters can be alternated, or by
using a setup with two synchronized detectors equipped with different filters, which was recently

discussed in the literature 2°!

. Moreover, we are currently exploring if the RGB filters incorporated
into inexpensive digital cameras provide sufficient spectral discrimination to eliminate the need
for separate filters. Furthermore, considering the reported possibility to use UCNPs in
concomitance with PIV, we are confident that these nanoprobes can be adopted for 2D and 3D

velocimetry by masking the laser source to form a grid, as described for the other techniques®*®-

230,253,254 \ith the substantial advantage of using an inexpensive excitation source other than the

double-pulse lasers required for PIV and PTV.

These UCNP nanoprobes were tested with the same experimental setup in a broad range of flow
rates (Figure 3a) with three different capillaries. The optical window offered by the microscope,
with a 10x lens, was less than 1.5 mm with a spatial resolution smaller than 350 nm for all the
images. The obtained results were compared with the theoretically predicted velocities from
Equation 1 (Figure 3b), and errors for the experimental and predicted velocities were calculated
(Tables S3—S5 and Appendix S3, Supporting Information). The experimental velocities do not
vary significantly from the theoretically predicted values. The primary source of error on the
experimental measurements originates from the uncertainty in the lifetime (252 + 10 ps), while
the dominant error in the theoretically predicted values arises from the uncertainty of the capillary

diameter (=+4 pm). Without direct measurement of the capillary diameter, the theoretically
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predicted values are affected by an error (5% < error < 8%), which is larger than the experimental
error (<5%). These results confirm that this strategy avoids calibrating the velocities and therefore
folds in less errors in the measurements. Considering the good agreement between the
experimental and theoretical values, the accuracy of the technique has been proven, which
guarantees its applicability to any flow regime and the whole capillary, as shown in Figure S7
(Supporting Information). Although an accuracy lower than 5% is in good agreement with the

results provided in the literature,*13!

an even higher accuracy can be achieved by reducing the
uncertainty on the lifetimes, i.e., by increasing the number of repetitions or using a detector with

a faster response time.

The results in Figure 3 can be easily extended to other flow rates by changing the diameter of the
capillary, the magnification of the microscope, or choosing another multiemission nanosystem.
Higher velocities would require a shorter time delay between sensitizer and activator emissions to
minimize the distance between sequential emissions, which can be achieved using a sensitizer with
a shorter decay time compared to Tm>". Inversely, determining lower flow velocities would require
a longer delay between emissions to assure the differentiation of the emissions. This new approach
indeed provides maximum versatility, considering the range of possible combinations between

lanthanide ions to synthesize multi-emission probes for velocimetry!%® 262,

The novelty of multiemission particle velocimetry resides in the use of the intrinsic time-tunable
emissions of UCNPs without any need for calibration, no limitations on the particle concentration

or shape, and exploiting these nanoprobes with a simple and economical experimental apparatus.

169


https://onlinelibrary-wiley-com.lib-ezproxy.concordia.ca/doi/full/10.1002/adma.202002266?sid=worldcat.org#adma202002266-bib-0003
https://onlinelibrary-wiley-com.lib-ezproxy.concordia.ca/doi/full/10.1002/adma.202002266?sid=worldcat.org#adma202002266-bib-0013
https://onlinelibrary-wiley-com.lib-ezproxy.concordia.ca/doi/full/10.1002/adma.202002266?sid=worldcat.org#adma202002266-fig-0003

)| MIN 0.006
MAX 0.06

Flow rate (mL/min)

700

2

£

£ !gi’
& 4
= (T &

10

”
vy

=t

X 3
E

/i 3
=

- Experimental velocities:

k-3

IlIE

75 um

* 100 um
150 um

o Predicted velocities

0.005 0,01

0.1
Flow rate (mL/min)

0.5

Figure 3 a) Schematic summary of the performed measurements with digital images of the
multiemission flow lines for the minimum and maximum flow rates adopted for each
capillary (I.D. 75, 100, and 150 um). The blue and green hexagons represent the maximum
for the blue and green emissions, respectively. b) Summary of the experimental (colored
symbols) and predicted (black symbols) velocities from multiemission particle velocimetry.

We proved the accuracy of multiemission particle velocimetry by the evaluation of the errors on

the measurements, which is lower than the error on the theoretically predicted values.

Therefore, it is desirable to develop UCNPs with a series of chronological emissions, whose
differences in rise time are known. Because the correlation of space and time is derived by the
intrinsic properties of the proposed nanoprobes, the velocity measurements do not require any data

deconvolution or sophisticated algorithms. A more nuanced view is that the calculated velocity
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represents the average distance travelled by the particle(s) over the time resulting from the
difference in luminescent lifetimes. These nanoprobes yield the definition of an internal reference
for the time measurements and the perspective to evaluate motion in any zone of a capillary and
flow condition. Although this work focusses on a specific core—shell nanosystem, the idea of this
new class of optical probes can be extended to sets of luminophores that are characterized by
energy transfer between a sensitizer with long rise times, like in UCNPs, and any activator with
resonant states, as long as quenching is avoided by a core-shell approach. Finally, further
functionalization can be investigated to achieve dispersibility in several other solvents, proving the
great versatility of these nanoprobes and the interest in exploring their application in velocimetry

even further.

Supporting Information

Appendix S1 — Simulations

The behavior of particles in nano and microfluidics deviates from the classical models for solid-
liquid flow, similar to the plethora of physical and chemical differences that nanoparticles display
compared to their bulk material properties. Simulations of the flow dynamics around a nanoparticle
were performed, first, studying the flow of pure toluene in a 2D geometry resembling a 100 um
capillary, and then, using the velocity profiles obtained from the 2D model as input for a 3D model
of a section of the capillary. The 3D geometry contained a particle in the middle of the flow. 2D
and 3D models were implemented following respectively the axisymmetric and symmetric
assumptions for the resolution of the Navier-Stokes equations.

The 2D geometry for the simulations represents a 10 cm long and 100 pm diameter capillary, while

the 3D section of the same capillary was 10 um thick, with the particle placed on the symmetry
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plane 3 um from the inlet. The hexagonal particle was 20 x 10 nm in size. The meshes of both the
2D and 3D models were optimized checking the output velocity profiles and verifying the
minimum number of cell elements required to obtain no variance between the simulations with
increasing number of cells. The size of the meshes in terms of cells for the 2D and 3D models were
respectively 50000 and 430000. The results for the simulations are shown in Figure S1.

Validation of the results for the 2D simulation was performed considering the laws governing

laminar flow. The flow profile in laminar conditions can be expressed by the parabolic law:

r2

u(x,r) = upyax(x,0) (1 — —) for x > xg (S1)

R2
Equation S1 expresses the axial velocity u(x,7) for an axial (x) and radial (») coordinate as a
function of the maximum velocity on the axis of the parabolic profile uam4x(x,0) and the capillary
radius R. This equation is valid for axial coordinates after the entrance region, defined as the axial
coordinate where the velocity profile turns from flat to parabolic at x = x, i.e. in the fully-
developed region. For laminar flow, the axial coordinate xx can be expressed as in Equation S2:
xg = 0.06Re; D (S2)
where D is the capillary diameter. The coordinate x was calculated (Table S1) from Equation S2
using the same values of density and viscosity for toluene as in the simulations (867 kg m™ and
5.91e-4 kgm''s!, respectively). The simulated velocity profiles are reported in Figure S2.
Comparison of the values of the entrance region in Table S1 and velocity profiles in Figure S2
produced similar results validating the 2D simulations. The simulated forces acting on the
nanoparticle wall were summarized in Table S2.

The particle’s Reynolds number (Rey) was obtained using a sphere with a radius such that its

volume was the same as the nanoparticle. Knowing the distance between two vertexes of a
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hexagonal particle, i.e. the diameter d (20 nm), the volume can be calculated by determining the

side length / and the apothem a by:

= 4560 _g66nm [ =dcos60=10nm (S3)

The volume is further calculated by:

V= (6la)h

= 2598 nm3 (S4)
Where 4 is the hexagonal prism height (10 nm). The radius of a sphere with the same volume is
req = 8.53 nm, from which Re, can be calculated as:

Re, = 2‘"‘% = {2.5E — 5,0.025} (S5)

Obtained for u ranging between 1 and 1000 mm/s.

Table S 6.1 Reynolds number for the liquid phase (Rer) and axial coordinate of the entrance region xz
U éé{ . g" L —

1 mm/s - ) 1000 mm/s - K

T e

0 1 2000 mm/s

Figure S1 (top) Simulated 2D flow dynamics for toluene in an axisymmetric 100 um capillary with
inlet velocity of 1 (right) and 1000 (left) mm/s in the entrance region. (bottom) Section of the
simulated 3D flow dynamics for toluene around a hexagonal particle (scale bar of 50 nm). The inlet
axial velocity profile for the 3D simulations is obtained from the 2D simulations in the fully-
developed region. The reference system was chosen with the x axis equidirectional with the flow.

from Equation S2 as a function of inlet velocity and diameter of the capillary.
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RCL XE (m)
Velocity 150 pm 100 pm 75 pm 150 pm 100 pm 75 um
(mm/s)
1 0.23 0.15 0.12 2.09E-06 9.29E-07 5.22E-07
1000 232.23 154.82 116.12 2.09E-03 9.29E-04 5.22E-04
20 20
7 1.5 = 17
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£ < =
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Figure S2 Axial velocity profiles from the 2D simulation of flow dynamics for toluene in a 100
um capillary with inlet velocity of 1 (left) and 1000 (right) mm/s . The axial velocity profiles
are plotted as a function of the radial distance and were calculated along lines at different
distances from the inlet line.

Appendix S2 — Experimental

Table S2 Simulated forces and momenta from

Fi

gure S 6.1
Velocity 1 1000
[mm/s] [mm/s]

Forces
Fo [N] 1.24E-13 1.17E-10
FL[N] -1.63E-17 4.31E-13
M,y [Nm] -5.48E-22 -5.17E-19
My [Nm] 6.31E-27 3.84E-22
Mz [Nm] 3.03E-25 2.48E-22
Fa [N] 4.32E-19

Experimental Setup
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Core-shell NaGdF4:49% Yb*',1% Tm>"@NaGdF4:20% Tb** UCNPs were obtained via a
modified co-precipitation synthesis previously reported.!®!! These core-shell nanosystems produce
a hexagonal shape, as is common for this materials, and size of 20.5 + 1.5 nm x 9.7 + 1.7 nm.
Their composition and luminescent properties were previously reported.’>!! The UCNPs were
dispersed in toluene at a concentration of 10 mg/mL or approximately 10! particles/mm? to ensure
that the bulk properties of the solvent dominated the solution properties i.e. viscosity and density.
These colloidal suspensions were sonicated for 20 minutes before use, to avoid precipitation.

The luminescence profiles of these nanoprobes were recorded in capillaries (TSP series Polymicro
Flexible Fused Silica Capillary Tubing with internal diameters of 150, 100, and 75 pm, Molex,
Inc.) after NIR excitation at 976 nm with a 6-pin fiber-coupled diode laser (Coherent F6 series),
operating in continuous mode via an external driver (ILX Lightwave LDC-3744B) with a power
density of 10* W/cm? and a beam size of 35 um (Figure S3). The beam was chopped with an
optical chopper at a 20 Hz frequency (model SR540, Stanford Research Systems, Inc.) and blades
with adjustable duty cycle, set at 5% (chopper blade MC1F10A, Thorlabs, Inc.), resulting in a 250
us pulse with a 5 ms overall time interval between consecutive pulses. The beam was focused into
the capillary with a single-convex lens (F.D. 20.9 mm) to produce a nearly uniform excitation
beam across the lumen of the capillary and in the imaging plane as shown. The lens and capillary
holder were mounted on micrometer driven translation stages to achieve optical alignment. The
UCNPs colloidal suspensions were injected into the capillaries via a syringe pump (11 Plus,
Harvard Apparatus), different velocities were achieved by varying the flow rate. A simple
microscope (Sixty, AO Instrument Company) was focused on = 1.5 mm of the irradiated region of
the capillary, using a 10x 0.25 NA objective. Bandpass filters (Thorlabs, Inc.) were applied on the

microscope objective to record selected wavelengths: between 400 and 750 nm (Visible bandpass,
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VisBP); 440 and 460 nm (BP450); and from 510 to 590 nm (BP540). A photomultiplier tube (PMT,
Hamamatsu R4632) was directly placed on the microscope objective to record the lifetime (Figure
S4) from solutions inside the capillary. The signal from the detector was processed through a
preamplifier (SR440 Stanford Research Systems) and converted with a gated photon counter
(SR400 Stanford Research Systems). Digital images, using automatic exposure settings, were
taken by replacing the PMT with a mobile phone camera (Sony Exmor IMX362) and alternating
the required bandpass filters. A schematic of the experimental setup is shown in Schematic S1.
Finally, spectra of the particles in the capillary (Figure S5) are recorded with the three bandpass

filters used, by a fiber-coupled CCD spectrometer (USB4000-UV-VIS-ES, Ocean Optics).

Digital Image Analyses

The analysis of the digital images was performed with the software ImageJ. A minimum of ten
stacks (images) per each flow condition was averaged to improve S/N. This RGB image was
converted into the CIE XYZ color space by the Imagel plugin “Color Space Converter”, which
automatically converts the figure into three gray-scale images. The intensity of these stacks in a
point corresponds to a coordinate into the XYZ space. The coordinates x and y in the 2D CIE 1931
diagram were obtained in different points along the capillary axis.

Image to image offsets can occur as a result of changing the filters with different refractive index.
These were evaluated by calculating the translation vector using the beam profile inside the
capillary in non-flow images. This vector was applied to the flow images to correct for any offsets.
The resulting digital images of the blue and green filtered emissions from the nanoprobes were

cropped to a rectangular area and the intensities along the axis of the capillary were plotted by
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Figure S3 A picture of the focused NIR laser beam (right) was taken with a camera by using neutral
density filters, as described before. The analysis of the picture with ImagelJ 3D allows for a
characterization of the beam profile (left) and diameter (35 um).

means of the “Plot Profile” tool. The scale was set using the known distance between the inside
walls of each capillary. The obtained curves of the luminescence as a function of the distance were
plotted in Origin to search for the maximum intensity. The velocities were calculated by
subtracting the distance between maxima for the blue and green emissions in each flow condition
and dividing it by the measured lifetime difference of 250 ps (Figure 2). The analysis of error for

the experimental and theoretically predicted velocities is reported in the next section.

HTmT Y
I ooooeE |

Scheme The experimental setup composed by a syringe pump, a NIR pulsed
laser diode, focused with a single convex lens, the capillary and a simple
microscope. Pictures are taken from the microscope objective while the pump is
allowing the flow of the nanoparticle colloidal suspension at different flow rates.
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Figure S4 Luminescence spectra for the UCNP nanoprobes under 976
nm NIR pulsed laser excitation with different bandpass filters.
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Figure S5 Lifetime curves for the proposed nanoprobes of the blue (blue symbols)
and green (green symbols) emissions under NIR pulsed laser excitation with
different pulse widths in the legend. The duty cycle is constant for all the
measurements to avoid differences in the excitation power.
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Appendix 3 — Error Evaluation

The following error evaluation considers both the experimental and theoretically predicted errors.
The experimental errors arise from the image resolution and time response of the PMT used to
determine the luminescence lifetimes. The axial coordinate of the maximum (x)/) of each emission
was considered to occur within a range from the measured value dependent on the resolution (R)
of the digital image. Consequently, the range for the distance at which the maximum intensity for
an emission was achieved is xa = R. The resolution for the recorded digital images was 350 £ 20
nm. The difference in luminescence lifetimes is 250 + 8 us as previously reported.[S! The resulting
error on the velocity (uex, = distance between maxima / 250 ps) was obtained by propagation of
the error on distance and time for each capillary and flow condition (Table S3, S4, and S5).

Similarly, the theoretically predicted errors were calculated taking into account the accuracy of the
flow rate for the syringe pump and the error of the internal diameter of the capillaries. The
predicted velocity ume, was obtained by dividing the flow rate for the cross-sectional area of the
capillary. The accuracy, provided from the manufacturer, on the volumetric flow was +1%. The
internal diameters of the capillaries were 150 £ 4 um, 100 + 4 pum, and 75 + 3 pum, as reported
from the manufacturer. As for the experimental error, the predicted error was evaluated by

propagating the error on the flow rate and internal diameter of the capillaries.
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Table S3 Measured (exp) and theoretically predicted (theo) values of the axial velocity u, respective
standard deviation (S.D.), and percent deviation of the experimental from the theoretically predicted
velocities for the 75 pum capillary.

Flow Rate  ue, (mm/s) S.D.cxp Uheo S.D.theo Exp/theo
(mL/min) (mm/s) (mm/s) (mm/s) %
0.006 45.46 2.46 45.27 3.65 0.42
0.007 54.03 2.63 52.82 4.26 2.29
0.008 64.91 2.87 60.36 4.87 7.54
0.009 67.60 293 67.91 5.48 0.46
0.01 79.77 3.23 75.45 6.08 5.73
0.02 149.00 5.16 150.90 12.17 1.26
0.03 228.24 7.57 226.35 18.25 0.83
0.04 315.76 10.30 301.80 24.33 4.63
0.05 345.64 11.24 377.26 30.42 8.38
0.06 469.49 15.15 452.71 36.50 3.71

Table S4 Measured (exp) and theoretically predicted (theo) values of the axial velocity u, respective
standard deviation (S.D.), and percent deviation of the experimental from the theoretically predicted
velocities for the 100 pm capillary.

Flow Rate  uey, (mm/s) S.D.cxp Utheo S.D.heo Exp/theo
(mL/min) (mm/s) (mm/s) (mm/s) %
0.009 37.48 231 3820 3.08 1.88
0.01 43.60 242 42,44 3.42 2.73
0.02 85.52 3.38 3488 6.84 0.75
0.03 13040 462 gy 1026 242
0.04 160.92 5:32 169.77 13.69 521
0.05 201.04 673 iy VM 5.26
0.06 245.20 809 5465 2053 371
0.07 297.88 974 9709 2395 0.27
0.08 308.28 1006 33953 2737 9.20
0.09 385.52 1249 35197 3080 0.93
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Table S5 Measured (exp) and theoretically predicted (theo) values of the axial velocity u, respective
standard deviation (S.D.), and percent deviation of the experimental from the theoretically predicted
velocities for the 150 pm capillary.

Flow Rate Uexp S.D.cxp S.D.iheo Exp/theo
(mL/min) (mm/s)  (mm/s) e (mm/s) (mm/s) o
0.06 10020  +02 113.18 6.14 352
0.07 13936 488 132.04 7.16 5.54
0.08 158.36 544 150.90 8.19 4.94
0.09 18253 Ol 169.77 9.21 7.52
0.1 17062 81 188.63 1024 955
0.2 35148 1142 37726 2047 6.83
03 s6093 1806 565.88 30.71 0.87
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Abstract
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Scheme Schematic representation of harmonic generation photoinduced cell damage, and Ln-
UCNPs nanothermometry

We introduce a nonlinear all-optical theranostics protocol based on the excitation wavelength
decoupling between imaging and photoinduced damage of human cancer cells labeled by bismuth
ferrite (BFO) harmonic nanoparticles (HNPs). To characterize the damage process, we rely on a
scheme for in situ temperature monitoring based on upconversion nanoparticles: by spectrally
resolving the emission of silica coated NaGdF4:Yb*"/Er** nanoparticles in close vicinity of a BFO
HNP, we show that the photointeraction upon NIR-I excitation at high irradiance is associated with
a temperature increase >100 °C. The observed laser—cell interaction implies a permanent change
of the BFO nonlinear optical properties, which can be used as a proxy to read out the outcome of
a theranostics procedure combining imaging at 980 nm and selective cell damage at 830 nm. The
approach has potential applications to monitor and treat lesions within NIR light penetration depth

1n tissues.
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Introduction

Nanoparticle-based theranostics is often associated with multimodal interaction in which the
control over diagnostics (imaging) and treatment (e.g., cell disruption, drug-release) procedures is
exerted by physically distinct stimuli (e.g., optical, magnetic). In some settings, the rapid access
to different kinds of interaction exploiting the same physical vector and equipment can be the key
to success. Approaches based on plasmonic absorption of gold nanoparticles have been intensively
studied in the past decade 2%. In this case, irradiation at low pulse energy enables the use of
nanoparticles as markers, whereas an increase of pulse energy results in thermomechanical effects
that can be used for localized destruction of target cells or structures. However, from the practical
viewpoint, the separation between the two regimes is difficult to control, especially when thick
cell layers are irradiated and the radiant exposure changes as a function of depth. In this work, we
investigate the excitation wavelength decoupling between imaging and photoinduced damage of
cells labeled by bismuth ferrite (BFO) harmonic nanoparticles (HNPs). It was previously shown
that BFO HNPs are suitable cell markers for nonlinear microscopy 2°*26°, Their contrast is based
on second- and third-harmonic generation (SHG, THG) rather than luminescence. Harmonic
generation is a parametric nonlinear process where N incident photons at frequency ® interacting
with a nonlinear medium are scattered as a single photon at frequency N X . As we previously
demonstrated, the colocalization of SHG and THG typically excited between 1200 and 1300 nm
leads to additional selectivity against the background; in fact, it can be exploited to detect HNP-

labeled structures against endogenous sources of harmonic signals 264263

, such as collagen or lipids
266, Furthermore, the long excitation wavelengths strongly limit autofluorescence that may hinder

the marker detection in tissues.
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The procedure we demonstrate here implies harmonic generation using excitation >980 nm
for imaging, followed by photointeraction at shorter wavelengths (820-830 nm) for localized
damage of BFO labeled cells. Although the process of harmonic generation is not directly
associated with photon absorption, it is known that nonlinear conversion efficiency can be
enhanced when the excitation or emission frequency is tuned to a resonance 2¢’. In this case,
concomitant with the harmonic emission, heat can be deposited onto the particle following direct
multiphoton excitation or linear reabsorption of SHG 2%, Within this resonant approach, the
temperature reached by a ZnO nanowire excited by two photons above the band gap frequency
was recently estimated to 327 °C 2, The amount of temperature increase does not exclusively rely
on the choice of the excitation frequency, but also on other parameters playing a role in local
heating dynamics, in particular, the numerical aperture (NA) of the focused beam 27 the laser
repetition rate, and the dwell time 27 2"!, Keeping all other conditions identical, MHz sources are
more effective for heating than kHz ones because the interpulse delay is short compared to the heat

dissipation rate.

To demonstrate the possibility to select the photointeraction modality by wavelength switching,
we characterize the process in three stages. (1) We study the dependence of imaging and permanent
damage as a function of peak irradiance, irradiation dose, and wavelength for BFO HNPs, and
unlabeled and labeled cancer cells. (i) We devise an all-optical scheme based on
NaGdF4:Yb**/Er** upconversion nanoparticles for in situ temperature monitoring around a
nanometric heating source. (iii) We demonstrate the spatial selectivity of the photodamage

procedure on a coculture containing labeled and unlabeled cells.
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Results and Discussion
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Figure 1 Assessment of photoinduced damage as a function of irradiance and irradiation dose on
dry BFO HNPs dispersed on a microscope coverslip (stars), unlabeled A549 cells (open circles),
and BFO-labeled A549 cells (filled circles). Green corresponds to safe exposure and red to unsafe
exposure observed during the first image scan as detailed in the Materials and Methods section.
Variation of irradiance goes along with a variation of the total irradiation dose that depends on
pixel dwell time (4.1 ps and 23.8 ps for the measurements in the lower and upper diagonal series,
respectively). The dashed box outlines the theranostics window, i.e., an irradiance/irradiation dose
region characterized by a different interaction modality (imaging, photodamage) on labeled cells
when the wavelength is switched between 980 and 830 nm.

Figure 1 provides an overview of the photoinduced effects of different irradiation parameters.
Damage thresholds for dry particles or small particle aggregates, labeled cells, and unlabeled cells
exhibit pronounced differences at 830 and 980 nm. This makes it possible to identify parameter
regimes for damage-free cell imaging at 980 nm, and targeted cell destruction at 830 nm (see
dashed boxes). These regimes and the underlying interaction mechanisms will now be discussed

in details.
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Effect of Laser Irradiation on Dry BFO HNPs on a Substrate

The direct band gap of BFO is approximately centered at 450 nm (2.7 eV) 22 Upon
resonant interaction in this spectral region, differently from what has been reported for ZnO 267
268,273 for two-photon excitation >800 nm we observe pristine SHG spectra and no or very weak
photoluminescence (Figure S2, upper plot). The latter is normally reported for one-photon
excitation of <400 nm >’*. On the other hand, we observe that the SHG signal vanishes permanently
upon irradiation at intensities and irradiation doses above specific threshold values (Figure 1). As
reported in Figure S 3, the dynamics of the SHG signal from a large ensemble of BFO HNPs on a
substrate undergoing areal scanning irradiation follows a characteristic decay. The sudden drop at
the beginning of the irradiation procedure originates from the complete loss of SHG from the larger
HNP aggregates present on the substrate with concomitant emission of a broadband luminescence
signal (Figure S2, lower plot). The slower decay stems from the progressive disappearance of SHG

from smaller aggregates and isolated nanoparticles.

The SHG loss is likely associated with the processes affecting the noncentrosymmetric
crystal structure of BFO 2°. The XRD pattern measured for BFO HNP powder irradiated at high
peak irradiance at 820 nm for several consecutive hours presents several distinct features as
compared to the traces obtained for samples either treated with low irradiation or not irradiated
(Figure S5). In particular, the highly irradiated sample trace indicates the presence of SHG-inactive
phases such as metal Bi and Fe3O4. This finding is likely related to a major rise in the local
temperature, but it also points to a reduction of the oxidation state of the Bi** and Fe* ions.
Previous work on the temperature dependence of the crystal structure already enables a rough

assessment of the temperature rise associated with the structure modifications observed in the
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present study. In the 447—767 °C range, bulk BFO is known to be less thermodynamically stable
than the sillenite Bi»sFeOs9 and BizFesOo phases >’®. The irreversible transformation of sol—gel
BFO powders to BizFesOy above 504 °C has also been reported 2”7, In the case of nanoparticles,
these temperature values should be taken as indicative, because of very probable size effects.
Decomposition byproducts with different absorption properties might also contribute to local
heating by changes in the optical absorptivity upon irradiation, as previously observed in the

ablation of dielectric materials 278 27°,

In Figure 1, star symbols indicate all the irradiation conditions tested on dry BFO HNPs as
a function of peak irradiance, irradiation dose, and wavelength (left: 830 nm, right: 980 nm). The
first two parameters are calculated according to the expressions reported in Materials and Methods.
The irradiation dose is computed considering exclusively a single image frame. Consequently, we
report in red the data points corresponding to exposure settings leading to the observation of
nanoparticles’ SHG suddenly disappearing during the first image scan concomitant with the

emission of luminescence, while the irradiation-safe conditions are indicated in green.
Temperature Rise around BFO HNPs

To calculate the extent of the temperature rise associated with the damage onset, we
developed a specific protocol to image and quantify in situ the temperature increase of
nanoparticles upon laser irradiation. We used 30 nm silica-coated NaGdF4:Yb**/Er** upconverting
nanoparticles (UCNPs) as local temperature probes by exploiting the thermal sensitivity of the
Hy12 and *S32 — 1152 emissions of the Er** ion. The temperature can be estimated by measuring
the ratio of the two fluorescence intensities centered at 525 and 545 nm 2*°, This spatially resolved
approach provides access to the heterogeneity of HNP individual responses. Similar procedures

have already been developed with different upconversion nanomaterials in other settings, for
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example, by heating gold nanorods embedded in a biological tissue and using CaF2:Nd*",Y>" for

ratiometric temperature readoutb 8!,
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Figure 2 In situ characterization of the temperature increase around a small BFO particle
aggregate probed by UCNPs nanothermometry. (a) Schematic representation of the sample. (b,¢)
Hyperspectral images of a BFO particle surrounded by UCNPs excited at 980 nm. The SHG
emission centered at 490 nm is visible in the 485—515 nm spectral region (b). UCNP
luminescence overlaps the SHG emission when the full 485—565 nm spectral range is shown (¢).
(d) Spectrally resolved emission of a HNP and UCNP mixture as in (a) obtained with
irradiance/irradiation dose below (blue line, showing the SHG peak at 490 nm) and above
threshold with loss of SHG (red line). The traces are normalized by the emission intensity at 540
nm. Inset: Temperature calibration curve showing the UCNP 1520/1540 intensity ratio as a
function of the substrate temperature. (e,f) Temperature-resolved images of the particle in panels
(b) and (c) plotted using a false-color map extracted from the calibration curve in d). The
excitation intensity corresponds to the photostable regime (b, ¢, and e) and permanent loss of
SHG (f), respectively. Scale bar 1 um.

As illustrated in Figure 2a, we prepared a sample by casting a drop of a mixture of BFO
HNPs and UCNPs on a glass coverslip and letting the solvent evaporate. We successively acquired
an image with the laser tuned to 980 nm under HNP-safe settings. The hyperspectral images
obtained under these conditions are shown in Figure 2 (b,c). The former plot is limited to the

spectral channels in the SHG region (480515 nm); the latter covers the full spectral range, 480—
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565 nm (Figure 2c). The images indicate the presence of a small HNP nanoparticle aggregate
emitting a strong SHG signal superposed to a homogeneous layer of UCNP emission. Figure 2d
shows the characteristic UCNP emission spectrum featuring the two bands in the visible region
upon NIR excitation. These green bands can be conveniently separated from the narrow SHG blue
emission at 490 nm when UCNPs and BFO HNPs are simultaneously excited at 980 nm. We
calibrated the response of UCNPs under our imaging conditions (without HNPs) by artificially
changing the temperature of the substrate where the UCNPs are deposited using a home-built
Peltier element slide holder. The band intensity ratio was fitted according to 1525/1540 = C exp
AE/KT, with C being an experimental constant, k the Boltzmann constant, and AE the energy
difference among the excited states of the Er’* ion leading to the 1525 and 1540 bands. Notably,
the agreement of the data points to the fitting function is preserved throughout the entire

investigated temperature range, 30120 °C.

For visualizing the temperature distribution around BFO HNPs, the area shown in panels b and ¢
was irradiated under excitation conditions below and above the threshold for photodamage of BFO
dry nanoparticles. Note that for this specific measurement, we set the laser at 980 nm for
photodamage in order to collect SHG and also resonantly trigger the upconversion process. From
the analysis of the UCNP 1525/1540 ratio, we found that this exposure entails a significant
temperature rise, up to >200 °C for some HNPs. This value was extrapolated from the fit to the
experimentally determined calibration curve measured up to 120 °C (Figure 2d). The temperature-
resolved maps in Figure 2 (e,f) at low and high irradiance/dose settings, respectively, indicate that

the temperature increase colocalizes with the position of the SHG-active particle.
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Figure 3 (a) Time evolution of the temperature change (red) and SHG
intensity (blue) during irradiation. Each data point corresponds to an image
of a sequence acquired at 0.25 fps. (b) Temperature distribution in the
absence (left, Substrate) and in close proximity (right, HNP Site) of a BFO
HNP.

Figure 3 shows the kinetics of the SHG loss under the same irradiation conditions as in Figure 2
(d,f) and the concomitant temperature rise. The kinetic traces in Figure 3a were obtained by
averaging the response of a few (N = 3) HNPs. We repeated the procedure on a larger number of
particles (N = 25) in order to define a statistical distribution of the temperature increase (Figure

3b). HNPs are heating up to 100 °C on average, with a fairly broad distribution indicating a large
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particle-to-particle variability, which might be associated with the aggregation state or the size,
according to the broad distribution measured by DLS (see Figure S1) 2%2. We assume that the actual
temperature is even higher than 100 °C considering that we detect time-averaged values at a slow

frame rate (0.25 frame per second, fps).

BFO HNP-Mediated Cell Damage

After having assessed the photodamage on the dry particles at two selected wavelengths,
we now study the effect of BFO HNP-mediated light-interaction in cell medium and on living
cells. In Figure S4, we report the results of the protocol described for dry NPs applied to BFO
HNPs in cell medium. The outcome of the measurement is quantitatively similar, displaying a
slightly lower temperature increment consistent with the different thermal properties of the
surrounding medium. For this temperature estimation, we applied the calibration of Figure 2.
Although an approximation, this approach is partially justified by the findings of Balabhadra et
al., who showed that the thermal calibration is only slightly dependent on the surrounding medium
283 Quintanilla et al. have shown that this dependence can be associated with the light extinction
properties of the UCNP environment. Indeed, absorption and scattering in the sample might differ
at the wavelengths of the two emission bands used for the ratiometric temperature estimation 3!,
This effect was recently observed in experiments on 3D cell cultures treated with different media
284 The epi-detection configuration of our setup should minimize this effect, in fact by collecting

the backward emission we ensure that upconverted photons travel through a very thin sample layer.

An increase in autofluorescence intensity correlated with cell damage upon laser irradiation

285, 286

has been reported by several authors , and it is commonly referred to as hyperfluorescence
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287 By monitoring the onset of strong hyperfluorescent spots, we first determined the intensity
required for direct cell damage by irradiating adenocarcinomic human alveolar epithelial cells
(A549) without nanoparticles. For this procedure, we used red fluorescent protein (RFP)
expressing cells. The irradiation conditions tested for 830 and 980 nm excitation are reported in
Figure 1. Unlabeled cells (open circles) appear in green when we observed no visible damage upon
laser exposure, and in red when they are affected. The position of the boundaries between the two
possible outcomes in the plots is wavelength-dependent, as already reported 2*%. We colored in red
the region of irradiation parameters unsafe for unlabeled cells and in green the region that is safe
for both unlabeled and labeled cells (the shaded areas in the plots are exclusively based on the data

points reported, and should be considered qualitative guidelines to ease the inspection of the plots).

Similarly, labeled cells are indicated as green and red filled circles, for safe and unsafe
irradiation conditions, respectively. As compared to the case of unlabeled cells, the presence of
BFO HNPs clearly shifts the threshold leading to photodamage to lower irradiance/dose values. In
the case of very sparsely labeled cells (containing only a few HNPs, not shown), photodamage
takes place at higher irradiance/irradiation dose values. We also notice that dry HNPs have the
tendency to be photodamaged at lower irradiation parameters than labeled cells, likely because of

the absence of a water environment facilitating heat dissipation.

Overall, we can now delineate three distinct regions for the interaction: (1) the green region
corresponds to conditions not leading to the observation of hyperfluorescent spots in labeled cells;
(1) the yellow region characterizes laser exposure settings affecting labeled cells while preserving
unlabeled cells; and finally, (ii1) the red region is associated with damage both for labeled and
unlabeled cells. The parameters characterizing these regions are critically sensitive to the

wavelength used for the excitation. The comparison between 830 and 980 nm plots allows defining
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an interaction area (dashed white square), where a different outcome on cells is expected
depending only on wavelength change while maintaining identical irradiance/dose values. The
existence of this region demonstrates the possibility to follow a theranostics approach based on
switching the interaction modality with laser wavelength. Note that, instead of working exclusively
in NIR-I, one can follow the same approach and take full advantage of NIR-II for imaging as this

spectral region can be easily accessed using HNPs 26,

To mimic a situation where the laser treatment at 830 nm should selectively target a cell
subpopulation preserving nonlabeled ones and maintaining single-cell resolution, we plated in a
glass-bottom Petri dish a coculture containing both wild-type and BFO-preloaded cells. This
scenario is illustrated in Figure S3. The cell at the center of the field of view displays a strong
SHG-active area, associated with BFO HNP internalization and aggregation. After laser treatment,
intracellular regions which were initially SHG-active start exhibiting a bright and spectrally broad

hyperfluorescence emission.
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Figure 4 (a) Evolution of hyper fluorescence during the laser treatment. (b) Three-
dimensional reconstruction of a coculture containing BFO labeled and unlabeled cells
exposed to irradiation at 820 nm. The reconstruction was obtained by autofluorescence
imaging via two-photon excitation at 720 nm. Note the presence of a damaged cell in the
center. (c) Identification of the laser-ablated region obtained by spectrally unmixing the
emission signal. As a reference for unmixing, the emission spectrum of ablated cells reported
in Figure 5a is used.

In Figure 4, we show the evolution of the laser-induced BFO HNP-mediated cell
modifications and its high spatial selectivity. During the treatment, performed on a surface of 150
x 150 um? centered on a BFO labeled cell, a strongly luminescent area develops. It is initially
confined in a few isolated spots and eventually covers a large fraction of the cell body. Figure 5

presents a quantitative analysis of the spectral changes in luminescence and SHG emission going
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along with cell damage and the time-evolution of SHG and hyperfluorescence signals. Spectrally,
we observe a clear red-shift from autofluorescence to hyperfluorescence (Figure 5a). This feature
is consistent with the spectra reported by Qu’s group in a series of recent works on femtosecond
laser surgery 2%-2%. As shown in Figure 5b, hyperfluorescence sets in upon the loss of SHG, which
is indicative of a temperature rise >80 °C (Figure 3a). Interestingly, Hovhannisyan et al. have also
described a similar signal kinetics with a clear temporal correlation between the loss of SHG from
collagen fibers irradiated by a femtosecond laser and the appearance of hyperfluorescence, and

attributed it to free-electron mediated damage »'.

After the treatment, we acquired a volume image of the whole irradiated region by
autofluorescence (Figure 4b). We observe that the unlabeled cells surrounding the target cell are
not visibly affected by the laser irradiation. By applying a spectral-deconvolution procedure to
isolate the image regions associated with the characteristic hyperfluorescence of damaged cells
(orange trace in Figure 5a), we were able to precisely delineate the photointeraction volume
(Figure 4c¢). Its interior is not fluorescent, suggesting either material ablation or, alternatively, a
complete bleaching of the fluorescing/hyperfluorescing species. The former scenario is compatible
with the expansion of a thermally generated cavitation bubble as previously reported for direct

femtosecond laser ablation 27°.

Our results demonstrate the existence of distinct parameter regions for damage-free SHG
image of BFO labeled cells and selective modifications. The photoinduced damage remains
confined within HNP-labeled cells and preserves neighboring structures, because of the difference
in the damage threshold among BFO HNPs and unlabeled cells (Figure 1). The mechanism of cell

damage relies on different effects. Under the irradiation conditions we explored, nonlinear
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photochemistry and free-electrons mediated effects play a major role in cellular modifications 27%
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Figure 5 (a) Normalized emission spectra of a selected cell
before (green) and after (orange) laser treatment along with the
SHG emission spectrum (cyan). (b) Time evolution of SHG
(blue) and hyper fluorescence (orange) intensity from a laser-
damaged region within the cell.

On the other hand, the interaction is associated with a rise of the local temperature around
the HNP. By the UCNPs-based protocol (Figures 2 and 3), we have demonstrated that the
temperature increase in the immediate vicinity of a photoexcited BFO HNP can easily exceed 100

°C. This temperature rise, although essential to the process, is not the unique element of the
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disruption mechanism. Thermal denaturation cannot play a leading role at the short heat exposure
times (microsecond dwell times) to which the cells are exposed 2*: the temperature needed to
produce photodenaturation within microseconds is higher than the threshold for explosive
vaporization 2°*. The cell damage produced by BFO HNPs is most likely a mixture of
thermomechanical effects and free-electron-mediated molecular modifications. This scenario is
corroborated by the observation of the cavity in Figure 4c, which can arise either from vaporization
of tissue water at the heterogeneous nucleation threshold (at the HNP/cytoplasm interface) or from
disintegration of biomolecules into non-condensable gas via nonlinear chemistry or free-electron-

mediated bond breaking.
Conclusions

Use of optical probes such as BFO HNPs combined with different irradiation parameters
could enable theranostics applications. The inherent nonlinear dependence of the photointeraction
by BFO HNPs exploited in this work leads to the efficient wavelength decoupling between
imaging at 980 nm and photointeraction at 830 nm and confines the instantaneous interaction to a
very small focal volume which can be displaced in three dimensions. As a drawback, nonlinear
excitation requires comparatively higher intensities than linear photothermal methods and relies
on raster-scanning rather than large area irradiation 2*°. Conveniently, the wavelengths needed for
our approach can be selected in the first and second transmission windows of biological tissues
(NIR-I: 650-950 nm, and NIR-II: 1100-1350 nm), which entails optimal conditions in terms of
optical penetration depth 2%, Thanks to recent progresses in femtosecond laser technologies,
nowadays the whole 700-1300 nm range can be covered by a single tunable source, enabling a

rapid switching between the two interaction modalities.
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The temperature rise that we were able to characterize by using NaGdF4:Yb**/Er** UCNPs
together with free-electron-mediated effects lead to a complete loss of SHG emission, which can
be used as a real-time optical readout of the success of the photointeraction and may be amenable
to achieve homogeneous effects through relatively thick target layers. Based on all these
considerations, we believe that cell disruption in conjunction with BFO HNPs could be an enabling
theranostic tool in medical procedures such as margin resection and cleanup after cancer surgery
because of the complete and highly selective disruption of labeled cells and the immediate readout
of the success of the procedure associated with the sudden disappear of narrow-banded SHG
emission by HNPs upon laser-induced decomposition 27, To overcome constraints given by the
limited optical penetration depth of biological tissues, the technique could, for in vivo applications

inside the body, be implemented in a nonlinear endoscopy setup 2%,

Materials and Methods
1- BFO Nanoparticles

BFO nanoparticles provided by the company FEE GmbH (Idar-Oberstein, Germany) were
obtained as ethanol stabilized colloidal suspensions. As reported earlier 2%, the synthesis is based
on the autocombustion method with Bi and Fe nitrate salts first dissolved in an acidic solution.
After addition of a fuel, namely, 2-amino-2-hydroxymethylpropane-1,3-diol, and drying at 105
°C, the obtained dried resin ignites itself leading to BFO powders showing secondary phases of
different oxides. Phase purity is then improved by a 1 h calcination step at 600 °C. Because of the
autoignition procedure, this scalable approach results in batch-to-batch variation in terms of
residual impurities and the absence of size and shape control for the HNPs 282, Stable suspensions
of BFO are, however, readily obtained after wet milling of the calcined powder on a rolling bench.
The final average size of BFO HNPs suspended in ethanol is approximately 140 nm as estimated

from dynamic light scattering (DLS, Figure S1) 2%,
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2- Synthesis of Lanthanide Upconversion Nanoparticles NaGdF4:20% Yb?*'/2% Er** (Ln-
UCNPs)

A previously reported thermal decomposition approach was used for the synthesis of monodisperse
upconverting NaGdF4:20% Yb**/2% Er** °_ In brief, lanthanide precursors were prepared under
reflux (80 °C) by mixing of Yb,03 (2.5 x 10# mol, 0.0985 g), Er,03 (2.5 x 107 mol, 0.0096 g),
and Gd20;3 (9.75 x 107* mol, 0.534 g) with 5 mL distilled water and 5 mL trifluoroacetic acid for
12 h. The transparent liquid precursors were air-dried at 60 °C for 16 h, forming a white solid
powder. Dried precursors were heated to 125 °C in the presence of 7.5 mL 1-octadecene, 7.5 mL
oleic acid, and sodium trifluoroacetate (2.5 x 10~° mol, 0.34 g). Simultaneously, in a three neck
100 mL flask (receiving flask), 12.5 mL 1-octadecene and 12.5 mL oleic acid were heated under
vacuum to 150 °C for a period of 30 min. The temperature of the receiving flask was increased to
310 °C, under an inert atmosphere (argon), followed by the injection of the precursor using a
syringe pump system at a rate of 1.5 mL/min. The reaction mixture was stirred for 60 min after
which the solution was cooled down to room temperature. Absolute ethanol (100 mL) was added
to the solution, and the nanoparticles were precipitated by centrifugation at 3400 rpm for 15 min.

The precipitate was washed twice using a hexane/ethanol (1:4) mixture.

3- Silica Coated NaGdF:20% Yb3'/2% Er3*

The NaGdF4:20% Yb**/2% Er** nanoparticles are oleate capped, and dispersible in nonpolar
organic solvents. A silica shell was added to render nanoparticles water dispersible using a water-
in-oil reverse microemulsion method 2%°. First, 20 mg of the oleate capped NaGdF4:20% Yb>"/2%
Er** nanoparticles were dispersed in cyclohexane (10 mL) and sonicated for 10 min. The nonionic
surfactant Igepal CO-520 (octylphenoxy poly(ethyleneoxy)ethanol) (0.1 mL) was added to the
nanoparticles under sonication for 10 min and the mixture stirred at 600 rpm for 20 min. Another

two portions of 0.4 mL Igepal CO-520 were added with 10 min intervals between each portion.
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Ammonium hydroxide (80 puL, 28%) was added to the solution followed by sonication until the
solution became clear. Tetraethyl orthosilicate (TEOS, 20 puL) was added to the reaction mixture
and stirred for 48 h. For purification, 20 mL of acetone was added to the mixture followed by
centrifugation at 3400 rpm. The precipitate was washed twice using an ethanol-water (1:1)

mixture, and the nanoparticles were stored in the same solution.

4- Laser Irradiation Parameters

The measurements were performed with a Mai-Tai or altenatively an Insight tunable laser
(Newport Spectra-Physics) at 80 MHz repetition rate. The pulse duration at the sample after
transmission through the microscope optics and the air objective (Plan APO 20x WI N.A. 0.75)

iS tpu]se = 190 fS at fWhm.

Assuming a spatial Gaussian profile of focal diameter //2NA, the peak irradiance (or peak

intensity) is calculated at fwhm of the laser temporal and spatial profile as (24)
Ipeak = (16PaVNA2)/ (Rtpulse TC}\,)

where Pav is the average incident power and R the laser repetition rate. Pulse density is defined

for a specific scan as
dpulse =R/VPsize =R X ta / stize

where v is the scanning speed of the laser focal spot, Psize the lateral pixel dimension, and tq the

dwell time.
The corresponding irradiation dose associated with a single image frame is
Fiotal = dpulse X Epulse

where Epuise 1s the pulse energy.
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5- Cells and Cell Cocultures

For the measurements in Figure 1, we used Red Fluorescent Protein (RFP) expressing
adenocarcinomic human alveolar basal epithelial cells A549.For the coculture measurements
(Figures 4 and S 4), wild-type A549 and cells preloaded of BFO HNPs by g-force method were
cocultured by simultaneous plating on glass-bottom dishes (35 mm Glass Bottom Dishes, No 1.5
Uncoated, MatTek Corporation). The coculture was suspended in a total of 2 mL cell culture
medium. Cells were allowed to adhere for 24 h before imaging. The coculture plated on a 20-mm-
diameter glass bottom dish containing 10° A549 cells preloaded with BFO and 10° nonlabeled

A549, yielding a ratio of 1:100. The number of cells was determined using a hemocytometer.

6- g-Force Induced Internalization of BFO into Cells

To internalize BFO nanoparticles into cells used for cocultures, the g-force based delivery method
was used 3%, Briefly, adherent A549 cells were detached by incubation for 5 min in trypsin/EDTA
(ethylenediaminetetraacetic acid) 0.25% solution diluted in DPBS (Dulbecco’s phosphate-
buffered saline). After removing trypsin using centrifugation precipitation of cells, the cell pellet
was resuspended in 1 mL of cellular media with a final cellular count of 10° cells. BFO
nanoparticles were presonicated for 30 min in PBS buffer and added to the cellular suspension at
a final concentration 0.2 mg/mL. After gentle vortex, cell suspension was centrifuged for 5 min at
400 g (MiniSpin plus, Vaudaux-Eppendorf AG. Next, the cells were resuspended and plated for
culturing. For further use and imaging, BFO preloaded cells were treated using the same protocols

as for normal cells.

For the assessment in Figure 1 the internalization of nanoparticles relied on overnight incubation
of RFP expressing A549 cells with BFO in medium at 100 pg/mL concentration. The cells were

rinsed three times in PBS before performing the experiment.
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7- Hyperspectral Imaging

Hyperspectral imaging was performed using a Nikon multiphoton inverted microscope (A1R-
MP) coupled with a Mai-Tai tunable Ti:sapphire oscillator from Spectra-Physics (100 fs, 80
MHz, 700-1000 nm). A Plan APO 20x WI N.A. 0.75 objective was used to focus the excitation
laser and to epi-collect the SHG signal. The signal was collected and directed through an optical
fiber to the spectral detector, where it was diffracted by a grating and projected on a 32-PMT
array. Cellular autofluorescence was induced at 720 nm and SHG was excited at 980 nm. Spectra
were acquired in the range 400—650 nm and the resolution was set to 10 nm. Live cell imaging
was performed at 37 °C using Okolab incubator (Pozzuoli, NA, Italy) with humidity and

CO; control.

8- Determination of Damage Thresholds

To determine the damage thresholds of (i) BFO HNPs, (ii) unlabeled cells, and (iii) labeled cells,

we performed measurements under different scanning and laser conditions.

(1) The sample was prepared by casting a drop of BFO HNPs suspended in ethanol on a
microscope coverslip and letting the solvent evaporate. An irradiation was arbitrarily labeled as
unsafe (red stars) if during the first image frame we observed a drop of more than 10% of the signal
from the particle ensemble and if after 100 successive frames the signal decreased by more than

20% with respect to the initial value, safe (green stars) otherwise.

unlabeled and with internalized BFO HNPs. An irradiation was considered unsafe (red circles) if
we observed the sudden appearance of one or multiple hyperfluorescence spots during the first
frame, successively developing as larger bright rings during the successive frames, eventually

leaving a dark region in the middle.
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The relevant scanning characteristics (dwell time, pixel size, scanning speed) to determine dpulse
and other excitation parameters were obtained directly from the microscope software interface

(Nikon Elements).

9- Nanothermometry

Nanothermometric imaging was performed on BFO nanoparticles dried together with
upconverting nanoparticles (UCNPs) NaGdF4:Yb**/Er** with an average size of 36 nm coated with
silica shell of 2 nm. Imaging was performed using 980 nm at 0.85 TW/cm?. Emission of harmonic
and upconverting nanoparticles was recorded using hyperspectral detection. The fluorescence
response of UCNPs was converted to temperature change based on a calibration obtained from
imaging dried UCNPs at different temperatures. For this experiment, UCNPs at 5 mg/mL were
dried on a glass coverslip and the sample was deposited using a home-built Peltier element based
thermostat. Acquired fluorescence of UCNPs was spectrally unmixed using UCNPs 520 nm (510—
535 nm) and 540 nm (535-565 nm) bands as reference spectra. Unmixed images were used for the
construction of ratiometric images. Images of HNPs mixed with UCNPs samples were acquired

and also spectrally unmixed.

For the experiment in cell medium, UCNPs were suspended at final concentration of 100 pg/mL.
An aliquot of presonicated BFO HNPs was added to the solution to obtain 50 ug/mL concentration.
Before measurements, samples were left on the microscope stage for 25 min to allow NPs to
precipitate. Imaging and temperature quantification were performed following the same protocol

as for dry nanoparticles.
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Supporting Information

Size distribution of BFO nanoparticles

Figure S1 provides the Dynamic Light Scattering characterization (by number) of the BFO
nanoparticles obtained by autocombustion method used for the measurements reported in the

manuscript.

Irradiation of BFO HNPs on a substrate
Figure S2 shows the average emission spectra of multiple dry BFO HNPs for two excitation wav

elengths under a safe irradiation regime and when irradiation leads to loss of SHG.

Figure S3 shows the evolution over successive frames of the average SHG signal acquired
during laser irradiation at 830 nm and 980 nm from 82 x 82 um? regions of samples obtained
casting a drop of BFO HNPs solution on a microscope substrate and letting the solvent evaporates.
The irradiation dose, Fiouwi, 1s calculated from the number of pulses accumulated during a single
image frame and computed as reported in the Materials and Methods Section of the main text. The
sudden signal drop after the first frame is identified with the unset of photodamage, which then
becomes more severe over subsequent image scans. Green traces are examples of measurements

retained as safe irradiations in Figure 1 of the main text.

Irradiation of BFO HNPs in cell medium

The procedure described for Figure 2 and 3 in the main text was repeated for nanoparticles in
medium. The results are reported in Figure S4 UCNPs were suspended at final concentration of
100 ug/ml. An aliquot of presonicated BFO HNPs was added to the solution to obtain 50 ug/ml

concentration. Before measurements, samples were let on the microscope stage for 25 minutes to
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allow NPs to precipitate. Imaging and temperature quantification were performed following the

same protocol as for dry nanoparticles.

X-ray powder diffraction

To elucidate the origin of SHG loss, a few mg of BFO powders were dispersed on a glass slide and
underwent laser-scanning irradiation for several hours at 820 nm below and above the threshold of
the photo-damage regime for dry nanoparticles. After the irradiation, a low amount of powder was
collected and transferred to a zero-background Si holder for an X-ray powder diffraction analysis
(PANalytical X Pert3 Powder diffractometer equipped with a Co anticathode, Sh acquisition time).
The XRD traces reported in Figure S5 not only reveal the presence of BiFeOs but also of several

by-products upon laser irradiation.

The space group and identiers (ID) from the Crystallography Open Database (COD) of the BiFeOs,
Fe304, metal Bi and £-Bi,0s3 phases are reported on the plot together with the corresponding
references as reported in the the legend. Note that BiFeOs and £-B1,03 are SHG-active phases but
no SHG is expected from the Bi and Fe3O4 compounds. A substantial amorphous contribution in
the 25-45° 26 range can also be noted together with an additional peak (denoted with a star) that

might be attributed to a modification of the SiO; substrate (COD ID 4124042).

Cell co-cultures
Figure S6 shows a typical image of a cell co-culture containing both wild-type and BFOpreloaded
AS549 cells. The irradiation procedure leads to the emission of hyperfluorescence initially co-

localized with the internalized BFO nanoparticles.

206



30

20

Number (%)

0 | Ll
2 4 6 8 2 4 6 8
10 100 1000
Size (nm)

Figure S1 Size distribution by number of BFO nanoparticles by
dynamic light scattering.
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Figure S2 Emission spectra of BFO HNPs upon excitation at 830
and 980 nm under safe irradiation conditions (top) and under
damaging irradiation conditions (bottom). In the latter case, SHG
peak is accompanied by a spectrally large and featureless
luminescence band.
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Figure S4 In Situ characterization of the temperature increase around a BFO HNPs in cell
medium probed by UCNPs nanothermometry. Hyperpectral images of a BFO particle surrounded
by UCNPs excited at 980 nm. b) Temperature-resolved images of the particle in panels a) plotted
using a false-color map extracted from the calibration curve obtained for dry particles on a
substrate. Scale bar 1 um. ¢) Temperature distribution in the absence and in close proximity of the
BFO HNP.
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different compositions are reported along with the experimental traces.
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Figure S6 a) and c) Hyperspectral images of cell co-culture before (a) and after (c)
laser treatment. b) and d) Close-up of a cell containing BFO before (b) and after (d)
laser treatment. The region displaying SHG in a) and b) corresponds to the area
showing the most intense hyperfluorescence in ¢) and d). All images obtained as an
overlay of excitation at 720 nm (auto fluorescence) and 980 nm (SHG).
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