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ABSTRACT: Upconverting nanoparticles (UCNPs) doped with Yb* and Tm®" are near-infrared (NIR) to ultraviolet (UV)
transducers that can be used for NIR-controlled drug delivery. However, due to the low quantum yield of upconversion, high laser
powers and long irradiation times are required to trigger this drug release. In this work, we report the one-step synthesis of a
nanocomposite consisting of a LiYbF,:Tm**@LiYF, UCNP coated with mesoporous UV-breakable organosilica shells of various
thicknesses. We demonstrate that a thin shell accelerates the breakage of the shell at 1 W/cm?® NIR light exposure, a laser power up
to 9 times lower than that of conventional systems. When the mesopores are loaded with hydrophobic vitamin D5 precursor 7-
dehydrocholesterol (7-DH), shell breakage results in subsequent cargo release. Its minimal toxicity in HeLa cells and successful
internalization into the cell cytoplasm demonstrate its biocompatibility and potential application in biological systems. The tunability
of this system due to its simple, one-step synthesis process and its ability to operate at low laser powers opens up avenues in UCNP-
powered NIR-triggered drug delivery toward a more scalable, flexible, and ultimately translational option.
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INTRODUCTION

Light can be used to trigger drug delivery non-invasively with
high spatiotemporal resolution.. However, while ultraviolet

the UV—visible (UV—vis) region via a photon upconversion
process.”® When combined with a photolabile drug carrier,
they produce a system in which drugs can be released on

(UV) light provides sufficient energy for the cleavage of the
linker to occur, large doses of UV light are carcinogenic.2 Also,
UV has a limited tissue penetration depth3 (~61 um) caused
by tissue scattering and tissue absorption,” preventing UV light
from reaching organs below the skin.’ Near-infrared (NIR)
radiation, on the contrary, is noncarcinogenic and provides
sufficient tissue penetration (~3.2 crn).6 However, low-energy
NIR radiation is insufficient to trigger the breakage of
photolabile bonds.

Lanthanide-doped upconverting nanoparticles (UCNPs)
have the potential to solve this central challenge. They have
been developed as NIR to UV transducers, as they convert
noncarcinogenic NIR irradiation into high-energy photons in

demand using NIR irradiation.
The low quantum yield of upconversion (<1%) limits the
clinical translation of UCNP-powered drug delivery, because
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high laser powers and long irradiation times are often

necessary to generate sufficient upconverted UV radiation to
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break UV-breakable bonds, and this may overheat tissues
exposed to the lasers. The main strategies employed so far to
solve this problem include passivating the core surface with an
inert shell to increase the quantum yield"”'* and individually
coating the UCNPs with the photolabile drug carrier to allow
more efficient energy transfer from the UCNP to the
photolabile bonds.">™'® These drug carriers are either
mesoporous silica (MS) or polymer coatings.

UCNP-MS systems have several advantages. MS is a well-
studied, robust drug carrier that can be synthesized in a simple,
one-step procedure.’”™*' It has a high loading capacity for
small molecules,”” a surface that can be easily functionalized,’
and silica-based degradation products that are biocompatible.*®
However, the UCNP-MS systems currently developed for the
delivery of small molecules operate at parameters that are far
from optimal. For example, photoisomerizable compounds
such as azobenzene, which undergo a physical change under
light exposure, have been incorporated into the mesopores.”*
In these systems, high laser powers (~9 W/cm?) and long
irradiation times (18 h for 80% release)’ are required to
generate sufficient energy to mechanically propel the stirrers.
Alternatively, photodegradable molecules such as nitrobenzyl
groups have been added as pore gatekeepers that are broken up
with the upconverted UV light.”>*® Once the gatekeeper is
removed, however, drug release is driven by uncontrolled
passive diffusion, which causes long lag times between
irradiation and drug release (20 h for 75% release).”
Gatekeeper ruthenium complexes are an exciting development
in the field that allow for uncapping of the pores at a lower
NIR power density (0.7 W/cm?);”” however, the NIR stimulus
still controls only the start of the release (i.e., the removal of
the gatekeeper molecule), while the rest of the release is driven
by passive diffusion.

Unlike the UCNP-MS systems described above that remain
intact during drug release, UCNPs with a surface-coated
polymer are designed with UV-breakable bonds within the
polymer itself, causing its structural breakdown and subsequent
drug release.'®”® For example, Jalani et al. demonstrated that
via integration of a UV-labile cross-linker within a hydrogel
coating around the UCNPs it was possible to release ~92% of
the bovine serum albumin loaded within the hydrogel after
irradiation for 12 min®™® at 1.8 W/cm? There were two
drawbacks of this system, however. First, it could entrap only
large, hydrophilic macromolecules as small molecules would
escape the polymer hydrogels”” and hydrophobic molecules
would not be loadable within the hydrogel; this is a serious
disadvantage, because hydrophobic drugs account for >40% of
marketed drugs and ~60% of therapeutic compounds at the
research and development stage.”® Second, it required five
individual synthesis steps to functionalize the UCNP surface
with the photoresponsive hydrogel. This complex synthesis
procedure limits its scalability and reproducibility for further
translation.

To overcome these challenges, in this work we encapsulate
individual UCNPs with a thin, UV-breakable MS shell to
harness both advantages of MS as a scalable, simple to
fabricate, and highly tunable drug carrier for small molecules
and a breakable individual coating as in Jalani’s system.

We coated LiYbF,:Tm?*"/LiYF, core/shell UCNPs (C/S-
UCNPs) with a light-breakable (LB) MS shell containing UV-
responsive nitrobenzyl moieties in a simple one-step procedure
following that was recently reported for the synthesis of UV-
breakable MS NPs.>’ We show that the UCNP core efficiently

converts NIR light to the UV light required to break the
nitrobenzyl chains in the MS shell and that this in turn causes
the release of a small hydrophobic molecule, vitamin D,
precursor 7-dehydrocholesterol (7-DH), entrapped in the
MS pores. When the UCNPs are coated with a thin (10 nm)
LBMS shell, irradiation with a laser power of 1 W/ cm?” for 2 h
is sufficient to release 44% of the 7-DH entrapped in the pores.

These results show the effectiveness of thin individual UV-
breakable UCNP-MS coatings in decreasing the laser power
required for NIR-triggered drug release, expand the versatility
of UCNP-based drug delivery systems to include hydrophobic
drugs, and increase the scalability and reproducibility by
minimizing the number of synthesis steps. These are all crucial
steps toward the clinical translation for UCNPs.

MATERIALS AND METHODS

Materials. Y,0; (REacton, 99.999%), Yb,O; (REacton, 99.998%),
Tm,O; (REacton, 99.999%), trifluoroacetic acid (99%), 1-octadecene
(ODE, 90%), and oleic acid (OA, 90%) were purchased from Alfa
Aesar. Lithium trifluoroacetate (LiCO,CFs, 98%), oleylamine (OM,
70%), cetyltrimethylammonium bromide (CTAB, >99%), tetraethyl
orthosilicate (TEOS, >99%), ethanol (EtOH), chloroform (CLF,
>99%), sodium hydroxide (NaOH, >98%), hydrochloric acid (HC],
37%), acetone (>99.5%), hexane (>95%), sodium hydride (NaH,
90%), S-hydroxy-2-nitrobenzyl alcohol, 97%), N,N-dimethylforma-
mide (DMF, anhydrous, 99.8%), triethoxysilane (95%), platinum(0)-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution (Karstedt’s
catalyst; ~2 wt % Pt in xylene), allyl bromide (97%), sodium sulfate
(anhydrous, Na,SO, >99%), (3-aminopropyl)triethoxysilane
(APTES, 99%), and sodium hydrogen carbonate (Na,CO;,
>99.7%) were obtained from Sigma-Aldrich. Sulfo-CyanineS NHS
ester (CyS) was obtained from Lumiprobe. 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), fetal bovine
serum (FBS), and Dulbeccco’s modified Eagle’s medium (DMEM)
were obtained from Gibco. L-Glutamine and 1% penicillin/
streptomycin were obtained from Euroclone. Alexa Fluor 568
Phalloidin, Triton X-100, 4',6-diamidino-2-phenylindole (DAPI),
formalin (10%), and bovine serum albumin (BSA) were obtained
from ThermoFisher. Compressed argon gas was obtained from Linde
Gas at >99.9% purity.

Synthesis of Core/Shell LiYbF,Tm3*/LiYF, (C/S-UCNP).
UCNP synthesis was performed using a protocol previously
developed by Cheng et al.” The following steps are described in
more detail below: (a) preparation of rare earth (RE) trifluoroacetate
precursors, (b) synthesis of LiYbF,;Tm® first nuclei (FN) , (c)
stabilization of FN to form core UCNP (C-UCNP), and finally (d)
shelling of FN with a passive LiYF, shell to form the core/shell
UCNP (C/S-UCNP).

Precursor Preparation. RE trifluoroacetate precursors were
prepared by mixing RE,0; (RE = Yb, Y, or Tm) with 10 mL of a
trifluoroacetic acid/distilled water mixture [1/1 (v/v)] in a 50 mL
three-neck round-bottom flask. To synthesize the precursors for 2.5
mmol of LiYbF,:Tm>" (0.5%) first nuclei (FN), 1.1875 mmol (467.97
mg) of Yb,0; and 0.00625 mmol (2.4 mg) of Tm,O; were used. In a
separate three-neck flask, 2.5 mmol (564.5 mg) of Y,0; was used to
synthesize the precursors for 2.5 mmol of the LiYF, passive shell. For
each flask, the slurry was refluxed under vigorous stirring at 80 °C
until a clear solution formed. The temperature was then decreased to
60 °C to evaporate the solvent until the solution was dry. The
obtained dried solids in the flask with Yb and Tm were used as
precursors for the synthesis of FN, while the Y shelling precursors
were stored until the shelling of the stabilized FN.

Synthesis of LiYbF:Tm?* First Nuclei (FN). Two solutions were
prepared for the synthesis of FN. Solution A, a mixture of 7 mL of
OA, 7 mL of OM, and 14 mL of ODE, was prepared in a 100 mL
three-neck round-bottom flask. Solution A was stirred and degassed
under a vacuum at 110 °C for 30 min first. Then, its temperature was
increased to 330 °C under an Ar atmosphere. Meanwhile, solution B



was prepared. Solution B was a mixture of 2.5 mmol of LiCO,CF;,
dried Yb and Tm precursors synthesized above, 3 mL of OA, and 6
mL of ODE prepared in a 50 mL three-neck round-bottom flask.
Solution B was then degassed under vacuum at 110 °C for 30 min.
After the dried precursors were dissolved under vacuum in an OA/
ODE mixture, 3 mL of OM was added to solution B. Once solution A
had reached the stable desired temperature of 330 °C, solution B was
injected into solution A using a pump-syringe system (Harvard
Apparatus, Pump 11 series) with an injection rate of 1.5 mL/min.
After being stirred for 1 h at 330 °C, the reaction mixture was cooled
to room temperature under an Ar atmosphere. The majority of the
synthesized product was stored in a Falcon centrifuge tube (S0 mL)
under Ar, while a small portion (0.1 mL) of the product was washed
for structural characterization by first precipitation with acetone,
centrifugation at 8000 rcf for 15 min (OHAUS FC5718 Frontier 5000
Series), then washing with a hexane/acetone mixture [1/4 (v/v)]
twice, and finally redispersion in hexane for TEM preparation.

Stabilization of LinF‘,:Tm3+ FN (C-UCNP). To stabilize the sub-10
nm FN cores that were synthesized in the presence of a high
concentration of OM, it was necessary to add a stronger coordinating
ligand, such as OA, for slightly larger but thermodynamically stable
UCNPs, which we call C-UCNP. As the FN solidified after storage at
room temperature, the Falcon tube was placed in a 40 °C water bath
to return it to its liquified form. Then, 1.1 mmol of FN obtained in the
step described above was mixed with OA and ODE [1/1 (v/v)] for a
total final volume of 40 mL. The solution was stirred and degassed
under vacuum at 110 °C for 30 min. Then the temperature of the
solution was increased and maintained at 315 °C for 1 h under an Ar
atmosphere. After cooling to room temperature, C-UCNP was stored
in a Falcon centrifuge tube (50 mL) under Ar for further shelling. A
small portion (0.1 mL) of C-UCNP was washed as described above
for TEM preparation.

LiYF, Shelling for Core/Shell LiYbF:Tm>*/LiYF, (C/S-UCNP). To
maximize the upconversion emission and reduce the energy loss to
the surrounding ligands, the stabilized cores were shelled with a LiYF,,
passive shell. Again, two solutions were prepared. Solution A was
prepared in a 100 mL three-neck round-bottom flask. C-UCNP was
heated in a 40 °C water bath until it was liquefied, and 0.18 mmol of
C-UCNP was added to solution A with equal volumes of OA and
ODE to reach a final volume of 20 mL. Solution B consisted of 2.5
mmol of the shelling precursors (Y,0;) as already prepared in the
Precursor Preparation section, 309 mg of LiCO,CF;, and 10 mL each
of OA and ODE for a final volume of 20 mL. Both solutions were
stirred and degassed under vacuum at 110 °C for 30 min. After the
degassing procedure, solution A was placed under an Ar atmosphere
and the temperature increased to 315 °C. Solution B was injected into
solution A at a injection rate of 1 mL/min under vigorous magnetic
stirring. After injection, the mixture was kept at 315 °C and allowed to
react for 1 h with continuous vigorous stirring. Subsequent steps
included cooling to room temperature and washing as described for
FN synthesis. Shelled LiYbF,:Tm>*/LiYF, C/S-UCNP was stored in
20 mL of hexane in a glass vial (60—65 mg/mL).

Synthesis of Mesoporous Silica-Coated Upconverting
Nanoparticles (C/S-UCNP-MS). C/S-UCNP-MS were synthesized
using a protocol adapted from ref 32. Seven milligrams of C/S-UCNP
in hexane as described above was first precipitated with EtOH and
redispersed in 167 uL of chloroform. In a separate 20 mL glass vial,
16.7 mg of CTAB was dissolved in 3.33 mL of deionized water and
heated at 70 °C in a preheated oil bath until clear. Then, the dispersed
C/S-UCNP in chloroform was added to the CTAB solution at room
temperature, vortexed until it was milky in appearance, sonicated for
10 min, and stirred at 400 rpm for 20 min. The mixture was then
transferred to the oil bath at 70 °C under magnetic stirring at 400 rpm
for 15—20 min until the mixture formed a transparent suspension.

Next, 6.67 mL of water, 1 mL of EtOH, 50 uL of 2 M NaOH, and
the transparent C/S-UCNP suspension (3.5 mL) from above were
added to a three-neck 100 mL round-bottom flask. The three-neck
flask was then heated under reflux at 70 °C, with stirring at 1000 rpm
for 5 min. Then, 66.7 uL of TEOS was pipetted into the suspension in
fractionated drops, with each drop to be at ~10 uL, spaced 10 s apart.

The suspension was left to stir under reflux for 10 min before being
transferred into an ice bath to stop silica network formation. The
amount of TEOS added was adjusted to vary the silica shell thickness,
ranging from 60 to 100 volume %, with 100% representing the
original volume used (66.7 uL). For example, C/S-UCNP-MS-60 was
used to denote the particles synthesized with 40 uL of TEOS; 100%
TEOS volume corresponded to a UCNP/TEOS mass ratio of 1/9.

The C/S-UCNP-MS suspension was precipitated with EtOH,
centrifuged at 4500 rpm for 20 min, then washed once with an
EtOH/acetone mixture [1/1 (v/v)], and redispersed in 10 mL of
EtOH. To remove the CTAB from the mesopores, 10 4L of HCI was
added to the C/S-UCNP-MS suspension and left to reflux overnight
under magnetic stirring (400 rpm) at 90 °C. After reflux, the
suspension was centrifuged to remove the extracted CTAB and
redispersed in 10 mL of EtOH. To measure the concentration, an
empty Eppendorf tube was weighed, and 1 mL of the C/S-UCNP-MS
suspension was dried under vacuum overnight at room temperature.
After the suspension was dried, the Eppendorf tube with dried C/S-
UCNP-MS was weighed again, and the difference in mass was then
divided by the initial volume (i.e, 1 mL) to obtain the final
concentration.

Synthesis of the Light-Breakable Linker (LB). The synthesis of
the light-breakable linker (LB) was adapted from a previously
established synthesis by Picchetti et al.’ In the first step, the diallyl
derivative of S-hydroxy-2-nitrobenzyl alcohol (Compound 1) was
prepared by the addition of NaH (311 mg, 12.98 mmol) to a stirring
solution of S-hydroxy-2-nitrobenzyl alcohol (1.00 g, 5.91 mmol) in
dry DMF (10 mL) at 0 °C. After complete NaH addition, the reaction
mixture was allowed to stir for a further 10 min at 0 °C. Subsequently,
allyl bromide (1.17 mL, 13.52 mmol) was added dropwise to the
stirring reaction mixture at 0 °C. The reaction mixture was stirred for
1 h at 0 °C and for a further 1 h at room temperature before the
reaction was quenched with S mL of water. The aqueous layer was
extracted with ethyl acetate (3%, 20 mL), and the organic layers were
washed with a saturated Na,COj; solution before being dried over
anhydrous Na,SO,. The solvent was then evaporated under reduced
pressure, and the crude oil purified by column chromatography (silica
gel, 1/2 EtOAc/cyclohexane), yielding Compound 1 as a yellowish oil
(yield of 68%): '"H NMR (CDCl,, 400 MHz) 6 8.16 (d, 1H, J = 9.1
Hz), 7.37 (m, 1H), 6.87 (m, 1H), 6.08—5.95 (m, 2H), 5.46—5.25 (m,
4H), 4.94 (s, 2H), 4.66—4.64 (m, 2H), 4.17—4.15 (m, 2H); BC{'H}
NMR (CDCl;, 100 MHz) 6 163.0, 139.9, 139.0, 134.2, 132.0, 127.6,
118.6, 117.3, 113.5, 113.3, 71.9, 69.3, 69.0.

A light-breakable bis-alkoxysilane, triethoxy[3-(4-nitro-3-{[3-
(triethoxysilyl)propoxy]methyl }phenoxy)propyl]silane (LB), was ob-
tained via dihydrosilylation of Compound 1 using triethoxysilane and
the hydrosilylation catalyst. Briefly, to the product obtained above
(1.00 g, 4.01 mmol) in dry toluene (9 mL), triethoxysilane (2.02 mL,
10.95 mmol), and platinum(0)-1,3-divinyl-1,1,3,3,-tetramethyldisilox-
ane complex solution (Karstedt’s catalyst, ~2 wt % Pt in xylene, 125
uL) were added dropwise. The reaction mixture was stirred at 50 °C
for 12 h. Additional Karstedt’s catalyst solution (100 yL) was added,
and the mixture was stirred for a further 12 h at 50 °C. The organic
solvent was evaporated under reduced pressure, and the crude oil was
purified with column chromatography (silica gel, 1/7). EtOAc/
cyclohexane), yielding LB as a yellowish oil (yield of 60%): "H NMR
(400 MHz, CDCL,) 6 8.14 (d, 1H, J = 9.1 Hz), 7.31 (m, 1H), 6.83
(m, 1H), 4.90 (s, 2H), 4.04 (t, 2H, J = 6.7 Hz), 3.86—3.81 (m, 12H),
3.58 (t, 2H, J = 6.8 Hz), 1.97—1.90 (m, 2H), 1.84—1.77 (m, 2H),
1.23 (t, 18H, J = 7.0 Hz), 0.79—0.75 (m, 2H), 0.73—0.69 (m, 2H);
BC{'H} NMR (CDCl,;,100 MHz) § 163.6, 139.6, 139.4, 127.6, 113.3,
112.8, 73.5, 70.5, 69.6, 58.5, 58.4, 23.1, 22.7, 18.3, 6.6, 6.5. NMR
spectra are shown in Figures SI and S2.

Synthesis of Light-Breakable Mesoporous Silica-Coated
Upconverting Nanoparticles (C/S-UCNP-LBMS). The synthesis
protocol was identical to the protocol for C/S-UCNP-MS described
above, with the only change being the addition of the LB linker to the
TEOS before its addition to the UCNP suspension. A 80 mol %/20
mol % (ie., 1.55 uL of TEOS/mg of LB linker) TEOS/LB linker
mixture was prepared and pipetted up and down until the sample



became homogeneous. The volumes of these mixtures were adjusted
on the basis of the TEOS volume percent used to make shells of
various thicknesses. For example, for C/S-UCNP-LBMS-100, 53 uL
of TEOS, which corresponds to 80% of 66.7 uL, and 34.5 mg of the
LB linker were added. C/S-UCNP-LBMS-60 denotes that 32 uL of
TEOS and 20.7 mg of the LB linker were added. After the synthesis,
C/S-UCNP-LBMS were refluxed, centrifuged, washed, and redis-
persed as reported above for the C/S-UCNP-MS.

NIR- and UV-Triggered Degradation of C/S-UCNP-LBMS. To
assess the ability of the C/S-UCNP-LBMS to break upon exposure to
NIR, C/S-UCNP-LBMS-60 and C/S-UCNP-LBMS-100 were dis-
persed in a 1/1 (v/v) EtOH/water mixture with a concentration of
0.5 mg/mL and exposed to 980 nm irradiation (1 W/cm?) while
being stirred at 400 rpm. The ethanol/water mixture was used to
ensure that the observed degradation was not due to hydrolysis of
silica, which can occur in pure water. UV—vis absorption spectra and
TEM images were taken at different time points to track degradation
of the LB linker and LBMS shells.

This experiment was repeated three times under the same
conditions, and the average of the 320 nm peak height and the
standard deviation are reported.

UV exposure experiments were performed using a Philips PL-S 9W
UV-A lamp that had a broad emission wavelength between 315 and
380 nm. The 1/1 (v/v) EtOH/water suspension of C/S-UCNP-
LBMS-60 was placed directly next to the lamp and stirred at 400 rpm.

7-DH Loading and NIR-Triggered Release. To load 7-DH, 5
mg of C/S-UCNP-LBMS was suspended in 200 uL of EtOH with 40
mg of 7-DH and sonicated for 15—30 min before drying under
vacuum overnight. Then, they were washed three times with 2 mL of
EtOH and dried again overnight.

To study the release, 400 uL of an aqueous dispersion of C/S-
UCNP-LBMS at a concentration of 2.5 mg/mL was placed in a 3.5
mL quartz cuvette (10 mm path length) equipped with a small stir
bar. A layer of cyclohexane (1 mL) was added on top of the aqueous
C/S-UCNP-LBMS dispersion to extract the hydrophobic compound
released upon irradiation. This organic layer was sampled during UV—
vis measurements.

While being stirred at 100 rpm, the bottom aqueous suspension
was irradiated at 980 nm with a power density of 1 W/cm? and the
change in absorbance at 4 = 281 nm in the upper organic phase was
monitored over time to track the amount of 7-DH released from the
C/S-UCNP-LBMS. Cyclohexane was used for a baseline measure-
ment. Release measurements were repeated with three samples under
the same conditions. The mean drug release amount and standard
deviation among the trials are reported.

In Vitro Biocompatibility. C/S-UCNP-LBMS-60 were tested in
terms of biocompatibility with the HeLa cell line (ATCC, CCL-2), an
epithelial-like tumoral cell line that is often exploited for preliminary
biocompatibility tests. Cells were cultured with DMEM with 10% (v/
v) FBS, 1% L-glutamine, and 1% penicillin/streptomycin (100 yg/mL
streptomycin and 100 units/mL penicillin), at 37 °C in a 5% CO,
atmosphere. The viability of the cells following the administration of
the NPs was tested through the colorimetric Cell Proliferation Kit I
(MTT) metabolic assay (Sigma-Aldrich). Specifically, 4000 cells
dispersed in 100 uL of DMEM were seeded in each well of a 96-well
plate (treated with TC, Euroclone). After 24 h, the cell culture
medium was replaced with NP-containing medium at concentrations
of 100, 50, 25, and 12.5 pug/mL. The biocompatibility of C/S-UCNP-
LBMS-60 was compared to those of C/S-UCNP-MS-60 and C/S-
UCNP-LBMS-60 loaded with 7-DH.

The MTT assay was performed as follows. At the stated incubation
time (1, 4, 24, and 48 h after NP administration), the medium in the
wells was replaced with 0.5 mg/mL concentrated MTT labeling
reagent (according to the producer’s specification) dispersed in fresh
culture medium. After incubation at 37 °C for 3 h, the medium was
withdrawn, leaving on the bottom of the well the nonsoluble formazan
crystals resulting from the metabolic activity of cells. The crystals were
solubilized with a 0.04 M HCI isopropanol solution, and the
absorbance at 565 nm of the liquid inside the wells was measured
by an Infinite M200 plate reader (Tecan). The absorbance of each

sample was background subtracted and compared to that of untreated
cells (100% cell viability).

Visualization of Cell Internalization via Confocal Micros-
copy. The internalization of C/S-UCNP-LBMS-60 was analyzed with
confocal microscopy by labeling the NPs with CyS. To do this, 0.5 mg
of sulfo-cyanineS NHS ester (CyS) was dispersed in 400 pL of
anhydrous DMSO under an Ar atmosphere. Then, 4.5 uL of APTES
was added to the solution, and the mixture left to stir for 1 h. Eight
microliters of the CyS solution was added to 1 mL of an aqueous
solution of the amine-functionalized C/S-UCNP-LBMS-60 (1 mg/
mL) and left to stir overnight for the amine group to react with the
NHS ester, forming an amide bond. The NPs were washed three
times via centrifugation and redispersion (14000g for 30 min) and
finally redispersed at a concentration of 1 mg/mL in distilled water.

To perform confocal microscopy, sterile borosilicate glass slides
were placed in the wells of a 24-well plate (tissue culture treated,
Euroclone). Subsequently, 3 X 10* HeLa cells dispersed in 500 uL of
cell culture medium were placed in each well to allow the cells to grow
over the glass. After 24 h, the cell culture medium was replaced with
NP-containing medium at concentrations of 100, 50, 25, and 12.5 ug/
mL and cultured at 37 °C for 1, 4, 24, and 48 h from the time of NP
administration.

After the designated incubation time, the cells were fixed by
replacing the cell culture medium with formalin (10%, buffered) for
30 min and washing three times with a phosphate-buffered saline
(PBS) solution. The samples were stored at 4 °C before being stained.
Actin filaments were stained with phalloidin at a concentration of 2.5
units/mL dissolved in a 0.1% (v/v) Triton X-100, 1% (w/v) bovine
serum albumim (BSA)/PBS solution and left for 1 h in the dark.
Then, the glass slides were washed first with a 1% BSA/PBS solution
and then with distilled water before being placed on glass supports
with § pL of a 20 yL/mL 4',6-diamidino-2-phenylindole (DAPI)
solution in Fluoromount (Diagnostic Biosystem) to allow them to
dry. Images were acquired with a Nikon Ti2 Eclipse Al laser confocal
microscope and analyzed with a NIS Elements instrument (Nikon).

Visualization of Cell Internalization via Two-Photon-
Excited Fluorescence (TPEF). The internalization of unlabeled
UCNP-LBMS was also investigated to exclude the influence of surface
functionalization on the internalization properties of the NPs. To
perform this test, cells were seeded (3 X 10° cells/well in 2 mL) onto
quartz slides placed in the wells of a six-well plate. Twenty-four hours
after cell seeding, the cell culture medium was replaced with C/S-
UCNP-LBMS-60-containing medium at a concentration of 100 ug/
mL. Cells were fixed onto the quartz slide following the same
procedure described before 1, 4, 24, and 48 h after the administration
of NPs.

Before analysis, another quartz slide was placed on top of the one
to which cells were affixed. A dual-output rapidly tunable all-fiber
optical parametric oscillator (OPO) light source (Picus Duo, Refined
Laser Systems) based on a ytterbium-doped fiber oscillator at a
repetition rate of 40.5 MHz was employed for imaging. The amplified
output pulses from the fiber OPO (tunable from 770 to 980 nm) with
a pulse duration of 7 ps were used for excitation. This beam was sent
into a home-built vertical microscope to perform imaging via TPEF.
The laser was focused via a water-immersion objective with 100X
magnification, a 1.25 numerical aperture, and a 0.25 mm working
distance (C-Apochromat, Carl Zeiss). The average laser power was
kept constant on the sample plane, at 25 mW for all measurements.

The epi-fluorescence photons in the visible range generated by
FAD, NAD(P)H, and the nanoparticles were collected in backward
scattering by the same objective and isolated from the scattered
fundamental excitation laser light using a combination of two short-
pass filters at 750 nm (FF01-750/SP-2S, Semrock) and 600 nm
(FESH0600, Thorlabs). Signals were detected via a photomultiplier
tube (R3896, Hamamatsu Photonics).

A raster scan of the sample was realized through a motorized XY
translational stage (Standa). Images were acquired using a custom
graphical user interface programmed in MATLAB App Designer. For
each 80 ym X 80 um field of view, two consecutive images at 780 nm
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Figure 2. (a) TEM images of (i) C-UCNP, (i) C/S-UCNP, (iii) C/S-UCNP-MS-100, (iv) C/S-UCNP-MS-60, (v) C/S-UCNP-MS-70, (vi) C/S-
UCNP-MS-80, and (vii) C/S-UCNP-MS-90. All scale bars are 50 nm. (b) Average major axis length as calculated from TEM images. Results of
one-way ANOVA are shown as ***%p < 0.0001 (n = 100). (c) Upconversion emission spectra (1, = 980 nm; 350 W/cm?) of C/S-UCNP, C/S-
UCNP-MS-60, and C/S-UCNP-MS-100. Emission spectra are shown for only the thinnest and thickest shells for the sake of clarity.

and at an excitation wavelength of 980 nm were acquired with 240
pixel X 240 pixel resolution at a pixel dwell time of 1.5 ms.
Statistical Analysis. All data are presented as the mean and
standard deviation, and all statistical analysis was performed in
GraphPad Prism 8 (GraphPad Software Inc.). For each experiment,
the type of statistical test used for the comparison is included in the
figure caption. A p value of <0.0S is denoted with one asterisk, and a p
value of <0.01 with two asterisks. Breakability tests were fitted with
cubic spline curves for ease of visualization. For the drug release
experiments, a t test was run on the last time release point to
determine the significance. Both the breakability and drug release
experiments were performed in triplicate. A two-way analysis of
variance (ANOVA) was performed for the in vitro biocompatibility
tests to determine significance for different samples across varying

concentrations.

RESULTS AND DISCUSSION

Figure 1 illustrates the incorporation of the LB linker (Figure
la) into the synthesis of C/S-UCNP-LBMS. The synthesis
steps are described in detail in Materials and Methods. First,
LiYbF,:Tm*" cores (C-UCNP) capped with oleic acid and
oleylamine were synthesized using the thermal decomposition
method®” (Figure 1b, i). A Tm doping concentration of 0.5%
was chosen to maximize the UV emission as previously
demonstrated.** To enhance the upconversion emission, the
cores were passivated with a LiYF, shell to obtain
LiYbF,: Tm**@LiYF, (C/S-UCNP) (Figure 1b, ii). Previous
studies'**> show that the passive shell acts as a barrier to limit
the loss of energy to the surroundings so that most of the
excitation energy gathered by the Yb** ions is channeled to the
Tm*" ions. Furthermore, upon passivation of the cores with an
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Figure 3. High-resolution XPS N 1s spectra of (a) C/S-UCNP, (b) C/S-UCNP-MS-100, and (c) C/S-UCNP-LBMS-100. (d) UV—vis absorption
spectra of the LB linker, C/S-UCNP-MS-100, and C/S-UCNP-LBMS-100 (0.5 mg/mL in EtOH). (e) UC emission spectra (4., = 980 nm; 350
W/cm?) of C/S-UCNP (0.5 mg/mL in hexane), C/S-UCNP-MS-100, and C/S-UCNP-LBMS-100 (1 mg/mL in H,0). Dotted spectra are
repeated here from Figure 2¢ for comparison. (f) Ratio of the integrated UV (335—400 nm) and NIR (730—837 nm) peak areas measured from
UC emission spectra shown in panel e (n = 10). Results of an unpaired t test to compare the UV:NIR ratios of C/S-UCNP, C/S-UCNP-MS-100,

and C/S-UCNP-LBMS-100 shown as *#***p < 0.0001.

inert shell, the cation sublattice of the UCNP core can be
composed entirely of the sensitizer (Yb*) ions,*® thus
maximizing excitation light absorption, leading to more
emitted UV/NIR radiation than traditional LiYF,:Tm?*, Yb**
UCNPs."*

Next, the C/S-UCNPs were rendered hydrophilic and light-
breakable by being coated with a LB-integrated mesoporous
organosilica-based shell (LBMS), following a reverse micro-
emulsion process previously developed to coat UCNPs with
MS*” (Figure S3). Briefly, CTAB was used as a stabilizing
surfactant to transfer the hydrophobic C/S-UCNPs to the
aqueous phase as well as the organic template for the
formation of the MS shell during the hydrolysis and
condensation of TEOS. The LB linker was added during this
reaction and co-condensed with the TEOS onto the C/S-
UCNP surface to form C/S-UCNP-LBMS (Figure 1b, iii).

Once the system was synthesized and characterized (see the
results below), the mesopores were loaded with 7-DH (Figure
1b, iv) and subjected to 980 nm irradiation. Under NIR
irradiation, the C/S-UCNP converts the incident NIR light to
UV; the LB linker absorbs the UV radiation and is cleaved,
resulting in the subsequent breakage of the shell and release of
the encapsulated drug (Figure 1b, v).

TEM images of C-UCNP and C/S-UCNP (Figure 2a, i and
ii) reveal a uniform size distribution with major axes of 16 + 1
and 43 + 8 nm, respectively (Figure 2b). To prepare C/S-
UCNP-MS with various silica shell thicknesses, we varied the
amount of the TEOS precursor between 60% and 100% of the
original volume, which corresponds to a C/S-UCNP:TEOS
mass ratio of 1:9 (see Materials and Methods for more details).
The shell thickness increased proportionately to the amount of
TEOS precursor added, as shown in the TEM images of parts
ili—viii of Figure 2a and represented quantitively in Figure 2b.

DLS measurements on C/S-UCNP-MS with various silica
shell thicknesses gave a hydrodynamic diameter (D,) ranging
from 220 + 60 to 330 + 150 nm and polydispersity indices
(PDIs) ranging between 0.33 + 0.02 and 0.55 + 0.10 (Figure
S4a). We also attempted to use the shell growth time as a
measure to control for shell thickness; however, decreasing the
growth time from 10 to S min did not affect the shell growth
but instead resulted in more unstable dispersions as shown by
the higher PDI as measured by DLS (Figure S4a,b).

The upconversion emission spectra of C/S-UCNP, C/S-
UCNP-MS-60, and C/S-UCNP-MS-100 upon NIR irradiation
at 980 nm are shown in Figure 2c. The C/S-UCNP spectra
display emission peaks characteristic of Tm®". The UV
emission peaks at 340 and 360 nm correspond to the Iy —
’F, and 'D, — *Hg transitions, respectively. The three visible
peaks at 450, 480, and 660 nm correspond to the 'D, — °F,,
'G, — *Hg, and 'G, — °F, transitions, respectively, and the
NIR peak at 790 nm corresponds to the 'G, — *Hy and *H, —
3H6 transitions.>¥**3*® C/S-UCNP-MS-60 and C/S-UCNP-
MS-100 show similar peaks, although all peaks were overall less
intense than in C/S-UCNP. This decrease in intensity can be
mainly attributed to solvent effects as C/S-UCNP-MS were in
water while C/S-UCNP were in hexane, and water absorbs
more of the incoming 980 nm radiation than do organic
solvents.””” The OH groups in water as well as the Si—OH
groups in silica also have vibrational modes that can result in
an increased level of nonradiative relaxation of the excited
states, thus quenching UCNP luminescence.”” To determine
the effect of MS shell thickness on UV emission, we integrated
the area under the UV emission peaks normalized against the
integrated NIR area and plotted it as a function of increasing
silica shell thickness. As shown in Figure S5, the thickness of
the silica shell did not significantly affect the UV:NIR ratio.
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After we demonstrated the tunability of the silica shell
thickness, we covalently embedded the LB linker into the MS
shell to form an NIR-responsive system. For the purposes of
verifying successful incorporation of the LB linker within the
MS shell, all characterization was done on C/S-UCNP-MS-100
and C/S-UCNP-LBMS-100 samples.

X-ray photoelectron spectroscopy (XPS) survey scans were
used to detect the change in the elemental surface composition
of the UCNPs after the growth of MS and LBMS shells (Figure
S6). Yttrium and fluorine present on the C/S-UCNP surface
are due to the LiYF, passive shell, while carbon, nitrogen, and
oxygen were attributed to the fatty acid chains from the oleic
acid and oleylamine ligands used to stabilize the C/S-UCNP.
Upon growth of the MS shell, silicon was detected, and the
amount of oxygen significantly increased compared to that in
C/S-UCNP due to the Si—O bonds that comprise the MS
shell. This increase in oxygen content also resulted in a relative
decrease in the level of yttrium and fluorine from the core
UCNP. Nitrogen was not detected in C/S-UCNP-MS-100
(Figure 3b) but reappeared in C/S-UCNP-LBMS-100 due to
the presence of nitrogen in the LB linker (Figure 3c). The
high-resolution N 1s spectrum of C/S-UCNP shows a peak
centered around 399.7 eV, which corresponds to the free NH,
groups from the oleylamines, and another peak at 396.6 eV,
assigned to the N atom bound to the UCNP surface®’ (Figure
3a). The most intense peak in the C/S-UCNP-LBMS-100
spectra is present at 406.5 eV, confirming the presence of NO,
groups due to the LB linkers within the LBMS shell, while a
smaller peak at 399 eV is due to the free NH, groups from
oleylamine (Figure 3c). High-resolution C 1s and O 1s spectra
further confirm successful surface modifications (Figure S7).
Fourier transform infrared spectroscopy (FTIR) was used as a
complementary technique to further confirm the chemical
composition of the MS and LBMS shells (Figure S8).

The addition of the organic linker in the LBMS shell was
quantified by performing thermogravimetric analysis (TGA) in
a N, atmosphere (Figure S9). The 10% weight loss of C/S-
UCNP from 220 to S50 °C can be attributed to the
degradation of oleic acid and oleylamine.*” The additional
weight loss observed in C/S-UCNP-MS-100 can be explained
by the further condensation of unreacted hydroxyl groups at
temperatures of >200 °C within the silica structure,”** while
the weight loss difference at 800 °C between C/S-UCNP-MS-
100 and C/S-UCNP-LBMS-100 is due to the presence of the
organic linker, which is an estimated 4 wt % (Table S1).

UV—vis absorption spectroscopy also confirmed the
presence of the LB linker in the C/S-UCNP-LBMS-100 as
shown by the characteristic absorption bands at 242 and 320
nm, which are due to the nitrobenzyl group in the linker
(Figure 3d).* The presence of the LB linker is further shown
by the quenching of the UV emission bands (347 and 362 nm)
of C/S-UCNP-LBMS-100 (Figure 3e), because the LB linker
in the LBMS shell absorbs these bands. The integrated
UV:NIR peak ratios are plotted in Figure 3f as a quantitative
representation of the quenching of the UV bands compared
with the NIR band used as a reference. The overlap between
the LB absorbance and the UV emission of C/S-UNCPs,
together with the observed quenching of these upconversion
lines, suggests that the transfer of energy from C/S-UCNPs to
the LB linker can take place to drive photochemistry under
NIR excitation." ™" As the UV-emitting Tm>' ions are
separated by >10 nm from the LB linker molecules within
the LBMS shell, this energy transfer is most likely radiative.

To investigate how the incorporation of the LB linker
changed the porosity of the MS shell, N, adsorption—
desorption measurements were performed on C/S-UCNP-
MS-100 and C/S-UCNP-LBMS-100 samples (Figure S10).
Using the Brunauer—Emmett—Teller (BET) method to
calculate the specific surface area and the Barrett—Joyner—
Halenda (BJH) method for the pore size distribution, we
found that C/S-UCNP-LBMS-100 has a larger BET specific
surface area (316.5 m*/g vs 137.6 m*/g) but a smaller average
pore size (4.7 nm vs 17.5 nm) compared to those of C/S-
UCNP-MS-100. Results from two trials are reported in Table
S2. These findings are in agreement with those of Picchetti et
al,, who also reported a decrease in the pore diameter (albeit
on a smaller scale) upon integration of the LB linker within MS
particles,SI’51 and Kruk et al., who showed that the decrease in
the pore diameter was more drastic with greater integration of
organosilica.”” The LB linker could be self-polymerizing in the
reaction mixture, thus promoting more non-CTAB-templated
condensation, which would result in a more disordered pore
structure with smaller pores. A disordered pore structure has
been shown to increase the estimate of the BET surface area,
thus explaining the increase despite the smaller pore size.”

Small-angle X-ray scattering (SAXS) analysis was performed
to understand the ordering of pores upon incorporation of the
LB linker (Figure S11). While the SAXS pattern for C/S-
UCNP-MS-100 has a broad peak centered at ¢ = 1.2 nm™},
which is indicative of order in the mesoporous phase, no peaks
were present in the C/S-UCNP-LBMS-100 SAXS pattern.
This trend toward a more disordered mesoporous phase upon
integration of an organic linker was also reported by Travaglini
et al,”" who studied the integration of linkers in MS particles,
with a higher content of the organic linker resulting in broader
and less intense SAXS peaks. Thus, it appears that the presence
of the bulky, hydrophobic, organic LB linker hinders the
formation of an ordered mesoporous phase in C/S-UCNP-
LBMS-100,>* confirming our hypothesis presented above.

Once we confirmed the successful integration of the LB
linker within the shell, we studied the effect of shell thickness
on its degradation by upconverted UV emission. Although
shell thickness did not significantly affect UV emission in a C/
S-UCNP-MS system, we hypothesized that it may play a role
in the ability of the LBMS shell to break in response to
upconverted UV light. The thinnest (C/S-UCNP-LBMS-60)
and thickest (C/S-UCNP-LBMS-100) shell samples were
chosen to compare the shell degradability and drug release.

To ensure the LB linker within the C/S-UCNP-LBMS
samples was degrading in response to UV irradiation, we first
exposed C/S-UCNP-LBMS-100 [0.5 mg/mL in a 1:1 (v/v)
EtOH/H,O mixture] to direct UV irradiation for <2 h. The
EtOH/H,O solvent mixture was used instead of pure water to
rule out the possibility that the observed d§§radation was
related to dissolution of silica in pure water.””° As expected,
the absorption band at 320 nm disappeared after irradiation for
1S min, while at the same time, a peak at 352 nm appeared
(Figure S12), in agreement with previous studies.”’ This
observation can be explained by the light-induced Norrish type
II photodegradation of the nitrobenzyl group into the
nitrosobenzaldehyde product.””>® For these reasons, the peak
intensity at 320 nm was chosen to track the photodegradation
of the LB linker.

To confirm that NIR light would also induce similar
degradation of the particles due to the upconversion from C/S-
UCNP, dispersions of C/S-UCNP-LBMS-60 and C/S-UCNP-



LBMS-100 [0.5 mg/mL in 1:1 (v/v) EtOH/H,O mixture]
were irradiated with NIR light (1, = 980 nm; 1 W/cm?).
Degradation of the LB linker was monitored using UV—vis
spectroscopy, while structural degradation of the particles was
visualized by using TEM.

UV—vis spectroscopy revealed that upon exposure to NIR
irradiation, the spectra of both C/S-UCNP-LBMS-60 and C/
S-UCNP-LBMS-100 showed a decrease in the 320 nm peak
only in the presence of NIR exposure, indicating the cleavage
of the 2-nitrobenzyl group (Figure 4a,b), but did not show the
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Figure 4. Representative UV—vis absorbance spectra of C/S-UCNP-
LBMS-60 (a) without NIR irradiation and (b) with continuous 1 W/
cm? 980 nm NIR irradiation over 3 h. Average absorbance at 320 nm
of (c) UCNP-LBMS-60 and (d) UCNP-LBMS-100 [0.5S mg/mL in a
1:1 (v/v) EtOH/H,0 mixture] with and without 1 W/cm* 980 nm
irradiation, as measured by UV—vis absorption spectrometry and
normalized to the absorbance at time zero. The mean and standard
deviation of each time point are recorded (n = 3) and fit to cubic
spline curves for ease of visualization. TEM images of (e) C/S-
UCNP-LBMS-60 and (f) C/S-UCNP-LBMS-100 taken after 980 nm
irradiation for 0, 30, 60, and 120 min of 1 W/cm?. All scale bars are 50
nm.

appearance of the 352 nm peak as when exposed to UV
irradiation. This could be due to the occurrence of side
reactions such as the degradation of the nitrosobenzaldehyde
photoproduct known to hag})en in Norrish type II reactions
under various conditions.’

Panels c and d of Figure 4 show a quantitative representation
of the absorbance measured at 320 nm with or without
exposure to 1 W/ cm? of 980 nm irradiation of C/S-UCNP-
LBMS-60 and C/S-UCNP-LBMS-100. For both particle types,
no change in absorbance was observed in the absence of NIR
irradiation. Upon NIR irradiation, the absorbance at 320 nm
immediately started to decrease for the C/S-UCNP-LBMS-60

sample (Figure 4c), whereas a decrease was observed only after
exposure of C/S-UCNP-LBMS-100 for 60 min, indicating
slower decay kinetics with a thicker LBMS shell (Figure 4d).
The normalized absorbance at 320 nm also reaches a lower
value for C/S-UCNP-LBMS-60 after NIR exposure for 120
min as compared to C/S-UCNP-LBMS-100, indicating a
higher degree of breakage, which is confirmed by the
morphological differences as observed by TEM.

The TEM images taken at each time point show that after
irradiation for 60 min, there was significant degradation of the
LBMS shell of C/S-UCNP-LBMS-60 (Figure 4e). The LBMS
shells were no longer coating the individual particles but had
broken down into an amorphous material surrounding multiple
UCNPs. After irradiation for 120 min, the silica shell was fully
degraded and formed large aggregated masses of particle
debris. The reappearance of UCNPs without an LBMS shell
confirmed that the aggregates could be attributed to the
degraded LBMS shell (Figure S13). The TEM images of C/S-
UCNP-LBMS-100 show some degradation with the LBMS
shells of individually coated particles merging with one
another, as seen at 60 min (Figure 4f). However, at 120
min, many of the LBMS shells were still intact, suggesting that
upconverted UV luminescence from NIR irradiation of 1 W/
cm? over 120 min was not sufficient to fully degrade the shell,
as in C/S-UCNP-LBMS-60.

To determine if this difference in shell breakage would affect
drug release, we first loaded both C/S-UCNP-LBMS-60 and
C/S-UCNP-LBMS-100 with 7-DH and determined the drug
loading percent via TGA to be 1.4 and 3.5 wt %, respectively
(Table S1). We note that it is very challenging to load
hydrophilic mesoporous silica with a hydrophobic drug, hence
the low loading capacities. A previous study by Guo et al. has
shown that the most effective way to do this is to evaporate the
solvent under vacuum to drive the drug into the pores via
capillary action,”” but even with this method, they reported a
loading of 9.63% for ZnPc in hollow MS nanoparticles. The
even smaller amount found in our work may be explained by
the fact that our system lacks the inner cavity of the hollow
particles used in the work of Guo et al.

Then, we used a drug release setup as illustrated in Figure Sa
(see also NIR- and UV-Triggered Degradation of C/S-UCNP-
LBMS) to quantify the amount of 7-DH released into the
cyclohexane layer over time with and without NIR irradiation.
Changes in the absorbance at 4, = 281 nm (Figure S14) were
used to calculate the amount of drug released into the organic
layer based on a calibration curve obtained for 7-DH in the
same solvent (Figure S15).

Nonspecific release of 7-DH in the absence of NIR
irradiation was observed in both C/S-UCNP-LBMS-60 and
C/S-UCNP-LBMS-100; this was expected because the
mesopores were not capped. A similar level of passive diffusion
of 7-DH without light irradiation (~12 wt %) was also
observed in the LBMS particles developed by Picchetti et al.*!
Upon exposure to NIR irradiation, a significant increase in 7-
DH release was observed from only C/S-UCNP-LBMS-60
after 3 h (Figure Sb) and not from C/S-UCNP-LBMS-100
(Figure Sc), which we hypothesize is due to the much slower
degradation of these particles (Figure 4). While 44 + 1% of
loaded 7-DH was released from C/S-UCNP-LBMS-60 under
NIR irradiation, only 13 + 3% was released from C/S-UCNP-
LBMS-100 under the same conditions.

The difference in the amount of drug released from C/S-
UCNP-LBMS-60 induced by NIR irradiation at 1 W/cm?


https://pubs.acs.org/doi/10.1021/acsami.4c03444?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03444?fig=fig4&ref=pdf

a) b) C/S-UCNP-LBMS-60 c) . C/S-UCNP-LBMS-100
J < NoNR -o- NoNIR
40 < NIR1Wecm? 40 = NIR1Wicm?
TDH—ENEL I ; ** 3
< 30— - < 30
» [~ cyclohexane 2 3 - 2
4 s 0] 2
” 2 20 »® 20
UCNP-LBMS 3
H,0 103 10 [ Ins
NIR light sourc: E -+
stir bar 0 T T T T 0 T T T
0 50 100 150 200 0 50 100 150 200
Time (min) Time (min)
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Figure 6. Biocompatibility tests of C/S-UCNP-LBMS-60 and C/S-UCNP-LBMS-60—7DH on HeLa cells with incubation times of 4 and 48 h.
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corresponds to a 2.1-fold increase compared to passive release.
In comparison, Picchetti et al. observed a 3-fold increase of 7-
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DH release compared to passive release when LBMS particles
were exposed to direct UV light at 450 W.>' This comparison
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highlights the efficacy of the C/S-UCNP-LBMS-60 system,
given that the efliciency of upconversion decreases nonlinearly
with higher-order photonic transitions like the NIR-to-UV
transition.®"%*

Next, we chose to further investigate the in vitro
biocompatibility and cellular uptake of C/S-UCNP-LBMS-60
to determine its potential for biomedical application. C/S-
UCNP-LBMS-60 and C/S-UCNP-LBMS-60 loaded with 7-
DH were incubated with HeLa cells at various concentrations
(12.5—100 pg/mL) for increasing incubation times (1, 4, 24,
and 48 h), and the MTT assay was used to assess
biocompatibility (data for incubation times of 1 and 24 h
shown in Figure S16). As shown in Figure 6, the HeLa cells are
unaffected by the particles upon incubation for 4 h at all NP
concentrations. While the incubation time and NP concen-
tration do impact biocompatibility, cell viability did not
decrease below 60% even at the highest concentration of 100
ug/mL. The improved biocompatibility upon 7-DH Ioadin§
could be attributed to the drug’s antioxidant activity on cells®
due to its nonspecific release, as shown in Figure S.

The cellular uptake of C/S-UCNP-LBMS-60 over time at
various NP concentrations is shown in Figure 7a, in which the
particles were functionalized with the dye CyS5 for visualization
by conventional confocal microscopy. We observed particle
internalization starting at 4 h and continuing to increase over
24 and 48 h, similar to the results of previous cellular studies of
UCNP uptake.®* This uptake was visible even at the lowest
concentration of 12.5 pg/mL (Figure 7b). At high concen-
trations (50 and 100 pug/mL), the particles start to form large
aggregates that are only partially internalized by the cells;
however, there is still a large proportion of particles that have
been successfully internalized (Figure S17). The images further
suggest that they enter the cell cytoplasm but do not penetrate
the membrane of the nucleus. These results were confirmed
with TPEF microscopy, where the visible emission from the
particles was directly visualized under 980 nm excitation to
exclude the effect of CyS functionalization on cellular
internalization (Figure S18). While the specific setup required
for TPEF microscopy limited our ability to observe 7-DH
release during 980 nm excitation, especially because 7-DH
does not have a fluorescent signal that can be monitored, the in
vitro studies presented above provide preliminary data that
show that this system may be used for biomedical applications
to deliver drugs of interest to target cells.

CONCLUSION

By individually coating UCNPs with a thin LBMS shell, we
were able to release a small hydrophobic drug at a low laser
power (1 W/cm?) with a 2.1-fold increase in drug release upon
NIR irradiation. The one-step functionalization allowed us to
synthesize UCNPs with different silica shell thicknesses. We
found that a thinner shell increases the rate of NIR-induced
LBMS shell degradation and subsequent drug release, leading
to short lag times while achieving drug release comparable to
that of a UV-activated system. The use of NIR light to trigger
drug release, minimal toxicity in HeLa cells, and successful
internalization into the cell cytoplasm demonstrate its potential
for drug delivery in biological systems.

As opposed to MS coatings that rely on a high power density
to activate azobenzene propellers or gatekeeper complexes that
merely uncap the mesopores and rely on passive diffusion
thereafter, a thin individually coated breakable LBMS coating

allows our system to operate at a low power density with
greater control over the drug release profile.

As opposed to hydrogel coatings, the choice of an organic
silica-based shell structure increases its versatility in the variety
of drugs that could be loaded into its pores®”*>*® and in the
possibility of further conjugation with targeting moieties,
contrast agents, and performance enhancers via established
sol—gel chemistry using alkoxysilanes.” In addition, this one-
step integration of a light-breakable functionality into a UCNP
coating is much simpler than the multistep processes reported
in previous systems,”*" allowing for greater reproducibility
and scalability. All of these are important considerations in the
development of future nanoparticles for theranostics.” Finally,
the ability to tune the efficiency of drug release by tuning the
thickness of the photodegradable coating will allow future
researchers to design even more efficient photodegradable
coatings by ensuring any kind of coating with photobreakable
links is within a certain distance of the upconversion core.

This work therefore demonstrates the feasibility of
integrating UV-breakable linkers into MS UCNP coatings as
a simple and robust way of enabling NIR-triggered drug
delivery. By building on simple, reproducible surface
functionalization techniques and optimizing the system for
operation at laser power densities acceptable for human use,”’
NIR-triggered drug delivery via UCNPs can move closer to
becoming a viable option for clinical translation.
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