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Liquid Marbles Based on Magnetic Upconversion Nanoparticles as
Magnetically and Optically Responsive Miniature Reactors for
Photocatalysis and Photodynamic Therapy

Dan Wang, Lin Zhu, Jian-Feng Chen,* and Liming Dai*

Abstract: Magnetic liquid marbles have recently attracted
extensive attention for various potential applications. However,
conventional liquid marbles based on iron oxide nanoparticles
are opaque and inadequate for photo-related applications.
Herein, we report the first development of liquid marbles
coated with magnetic lanthanide-doped upconversion nano-
particles (UCNPs) that can convert near-infrared light into
visible light. Apart from their excellent magnetic and mechan-
ical properties, which are attractive for repeatable tip opening
and magnetically directed movements, the resultant UCNP-
based liquid marbles can act as ideal miniature reactors for
photodynamic therapy of cancer cells. This work opens new
ways for the development of liquid marbles, and shows great
promise for liquid marbles based on UCNPs to be used in
a large variety of potential applications, such as photodynamic
therapy for accelerated drug screening, magnetically guided
controlled drug delivery and release, and multifunctional
actuation.

Liquid marbles were first reported by Aussillous and Quéré
in 2001 and have since attracted tremendous attention.?
They are usually formed by coating a liquid drop with micro/
nanometer-sized superhydrophobic powders, which are often
considered as ideal non-wetting systems owing to their
hydrophobic surface. To date, a large variety of hydrophobic
powders have been used to make various liquid marbles for
a range of potential applications, such as electrowetting,!
micropumping,® miniature reactors,® gas sensing!” and
many others.”! Magnetic liquid marbles based on iron oxide

[*] Dr. D. Wang, Prof. J.-F. Chen
Research Centre of the Ministry of Education for High Gravity
Engineering and Technology
State Key Laboratory of Organic-Inorganic Composites
Beijing University of Chemical Technology
Beijing 100029 (China)
E-mail: chenjf@mail.buct.edu.cn
Dr. L. Zhu
Institute of Advanced Materials for Nano-bio Applications
School of Ophthalmology and Optometry
Wenzhou Medical University
270 Xueyuan Xi Road, Wenzhou, Zhejiang (China)
Dr. D. Wang, Dr. L. Zhu, Prof. L. Dai
Center of Advanced Science and Engineering for Carbon
(Case4Carbon)
Department of Macromolecular Science and Engineering
Case School of Engineering, Case Western Reserve University
Cleveland, OH 44106 (USA)
E-mail: liming.dai@case.edu

% Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201604781.

Angew. Chem. 2016, 128, 1095310957

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

particles show great potential for actuation and manipulation
by magnetic forces.**]

Photon-induced reactions have recently emerged as
important processes in chemical and biomedical studies,'”
and some light-responsive liquid marbles have been repor-
ted.®*! However, owing to the light absorption and/or
scattering by the powder (e.g., graphene,’® WO, nanoparti-
cles '™ TiO, nanoparticles,'"® carbon black)''l attached to
the droplet surface, visible light can hardly pass through the
surface to reach the droplet inside the liquid marble. On the
other hand, liquid marbles have been demonstrated to be
promising systems for the formation of cancer cell sphe-
roids,"” which more closely resemble the in vivo physiology
of tumors than cells from two-dimensional cell cultures.!"”
Furthermore, the use of liquid marbles for the photodynamic
therapy (PDT) of cancer cells offers additional advantages for
three-dimensional optical emission (irradiation). Neverthe-
less, conventional liquid marbles are either transparent,* !4l
but non-magnetic (e.g., silica nanoparticles),'" or magnetic
and opaque (e.g., iron oxide particles),?>** preventing their
use in magnetically responsive photon-induced applications.
Therefore, the development of magnetic liquid marbles as
miniature reactors for photon-induced reactions inside the
liquid marbles is challenging.

Lanthanide-doped upconversion nanoparticles (UCNPs),
a class of new luminescent nanomaterials that convert two or
more low-energy near-infrared (NIR) photons into high-
energy photons for UV/Vis emissions, normally consist of
transition-metal, lanthanide, or actinide dopant ions embed-
ded in the lattice of an inorganic crystalline host.™ Thus far,
various UCNPs with different host-dopant combinations
have been synthesized to generate emissions at different
wavelengths."®  Among them, hexagonal-phase sodium
yttrium fluoride (NaYF,) is the most efficient host material
for producing green (Yb*"/Er'* co-doped) and blue (Yb*'/
Tm** co-doped) upconversion phosphors."”) Magnetic
UCNPs can also be prepared by doping with Gd** to obtain
optically and magnetically active bifunctional materials for
advanced multifunctional devices."*!

Herein, we describe the preparation of optically and
magnetically active bifunctional UCNP-based liquid marbles
by doping NaYF, nanocrystals with Yb**/Er**/Gd*" in a facile
hydrothermal process. The constituent UCNPs were func-
tionalized with polyhedral oligomeric silsesquioxane (POSS)
to make the particles highly hydrophobic,™ which is required
for the formation of liquid marbles. The resultant UCNP-
based liquid marbles were exposed to NIR illumination to
generate visible emission (i.e., green luminescence) for
initiating photoinduced reactions inside the liquid marbles
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to produce reactive oxygen species (ROS) from protopor-
phyrin IX (PpIX),"**" followed by photodynamic therapy of
cancer cells in situ. Thus this work describes a novel applica-
tion for liquid marbles and a new approach for photodynamic
therapy.

The Yb*'/Er*'/Gd**-doped NaYF, upconversion nano-
particles were synthesized by well-developed hydrothermal
synthetic methods using oleic acid as the surfactant.”
According to a previously reported procedure,” the Yb**,
Er*", and Gd*" dopant concentrations in the UCNPs were
adjusted to 18, 2, 50 mol %, respectively, to obtain nano-
particles with a highly crystalline hexagonal phase for
efficient upconversion luminescence. Figure 1b shows a typi-
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Figure 1. a) Synthesis of POSS-grafted UCNP (UCNP-POSS) nanopar-
ticles. b) A typical TEM image of the UCNP nanoparticles. c) TGA of
UCNP, POSS, and UCNP-POSS. DCC =dicyclohexylcarbodiimide.

cal transmission electron microscopy (TEM) image of the
resultant UCNPs, which reveals the average size of the
UCNPs to be 100-200 nm in length and 20-50 nm in width.
The presence of surface carboxyl groups on the UCNP
nanoparticles allowed for further surface modification with
amino-functionalized POSS molecules by amide formation to
form hydrophobic UCNP-POSS nanoparticles (Figure 1a).
The UCNP/POSS weight ratio in the UCNP-POSS nano-
particles was determined by thermogravimetric analysis
(TGA) to be about 3:1 (Figure 1c). As can be seen in the
Supporting Information, Figure S6, a UCNP-POSS film
showed superhydrophobicity with an air/water contact angle
(CA) as high as 151°, a value that is even higher than that for
POSS films (123°), which is beneficial for the formation of
liquid marbles. Owing to the high concentration of Gd*"
dopant in the UCNPs, the UCNP-POSS nanoparticles were
magnetic (Figure S9). These results suggest the possible use of
UCNP-POSS nanoparticles for the encapsulation of aqueous
droplets to form magnetic liquid marbles (see below).

As schematically shown in Figure 2, the liquid marbles
were prepared simply by rolling water droplets on a pile of
UCNP-POSS particles owing to their high hydrophobicity. As
the water droplet is rolled over, the UCNP-POSS nano-
particles spontaneously self-organize in a process that is

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(a) (b)
Water 3 :@g \

|
[ i \ Water ] 4
| | —> s
[ 5 : \
e \ . W
| ) \ Multilayers
| UCNP-POSS Powder | RN (Comnad
ey

Figure 2. a) Formation of a liquid marble by rolling a water droplet on
UCNP-POSS powder. Digital photographs of b) a liquid marble made
from water and UCNP-POSS powder (droplet size: 3 pL), c) a liquid
marble being picked up with a pair of tweezers, d) a liquid marble
placed on a water surface, and e) a magnetically opened liquid marble.
f) Snapshots showing the controlled movement of a liquid marble
floating on a water surface in response to an external magnetic field.

driven by the capillary forces™ at the water/air interface to
encapsulate the water droplet and render the droplet non-
wetting to the substrate. Subsequently, more UCNP-POSS
nanoparticles are adsorbed on the surface of the liquid marble
to form UCNP-POSS multilayers (Figure 2a). Figure 2b
shows a typical digital photograph of a liquid marble with
a diameter of about 1.5 mm prepared from 3 pL water, which
could roll freely on the surface of a glass dish (see the
Supporting Information for a Movie). The excellent stability
of the liquid marble further enabled it to be readily handled
with a pair of tweezers without breaking (Figures 2 ¢ and S10).
Figure 2d shows that the liquid marble remained intact after
being transferred onto a water surface in a Petri dish. The
weight ratio of the UCNP-POSS powder and the inner water
molecules was gravimetrically measured to be 1:9. The
upconversion liquid marble can be opened and closed
reversibly or actuated to move in different directions under
a magnetic field owing to its magnetic nature (Figure 2 e, f; see
also Figure S9). For ease of visualization, a liquid marble
containing red-colored water (containing cell-culture
medium, see below) was used in Figure 2e for the demon-
stration of the magnetic-field-induced tip opening. The ability
to undergo magnetic-field-induced opening could enable the
opened liquid surface to wet a contacting glass capillary, and it
could thus be used for transferring liquid into or out of the
liquid marble (Figure S11). Figure 2 f shows the motion of
a liquid marble placed on a water surface (the same liquid
marble shown in Figure 2d) under a magnetic field. The
direction of movement of the liquid marble changed in
response to the motion of the external magnet.

Another remarkable feature of the UCNP-POSS nano-
particles is their upconversion luminescence. For traditional
liquid marbles (e.g., iron oxide based liquid marbles), visible
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Figure 3. a) lllustration of a liquid marble encapsulating PpIX solution
under NIR laser irradiation. Photographs of a liquid marble encapsulat-
ing b) pure water and c) PplX solution under NIR laser irradiation.

d) Photoluminescence spectrum of the as-prepared UCNPs excited
with a 980 nm laser and absorbance and photoluminescence spectra
of the as-prepared PplX solution. Insets: Pictures of a PplX solution in
water, the photoluminescence of a UCNP solution in chloroform, and
the photoluminescence of PplX solution in water (from left to right).
e) Photoluminescence spectra of liquid marbles encapsulating pure
water and PplX solution. f) Normalized decay curves of the absorption
density at =410 nm for a DPBF/PpIX mixture in a tube (optical glass
10 mm cell cuvette) and a UCNP-POSS liquid marble encapsulating
Pplx for four different times of irradiation with a 980 nm laser beam
(normalized by the absorbance intensity at t=0 min).

light can hardly pass through the outer layer of the liquid
marble owing to the strong absorption and scattering of light
by the solid particle coating (Figure S12). For the UCNP-
POSS-based liquid marble, however, the UCNP outer layer,
after doping with Yb*" and Er*" for converting two or more
low-energy NIR photons into high-energy photons (e.g.,
green emission), could act as a light transducer to introduce
high-energy photons (i.e., UV/Vis emission) into the liquid
marble for photocatalysis. To identify the photon conversion
ability of the UCNP liquid marbles, we performed NIR-light-
induced photocatalysis of protoporphyrin IX (PpIX) inside
the liquid marble (Figure3a). PpIX can be excited to
generate reactive oxygen species (ROS) from endogenous
oxygen upon irradiation with light of an appropriate wave-
length (Figure S13). Figure 3 shows photographs of liquid
marbles encapsulating pure water (b) and PpIX solution (c)
under NIR laser irradiation. A liquid marble formed from
water and UCNP-POSS exhibited green color under NIR
laser excitation (Figure 3b) whereas a liquid marble obtained
from a PpIX solution and UCNP-POSS powder gave yellow
emission under the same conditions (Figure 3¢). The lumi-
nescence spectrum of as-prepared UCNPs under NIR exci-
tation (1 =980 nm), along with the absorbance and photo-
luminescence spectra of a PpIX solution, is shown in Fig-
ure 3d. The luminescence peak positions of the UCNPs
match well with the absorbance peaks of PpIX, promoting the
excitation of PpIX. The photoluminescence spectra of liquid
marbles encapsulating pure water and PpIX solution are
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shown in Figure 3e. The photoluminescence spectrum of
a liquid marble with pure water is similar to that of UCNP-
POSS with intensive green luminescence (peak at A=
550 nm). For the liquid marble with PpIX solution, the
green luminescence (peak at A=550nm) decreased in
intensity with a concomitant enhancement of red lumines-
cence (peak at A =630 nm), indicating the excitation of PpIX
by the upconversion luminescence from UCNP-POSS under
NIR irradiation. The generation of ROS was indirectly
confirmed with 1,3-diphenylisobenzofuran (DPBF) as a chem-
ical probe, whose absorbance at A =410 nm decreases in the
presence of ROS. Figure 3f shows the normalized decay
curves of the absorption density at A =410 nm for PpIX in
a DPBF/PpIX mixture and a UCNP-POSS-based liquid
marble as a function of time under irradiation with
a 980 nm laser beam. The absorption of the DPBF in the
UCNP-POSS-based liquid marbles showed a much stronger
time dependence than that of the DPBF/PpIX mixture,
indicating more efficient ROS generation for the former (see
also Figure S15). As the luminescence wavelength of the
UCNPs is tunable from the UV to the NIR range by doping
with various lanthanide ions, the upconversion liquid marble
can be used as a miniature reactor for photocatalysis over the
whole NIR-UV spectrum.

Liquid marbles have recently been used for the formation
of cancer cell spheroids'? as the three-dimensional cell
cultures in liquid marbles more closely resemble the in vivo
physiology of tumors than two-dimensional cell cultures.!'”!
For the first time, we performed a study on the photodynamic
therapy of cancer cells by incubating cells inside the UCNP
liquid marbles, along with PpIX as a ROS generator, and
using the upconversion nanoparticle coating to provide the
required irradiation (Figure 4a). Figures 4b shows a digital
photograph of a liquid marble formed from an aqueous
suspension of MAD-MD-231 cells (200 pL) and UCNP-POSS
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Figure 4. a) Schematic representation of a cell-encapsulating liquid
marble. Digital photographs of liquid marble(s) based on UCNP-POSS
powder and cell culture media (drop size 200 uL) b) without and

c) with encapsulated MAD-MD-231 cells. d) Schematic representations
of cells in culture dishes without PpIX (1), with PpIX (Il), without PpIX
but with UCNP-POSS powder (l11), with both PpIX and UCNP-POSS
powder (IV), and of cells in a liquid marble without PpIX (V) and with
PpIX (VI). e) Cell viability of the cells in (d) after irradiation with

a 980 nm laser (1 Wem™?) for 4 min.
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powder, and Figure 4 c shows an optical microscopy image of
MAD-MD-231 cells. Apart from the photodynamic therapy
of cells inside the liquid marbles, control experiments were
also carried out, in which cells were cultured in normal culture
dishes with and without PpIX and/or UCNP-POSS nano-
particles (Figure 4d). MTT studies were then performed to
determine the cell viabilities (Figure S16). To investigate the
distribution of cells within the liquid marble, the UCNP-
POSS powder from a deliberately broken cell-encapsulating
liquid marble was imaged with an optical microscope. No cells
were observed in the UCNP-POSS powder from the broken
liquid marble (Figure S17), suggesting that the cells were
well-dispersed inside the liquid marble rather than sedi-
mented on or stuck to the inner surface of the UCNP-POSS
shell. Figure S18 gives the results from the MTT test for the
MAD-MD-231 cells inside the liquid marbles with and
without PpIX, which showed decreased cell viability with
increasing exposure time to a 980 nm laser in the presence of
PpIX, indicating NIR-induced photodynamic therapy of the
cancer cells. For the cells inside the liquid marbles without
PpIX, however, NIR light irradiation had no significant effect
on cell viability. In control experiments, NIR exposure under
the same conditions caused a decrease in cell viability for the
MAD-MD-231 cells in the culture dish with both PpIX and
UCNP-POSS powder (IV in Figures 4d,e), but not for the
same cells inside culture dishes that do not contain both PpIX
and UCNP-POSS powder (I-III in Figures 4d,e). Owing to
the large contact area between the UCNP-POSS powder
coating and the cell culture media as well as the spherical
geometry to enable 360° irradiation, the PpIX-encapsulating
UCNP-based liquid marbles exhibited a much more efficient
photodynamic therapy compared to the same treatment
performed with the two-dimensional culture dishes (sample
VI vs. IV in Figures 4d,e). Both cells incubated with UCNP-
POSS powder in a culture dish (III) and cells incubated in
a liquid marble without PpIX (V) exhibited high viability,
demonstrating that the marble shell material had low toxicity.
Therefore, the observed reduced cell viability in sample VI
could be confidently attributed to the photodynamic therapy.
Although these preliminary results on photodynamic therapy
of cancer cells inside the UCNP liquid marbles could be
further improved by optimizing the experimental conditions
(e.g., the liquid marble size/shell thickness, the cell and/or
drug concentrations, and the irradiation intensity), these
results clearly indicate that liquid marbles based on upcon-
version nanoparticles provide important advantages for
biomedical studies, particularly for accelerating drug screen-
ing for the photodynamic therapy of cancer cells.

In summary, we have described the advantages of using
lanthanide-doped upconversion nanoparticles as encapsulat-
ing powders to prepare optically and magnetically active
bifunctional liquid marbles. By chemical bonding of POSS to
the surface of Yb*'/Er'*/Gd*'-doped NaYF, UCNPs, we
prepared superhydrophobic UCNP-POSS composite nano-
particles as coatings for the formation of liquid marbles from
water droplets. The resultant liquid marbles based on UCNP-
POSS and water exhibited excellent mechanical stability,
magnetic properties, and were able to convert low-energy
near-infrared photons into high-energy UV/Vis photons.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These unique properties, in combination with the associated
three-dimensional cell cultures and three-dimensional optical
emission (irradiation), render these UCNP-based liquid
marbles ideal miniature reactors for studying the photo-
dynamic therapy of cancer cells inside the liquid marbles with
NIR irradiation. We believe that liquid marbles based on
UCNPs show great promise for a large variety of applications,
including, but not limited to, photodynamic therapy for
accelerated drug screening, magnetically controlled drug
delivery and release, and multifunctional actuation.
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