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Photosynthesis-inspired H, generation using
a chlorophyll-loaded liposomal nanoplatform
to detect and scavenge excess ROS

Wei-Lin Wan"4, Bo Tian"*, Yu-Jung Lin!, Chiranjeevi Korupalli!, Ming-Yen Lu?, Qinghua Cui', Dehui Wan',
Yen Chang3* & Hsing-Wen Sung® ™

A disturbance of reactive oxygen species (ROS) homeostasis may cause the pathogenesis of
many diseases. Inspired by natural photosynthesis, this work proposes a photo-driven
H,-evolving liposomal nanoplatform (Lip NP) that comprises an upconversion nanoparticle
(UCNP) that is conjugated with gold nanoparticles (AuNPs) via a ROS-responsive linker,
which is encapsulated inside the liposomal system in which the lipid bilayer embeds chlor-
ophyll a (Chla). The UCNP functions as a transducer, converting NIR light into upconversion
luminescence for simultaneous imaging and therapy in situ. Functioning as light-harvesting
antennas, AuNPs are used to detect the local concentration of ROS for FRET biosensing, while
the Chla activates the photosynthesis of H, gas to scavenge local excess ROS. The results
thus obtained indicate the potential of using the Lip NPs in the analysis of biological
tissues, restoring their ROS homeostasis, possibly preventing the initiation and progression
of diseases.
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any pathogenic processes are involved in the over-
M production of reactive oxygen species (ROS), including

hydroxyl radical (¢OH), peroxynitrite (ONOO~), and
hydrogen peroxide (H,O,). Physiologically, the ROS that are
produced intracellularly regulate cell signaling, modulate protein
functions, and mediate inflammation!-2. However, the excess ROS
that are generated in inflammatory cells, such as macrophages,
can damage cellular proteins, DNA, and lipids. Such an imbal-
ance in ROS production may cause the pathogenesis of numerous
human diseases, including cancer, cardiovascular disorder, and
diabetes>*.

Hydrogen (H,), which has potential as an antioxidant, is
known to be able selectively to reduce concentrations of highly
cytotoxic ROS, including «OH and ONOO-, in diseased cells
while preserving the physiological functions of other ROS in
normal cells>®. Moreover, since it is smaller than those of other
antioxidants, H, can readily diffuse into cells and tissues where it
performs its therapeutic functions®. Owing to its unique ability to
regulate ROS homeostasis, H,-gas therapy has recently received
considerable attention’°. However, the concentration of H,
that can be delivered to diseased tissues by the traditional
administration routes is typically well below its therapeutic
threshold for scavenging locally generated excess ROS, owing to
its low solubility in body fluids!.

Inspired by natural photosynthesis, this work proposes a
nanocomplex that consists of a lanthanide-doped upconversion
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nanoparticle (UCNP; NaYbF,:Er@CaF,) that is conjugated with
gold nanoparticles (AuNPs) via a ROS-responsive thioketal (TK)-
based linker, which is encapsulated in a liposomal system in
which the lipid bilayer embeds with chlorophyll a (Chla). UCNPs
have been used as an excellent donor fluorophore in Forster
resonance energy transfer (FRET) for biological detection!!-13,
and AuNPs have been used as an acceptor fluorophore in FRET
biosensing!41°.

Figure 1 depicts the composition/structure of an as-proposed
Lip NP and the mechanisms by which it concurrently detects and
scavenges overproduced ROS in situ, modulating ROS home-
ostasis. To make the UCNP hydrophilic for use in water, its
surface is modified with citrate (Cit-UCNP), which is also an
electron donor, providing electrons as well as protons!®. The Cit-
UCNP can potentially serve as a remotely controlled transducer,
converting tissue-penetrating near infrared (NIR) radiation (980
nm) into upconversion luminescence (UCL) at around 550 nm
(green UCL) and 660 nm (red UCL). In contrast, the AuNPs that
are conjugated with the Cit-UCNP are used as light-harvesting
antennas that detect the local ROS concentration.

In a physiological state, the TK bond of the nanocomplex
(Cit-UCNP-TK-AuNPs) is intact, and the distance between the
Cit-UCNP (donor fluorophore) and the AuNPs (acceptor fluor-
ophore) in the nanocomplex is sufficiently short to allow FRET
(FRET on). Hence, upon excitation by 980 nm NIR light, the
AuNPs absorb the green UCL emission of the Cit-UCNP.
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Fig. 1 Composition/structure of Lip NP and its operating mechanism. In as-proposed Lip NP, whose aqueous core encapsulates Cit-UCNP-TK-AuNPs
nanocomplexes and in which the lipid bilayer embeds chlorophyll a (Chla). NIR laser penetrates biological tissue and is converted to green and red UCL by
Cit-UCNP in nanocomplex. Green UCL is used to measure local ROS concentration for FRET imaging, and red UCL induces photosynthesis of gaseous H, to

scavenge excess ROS.
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However, under oxidative stress conditions, the ROS homeostasis
is altered and the excess ROS cleaves the TK bond of the nano-
complex, dissociating the Cit-UCNP from the AuNPs (FRET off),
ultimately yielding green UCL at 550 nm. Therefore, this FRET
imaging technique can be powerful for detecting excess ROS in
biological tissues.

Figure 2 presents a potential mechanism of the photocatalytic
evolution of hydrogen. When red UCL at 660 nm is harvested by
Chla (a photosensitizer), the latter becomes excited (Chla*)!7-19,
The photo-excited electrons that are released from the Chla* are
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Fig. 2 Potential mechanism of photosynthesis of hydrogen. \When red
UCL at 660 nm is harvested by Chla, the latter becomes excited (Chla*).
The photo-excited electrons are rapidly transferred to AuNPs, which can
collect protons from citrate, resulting in hydrogen evolution. The oxidized
Chla can be reduced with acceptance of an electron from citrate, returning
to its ground state.

rapidly transferred to the AuNPs (an electron acceptor and a
proton-reducing catalyst) that are conjugated with the Cit-UCNP.
The AuNPs then collect protons from citrate (a sacrificial electron
donor), which caps the UCNP, and hydrogen is thus evolved,
locally scavenging the excess ROS2%:21, The oxidized Chla (after
the loss of an electron, Chla™t) can be reduced by its acceptance
of an electron from citrate, returning to its ground state?2.
Photocatalytic hydrogen production, which typically involves a
photosensitizer, a proton-reducing catalyst, and a sacrificial
electron donor, has been widely used in artificial photosynthetic
systems for the efficient utilization of solar energy, solving
energy-related and environmental problems?3-2°.

Results

Characteristics of nanocomplexes and Lip NPs. The oleic acid-
capped UCNPs (OA-UCNPs), which were hydrophobic and
could form a colloidal solution in cyclohexane (Fig. 3a), were
synthesized by a thermolytic method?°. Following treatment with
citrate (Cit-UCNPs) using a ligand exchange method?’, the
monodispersed nanocubes, which had a mean size of ca. 20 nm,
became hydrophilic and dispersed effectively in water. Upon
excitation with a 980 nm NIR laser, a strong UCL, appearing
yellow-red because it combined green and red emissions, from a
colloidal aqueous solution of Cit-UCNPs, was clearly visible
(Fig. 3a).

According to the Fourier-transform infrared (FT-IR) spectra
(Fig. 3b), the sample of OA-UCNPs yielded two characteristic
peaks at 1559 and 1453 cm~!, representing the asymmetric and
symmetric stretching vibrations of the carboxylate ions in the
capping OA, respectively. However, these peaks were shifted to
1589 and 1401 cm~1, respectively, for the sample of Cit-UCNPs,
revealing that the OA ligands on the surface of UCNPs were
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Fig. 3 Characteristics of UCNPs, TK-based linker and nanocomplexes. a TEM images of OA-UCNPs and Cit-UCNPs, and their corresponding emission
images under NIR laser irradiation. b FT-IR spectra of OA-UCNPs and Cit-UCNPs. ¢ TH NMR spectrum of TK-based linker. d TGA thermograms of
Cit-UCNPs and lipoic acid-capped AuNPs. e Zeta potentials of Cit-UCNPs, AuNPs, Cit-UCNP-TK, and nanocomplexes. Data in (e) are represented as
mean £ SE. Each pink dot represents one observed data point. Source data are provided as Source Data file.

NATURE COMMUNICATIONS | (2020)11:534 | https://doi.org/10.1038/s41467-020-14413-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14413-x

replaced by the Cit ligands. The ROS-responsive TK-containing
linker was synthesized using a procedure that can be found
elsewhere?8, which was verified by TH NMR spectroscopy. The
characteristic peaks at ~1.58, 2.74, and 2.98 ppm corresponded to
the protons in ~-CHj, -CH,-S, and ~CH,-N, respectively, in the
TK-containing linker (Fig. 3c). The AuNPs used herein, which
were capped with lipoic acid and had a diameter of ca. 5.5 nm,
were obtained commercially. The results of thermogravimetric
analysis (TGA) showed that the amount of the lipoic acid (Cit)
ligands that was functionalized on the surface of AuNPs (UCNPs)
was 22.2 (6.0) wt% (Fig. 3d).

The nanocomplexes were prepared by a standard coupling
reaction in which the carboxyl groups from the Cit-UCNP or
AuNPs were conjugated with the amine groups from the
TK-based linker in the presence of EDC/NHS. Zeta potential
measurements indicate that the Cit-UCNPs were negatively
charged (Fig. 3e), and the zeta potential varied from -17.8 to 1.6
mV after they were coupled with the TK-based linker
(Cit-UCNP-TK); upon AuNP (—20.2 mV) conjugation, the zeta
potential was positively shifted to —21.0mV, suggesting the
successful preparation of nanocomplexes.

The morphologies of the as-prepared nanocomplexes in the
absence/presence of ROS (50 uM H,0,) were studied by scanning
transmission electron microscopy (STEM). ROS in solution is
known to be reactive and so has a short half-life?®. In cells,
enzymatic and nonenzymatic reactions can convert ROS to H,0,,
which has a relatively long half-life and can diffuse out of the
cells, making H,0, a good marker of oxidative stress>®31. Local
extracellular concentrations of H,O, under normal physiological
conditions are in the range of 0.5-7 uM, while those under
physiological conditions are elevated as high as 10-50 uM32-33,

According to Fig. 4a, in the absence of ROS, the structure of the
conjugated AuNPs on UCNP, which had a mean size of ca.
30 nm, was clearly seen in the STEM image, while AuNPs
were dissociated from UCNP in the presence of ROS. The
energy-dispersive X-ray (EDX) spectroscopic linescan that was
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conducted using STEM on a nanocomplex sample in the absence
of ROS revealed a higher Au concentration in the peripheral
region (AuNPs) and higher concentrations of Yb, F, and Ca in the
central region (UCNP); these findings are highly consistent with
the designed structure of the conjugate nanocomplex. Conversely,
in the presence of ROS, the signals of AuNPs in the elemental
linescan disappeared, suggesting that the TK-containing bond of
the nanocomplex was cleaved.

H,-generating Lip NPs were prepared using a thin-film
hydration technique in the presence of nanocomplexes and Chla.
As verified by STEM, nanocomplexes were successfully encapsu-
lated in the aqueous core of the Lip NPs (Fig. 4b, indicated by
yellow arrowheads), which had a size distribution of 150-250 nm
and a zeta potential of ca. 0.2mV. Confocal laser scanning
microscopy (CLSM) revealed that Chla (green color) was
embedded in their lipid membranes (Fig. 4c). The Lip NP
formulation was optimized by maximizing the content of each
component that could be encapsulated or the amount of H, gas
that could be generated. The encapsulated concentrations of
AuNPs in the nanocomplexes and Chla in the as-optimized Lip
NPs were determined to be 29.1+1.0nM and 38.4+8.5uM,
respectively (mean + SE, n =6 batches).

H,O0, detection and H, generation. The optical properties of
plain Cit-UCNPs upon NIR light excitation and plain AuNPs
were investigated by fluorescence spectrophotometry and UV/vis
spectrophotometry, respectively. According to Fig. 5a, the large
spectral overlap between the emission wavelength of Cit-UCNPs
and the absorbance wavelength of AuNPs suggests that the
AuNPs in the nanocomplexes can be activated by their con-
jugated Cit-UCNP-emitted green UCL, probably allowing effi-
cient FRET.

To determine whether the Cit-UCNP (as the transducer) and
AuNPs (as light-harvesting antennas) in the conjugate nano-
complexes can form an efficient FRET imaging system for
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Fig. 4 ROS-sensitivity of nanocomplexes and structures of Lip NPs. a STEM images and elemental linescans of nanocomplexes in the absence/presence
of ROS. b STEM images and ¢ CLSM image of Lip NPs. Owing to the limited optical resolution in CLSM, Lip NPs that had undergone centrifugation and had
diameters (2-3 pm) were observed. Source data are provided as Source Data file.
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Fig. 5 H,0, detection, H, generation, and cytotoxicty. a Fluorescence spectrum of Cit-UCNPs irradiated at 980 nm and UV/vis absorbance of AuNPs.
b Fluorescence excitation spectra of nanocomplexes following incubation with various concentrations of H,O, for 30 min. ¢ Linear correlation curve of green
UCL (F/Fp) intensity against concentration of H,O,. d Cumulative amount of gaseous H, generated from BS or Lip NPs under NIR laser irradiation. e Cell
viability of RAW264.7 cells incubated with various concentrations of Lip NPs. Data in (e) are represented as mean * SE. P values were determined using the
two-tailed unpaired Student's t test. n.s. not significant. Each pink dot represents one observed data point. Source data are provided as Source Data file.

detecting H,O,, the fluorescence spectra of the nanocomplexes
that were generated in response to various concentrations of
H,0,, upon NIR laser irradiation, were recorded. As shown in
Fig. 5b, the emission intensity of green UCL recovered more as
the H,O, concentration increased, whereas that of the red UCL at
660 nm remained relatively unchanged. These analytical results
suggest that the nanocomplexes respond to low H,O, and so may
be an effective ultra-sensitive ROS-responsive FRET imaging
system.

In this study, a correlation curve is obtained by plotting the
relative intensity of the green UCL (F/F;) of the nanocomplexes
as a function of H,O, concentration, where F and F represent the
intensities of green UCL in the absence and presence of H,0,,
respectively. According to Fig. 5c, the relative green UCL
intensity varied linearly with the local H,O, concentration
(10-50 uM), which is in the detection range of disease-relevant
H,0, levels333, suggesting that the nanocomplexes may be
applied to detect trace amounts of H,O, that are produced under
pathological conditions.

Motivated by the aforementioned results, we evaluated the
capacity of the Lip NPs to produce H, gas by NIR-to-vis-driven
photosynthesis. A bulk solution (BS) that contained the free
reacting molecules, nanocomplexes and Chla, at equivalent
concentrations was used as a control. The profiles of the
gaseous H, that accumulated during NIR laser exposure were
obtained using gas chromatography. According to Fig. 5d, upon
exposure to the NIR laser (+NIR), the concentrations of H,
that accumulated from the Lip NPs consistently exceeded those
from BS. These findings demonstrate that the nanotransducer
(the Cit-UCNP in the conjugate nanocomplexes) in the Lip NPs

absorbed NIR light and transferred the excitation energy to
their light-harvesting Chla more effectively than the free
reacting molecules that were suspended in BS, ultimately
yielding more gaseous H,.

The sizes of Lip NPs before and after they had been treated
with NIR laser irradiation and/or H,0, did not differ
significantly (P > 0.05, Supplementary Table 1), suggesting that
the as-developed liposomal formulation was stable following
such treatments. Results of the cytotoxicity study reveal that the
Lip NPs, without (—NIR) or with NIR laser (+NIR) excitation,
had no toxicity (Fig. 5e), and so can be used to scavenge the
excess ROS in cells.

In vitro ROS scavenging and anti-inflammation. The feasibility
of using the Lip NPs to scavenge the overproduced ROS in
macrophages (RAW264.7) that had been stimulated by lipopo-
lysaccharide (LPS) was assessed. LPS is known to be a potent
activator of macrophages, promoting the production of ROS,
including «OH, ONOO-, and H,0,, as well as the expressions of
many proinflammatory cytokines, such as interleukin (IL)-1p and
IL-6°%35, The BS that contained equal concentrations of free
nanocomplexes and Chla served as a control. To determine the
cellular ROS levels, cells were stained with CellROX Deep Red.
Double immunohistochemistry staining was carried out to
visualize the intracellular expressions of proinflammatory cyto-
kines IL-1B and IL-6. The amount of intracellular ROS was
measured using the 2’,7’-dichlorofluorescin diacetate (DCFDA)
assay kit, and the expression levels of proinflammatory cytokines
in the cells were determined by ELISAS.
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As shown in Fig. 6a, Lip NPs+ NIR effectively reduced the
excess production of ROS in macrophages in a concentration-
dependent manner (P<0.05, unpaired Student’s ¢ test). The
highest Lip NP concentration that was used in this experiment
was 5.0 mg/mL, but the reduction of ROS overproduction was
maximized at a Lip NP concentration of 1.0 mg/mL, which was
therefore used in subsequent studies.

According to Fig. 6b-d, the LPS-stimulated macrophages
noticeably overproduced ROS, relative to the unstimulated control
cells, triggering excess expressions of proinflammatory cytokines
IL-1P and IL-6 (P < 0.05, unpaired Student’s ¢ test). Treatment with
BS+ NIR or Lip NPs+ NIR significantly suppressed the over-
productions of ROS and proinflammatory cytokines (P < 0.05,
unpaired Student’s ¢ test). Notably, the overproductions of the LPS-
stimulated ROS and proinflammatory cytokines in the group that
was treated with Lip NPs + NIR were reduced by more than those
in the group that was treated with BS + NIR, likely because the
amount of H, produced in the former case significantly exceeded
that in the latter case (Fig. 5d).

The levels of H,O, that remained in the test media following
various treatments were estimated from the linear correlation
between the relative green UCL intensity and the local H,O,
concentration, which was obtained using the FRET imaging
technique, as described above (Fig. 5c). According to Fig. 6e,
treatment with BS + NIR led to a 28.2 + 4.4% reduction in H,O,
level relative to that of the LPS-stimulated cells, while treatment
with Lip NPs + NIR caused a 65.7 +3.7% reduction in H,O,
level. To verify the H,O, concentration in cell culture systems,

an additional experiment using a commercially available assay
kit was performed to measure the actual extracellular H,O,
concentrations. According to Supplementary Fig. 1, the trends
that were obtained using these two different methods were
similar, suggesting that the FRET-based correlation method that
was proposed in the study can be used to estimate ROS levels in
cell culture systems.

Ex vivo ROS detection and H, generation. Finally, a light
penetration experiment was performed using porcine skin tissues
that had been injected with Cit-UCNPs (Fig. 7a) or Lip NPs
(Fig. 7b). Test samples under irradiation with an NIR laser (980
nm) were studied with a fluorescence microscope. Limited by the
gap between the objective lens of the fluorescence microscope and
its sample stage, the thickness of the porcine tissues used in this
investigation was approximately 2 mm. According to Fig. 7a,
while the background autofluorescence level was negligible, the
NIR laser completely penetrated the tissue sample and was
effectively converted to green UCL by the NIR-to-vis-excited
Cit-UCNPs. The tissue penetration depth of a green laser is
reported only approximately 0.3 mm3®.

From the NIR-irradiated tissue samples that had been injected
with the Lip NPs, no significant fluorescence signal was observed
in the absence of H,0, (FRET on, Fig. 7b), whereas high-contrast
green UCL was easily detected in the presence of 50 uM H,O,
(FRET off), indicating the great potential of Lip NPs sensitively to
detect H,0, in biological tissues. The test tissue samples in the
absence/presence of H,0, were, however, found to evolve gaseous
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Fig. 6 In vitro ROS scavenging and anti-inflammation. a DCF intensities of intracellular ROS levels in LPS-stimulated RAW264.7 cells following treatment
with various concentrations of Lip NPs—NIR or Lip NPs + NIR. CLSM images of b cellular ROS, ¢ IL-1B, d IL-6, and their corresponding intensities after
various treatments. e Concentrations of remaining ROS following various treatments, estimated from linear correlation curve of green UCL (F/Fo) intensity
against concentration of H,O,. Data are represented as mean + SE. Stars indicate significance in the two-tailed unpaired Student’s t test; *P < 0.05. Each
pink dot represents one observed data point. Source data are provided as Source Data file.
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Fig. 7 Ex vivo ROS detection and H, generation. a Fluorescence images and intensities of tissue autofluorescence and NIR light propagation in porcine
skin tissue injected with Cit-UCNPs. b Fluorescence images and intensities of NIR light propagation in porcine skin tissues injected with Lip NPs in
absence/presence of H,0, and ¢ their H, evolution profiles. Source data are provided as Source Data file.

H,, triggered by the Cit-UCNP-converted red UCL, whose
intensity remained relatively constant and was barely affected by
the conjugation with AuNPs (Fig. 7c). This observation suggests
the capacity of the Lip NPs in the NIR-to-vis-driven photo-
synthesis of gaseous H, in situ in both normal and ROS-rich
environments. H, exerts no toxicity even at high doses?”.

In summary, the above results strongly support the claim that the
NIR-to-vis-excited Cit-UCNP that is incorporated into the as-
proposed Lip NPs can act as a remotely controlled nanotransducer,
generating visible UCL in situ, which can be used for determination
of the local ROS concentration and concurrent activation of the
photosynthesis of gaseous H,, effectively reducing ROS levels in
diseased cells. The engineering of such a bioinspired nanoplatform,
which integrates diagnosis, therapy, and the monitoring of
therapeutic effects in Lip NPs, can greatly help to reestablish ROS
homeostasis, likely preventing the development of various human
diseases.

Methods

Materials. Oleic acid, cysteamine, Chla, and LPS were obtained from Sigma-
Aldrich (St. Louis, MO, USA). NOBF, and sodium citrate were acquired from
Acros (Somerville, NJ, USA). AuNPs were purchased from Nanocomposix (San
Diego, CA, USA). The lipids of DPPC and DSPE-PEG2000 were procured from
Avanti Polar Lipids (Alabaster, AL, USA). The mouse macrophage cell line
(RAW264.7) was obtained from the Bioresource Collection and Research Center,
Food Industry Research and Development Institute (Hsinchu, Taiwan). All other
chemicals and reagents were of analytical grade.

Syntheses of OA-UCNPs and Cit-UCNPs. Ln(CF;COO); (Ln = Yb, Er) and Ca
(CF5COO0), were prepared by reacting Ln,O; (10 mmol) and CaCO; (10 mmol),
respectively, with trifluoroacetic acid (TFA) solution at 110 °C. Then, Yb
(CF5C0OO0); (0.98 mmol), Er(CF;COO0); (0.02 mmol), and CF;COONa (1 mmol)
were added to a mixture of oleic acid (OA, 10 mmol), oleylamine (10 mmol), and
1-octadecane (ODE, 20 mmol), and reacted at 110 °C (30 min) and 300 °C (30 min)
in an inert atmosphere. The resulting NaYbF,:Er core was washed with cyclo-
hexane, and then re-dispersed in a mixture of OA (20 mmol) and ODE (20 mmol);
Ca(CF;C00), (4 mmol) was then added. Subsequently, the solution was heated to
90 °C to remove the cyclohexane and then reacted at 110 °C (30 min) and 300 °C
(30 min) in an inert atmosphere. After cooling, an excess of ethanol was added to
yield OA-UCNPs.

The Cit-UCNPs were prepared by treating OA-UCNPs with sodium citrate
using a ligand exchange method with slight modifications?’. Briefly, the oleic acid
ligands that had been capped on the surfaces of UCNPs were removed by treating
them with NOBF, (0.01 M); the NOBF,-treated UCNPs were then coated with
citrate. Ligand exchange from OA-UCNPs to Cit-UCNPs was confirmed by FT—IR
(Perkin-Elmer, Buckinghamshire, UK). The TGA (SDT Q600, TA Instruments,
New Castle, DE, USA) was used to measure the lost masses of Cit and lipoic acid
that capped the surfaces of UCNPs and AuNPs, respectively.

Synthesis of ROS-responsive TK-based linker. Cysteamine (26 mmol) together
with triethylamine (39 mmol) were dissolved in methanol (25 mL) and then reacted
with ethyl trifluoroacetate (31 mmol); the resulting trifluoroacetate (TFA)-pro-
tected cysteamine was extracted using ethyl acetate. Next, the extracted TFA-
protected cysteamine (6.3 mmol) underwent a Michael addition reaction with
2-methoxypropene (2.5 mmol) in the presence of p-toluenesulfonic acid mono-
hydrate (0.8 mmol). The TFA groups of the products were then removed using 6 M
NaOH to yield the TK-based linker, which was analyzed by 'H NMR spectroscopy
(Bruker Avance 500, Frankfurt, Germany).

Preparation/characterization of nanocomplexes and Lip NPs. The nanocom-
plexes were prepared using a typical two-step method3®3%. First, the as-synthesized
Cit-UCNPs (3.6 pmol) and TK-based linker (7.2 pmol) in a molar ratio of 1:2 were
dissolved in tetrahydrofuran (THF) and underwent the 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide (EDC, 7.2 umol)/N-hydroxysuccinimide (NHS,

7.2 ymol) reaction for 48 h at room temperature. After the THF had been removed
using a rotavap, the Cit-UCNP-TK was dissolved in dimethylformamide (DMF,
1 mL) and dialyzed against deionized (DI) water for 3 days. The resulting aqueous
Cit-UCNP-TK was stored at 4 °C until use. Then, the Cit-UCNP-TK (1.3 umol)
was coupled with AuNPs (1.3 pmol) in a molar ratio of 1:1 in the presence of
EDC/NHS (1.3 pmol each). The AuNPs used herein, which were capped with lipoic
acid and had a diameter of ca. 5.5 nm, were obtained commercially. The obtained
nanocomplexes were then dialyzed against DI water for 3 days.

Lip NPs were prepared by the thin-film hydration technique’. Briefly, DPPC,
cholesterol, and DSPE-PEG2000 in a molar ratio of 6:4:0.5 were mixed with Chla
(60 uM) in chloroform; then, lipid film was obtained by using the rotavap to
remove the organic solvent. Hydration with an aqueous solution of nanocomplexes
under sonication yielded the Lip NPs. Free nanocomplexes were removed by
dialysis against phosphate-buffered saline (PBS) for 3 days.

The morphologies of OA-UCNPs, Cit-UCNPs, nanocomplexes, and Lip NPs
were observed using TEM (JEM-2100F, JEOL, Tokyo, Japan). The composition of
nanocomplexes was analyzed using STEM that was equipped with EDX for
linescans (JEM-ARM200FTH, JEOL, Tokyo, Japan). The zeta potentials of the Cit-
UCNPs, AuNPs, Cit-UCNP-TK, nanocomplexes, and Lip NPs were obtained by
dynamic light scattering (DLS, Zetasizer 3000HS, Malvern Instruments,
Worcestershire, UK).

Sensitivity of nanocomplexes to H,0,. To evaluate the sensitivity of nanocom-
plexes to H,O,, test nanocomplexes were incubated with H,O, at various con-
centrations (0-50 uM) for 30 min and their fluorescence excitation spectra were
recorded using a fluorescence spectrometer (Hitachi F-2500, Tokyo, Japan).

Evolution of gaseous H,. The profiles of the gaseous H, that accumulated during
NIR laser exposure were obtained using gas chromatography. The gaseous H, that
was evolved from each test sample under NIR laser irradiation (980 nm, 500 mW/
cm?) for various periods (0, 5, 10, 20, 30, or 40 min) was transferred to the air in a test
vial. One milliliter of the gas mixture was collected from the test vial using an airtight
syringe and subjected to a gas chromatography device (GC-BID, Shimadzu Scientific
Instruments, Kyoto, Japan) to determine the concentration of gaseous H,’.

Stability of Lip NPs. Since particle size is one of the indicators of the stability of
liposomal formulations*!, the sizes of Lip NPs before and after they had been
treated with NIR laser irradiation (980 nm, 500 mW/cm?2) and/or H,0, (50 uM)
for 30 min were examined using DLS.

Cytotoxicity of Lip NPs. RAW264.7 cells were used to evaluate the cytotoxicity of
Lip NPs. The cells were seeded in 96-well plates that contained Dulbecco’s mod-
ified Eagle’s medium, supplemented with 10% fetal bovine serum (HyClone
Laboratories, Logan, UT, USA) at 5 x 10# cells per well. Twenty-four hours later,
the cells were incubated with Lip NPs at various concentrations (0—5 mg/mL).
Following incubation for another 24 h, the cell viability in the absence/presence of
NIR laser irradiation for 30 min was obtained using a WST-1 assay kit (TaKaRa,
Otsu, Japan).

Levels of cellular ROS. To assess cellular ROS levels, RAW264.7 cells were seeded
at 5x 10% cells per well in a 96-well dark plate for 24 h. The cells were then
stimulated with LPS (1 pg/mL) for 6 h to induce the overproduction of ROS®. These
LPS-stimulated cells were treated with BS or Lip NPs (1 mg/mL) in the absence/
presence of NIR irradiation for 30 min. Then, these treated cells were incubated
with 20 uM DCFDA (Abcam, Cambridge, MA, USA) at 37 °C and 5% CO, for
30 min and then immediately analyzed using a spectrophotometer (SpectraMax
M35, Molecular Devices, Sunnyvale, CA, USA)#2. To visualize the intracellular ROS,
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a cell-permeable fluorogenic probe (5 uM; CellROX™, Molecular Probes, Eugene,
OR, USA) was used to detect the ROS that were generated in LPS-stimulated
RAW264.7 cells (5 x 10* cells per well) using CLSM (LSM 780, Carl Zeiss, Jena,
Germany)*3. A commercially available assay kit (ROS-Glo H,0, Assay, Promega,
Madison, WI, USA) was used to measure extracellular H,O, concentrations in cell
culture systems following various treatments.

Levels of cellular proinflammatory cytokines. The suppression of the over-
production of IL-1p and IL-6 in the LPS-stimulated RAW264.7 cells by test
samples (BS or Lip NPs in the absence/presence of NIR irradiation for 30 min) was
evaluated. At the end of each cell culture experiment, the test cells were lysed in an
immunoprecipitation lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA),
and the cell lysates were centrifuged at 18,000 x g for 10 min at 4 °C. The super-
natants were collected and analyzed using ELISA kits (IL-1p and IL-6 Quantikine
ELISA Kits, R&D Systems, Minneapolis, MN, USA).

Immunocytochemical staining was conducted to visualize the expressions of
cellular proinflammatory cytokines IL-1p and IL-6. Briefly, the test cells were
washed using PBS and then fixed in 4% paraformaldehyde. The fixed cells were
blocked using 5% goat serum for 1h at 37 °C and incubated overnight with
monoclonal antibodies for IL-1p (1:200, ab9722, Abcam) and IL-6 (1:150, ab9324,
Abcam) in 5% goat serum at 4 °C. Subsequently, the cells were washed again and
incubated with suitable secondary antibodies (1:500, A11006 for IL-1p and A11029
for IL-6, Invitrogen, Carlsbad, CA, USA) for 2h at 37 °C in the dark. Following
three washes with PBS, the nuclei were stained with DAPI (1:1000, D1306,
Invitrogen). Photomicrographs were obtained by CLSM.

Determination of NIR penetration depth. Porcine skin tissues with dimensions of
2mm x 2 mm x 2 mm (length x width x height) were used to determine the depth
of penetration of the NIR laser (980 nm). Test solutions that contained the Cit-
UCNPs or Lip NPs were locally injected from the surface to the deep region of a
porcine tissue, which was then placed in a dish with aqueous Cit-UCNPs or Lip
NPs and stored overnight?®. Fluorescence images under irradiation by an external
980 nm NIR laser were obtained using a fluorescence microscope (Zeiss Axio
Observer Z1, Gottingen, Germany).

Statistical analysis. All results are presented as mean + SE. The Student’s t test
was performed to compare the means of experimental groups. Differences were
considered to be statistically significant at P < 0.05.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The source data for main Figs. 3b, d, e, 4a, 5a, b, d, e, 6a-e, 7a-c, Supplementary Fig. 1,
and Supplementary Table 1 are provided in a “Source Data” file.

Received: 17 April 2019; Accepted: 4 January 2020;
Published online: 27 January 2020

References

1. Rhee, S. G. H,O,, a necessary evil for cell signaling. Science 312, 1882-1883
(2006).

2. Tapeinos, C. & Pandit, A. Physical, chemical, and biological structures based
on ROS-sensitive moieties that are able to respond to oxidative
microenvironments. Adv. Mater. 28, 5553-5585 (2016).

3. Steinhorn, B. et al. Chemogenetic generation of hydrogen peroxide in the
heart induces severe cardiac dysfunction. Nat. Commun. 9, 4044 (2018).

4. Kawagishi, H. & Finkel, T. ROS and disease: finding the right. Balance Nat.
Med. 20, 711-713 (2014).

5. Ohsawa, I. et al. Hydrogen acts as a therapeutic antioxidant by selectively
reducing cytotoxic oxygen radicals. Nat. Med. 13, 688-694 (2007).

6. Ohta, S. Molecular hydrogen as a preventive and therapeutic medical gas:
initiation, development and potential of hydrogen medicine. Pharmacol. Ther.
144, 1-11 (2014).

7. He, Y. et al. Image-guided hydrogen gas delivery for protection from
myocardial ischemia-reperfusion injury via microbubbles. ACS Appl. Mater.
Interfaces 9, 21190-21199 (2017).

8.  Wan, W. L. et al. In situ nanoreactor for photosynthesizing H, gas to mitigate
oxidative stress in tissue inflammation. J. Am. Chem. Soc. 139, 12923-12926
(2017).

9. Wan, W. L. et al. An in situ depot for continuous evolution of gaseous H,
mediated by a magnesium passivation/activation cycle for treating
osteoarthritis. Angew. Chem. Int. Ed. 57, 9875-9879 (2018).

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Huang, L. Molecular hydrogen: a therapeutic antioxidant and beyond. Med.
Gas. Res. 6, 219-222 (2016).

Cui, S. et al. In vivo targeted deep-tissue photodynamic therapy based on
near-infrared light triggered upconversion nanoconstruct. ACS Nano 7,
676-688 (2013).

Lai, J., Shah, B. P, Zhang, Y., Yang, L. & Lee, K. B. Real-time monitoring of
ATP-responsive drug release using mesoporous-silica-coated multicolor
upconversion nanoparticles. ACS Nano 9, 5234-5245 (2015).

Zheng, W. et al. Near-infrared-triggered photon upconversion tuning in all-
inorganic cesium lead halide perovskite quantum dots. Nat. Commun. 9, 3462
(2018).

Shi, J., Tian, F., Lyua, J. & Yang, M. Nanoparticle based fluorescence resonance
energy transfer (FRET) for biosensing applications. J. Mater. Chem. B 3,
6989-7005 (2015).

Wu, S., Duan, N, Shi, Z., Fang, C. & Wang, Z. Dual fluorescence resonance
energy transfer assay between tunable upconversion nanoparticles and
controlled gold nanoparticles for the simultaneous detection of Pb** and
Hg?*t. Talanta 128, 327-336 (2014).

Alkaim, A. F., Kandiel, T. A., Dillert, R. & Bahnemann, D. W. Photocatalytic
hydrogen production from biomass-derived compounds: a case study of citric
acid. Environ. Technol. 37, 2687-2693 (2016).

Zou, Q., Liu, K., Abbas, M. & Yan, X. Peptide-modulated self-assembly of
chromophores toward biomimetic light-harvesting nanoarchitectonics. Adv.
Mater. 28, 1031-1043 (2016).

Himeshima, N. & Amao, Y. Photoinduced hydrogen production from
cellulose derivative with chlorophyll-a and platinum nanoparticles system.
Energy Fuels 17, 1641-1644 (2003).

Guo, J. T, Yang, D. C,, Guan, Z. & He, Y. H. Chlorophyll-catalyzed visible-
light-mediated synthesis of tetrahydroquinolines from N,N-dimethylanilines
and maleimides. J. Org. Chem. 82, 1888-1894 (2017).

Zheng, B. et al. Light-driven generation of hydrogen: new chromophore dyads
for increased activity based on bodipy dye and Pt(diimine)(dithiolate)
complexes. Proc. Natl Acad. Sci. USA 112, E3987-E3996 (2015).

Tran, T. D. et al. Gold nanoparticles as an outstanding catalyst for the
hydrogen evolution reaction. Chem. Commun. 54, 3363-3366 (2018).
Berardi, S. et al. Molecular artificial photosynthesis. Chem. Soc. Rev. 43,
7501-7519 (2014).

Sun, Y. et al. Dyad sensitizer of chlorophyll with indoline dye for
panchromatic photocatalytic hydrogen evolution. ACS Appl. Energy Mater. 1,
2813-2820 (2018).

Yu, S. et al. Efficient photocatalytic hydrogen evolution with ligand engineered
all-inorganic InP and InP/ZnS colloidal quantum dots. Nat. Commun. 9, 4009
(2018).

Pachfule, P. et al. Diacetylene functionalized covalent organic framework
(COF) for photocatalytic hydrogen generation. J. Am. Chem. Soc. 140,
1423-1427 (2018).

Mai, H. X. et al. High-quality sodium rare-earth fluoride nanocrystals: controlled
synthesis and optical properties. J. Am. Chem. Soc. 128, 6426-6436 (2006).
Dong, A. et al. A generalized ligand-exchange strategy enabling sequential
surface functionalization of colloidal nanocrystals. J. Am. Chem. Soc. 133,
998-1066 (2011).

Shim, M. S. & Xia, Y. A reactive oxygen species (ROS)-responsive polymer for
safe, efficient, and targeted gene delivery in cancer cells. Angew. Chem. Int. Ed.
52, 6926-6929 (2013).

Dickinson, B. C. & Chang, C. J. Chemistry and biology of reactive oxygen
species in signaling or stress responses. Nat. Chem. Biol. 7, 504-511 (2011).
Dong, B. et al. Simultaneous near-infrared and two-photon in vivo imaging of
H,0, using a ratiometric fluorescent probe based on the unique oxidative
rearrangement of oxonium. Adv. Mater. 28, 8755-8759 (2016).

Kim, G,, Lee, Y. K, Xu, H., Philbert, M. A. & Kopelman, R.
Nanoencapsulation method for high selectivity sensing of hydrogen peroxide
inside live cells. Anal. Chem. 82, 2165-2169 (2010).

Chen, Q. et al. H,O,-responsive liposomal nanoprobe for photoacoustic
inflammation imaging and tumor theranostics via in vivo chromogenic assay.
Proc. Natl Acad. Sci. USA 114, 5343-5348 (2017).

Weinstain, R,, Savariar, E. N., Felsen, C. N. & Tsien, R. Y. In vivo targeting of
hydrogen peroxide by activatable cell-penetrating peptides. J. Am. Chem. Soc.
136, 874-877 (2014).

Bae, Y. S. et al. Macrophages generate reactive oxygen species in response to
minimally oxidized low-density lipoprotein: toll-like receptor 4- and spleen
tyrosine kinase-dependent activation of NADPH oxidase 2. Circ. Res. 104,
210-218 (2009).

Juskewitch, J. E. et al. LPS-induced murine systemic inflammation is driven by
parenchymal cell activation and exclusively predicted by early MCP-1 plasma
levels. Am. J. Pathol. 180, 32-40 (2012).

Han, S. et al. Upconversion nanoparticles/hyaluronate-rose Bengal conjugate
complex for noninvasive photochemical tissue bonding. ACS Nano 11,
9979-9988 (2017).

8 NATURE COMMUNICATIONS | (2020)11:534 | https://doi.org/10.1038/541467-020-14413-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14413-x

ARTICLE

37. Ohta, S. Recent progress toward hydrogen medicine: potential of molecular
hydrogen for preventive and therapeutic applications. Curr. Pharm. Des. 17,
2241-2252 (2011).

38. Li, Q. et al. Development of a reactive oxygen species (ROS)-responsive
nanoplatform for targeted oral cancer therapy. J. Mater. Chem. B 4, 4675-4682
(2016).

39. He, C. et al. Design and synthesis of redox and oxidative dual responsive block
copolymer micelles for intracellular drug delivery. Eur. Polym. J. 85, 38-52 (2016).

40. Li, J. et al. Co-delivery of docetaxel and palmitoyl ascorbate by liposome for
enhanced synergistic antitumor efficacy. Sci. Rep. 6, 38787 (2016).

41. Vorauer-Uhl, K., Wagner, A., Borth, N. & Katinger, H. Determination of
liposome size distribution by flow cytometry. Cytometry 39, 166-171 (2000).

42. Bianchi, T., Rufer, N., MacDonald, H. R. & Migliaccio, M. The tumor
suppressor pl6Ink4a regulates T lymphocyte survival. Oncogene 25,
4110-4115 (2006).

43. Davidovich, N. et al. Cyclic stretch-induced oxidative stress increases
pulmonary alveolar epithelial permeability. Am. J. Respir. Cell Mol. Biol. 49,
156-164 (2013).

Acknowledgements

The authors would like to thank the Ministry of Science and Technology (MOST 107-
2119-M-007-016, 107-3017-F-007-002), the Ministry of Education (MOE 107QR00115),
and the National Health Research Institutes (NHRI-EX107-10522EI) of Taiwan, ROC for
financially supporting this research.

Author contributions

W.-L.W., Y.C, and H.-W.S. conceived and designed the experiments. W.-L.W., B.T,,
C.K, and D.W. synthesized and characterized the nanocomplexes. M.-Y.L. conducted the
STEM experiment and interpreted the data. B.T. and Q.C. carried out the TEM exam-
ination/analysis. W.-L.W. and Y.-].L. performed the H, evolution experiment and the
in vitro cell culture study. W.-L.W., B.T., Y.-].L,, and C.K. prepared figures and analyzed
the data. W.-L.W,, B.T,, Y.-].L,, Y.C,, and H.-W.S. wrote the draft manuscript. All authors
approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-14413-x.

Correspondence and requests for materials should be addressed to Y.C. or H.-W.S.

Peer review information Nature Communications thanks Esa Tyystjarvi and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

B Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | (2020)11:534 | https://doi.org/10.1038/s41467-020-14413-x | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-020-14413-x
https://doi.org/10.1038/s41467-020-14413-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Photosynthesis-inspired H2 generation using a�chlorophyll-loaded liposomal nanoplatform to�detect and scavenge excess ROS
	Results
	Characteristics of nanocomplexes and Lip NPs
	H2O2 detection and H2 generation
	In vitro ROS scavenging and anti-inflammation
	Ex vivo ROS detection and H2 generation

	Methods
	Materials
	Syntheses of OA-UCNPs and Cit-UCNPs
	Synthesis of ROS-responsive TK-based linker
	Preparation/characterization of nanocomplexes and Lip NPs
	Sensitivity of nanocomplexes to H2O2
	Evolution of gaseous H2
	Stability of Lip NPs
	Cytotoxicity of Lip NPs
	Levels of cellular ROS
	Levels of cellular proinflammatory cytokines
	Determination of NIR penetration depth
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


