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ABSTRACT: Light-mediated remote control of stem cell fate,
such as proliferation, differentiation, and migration, can bring a
significant impact on stem cell biology and regenerative medicine.
Current UV/vis-mediated control approaches are limited in terms
of nonspecific absorption, poor tissue penetration, and photo-
toxicity. Upconversion nanoparticle (UCNP)-based near-infrared
(NIR)-mediated control systems have gained increasing attention
for vast applications with minimal nonspecific absorption, good
penetration depth, and minimal phototoxicity from NIR
excitations. Specifically, 808 nm NIR-responsive upconversion
nanomaterials have shown clear advantages for biomedical
applications owing to diminished heating effects and better tissue
penetration. Herein, a novel 808 nm NIR-mediated control
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method for stem cell differentiation has been developed using multishell UCNPs, which are optimized for upconverting 808 nm
NIR light to UV emission. The locally generated UV emissions further toggle photoswitching polymer capping ligands to achieve
spatiotemporally controlled small-molecule release. More specifically, with 808 nm NIR excitation, stem cell differentiation factors
can be released to guide neural stem cell (NSC) differentiation in a highly controlled manner. Given the challenges in stem cell
behavior control, the developed 808 nm NIR-responsive UCNP-based approach to control stem cell differentiation can represent a
new tool for studying single-molecule roles in stem cell and developmental biology.
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1. INTRODUCTION

Stem cell fate, function, and plasticity have known to be
dynamically regulated in a spatiotemporally controlled manner
by multiple cues, including biomolecules and physical
signals.' ™" Therefore, understanding the spatiotemporal
functions of specific signals and further achieving precise
control of stem cell behaviors in both spatially and temporally
controlled manner would be essential for studying physio-
logical mechanisms, identifying pathogenic pathways, and
developing stem-cell-based treatments for devastating dis-
eases.”° For instance, neurogenesis is a complicated biological
process in which several key behaviors of neural stem cells
(NSCs), such as proliferation, differentiation, migration, axonal
growth, and synapse formation, are heavily involved.”™! To
investigate as well as further regulate the complex process of
NSC neurogenesis, light, especially in the near-infrared (NIR)
region, can be an ideal stimulus for probing and modulating
the spatiotemporal dynamics of signals in living neural cells
and neuronal networks.””~'* In this regard, photoresponsive
nanomaterials have gained increasing scientific interests in
achieving cell behavior control attributed to their exceptional
photophysical properties.”>"* However, conventional photo-
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responsive nanomaterial-based biological manipulations are
heavily dependent on ultraviolet and visible (UV—vis) light as
the main excitation source, which is intrinsically limited by its
phototoxicity and low penetration depth, owing to light
scattering and absorption.”””** With recent developments in
nanomaterials, lanthanide-based upconversion nanoparticles
(UCNPs) have been developed with capabilities of generating
UV/vis emissions from NIR excitations for applications in
imaging,”*** photodynamic ther:jlp?)r,zs_27 immunotherapy,”®
drug delivery,”” > optogenetics,”>~>* and cell behavior
manipulation.'***~*" Recently, neodymium (Nd) and yt-
terbium (Yb) co-sensitized UCNPs have been demonstrated
to possess an 808 nm sensitization capability.41 Consequently,
they have attracted significant attention due to the minimized
heating effect and enhanced tissue penetration depth (Figure
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Scheme 1. Scheme of Remotely Controlled Stem Cell Differentiation Using 808 nm Upconversion Nanoparticle Constructs®
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“(a) Schematic diagram demonstrating the energy migration pathways in NaYF4:Yb/Tm@NaYF4:Yb/Nd-structured UCNPs. Cross-relaxation is
mitigated (red arrows with cross) based on spatial separation of the Tm*" and Nd*. (b) Schematic diagram of the 808 nm NIR-mediated
photoswitching of the spiropyran polymer on the designed UCNP nanoconstructs (UCNP@mSi@pSP) to induce on-demand small-molecule
release. (c) Proof-of-concept demonstration for 808 nm NIR-based neural stem cell differentiation using the aforementioned UCNP@mSi@pSP

system.

S1).”7* Nevertheless, a major challenge for utilizing 808 nm
UCNP systems for bioapplications falls on the detrimental
cross-relaxation from activator dopants to the co-sensitizer
(Nd*"), leading to lower overall emission output as well as a
lower UV emission ratio.”® The strategy to overcome this
limitation is to utilize the core—shell structure to separate the
Nd* from the activators.””*® Though much efforts and
improvements have been made in 808 nm UCNP systems" >’
and related biomedical research fields,”' ™ a few studies were
conducted on improving 808 nm NIR upconversion UV
emission yields and the corresponding applications in NIR-
mediated neural stem cell differentiation control.

To address the challenges mentioned above, herein, we
developed core—shell—shell 808 nm-sensitized upconversion
nanocarriers for advanced small-molecule delivery (Scheme
l.a) that can generate intense UV emissions to trigger the
isomerization of a photoswitching capping system [poly-
spiropyran (pSP) moieties] (Scheme 1.b), which can be
utilized to control the neuronal differentiation of stem cells in a
remotely controlled manner (Scheme 1.c). More specifically,
our unique 808 nm UCNP constructs were designed and
synthesized with a multishell structure for minimizing cross-
relaxation and a composition optimizing 808 nm NIR to UV
upconversion (Scheme 1.a). Subsequently, this UCNP
construct was modified with a mesoporous silica shell
(UCNP@mSi) to be applied as a reservoir of small molecules

and further functionalized with a photoresponsive polymeric
shell containing spiropyran groups (UCNP@mSi@pSP)
(Scheme 1.b). In conjunction with the UCNP@mSi@pSP
system, a neurogenic differentiation factor named retinoic acid
(RA), which is known to be highly involved in many
developmental processes including neurogenesis of stem
cells,>**> was delivered to human-induced pluripotent stem
cell-derived neural stem cells (hiPSC-NSCs) to promote
neuronal differentiation in a remotely controlled manner
(Scheme 1.c). Consequently, the developed UV-emitting
UCNPs could provide guiding information for designing and
synthesizing 808 nm NIR-based nanodevices for various
applications. Moreover, while we used RA as a proof-of-
concept small molecule for neuronal differentiation, other
differentiation factors can be easily incorporated into the
UCNP@mSi@pSP platform to regulate a broad range of stem
cell differentiation and lineage commitments. Thus, our novel
808 nm NIR-mediated method to control stem cell fate can be
expanded to a variety of potential applications in stem cell
therapy, neuroscience, and regenerative medicine.

2. RESULTS AND DISCUSSION

2.1. Developing 808 nm NIR-Mediated Photoswitch-
ing UCNP Constructs Based on UV Emission Optimiza-
tion in Core—Shell-Structured UCNPs. To utilize 808 nm
NIR as an excitation source for photoswitching of the pSP
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Figure 1. Synthesis and characterization of the core—shell—shell UCNP constructs for optimal UV emissions and photoswitching capability. (a)
Schematic diagrams and transmission electron microscopy (TEM) characterization showing size and morphology evolution of the NaYF,:Yb,Tm@
NaYF,:Yb,Nd@NaYF, core—shell—shell-structured UCNPs from core UCNPs NaYF,:Yb,Tm (al) to core—shell UCNPs NaYF,:Yb,Tm@
NaYF,:Yb,Nd (a2) and to core—shell-shell UCNPs NaYF,:Yb,Tm@NaYF,:Yb,Nd@NaYF, (a3). (b) Upconversion luminescence (UCL)
comparison of different sensitizer (Yb®") concentrations in the core (0—35%) with a doping ratio of 25% Yb*" and 0.3% Tm®" demonstrating the
highest UV emission output from 808 nm excitation; inset: quantitative comparison of UV emission (368 nm) peak intensity of different Yb**
concentrations. (c) Upconversion luminescence comparison of different co-sensitizers’ (Nd** and Yb**) concentrations in the sensitizing shell

where a doping ratio of 10% Yb** and 10%

Nd** shows the optimal UV upconversion enhancement. (d) Schematc diagrams and TEM

characterization showing the subsequent surface coatings: NaYF,:Yb,Tm@NaYF,:Yb,Nd@NaYF,@mSi (UCNP@mSi) (d1), atom transfer radical
polymerization (ATRP) initiator functionalization NaYF,:Yb,Tm@NaYF,:Yb,Nd@NaYF,@mSi@Initiator (UCNP@mSi-initiator, initiator
structures indicated in green) (d2), and surface-initiated ATRP of photoswitching polymer: NaYF,:Yb,Tm@NaYF,:Yb,Nd@NaYF,@mSi@
Initiator@pSP (UCNP@mSi@pSP, pSP structures indicated in gray) (d3) (insets: scale bar: 25 nm).

capping system, efficient NIR to UV/vis upconversion is an
essential prerequisite. We achieved this goal by designing and
synthesizing core—shell—shell UCNPs possessing: (1) tandem
sensitization from Nd**/Yb* to Yb**/Tm>* dopants and (2)
cross-relaxation mitigation by spatial separation of Tm?" and
Nd* into the nanoparticle core and shell, respectively
(Scheme 1.a).””*' NaYF, was selected as a host material due
to its low lattice phonon energy of 350 cm™".°® The core—
shell—shell design consists of a NaYF,:Yb/Tm core (Figure
lal) and two outer shells with different functions. The first
shell (NaYF,:Yb/Nd) serves as an 808 nm NIR-absorbing
layer (Figure 1a2), and the second shell serves as an inert
coating (NaYF,) that protects against surface quenching
(Figure 1a3). Core—shell UCNPs (NaYF,:m%Yb,0.3%Tm@
NaYF,:10%Nd,10%Yb) with variations in core Yb** doping
ratio from S to 35% with a fixed shell composition
(NaYF,:10%Nd,10%Yb) were synthesized and optimized for
efficient UV upconversion (Figure S2). Detailed luminescence
characterization regarding size and doping ratio of the core and
shells was performed to acquire the best efficiency for UV
emissions, which are critical for triggering the release of the
small molecule in the following studies. As a result, the highest
emissions at 345 nm (‘I — 3F, transition) and 368 nm ('D,
— 3Hg transition) were obtained from a doping ratio of 25%
Yb** and 0.3% Tm’" in the core according to luminescence
(Figure 1b) and lifetime measurements (Figure S3).
Subsequently, we optimized the sensitizing shell composition
by investigating variations in the doping ratio of Yb** (5—15%)
and Nd** (5—15%), revealing that 10% Yb** and 10% Nd**

showed optimal UV upconversion efficiency (Figures 1c and
S4).

A second shell was grown on the optimized core—shell
UCNPs (NaYF,:25%Yb,0.3% Tm@NaYF,:10%Nd, 10%Yb) to
reduce surface defect-based quenching, showing an additional
33% increase of the upconversion emission at 368 nm, as can
be observed in Figure S5. As a result, core—shell—shell UCNPs
(NaYF,:25%Yb,0.3% Tm@NaYF,:10%Nd,10%Yb@NaYF,)
with optimal 808 nm-mediated UV emissions were obtained.
The developed 808 nm sensitizing core—shell—shell UCNPs
showed efficient UV emissions, resulting in a peak ratio
(Lggnm/Lisom) of 0.53 under 15 mW/cm?* NIR illumination.
The monodispersity of each nanoparticle structure through the
synthetic steps of the core—shell—shell UCNPs was verified
through transmission electron microscopy (TEM) (Figure
S6a,b) as well as dynamic light scattering (DLS) character-
izations (Figure S6¢). The crystallinity of each synthetic step
was confirmed by X-ray diffraction (XRD) measurements to
show a f-hexagonal phase (Figure S6d). According to the
TEM analysis, the final core—shell—shell UCNPs’ dimensional
information is summarized in Table S1. Moreover, the
optimized nanoparticle composition was determined to be
NaYF,:24.5%Yb,0.27% Tm@NaYF,:9.9%Nd,10.5%Yb@NaYF,
through calculations and measurements using inductively
coupled plasma optical emission spectrometry (Table S1).

Upon construction of the efficient 808-to-UV UCNPs,
mesoporous silica (mSi) layer was further coated on the
designed UCNPs to efficiently deliver the neurogenic factor
(RA), as demonstrated in Figure 1d1. With the mesoporous
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Figure 2. Receptor-mediated intracellular localization of UCNP@mSi@pSP and spatiotemporal control of small-molecule release. (a) Schematic
illustration of the receptor-mediated uptake process of the UCNP constructs (UCNP@mSi@pSP). (b) Fluorescence microscopy images of live
hiPSC-NSCs stained with DiO (membrane: green) and NucBlue (nucleus: blue) after 24 h incubation with RGD-modified UCNP@mSi@pSP
(targeted delivery) and UCNP@mSi@pSP (nonspecific delivery) (scale bar: S0 ym). (c) Small-molecule release profile of the 808 nm NIR-

mediated controlled release of fluorescein as model small molecule.

An “on—off” release pattern can be observed, demonstrating the temporal

control ability. (d) Spatial control of small-molecule release. (d1) Schematic diagram showing spatial control of small-molecule release in neural
stem cell colony culture. (d2) Fluorescence microscopy characterization of fluorescein spatial controlled release in live hiPSC-NSCs colony culture.
Note that the red circles indicate selective release of fluorescein in the center stem cell colony (scale bar: 1000 ym).

silica coating, the nanoparticle diameter reaches up to 83.7 +
3.9 nm. To synthesize the pSP-based shell, a photoresponsive
monomer spiropyran methacrylate (SPMA) was prepared and
confirmed through 'H NMR (Figure S7). The pSP polymer
shell containing spiropyran-based moieties was formed on the
mesoporous silica shell (UCNP@mSi) through surface-
initiated atom transfer radical polymerization (ATRP). Due
to the existence of active initiator sites on the pSP, a colloidal
stabilizing polymer layer (polyacrylic acid) was further grafted
onto the spiropyran polymer-coated UCNPs. The resulting
nanoparticles were characterized by TEM (Figure 1d) and
Fourier transform infrared (FTIR) spectroscopy (Figure S8).
Thus, with the polymer coating, the final UCNP@mSi@pSP
nanoparticle constructs possess a diameter of 96.1 + 6.6 nm
under TEM (Figure 1d3) and a hydrodynamic size of 144 nm
(polydispersity index = 0.204) determined by the dynamic
light scattering (DLS) analysis.

2.2. Demonstrating Spatiotemporally Controlled
Release of Small Molecules Using 808 nm NIR-
Mediated Photoswitching UCNP@mSi@pSP. Next, the
synthesized UCNP@mSi@pSP was loaded with RA and
transfected into hiPSC-NSCs to assess the nanoparticle’s
cellular uptake efficiency and its ability to deliver the
neurogenic factor (RA) in a remotely controlled manner. To
improve the cellular uptake efficiency, Arg-Gly-Asp (RGD)
peptides were conjugated onto the surface of UCNP@mSi@
pSP, promoting transfection via RGD-mediated integrin

binding to the cellular membrane receptors (e.g., ayf3; and
ayfs), which further facilitates receptor-mediated endocyto-
sis’” (Figure 2a). ayf; and ayfs integrin subunits, which are
well-known RGD binding receptors,”” are highly expressed
during the neurogenic developmental process (neural
tube).”®” As shown in Figure 2b, upconversion luminescence
(UCL) and fluorescence microscopy images demonstrated that
targeting ligand UCNP constructs’ (RGD-modified UCNP@
mSi@pSP) upconversion emissions (red) significantly over-
lapped with the hiPSC-NSCs’ cytoplasm (green), compared to
nonspecific UCNP constructs (non-RGD-modified UCNP@
mSi@pSP), where little overlap could be observed. Fur-
thermore, quantification of the percentage of hiPSC-NSCs
with UCL positive signal (Figure S9) supported our hypothesis
that RGD-modified UCNP@mSi@pSP demonstrated signifi-
cantly more efficient cellular uptake (~54%) compared to non-
RGD-modified constructs (~15%).

Meanwhile, the cell viability under 808 nm laser irradiation
and transfection conditions were fully characterized for
subsequent NIR-mediated neuronal differentiation experi-
ments. A decreasing trend in hiPSC-NSC’s viability was
observed as the power density of the 808 nm laser increased
(Figure S10a). For the NIR-mediated differentiation exper-
imental conditions, a low power density (allowing for 90.75%
cell viability) of 1.05 W/cm® was chosen. Minimal cytotoxicity
was also observed from the nanoparticle constructs for
concentrations up to 100 ug/mL (Figure S10b). In addition,
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Figure 3. 808 nm NIR-mediated control of hiPSC-NSC’s neuronal differentiation and maturation. (a) Schematic timeline of the 808 nm NIR-
mediated in vitro differentiation control of hiPSC-NSCs. (b) Immunohistochemistry fluorescence microscopy images of hiPSC-NSCs stained
against key neuronal marker (TUJI: red fluorescence) in control group (b1), the UCNP-RA (UCNP@mSi@pSP loaded with retinoic acid) group
(b2), and the UCNP-RA (UCNP@mSi@pSP loaded with RA) + 808 nm NIR group (b3) (scale bar = 100 ym; inset scale bar = 25 ym). (c) NIR-
mediated hiPSC-NSCs neuronal differentiation characterization. (c1) Quantitative comparison of the morphological changes (neurite growth) of
the aforementioned three treatment groups. (c2) Gene expression analysis using QPCR quantifying the TUJI mRNA expression levels in hiPSC-
NSCs in the three groups. (d) NIR-mediated differentiated neurons (ND neurons)’ maturation marker characterization. (d1)
Immunohistochemistry fluorescence microscopy characterization of the 808 nm ND neurons stained against key late neuronal marker MAP2
(green fluorescence) along with TUJ! staining (red fluorescence) (scale bar = SO ym). (d2) Immunohistochemistry fluorescence microscopy
characterization of the ND neurons staining against key synaptogenesis marker Synapsin (yellow fluorescence) along with TUJI staining (red
fluorescence) (scale bar = S0 ym). (e) ND neurons’ functional test. (el) Schematic diagram of Ca®" imaging for characterizing ND neurons’
functionality. (e2) Time traces for the fluorescence intensity change indicating spontaneous calcium ion influx from an active neuron (dark gray
line) and an inactive neuron (light gray line). (e3) Fluorescence microscope image of 808 nm ND neurons stained with a commercially available
calcium indicator dye: Fluo-4 (scale bar = 25 ym). Inset: spontaneous calcium fluctuations visualized by Fluo-4 fluorescence (green) for an active
neuron (white circle) (scale bar = 20 ym) (error bars represent mean =+ standard deviation (SD); n = 3, *p < 0.0S, by one-way analysis of variance
(ANOVA) with Tukey post hoc test).

the UCNP@mSi@pSP constructs showed minimal interfer-
ence with cellular proliferation (Figures S11 and S12) as well
as pluripotency (Figure S13). The desired remotely controlled
release capability was demonstrated using fluorescein as a
model molecule. A temporally controlled “on/off” release
profile was demonstrated in Figure 2c, using the designed
UCNP@mSi@pSP, triggered via 808 nm light. Specifically, an
average of 4% of payload release was achieved within S min X
808 nm NIR illumination (1.0 W/cm?), due to hydrophilic

merocyanine generation from in situ UV emissions. The
merocyanine form reverts to the spiropyran form once the 808
nm excitation is removed, reforming a hydrophobic layer that
blocks the release of small molecules, as shown in Figure 2d1.
Minimal release (7.18%) was observed under dark conditions
after 8 h incubation, demonstrating the robustness of the
photoswitching polymer-based capping system (Figure S14).
The UCNP@mSi@pSP’s ability to release small molecules
spatially in response to 808 nm NIR stimulation has also been

https://dx.doi.org/10.1021/acsami.0c10145
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10145/suppl_file/am0c10145_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10145/suppl_file/am0c10145_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10145/suppl_file/am0c10145_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10145?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10145?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10145?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10145?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c10145?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

demonstrated within a 3 X 3 colony array of hiPSC-NSCs,
constructed using a poly(dimethylsiloxane) (PDMS) mold, as
shown in Figure 2d2. The small molecule was locally released
in the central colony where 808 nm NIR excitation was
applied, as can be seen from the green fluorescence signal
emanating from the irradiated colony (Figure S15). To further
corroborate the photoswitching-based spatial release mecha-
nism, temperature fluctuation was monitored, showing
negligible media temperature difference under 808 nm (1.05
W/ cmz) illumination compared to control condition (0 w/
cm?) (Figure S16a,b). It is noteworthy that, under the same
power density (1.05 W/cm?®), 980 nm illumination showed a
significant media temperature fluctuation and a 7.8 K increase
in bulk media temperature after S min 980 nm NIR treatment,
further demonstrating the advantages of 808 nm NIR with
minimized heating effect (Figure S16b) and enhanced tissue
penetration (Figure S16d). These results showcased the
UCNP@mSi@pSP-mediated small-molecule-releasing capa-
bility under 808 nm excitation within a two-dimensional
(2D) neural stem cell network in a spatiotemporally controlled
manner.

2.3. Investigating 808 nm NIR-Controlled hiPSC-NSCs
Neuronal Differentiation Using Neurogenic Factor-
Loaded UCNP@mSi@pSP. Recent advances in stem cell
biology hold great potentials for developing new approaches
for the treatment of many devastating neurodegenerative
diseases and genetic disorders. Stem-cell-based therapies for
regenerating functional neurons and restoring neuronal
functions to damaged CNS areas can be beneficial for realizing
stem cell therapy for such diseases. These approaches
inevitably require the robust generation of engraftable cell
sources of functional neural cells and better control of stem cell
neuronal differentiation in a controlled and safe manner.®”!
Thus, upon the construction of the small-molecule delivery
system, we evaluated the ability for the remotely controlled
release of RA (a small-molecule neurogenic factor) under 808
nm excitation to induce neuronal differentiation of hiPSC-
NSCs.

As explained in Figure 3a, hiPSC-NSCs were seeded and
treated with RGD-modified UCNP@mSi@pSP containing RA
molecules followed by 808 nm light exposure (1.05 W/cm?)
for 15 min (S min exposure intervals) prior to further culturing
and characterization assays. After 5 days of stem cell culture,
immunohistochemistry and quantitative polymerase chain
reaction (qQPCR) analytical methods were performed to
evaluate the hiPSC-NSCs neuronal differentiation. Interest-
ingly, the control group (Figure 3bl) and the nanoparticle-
construct-treated group (UCNP-RA) (Figure 3b2) present a
significantly lower expression of an early neuronal marker,
neuron-specific class III f-tubulin (TUJI), compared to the
group treated with 808 nm NIR and the UCNP constructs
(UCNP-RA + 808 nm NIR) (Figure 3b3). Furthermore, a
dramatic neuronal morphological change was observed in the
“UCNP-RA + 808 nm NIR” group compared to the control
and “UCNP-RA” groups, demonstrating a typical neurite
outgrowth morphology, indicating neuronal lineage commit-
ment (Figure 3b).°” Such neuronal morphological change was
quantified by measuring neurite length according to the TUJ1
immunohistochemistry staining, with the UCNP-RA + 808 nm
NIR group showing significantly increased quantity and length
of neurite outgrowths compared to the control and UCNP-RA
groups (Figure 3cl). Furthermore, this controlled neuro-
genesis was corroborated with TUJI mRNA expression level

characterization through qPCR (Figure 3c2), with a sevenfold
TUJ1 upregulation in the UCNP-RA + 808 nm NIR group
compared to the control group. As a result, the neuronal
differentiation from human neural stem cells (hiPSC-NSCs)
was successfully controlled using the UCNP@mSi@pSP
system in an NIR-mediated manner.

2.4. Confirming Maturation and Functionality of the
hiPSC-NSC-Derived Neurons. To further evaluate the
maturity and functionality of the differentiated neurons from
hiPSC-NSCs, the experimental group was maintained under
differentiation conditions for up to 14 days to characterize
mature neuronal markers and functional activities. As shown in
Figure 3d1,d2, the immunohistochemistry results showed that
the UCNP@mSi@pSP-based RA delivery system was a robust
and effective method for the induction of mature neuronal
differentiation in hiPSC-NSCs. Specifically, neuron-specific
microtubule-associated protein 2 (MAP2), which is associated
with nerve functions as well as neuronal cell structures,®> was
found highly expressed in the differentiated neurons (Figure
3d1). Moreover, as an indicator of mature neuronal network
synaptogenesis,”* Synapsin was selected and found highly
expressed in the differentiated neurons, as can be seen in
Figure 3d2. To characterize the functionality of differentiated
neurons, we performed calcium imaging to test their response
to potential differences (Figure 3e). Functionally active
neurons spontaneously fire action potentials allowing influx
of cations including calcium ions (Figure 3el).” Using a
calcium indicator (Fluo-4), corresponding intracellular calcium
ion fluctuations were monitored. Furthermore, the fluores-
cence changes were quantified (Figure 3e2) and observed
(Figure 3e3) for spontaneous fluctuations of calcium ions in
neurons over 250 s, while the inactive control neurons showed
minimal fluorescence intensity changes. A recent study has
shown that low-power blue illumination generated from
UCNPs can activate the melanopsin/TRPC6 pathway and
promote NSC differentiation into glial cells instead of neurons
in a nongenetic manner.”® This finding further necessitates our
UCNP@mSi@pSP-based approach for NIR-mediated NSC
differentiation into functional neurons.

3. CONCLUSIONS

In summary, this work demonstrated an 808 nm NIR-mediated
photoswitching upconversion nanosystem (UCNP@mSi@
pSP) for remote control of stem cell fate. The unique core—
shell—shell-structured UCNP design and synthesis enabled us
to improve the UV upconversion luminescence significantly,
which can complement recent advances in the principle,
design, and synthesis of NIR photonic nanomaterials with
various bioapplications. Furthermore, the spiropyran-based
gatekeeping system allows us to release small-molecule drugs
in a controlled manner. Particularly, the application of NIR-
mediated nanoparticle constructs to modulate the targeted key
signaling pathways in stem cells would be beneficial not only
for selective stem cell fate control but also for dissecting
signaling cascades affected by other stem cell microenviron-
ments such as cell—cell interactions and biophysical/
mechanical cues in vitro and potentially in vivo. Collectively,
our new strategy and demonstration for the 808 nm NIR-
mediated remote control of stem cell differentiation using the
UCNP nanoparticle constructs (UCNP@mSi@pSP) can
benefit future advancement of nanotechnology, stem cell
biology, drug delivery, and neuroregenerative medicine.
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4. METHODS

4.1. Materials. Lanthanide chloride hexahydrates (>99.9%) were
purchased from Sigma-Aldrich and Treibacher Industrie AG. Oleic
acid and 1-octadecene (both technical grade, 90%) were obtained
from Alfa Aesar. Ammonium fluoride, 2-bromoisobutyryl bromide
(BiBB), CuCl, dimethyl sulfoxide (DMSO), dichloromethane
(DCM), methanol, N,N-dimethylformamide (DME), tetraethyl
orthosilicate (TEOS), (3-aminopropyl)triethoxysilane (APTES), N-
cetyltrimethylammonium bromide (CTAB), paraformaldehyde,
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), sodium
hydroxide (NaOH), methanol, methacryloyl chloride, tert-butyl
acrylate (tBA), tetrahydrofuran (THF, anhydrous), trifluoroacetic
acid (TFA), N-hydroxysuccinimide (NHS), N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCI), hemoglo-
bin (human), and intralipid were purchased from Sigma-Aldrich.
Chloroform, ethyl acetate, sodium azide, and gelatin were purchased
from Fisher Scientific. Ethanol (200 proof) was purchased from
Decon Laboratories. 1-(2-Hydroxyethyl)-3,3-dimethyl-6-nitrospiro-
(2H-1-benzopyran-2,2-indoline) (SP-OH) was purchased from TCI
America. Sylgard 184 was purchased from Ellsworth Adhesive. All
chemicals were used as received, without any further purification.
Solvents for NMR analysis (Cambridge Isotope Laboratories) were
used as received.

4.2. Characterizations. Transmission electron microscopy
(TEM) was implemented with a 120 kV Philips CM12 (www.fei.
com) microscope. A Malvern Zetasizer was used for dynamic light
scattering (DLS). X-ray powder diffraction (XRD) patterns with a
resolution of 0.005° (26) were collected using a Huber Guinier G670
diffractometer (www.xhuber.com) with a Cu source (Ka radiation, 4
= 1.54060 A) operating at 40 kV and 30 mA. For the determination of
the composition and concentration of the UCNPs, a flame-EOP
inductively coupled plasma optical emission spectrometer (ICP-OES)
from Spectro (www.spectro.com) was used. Luminescence spectra of
UCNPs were measured with an Aminco Bowman Series 2
luminescence spectrometer (Thermo Electron Corporation). The
spectrometer was equipped with an external continuous wave (CW)
808 nm laser module (200 mW, ~15 mW/cm?), obtained from
Picotronic. The luminescence lifetime was measured by a homemade
lifetime measurement setup consisting of an 808 nm laser CW laser
module (200 mW, ~15 mW/cm?), an optical chopper, a temperature-
controlled cuvette holder with integrated magnetic stirrer, and a
collection lens filter wheel and mount for optical fiber. UV—vis
absorption spectra were recorded on a Varian Cary 50 spectropho-
tometer. Fluorescence spectra were recorded on a Varian Cary Eclipse
fluorescence spectrophotometer with external NIR lasers with
wavelength of 808 or 980 nm as an excitation light source (CNI
high-power fiber-coupled diode laser system, FC-W-980, and FC-W-
808). The total output powers for the lasers are tunable from 1 mW to
10 W. The power density was detected by a 1916-R handheld optical
power meter with a thermophile detector (purchased from Newport
Corporation). Unless otherwise stated, all spectra were obtained from
the hexane dispersion of nanoparticles (1 wt %). 'H NMR was
acquired on Varian 300 MHz NMR spectrometer.

4.3. Synthesis of NaYF,;:m%Yb,0.3%Tm. The synthesis of Ln>*-
doped NaYF, nanocrystals was performed by a modified procedure
based on a protocol reported by Wilhelm et al.”” For the synthesis of
1 mmol B-NaYF,:m%Yb,0.3%Tm particles with a specific dopants
molar ratio, the corresponding molar ratios of the lanthanide chlorides
were dissolved in methanol (5 mL) and transferred into a SO mL
three-neck round-bottom flask. Under nitrogen flow, oleic acid (8
mL) and Il-octadecene (15 mL) were added into the flask. This
solution was then heated to 160 °C and put under vacuum for 30 min
to obtain a clear solution. The solution was cooled down to room
temperature. Subsequently, a 10 mL methanol solution of 4.0 mmol
NH,F and 2.5 mmol NaOH was added into the flask, and the
suspension was kept at 120 °C for 30 min before heating to reflux (ca.
320 °C). The heating time was controlled by the appearance of
upconversion luminescence from the synthesis flask via illumination
with a 980 nm CW laser (200 mW). As soon as the upconversion

luminescence can be identified by the bare eye, the solution was kept
at reflux for an additional 8 min. To obtain the full transformation of
the nanocrystals from the a-phase to the f-phase, a heating time of 15
min was adopted. The particles were precipitated by the addition of
an excess of ethanol and collected by centrifugation at 1000g for 5
min. The precipitate was washed with chloroform/ethanol (1:10 v/v)
two times and five times with cyclohexane/acetone (1:10 v/v) by
repeated redispersion—precipitation—centrifugation cycles. In the end,
for removing aggregates, the particles were dispersed in 10 mL
cyclohexane, centrifuged at 1000g for 3 min, and the supernatant was
collected.

4.4. Synthesis of Core—Shell NaYF,;:m%Yb,0.3%Tm@
NaYF,;:n%Yb,n%Nd and NaYF,:m%Yb,0.3%Tm@NaYF,:n%
Yb,n%Nd@NaYF,. Synthesis of shell precursor material @-NaYF,:n
%Yb,n%Nd is similar to the synthesis of f-NaYF,:m%Yb,0.3%Tm
particles except for the composition of the lanthanide chlorides and
the last heating step under reflux (320 °C). Here, the solution was
kept at 240 °C for 30 min to obtain the cubic lattice nanocrystals. The
synthesized shell precursors were collected following similar
procedures to those described above. The coating method was
adopted from the previous report with modifications.”® The as-
synthesized core UCNP f-NaYF,:m%Yb,0.3%Tm was transferred into
a 50 mL three-neck round-bottom flask under N,. For 1 mmol total
content of UCNP core particles, S mL of oleic acid and S mL of 1-
octadecene were added. The flask was heated to 100 °C under
vacuum for 1 h to obtain a clear solution. After this, the f-NaYF,
particles were heated to reflux at 320 °C. The shell precursor a-
NaYF,:n%Yb,n%Nd was dispersed into 1 mL of oleic acid/1-
octadecene mixture (1:2 v/v). The shell precursor was quickly
injected into the reaction flask. The reaction temperature decreased to
~300 °C. The solution was kept for another 10 min at reflux. Then,
the solution was cooled down to room temperature. The same
protocol was used for growing a second inert shell of NaYF, around
the f-NaYF,:25%Yb,0.3% Tm@NaYF,:10%Yb,10%Nd particles. The
precipitation and purification of the synthesized nanoparticles were
performed as described above.

4.5. Mesoporous Silica Shell Coating. The synthesis of
mesoporous silica-coated upconversion nanoparticles was conducted
based on a procedure modified from our previous protocol.’* The
synthesized NaYF,:25%Yb,0.3%Tm@NaYF,:10%Yb,10%Nd@NaYF,
(15 mg) in cyclohexane (600 uL) was mixed with a CTAB solution
(25 mL, 500 mg). The mixture solution was sonicated for 30 min by a
probe sonicator, resulting in a transparent solution. Thereafter, the
mixture solution was transferred to a dry 100 mL round-bottom flask
with an addition of 150 yL of a 2 M NaOH aqueous solution. The
mixture was stirred at 60 °C for 30 min, followed by 50 uL of TEOS
added to 1.5 mL of ethyl acetate in a dropwise manner. The mixture
was further stirred at 60 °C for 24 h. Further, amine group
functionalization was achieved via grafting with (3-aminopropyl)
triethoxysilane with modification from reported procedures.””
Specifically, 6.3 uL of (3-aminopropyl) triethoxysilane was added
into the reaction vessel and allowed to react for 8 h. The final amine-
functionalized mesoporous silica-coated UCNPs (UCNP@MSN-
NH,) were collected by centrifugation (6000 rpm) and washed
with water three times.

4.6.1. Spiropyran-Based Polymer Coating through Atom Trans-
fer Radical Polymerization (ATRP). Synthesis of UCNP@MSN-Br
Initiator: Synthesis of UCNP@MSN-Br Initiator: In a typical
reaction, a degassed CH,Cl, solution (7.5 mL) of Et;N (20 yL) and
2-bromoisobutyryl bromide (15 yL) was added into UCNP@MSN-
NH, (50 mg). The mixture was stirred for 10 h under N, protection
gas under room-temperature conditions. Subsequently, the product
was collected by a centrifuge. The product was washed three times
with CH,Cl, (10 mL X 3).

4.6.2. Synthesis of Spiropyran Methacrylate Monomer (SPMA). A
CH,Cl, solution (3 mL) of 0.2 g of 1-(2-hydroxyethyl)-3,3-dimethyl-
6-nitrospiro(2H-1-benzopyran-2,2-indoline) (SP-OH) and 288 uL of
Et;N was kept at 0 °C under N, protection gas with aluminum foil
covering for minimizing light exposure. Another CH,Cl, solution (1
mL) containing methacryloyl chloride (170 L) was transferred to the
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SP-OH-containing reaction mixture in a dropwise manner within 0.5
h. The final reaction mixture was allowed to react at room
temperature for 10 h before solvent evaporation by a rotary
evaporator. The product was purified from the residue through silica
gel chromatography.

4.6.3. Surface-Initiated ATRP. In a 10 mL round-bottom flask,
UCNP@MSN-Br (12.2 mg), SPMA (100 mg), and CuCl (1.2 mg)
were put under a N, atmosphere. Subsequently, the flask’s
atmosphere was evacuated and purged with N, gas three times to
remove residue oxygen gas from the reaction apparatus. A mixture
solution of methanol (0.5 mL), THF (3 mL), and HMTETA (7.79
uL) was added into the flask with subsequent freeze—vacuum—
pump—thaw cycles to expel oxygen residues from the reaction
mixture. The polymerization reaction was performed in N, protection
gas at 45 °C for 1 day. Another oxygen-free methanol solution (1 mL)
of tBA (34.5 uL) was transferred into the reaction mixture to react for
12 h at the same temperature. The reaction was stopped by oxygen
exposure.

4.6.4. Hydrolysis of the Poly(t-butyl acrylate) Blocks. The
reaction solvent was removed through a rotavapor. The polymer-
coated nanoconstructs were redissolved in CH,Cl,. Then, a 5-fold
molar excess of CF;COOH was added to induce the hydrolysis. The
mixture reacted under room temperature for 12 h. The reaction
solvent was removed through centrifugation (7000 rpm, 10 min). The
resultant nanoparticle constructs were washed with CH,Cl, and water
four times, respectively.

4.6.5. Integrin Receptor Binding RGD Peptide Conjugation. To
conjugate the integrin receptor binding RGD sequence, the
nanoparticle surface carboxylic groups were conjugated with
RGDSC using EDC/NHS coupling. Specifically, the nanoparticles
obtained in Section 4.6.4 were dispersed in S mL of DPBS to reach a
concentration of 0.2 mg/mL. Subsequently, the 5 mL DPBS solution
of NHS (1.00 mg) and EDC-HCI (1.67 mg) was mixed with the
nanoparticle solution under 4 °C for 30 min and stirred for another 3
h. The resulting mixture was purified by DI water three times and
redispersed in DPBS for immediate usage.

4.7. HiPSC-NSCs Culture. Tissue culture vessels were coated with
Matrigel (Corning) 1:200 dilution with Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) at 37 °C for 1 h. hiPSC-NSCs were
derived from hiPSCs (WT126 clone 8; and WT33 clone 1). iPSC-
NSCs proliferated in a growth media containing DMEM/F12 with
Glutamax (Thermo Fisher Scientific), B27-supplement w/o Vitamin
A (Thermo Fisher Scientific), N2 Supplement (Thermo Fisher
Scientific), and 20 ng/mL bFGF (Peprotech). The culture media was
changed every other day.

4.8. Cell Viability Characterization. Cell viability assays were
conducted in 96-well plates coated with Matrigel (Corning) 1:200
dilution with DMEM (Thermo Fisher Scientific) at 37 °C for 1 h. 20k
of human-induced pluripotent stem cell-derived neural stem cells
(hiPSC-NSCs) in 100 uL of growth medium were seeded into each
well. For nanoparticle concentration-dependent viability, increasing
nanoparticle concentrations (0—200 mg/mL) were added into the
well plate at day 1 for 24 h incubation. Subsequently, a resazurin-
based viability reagent, PrestoBlue, was introduced into each well with
30 min incubation (day 2). Fluorescence intensity was determined
through a microplate reader at 590 nm emission with 530 nm
excitation. For NIR-intensity-based viability, an increasing 808 nm
laser power density (0—8.42 W/cm?) with irradiation diameter (6
mm) was applied to each well on day 1. The well plates were stored in
an incubator for 24 h, followed by PrestoBlue-based viability assay, as
described above (day 2).

4.9. 808 nm NIR-Mediated hiPSC-NSCs Differentiation. 808
nm NIR-mediated hiPSC-NSCs differentiation experiments were
conducted in 48-well plates, which were coated with Matrigel
(Corning) 1:200 dilution with DMEM (Thermo Fisher Scientific) at
37 °C for 1 h. 30k of human-induced pluripotent stem cell-derived
neural stem cells (hiPSC-NSCs) in 200 uL of growth medium were
seeded into each well. After 24 h with cell attachment on the culture
plate, the culture medium was changed to nanoparticle constructs
solution [100 ug/mL loaded with 2 uM RA DMSO solution by UV

illumination (60 s), nanoparticle constructs mixing, and subsequent
green illumination (90 s) for capping]. After 8 h of nanoparticle
incubation, an NIR illumination with 1.05 W/cm? power density was
utilized to trigger the uncapping and release of RA (3 min X S min
illumination with S min interval).

4.10. 3 x 3 hiPSC-NSCs 2D Colony Formation and Culture.
4.10.1. 3 x 3 PDMS Hole Array Fabrication. A well-mixed PDMS
prepolymer (Sylgard 184, A and B in a 15:1 ratio) was transferred into
a Petri dish to give a 2 mm thick PDMS layer, followed by curing in
an 80 °C oven overnight. Subsequently, the PDMS layer was cut into
1S mm X 15 mm squares. A 3 X 3 hole array was generated using a 3
mm diameter puncher.

4.10.2. 3 x 3 hiPSC-NSCs 2D Colony Formation and Culture. A
12-well cell culture plate was first coated with Matrigel (Corning)
dissolved in DMEM/F12 (Thermo Fisher Scientific) (1:200) in an
incubator for 1 h. With the aspiration of the coating media, a PDMS 3
X 3 hole array mold (ethanol washed) was placed into the well. An
hiPSC-NSC media suspension (1 million/mL) was added into each
well (3 pL/hole). The seeded culture plate with PDMS mold was
carefully located in the incubator to allow cell attachment for 2 h. The
PDMS mold was removed with tweezers. The culture well was filled
with 1 mL of culture medium for prolonged culture to form hiPSC-
NSCs colony patterns.

4.11. Tissue Phantom Synthesis. A gelatin-based tissue
phantom mimicking physiological tissue and in vivo tissue model
was constructed following the previous report with modifications.”
UCNP@MSN-NH, Tris-buffer dispersion (3 mL, 0.5 mg/mL) was
added with sodium azide and gelatin to achieve a homogeneous
solution of 15 mM sodium azide and 10 w/v % gelatin, respectively.
Under magnetic stirring, the solution was kept at 50 °C for 30 min to
dissolve the gelatin and then kept at 37 °C for 30 min. Hemoglobin
(human) and intralipid were added to achieve a concentration of 50
uM and 1 v/v %, and the solution was maintained at 37 °C before
molding. To create the molded tissue phantom, the solution was
poured into a quartz cuvette for penetration depth characterization.

4.12. Immunohistochemistry. In general, cultured cells were
washed twice with DPBS (Thermo Fisher Scientific) and treated in
formaldehyde solution (4%) for fixation for 20 min, followed by
DPBS wash three times. Subsequently, the cells were permeabilized
and blocked for nonspecific binding with blocking buffer containing
0.1% Triton X-100 and 5% normal goat serum (Life Technologies) in
PBS for 1 h. To characterize the extent of neuronal differentiation, the
cells were fixed, blocked, and stained with a primary mouse antibody
against TUJ1 (1:500 dilution, Cell Signaling). Specifically, the fixed
samples were incubated for 2.5 h at 4 °C in an antibody dilution
buffer (PBS containing 10% NGS) with TUJ1 primary antibody. With
three times PBS washing, the cells were incubated for 1 h (RT) in
antibody dilution buffer containing Hoechst (3 ug/mL, Life
Technologies) and antimouse secondary antibody labeled with
Alexa Flour 594 (1:500, Life Technologies). Followed by three
times PBS washing, the stained samples were visualized through a
Nikon T2500 inverted fluorescence microscope. For mature neuronal
markers (MAP2 and Synapsin) characterization, the primary rabbit
antibody against MAP2 (Cell Signaling) and Synapsin (EMD
Millipore) were used at 1:500 dilution. Subsequently, anti-rabbit
secondary antibody Alexa Fluor 488 (1:500, Life Technologies) was
utilized to visualize the mature neuronal markers through fluorescence
microscopy.

4.13. Gene Expression Analysis. The expression levels of target
genes were quantified by quantitative reverse transcription PCR (RT-
gPCR) of mRNA extracted from tissue culture. The total RNA,
including mRNA of interest, was extracted using TRIzol Reagent (Life
Technologies). The total RNA (1 ug) was used as a template for a
reverse transcription reaction to generate the first-strand comple-
mentary DNA (cDNA) using the Superscript III First-Strand
Synthesis System (Life Technologies) according to the manufacturer’s
protocol. The first-strand cDNA was subsequently used for qPCR
reaction with gene-specific primers in the presence of Power SYBR
Green PCR Master Mix (Applied Biosystems) on a StepOnePlus
Real-Time PCR System (Applied Biosystems). The output C, values
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were normalized GAPDH, which is selected as the endogenous
control. The standard cycling conditions were applied to all of the
reaction conditions with a melting temperature of 60 °C. All gene-
specific primers were obtained from the PrimerBank database and are
listed in Table S2.

4.14. Calcium Imaging. Differentiated neurons were incubated
with S uM Fluo-4-AM (Life Technologies) media for 30 min.
Subsequently, the treated cells will be washed with HBSS (Life
Technologies) and incubated for 30 min in culture media for the
deesterification process of the dye. The media was changed to HBSS
for the initiation of the calcium imaging session. Under the movie
mode of Nikon Eclipse Ti-E microscope, a concentrated KCl solution
in PBS (50 mM, 0.1 mL) was introduced into the neuron cultures.
The video was captured at a 60 frames per second imaging speed.
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