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Upconversion Nanoparticle-Covalent Organic Framework
Core—shell Particles as Therapeutic Microrobots Trackable

With Optoacoustic Imaging

Dong Wook Kim, Paul Wrede, Andrés Rodriguez-Camargo, Yi Chen, Nihal Olcay Dogan,
Chaim Gliick, Bettina V. Lotsch,* Daniel Razansky,* and Metin Sitti*

Despite the development of various medical imaging contrast agents,
integrating contrast signal generation with therapeutic and microrobotic
functions remains challenging without complicated fabrication processes. In
this study, upconversion nanoparticle-covalent organic framework
(UCNP-COF) core—shell sub-micron particles are developed that function as
therapeutic microrobots trackable with multi-spectral optoacoustic
tomography (MSOT) imaging and can be loaded with desired therapeutic
molecular agents in a customizable manner. The mechanism of optoacoustic
signal generation in UCNP-COF particles is attributed to the quenching of
upconversion luminescence emitted by the UCNPs, which is absorbed by the
encapsulating COF and subsequently converted into acoustic waves. Unlike
other microparticulate agents previously imaged with MSOT, UCNP-COF
particles do not pose concerns about their stability and biocompatibility.
Simultaneously, the mesoporous texture of the COF provides a large surface
area, allowing for the efficient loading of various drug molecules, which can
be released at target sites. Furthermore, the magnetic UCNP-COF Janus
particles can be magnetically navigated through in vivo vasculature while
being visualized in real-time with volumetric MSOT. This study proposes an
approach to design photonic materials with multifunctionality, enabling

1. Introduction

Optoacoustic imaging, also known as pho-
toacoustic imaging, has rapidly gained
prominence due to its appealing features
as a non-invasive, multi-parametric clin-
ical imaging modality('>] The method
uses nanosecond near-infrared (NIR) opti-
cal pulses to irradiate target biological tis-
sues or contrast agents, leading to thermoe-
lastic expansion in the light-absorbing tar-
gets. This expansion generates broadband
acoustic waves, which are subsequently de-
tected by a transducer and can then be
used to reconstruct the optical absorption
distributions in the tissue.'*) Owing to
the weak scattering and superb penetra-
tion of acoustic waves into biological tis-
sues, optoacoustic imaging offers high spa-
tial resolution, deep-tissue imaging capabil-
ities, and an optimized signal-to-noise ratio
(SNR).[*5] Additionally, entire 3D volumes
can be captured in real-time using a single

high-performance medical imaging, drug delivery, and microrobotic

manipulation toward their future potential clinical use.

laser pulse—an advantage not easily achiev-
able with conventional fluorescence or ul-
trasound imaging.[**! Furthermore, multi-
spectral optoacoustic tomography (MSOT)
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provides molecular imaging capabilities by leveraging the dis-
tinct optical absorption spectra of various molecular biomark-
ers, such as lipids, water, collagen, melanin, hemoglobin, and de-
oxyhemoglobin, to distinguish specific vascular features, tissues,
and organs. These distinctive characteristics present significant
practical benefits for biological and clinical applications.!'

Recently, various effective MSOT imaging contrast
agents, such as molecular dyes,® gold nanorods,!”) car-
bon nanomaterials,®! quantum dots,®°! and upconversion
nanoparticles,[') have been developed to enhance signal con-
trast. Among these, Indocyanine Green (ICG), an FDA-approved
diagnostic and therapeutic dye, has been widely used as
MSOT contrast agent due to its strong NIR absorption and water
solubility.'!l However, ICG faces instability issues related to pho-
tobleaching, thermal degradation, and aqueous instability.[1213]
When exposed to prolonged light during imaging or higher tem-
peratures in aqueous or in vivo environments, ICG molecules
can aggregate or undergo irreversible transformations, resulting
in a shorter imaging time, making it unsuitable for extended
angiographic observation.™]

Other metal-, carbon-, or lanthanide-based nanomaterials have
gained attention as effective contrast-generating alternatives to
ICG.[% These materials have also been combined with ICG or
other drug molecules to further enhance imaging contrast or
provide therapeutic effects.!'*1%] However, biologically incompat-
ible metal or lanthanide elements raise concerns regarding long-
term metabolism,['718] whilst the use of ICG still presents sta-
bility issues. Additionally, maximizing the loading of therapeutic
or functional agents into these nanomaterials to achieve multi-
functionality in a single particle or agent requires complex sur-
face modifications or multiple steps, such as sequential attach-
ment of target agents followed by additional passivation,*]
which complicates the fabrication process. This complexity poses
obstacles to incorporating additional capabilities beyond imag-
ing and therapeutic functions, such as microrobotic features that
could enable wireless navigation of therapeutic agents to target
locations while being tracked via MSOT imaging.["]

In this study, we introduce sub-micron particles hybridized
with lanthanide-doped upconversion nanoparticles (UCNPs)
core and covalent organic frameworks (COFs) shell as multi-
functional contrast agents for MSOT imaging, with integrated
drug-loading/release capabilities and microrobotic functionality.
These UCNP-COF core-shell particles produce strong MSOT re-
sponses with high environmental stability and biocompatibility,
while their highly ordered mesopores are ideal for customizable
therapeutic loading. In the UCNP-COF particles, MSOT signal
generation occurs when the COF absorbs upconversion lumines-
cence (UCL) emitted by the UCNPs, converting it into a thermoe-
lastic expansion that yields detectable MSOT signals. The meso-
pores formed by molecular ordering within the COF provide a
large surface area with optimal pore size, facilitating the efficient
loading of therapeutic or imaging agents. This feature enables
controlled drug release at target sites and enhances MSOT con-
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trast beyond what UCNP-COF particles alone can achieve. Ad-
ditionally, UCNP-COF particles can be converted into magnetic
Janus microrobots by coating them with a magnetic nanofilm.
This transformation enables their magnetic steering within in
vivo and in vitro vasculature while carrying therapeutic agents
and being tracked in real-time via 3D MSOT (Figure 1).

2. Results and Discussion

2.1. Synthesis and Characterization of UCNP-COF Particles

Figure 2a schematically depicts the synthesis process of UCNP-
COF sub-micron particles. First, lanthanide-doped, multi-layered
NaYF,:Yb,Tm@NaYF, @NaYF,:Yb,Nd core UCNPs were synthe-
sized via the solvothermal method.[?) Through the sequential
deposition of three lanthanide layers—-NaYF,:Yb,Tm, NaYF,, and
NaYF,:Yb,Nd—core UCNPs with an average diameter of 31.4
+ 2.2 nm were obtained (Figure S1, Supporting Information).
Subsequently, uniform silica (SiO,) shells ~8 nm-thick were
coated onto the core UCNPs, forming core-shell UCNPs (CS-
UCNPs) (Figure 2b and Figure S1, Supporting Information).
The SiO, shells allow the CS-UCNPs to be uniformly dispersed
in polar solvents during COF formation. Finally, on the CS-
UCNPs dispersed in acetonitrile, 2D TAPB-TPA imine-linked co-
valent organic framework sheets began to grow, with 1,3,5-tris(4-
aminophenyl)benzene (TAPB) and terephthalaldehyde (TPA)
serving as building blocks. These 2D TAPB-TPA network struc-
tures gradually formed around the CS-UCNPs, ultimately form-
ing 3D spherical UCNP-COF particles.

As observed in the scanning electron microscopy (SEM)
images and digital photographs of the UCNP-COF particles
(Figure 2c and Figure S2, Supporting Information), the particles
exhibited a bright yellow color under white light and a narrow size
distribution, with an average diameter of 421.0 + 40.3 nm. High-
resolution transmission electron microscopy (HR-TEM) images
presented in Figure 2d revealed that each UCNP-COF particle
contains multiple CS-UCNPs at its center, typically ranging from
~10 to a maximum of 30 CS-UCNPs per particle (Figure S2, Sup-
porting Information). The COF matrix of the UCNP-COF par-
ticles exhibited a lattice spacing of 3.18 nm, corresponding to
the (100) planes, which is consistent with that of pristine TAPB-
TPA COF particles that do not contain CS-UCNPs (Figure S3,
Supporting Information). Additionally, elemental mapping of the
UCNP-COF particles showed a clear distinction between the CS-
UCNPs and the surrounding COF matrix (Figure S4, Supporting
Information).

Figure 2e presents the Fourier transform-infrared (FT-IR)
spectra of the core UCNPs, CS-UCNPs, TAPB-TPA COF, and
UCNP-COF particles. The peak corresponding to Si—O—Si
stretching at 1100 cm ™! was observed only in the CS-UCNPs, dis-
tinguishing them from the core UCNPs. In the TAPB-TPA COF
and UCNP-COF particles, characteristic peaks at 833 cm™! (aro-
matic C—H), 1500 cm™! (aromatic C=C), and 1621-1631 cm™!
(imine C=N) were identified. Notably, the 1100 cm™" (Si—O—Si
stretching) peak was only observed exclusively in the UCNP-
COF particles due to the incorporation of CS-UCNPs. We further
characterized the CS-UCNPs, TAPB-TPA COF, and UCNP-COF
particles using X-ray diffraction (XRD) measurements (Figure
S5, Supporting Information). The presence of SiO, shells in the
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Figure 1. Schematic illustration of multispectral optoacoustic tomography (MSOT) imaging-trackable therapeutic microrobots. These sub-micron par-
ticles, hybridized with upconversion nanoparticles and covalent organic frameworks, serve as multifunctional contrast agents for deep-tissue MSOT
imaging. They integrate drug-loading and targeted release capabilities with microrobotic functionality, featuring customizable functional agent loading

and magnetic steering.

CS-UCNPs was confirmed by the broad SiO, diffraction signal
~20°. Additionally, distinct diffraction peaks of the CS-UCNPs
were observed only in the UCNP-COF particles, alongside the
characteristic peaks of the pristine TAPB-TPA COF.

In Figure 2f,g, we present the Brunauer-Emmett-Teller (BET)
surface areas and pore size distributions of the different samples,
as determined by N, physisorption isotherms. These measure-
ments were performed by analyzing the adsorption and desorp-
tion of N, by the sample over a range of relative pressures (P/P,)
under standard temperature and pressure (STP) conditions. The
CS-UCNPs exhibited a BET surface area of only 69.2 m? g~!, with
no distinct porous structures. The TAPB-TPA COF particles ex-
hibited a substantially larger surface area of 1119.4 m? g=! and
a pore width of 3.2 nm, attributed to their highly ordered meso-
porous framework. The UCNP-COF particles exhibited a lower
surface area of 654.9 m? g~! compared to that of TAPB-TPA COF
due to the CS-UCNPs inside, but they retained the same pore
width of 3.2 nm as the pristine TAPB-TPA COF sample.

The UCL spectra of CS-UCNPs and UCNP-COF particles un-
der NIR light excitation are shown in Figure 2h. For spectrum
measurement, 50 mg of dried CS-UCNPs and UCNP-COF parti-
cles were collected in a carved aperture on a glass slide, and the
spectrum was obtained while a laser beam passed through the
sample. Under continuous-wave NIR (808 nm wavelength) laser
irradiation, the CS-UCNPs emitted ultraviolet (UV) light at 289,
344, and 361 nm, along with strong blue visible emissions at 450
and 474 nm, and weak red emission at 649 nm. These emission
wavelengths align well with previous studies on Tm** and Nd**-
doped UCNPs.[2021] The mechanisms behind the UCL emissions
in CS-UCNPs will be discussed in more detail in the next sec-
tion. In contrast, UCNP-COF particles produced substantially re-
duced relative peak intensities across UV (289, 344, 361 nm) and
blue (459, 474 nm) regions compared to CS-UCNPs, whereas the
peak intensity at 649 nm remained nearly unchanged. The pris-
tine TAPB-TPA COF particles exhibited no detectable lumines-
cence under 808 nm laser irradiation (Figure S6, Supporting In-
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formation). The photographs on the right in Figure 2h show the
CS-UCNPs, UCNP-COF particles, and bare glass film in the path
of the 808 nm laser. The photographs were taken without a band-
pass filter, making the 808 nm laser beam visible. The CS-UCNPs
emitted blue-violet light, but the luminescent color observed in
the UCNP-COF particles showed no significant difference from
that of the 808 nm laser beam.

To investigate the diminished UCL emission of UCNP-COF
particles compared to CS-UCNPs, we measured the absorption
spectra and Tauc plots of both TAPB-TPA COF and UCNP-COF
particles using UV-Vis—-NIR spectroscopy (Figure 2i). TAPB-TPA
COF absorbed light at wavelengths below 477 nm, corresponding
to an optical band gap (E,) of 2.6 eV. The absorption spectrum
of UCNP-COF was identical to that of TAPB-TPA COF, indicat-
ing that the encapsulation of CS-UCNPs with COF does not alter
the intrinsic optical properties of the TAPB-TPA COF. Therefore,
in UCNP-COF particles, the UV and blue UCL emission from
the CS-UCNPs below 477 nm wavelength could be absorbed
by the surrounding TAPB-TPA COF, leading to UCL emission
quenching.

To better understand the UCL quenching mechanism in
UCNP-COF, we compared the UCL decay profile and life-
time of CS-UCNPs and UCNP-COF particles (Figure 2j). UCL
changes in UCNPs conjugated with band gap-semiconductors
occur through two main mechanisms: non-radiative Forster res-
onance energy transfer (FRET) and radiative photon absorption
(PA).[22-24] FRET transfers energy from an excited donor to a
nearby acceptor without photon emission, affecting lumines-
cence lifetime.??] In contrast, PA involves photon emission by
the donor and subsequent absorption by the acceptor, without
changing the lifetime.[?*) Both FRET and PA can coexist between
UCNPs and semiconductors in varying proportions depending
on the donor-acceptor proximity.[22-24]

The average lifetime (z) of the 450 nm UCL emission in CS-
UCNPs and UCNP-COF particles was 158.9 and 149.7 ps, re-
spectively. The FRET efficiency (Epger) is calculated using the
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Figure 2. Synthesis and characterization of upconversion nanoparticle-covalent organic framework (UCNP-COF) core-shell particles. a) Schematic
illustration of the UCNP-COF particle synthesis process. b) Transmission electron microscopy (TEM) images of CS-UCNPs. c,d) Scanning electron
microscopy (SEM) image (c) and high-resolution TEM image (d) of UCNP-COF particles. The inset in (c) shows a photograph of UCNP-COF parti-
cles dispersed in deionized water. e) Fourier-transform infrared spectroscopy (FT-IR) spectra of four different samples. f,g) N, adsorption-desorption
isotherms of the different samples measured at standard temperature and pressure (STP) and their calculated surface areas (f) and pore size distribu-
tions (g). h) Fluorescence spectra of CS-UCNPs and UCNP-COF particles under continuous-wave 808 nm NIR laser excitation (Ex). The photographs on
the right show CS-UCNPs and UCNP-COF powder samples under 808 nm laser illumination, along with the bare laser beam. i) Absorption spectra of
TAPB-TPA COF and UCNP-COF particles. The inset graph shows Tauc plots for both samples to determine their band gap energy. j) Fluorescence decay
curves and measured lifetimes at 450 nm emission (Em) for CS-UCNPs and UCNP-COF particles.
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equation Epppr=1-— TTLA % 100, where 7, is the lifetime of a

donor (UCNP) in the pll')esence of an acceptor (COF) (for UCNP-
COF particles), and 7, is the lifetime of a donor in the absence
of an acceptor (as in CS-UCNPs). The 450 nm lifetime of UCNP-
COF particles decreased by only 9.2 us compared to CS-UCNPs,
resulting in an Egppr of 5.79%. This low Epger is attributed to the
8 nm-thick SiO, shell of CS-UCNPs, which deteriorates FRET
while contributing to PA. This finding aligns with the previous
work,[22l which reported reduced Egypr with increased SiO, inter-
layer thickness between UCNPs and quantum dots. Additionally,
the maintained UCL intensity at 649 nm in both CS-UCNPs and
UCNP-COF particles indicates that PA, rather than FRET, is the
primary mechanism of energy transfer.”) If FRET was the ma-
jor contributor, we would expect a decrease in the 649 nm UCL
intensity along with other wavelength peaks.

2.2. UCNP-COF Particles as MSOT Contrast Agents

Based on previous studies utilizing luminescence quenching by
optical absorption as a source of MSOT signal generation,[1025-28]
UCNP-COF particles are expected to produce MSOT signals un-
der NIR excitation. To evaluate UCNP-COF as a contrast agent for
MSOT, we compared its performance with a free ICG solution
and ICG-loaded COF particlel?! samples. Figure 3a shows the
absorption spectra of the ICG solution, UCNP-COF, and ICG-
loaded UCNP-COF (ICG@UCNP-COF) particles. The ICG so-
lution was prepared as an aqueous solution with a concentra-
tion of 500 pg mL~!, which was also used to load ICG into the
UCNP-COF by continuously stirring the UCNP-COF particles in
the ICG solution for 24 h. The bare ICG sample exhibited char-
acteristic absorbance peaks at 714 and 778 nm.''"13) In contrast
to the UCNP-COF, the ICG@UCNP-COF sample showed ab-
sorbance peaks ~778 nm, indicating efficient loading of ICG into
the UCNP-COF particles. By comparing the 778 nm absorbance
peak of the ICG solution before and after loading into UCNP-
COF nparticles, the ICG loading efficiency in the ICG@UCNP-
COF particles was calculated to be 91%.

Figure 3b shows the MSOT spectra of six different samples:
CS-UCNPs, TAPB-TPA COF, ICG solution (ICG), UCNP-COF,
ICG-loaded TAPB-TPA COF (ICG@COF), and ICG@UCNP-
COF, all measured in tissue-mimicking agar gel phantoms.
The COF-based particle samples (TAPB-TPA COF, UCNP-COF,
ICG@COF, and ICG@UCNP-COF) were dispersed within the
agar gels at a concentration of 250 ug mL~! and the agar gel mix-
tures were solidified inside the 2 mm-diameter tubes. CS-UCNPs
and ICG samples were prepared as aqueous suspensions or solu-
tions, respectively, with a concentration of 500 ug mL~! and filled
in the 2 mm-diameter tubes. We focused on the wavelength range
of 650 to 950 nm, as it can penetrate tissue without significant
attenuation. Moreover, the contrast spectral signatures within
this range do not overlap with the strongest absorption range by
oxyhemoglobin and deoxyhemoglobin, '~ enabling clear distinc-
tion of the contrast agents from the background absorption by
blood.

Across the wavelength range of 950 to 650 nm, TAPB-TPA
COF showed no distinct MSOT spectral signature, while CS-
UCNPs exhibited weak but gradually increasing spectral pro-
file. Both the ICG solution and ICG@COF displayed enhanced
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MSOT signals at ~800 nm, with the ICG@COF sample produc-
ing signals ~2.0 times stronger than those of the ICG solution.
Similar to the enhanced absorbance peak of the ICG@UCNP-
COF shown in Figure 3a, this MSOT signal increase is attributed
to the diffusion of ICG molecules followed by their encapsula-
tion into the textural mesopores of the COF. As we discussed
in our previous study,? the molecular diameter of ICG along
its longest axis (~2.9 nm) allows it to diffuse into the 3.2 nm-
wide COF pores. Within these pores, ICG molecules interca-
late through electrostatic and intermolecular interactions, signifi-
cantly increasing the local concentration of ICG and thereby gen-
erating stronger MSOT signals than the bare ICG solution.

Notably, the UCNP-COF sample exhibited substantially higher
MSOT signal amplitude comparable to those of the ICG@COF.
Its intensity was only =~1.2 times lower than that of the
ICG@COF sample and began to increase steeply at longer wave-
lengths compared to ICG@COF. When the ICG molecules were
loaded into the UCNP-COF particles, forming ICG@UCNP-
COF, it generated the highest signal among all the samples.
At 800 nm, the ICG@UCNP-COF produced a 1.6- and 1.9-
fold increase in MSOT signals compared to ICG@COF and
UCNP-COF, respectively, and displayed a similar tendency of
signal increase to the UCNP-COF. Additionally, we observed
concentration-dependent MSOT signal intensities at 808 nm, ex-
hibiting proportional intensity enhancement with a fitted slope
(k) of 12.9, 8.6, 7.3, and 2.6 for ICG@UCNP-COF, ICG@COF,
UCNP-COF, and ICG sample, respectively (Figure 3c).

Figure 3d shows the temperature increase of the various sam-
ples tested in Figure 3b, subjected to continuous-wave 808 nm
NIR laser irradiation with a power density of 500 mW c¢cm™2 over
time. The temperature change was monitored using an infrared
camera, as shown in the infrared image below the graph. The CS-
UCNPs and TAPB-TPA COF samples exhibited minimal temper-
ature changes under irradiation, reaching 28.9 °C and 31.0 °C,
respectively, after 3 min. The ICG solution (500 ug mL™" ICG
concentration) showed a temperature rise to 46.3 °C, while the
ICG@COF sample (200 pg mL™" particle concentration) reached
68.5 °C during the same period. This enhanced heating effect
in the ICG@COF is attributed to the encapsulation of a larger
amount of ICG compared to the ICG solution, consistent with
the MSOT data shown in Figure 3b. The UCNP-COF sample ex-
hibited a temperature increase to 64.8 °C after 3 min, supporting
our hypothesis that UCL absorption by the COF may contribute
to the thermoelastic expansion and MSOT signal generation of
the particles. The ICG@UCNP-COF sample demonstrated the
most rapid and efficient heating, reaching 74.8 °C after 3 min.

From the MSOT and temperature measurements across the
various samples in Figures 3b,d, we schematically depict the
mechanism behind MSOT signal generation from the UCNP-
COF particles and its enhancement in the ICG@ UCNP-COF par-
ticles in Figure 3e. Under 808 nm NIR laser irradiation, Nd** ions
in NaYF,:Yb,Tm@NaYF, @NaYF,:Yb,Nd@SiO, CS-UCNPs ab-
sorbed 808 nm photons and transferred the excitation energy
to the energy bands of Tm3* ions via Yb** ions through cas-
cade energy transfer.2°2!! Consequently, Tm** emitter ions pro-
duced UCL emissions at 289 nm (I, — *H), 344 nm (I, —»
3F,), 361 nm ('D, — *H,), 450 nm ('D, — 3F,), 474 nm (G, —
’Hy) and 649 nm (G, — 3F,). The NaYF, shell layer between
NaYF,:Yb,Tm core, and NaYF,:YD,Nd shell layers acts as an
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Figure 3. UCNP-COF particles as MSOT contrast agents. a) Absorption spectra of ICG solution, UCNP-COF, and ICG@UCNP-COF particles. b) MSOT
spectra of various samples. COF-based samples were dispersed in agar gel, while CS-UCNP and ICG samples were prepared in aqueous solution.
c) MSOT signal intensity at 808 nm wavelength for different sample concentrations. k represents the slope of signal increase. d) Time-dependent
temperature curves of different samples under continuous-wave 808 nm NIR laser excitation. The infrared image below shows the UCNP-COF particles
under NIR excitation. e) Schematic mechanism of MSOT signal generation from UCNP-COF and its enhancement in ICG@UCNP-COF. CB and VB refer
to the conduction band and valence band, respectively. f) MSOT imaging of different samples embedded within an agar phantom in different depths
(d) and after 30 days of aging in water. g) 3D MSOT imaging of brain vasculature before and after injection of UCNP-COF particles.
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energy barrier to avoid the energy back-transfer from Yb** to
Nd**+ bands, ! enhancing luminescence intensities.

In UCNP-COF, where the TAPB-TPA COF with an Eg of
2.6 eV encapsulates CS-UCNPs, photons from the CS-UCNPs
with wavelengths below 477 nm are absorbed by the surround-
ing COF, quenching the UCL emission. This quenching process
converts the energy that would have been emitted as photons into
heat and vibration (thermal expansion) within the COF, leading
to the generation of acoustic waves and, consequently, MSOT
signal detection. Similar to our findings, previous studies have
demonstrated that mixing or conjugating nitro dyes containing
azobenzenel?®! or nitrile groups,/¥’’—which absorb light in the
UV-blue wavelength range—with Tm3*-doped UCNPs can gen-
erate MSOT signals through UCL quenching. Therefore, we pro-
pose that the primary mechanism of MSOT signal generation
in our UCNP-COF particles is luminescence quenching, con-
sistent with previous observations.?>*?/l However, unlike previ-
ous studies, the highly ordered porous framework of the UCNP-
COF particles provides the additional advantage of loading de-
sired molecules, such as ICG, to further increase NIR absorption,
thereby enhancing the MSOT signal intensity beyond what can
be achieved with UCNP-COF alone.

Deep-tissue imaging is crucial for precise diagnosis, and
MSOT imaging combined with well-designed contrast agents
can offer significant penetration depth and high spatial
resolution.'>] MSOT is known to achieve penetration depths
up to several centimeters, with imaging resolutions down to
100-200 um.[*?! Furthermore, long-term stability is essential for
contrast agents used in the continuous monitoring of diseases
or conditions over extended periods, ensuring consistent image
quality. To test the MSOT imaging penetration depth, we placed
different samples prepared within agar-containing tubes at vari-
ous depths (d). Agar gel was poured over the tube samples and
allowed to solidify, forming an agar phantom with a thickness
of either 10 or 20 mm. Figure 3f and Figure S7 (Supporting In-
formation) compare the relative MSOT signal intensities of the
ICG@UCNP-COF, UCNP-COF, and ICG solution samples at
different depths within the agar phantom. All samples were pre-
pared at the same concentration as those tested in Figure 3b.
At d = 10 mm, both ICG@UCNP-COF and UCNP-COF sam-
ples exhibited strong, comparable MSOT signals. However, at
d = 20 mm, the signal from the UCNP-COF sample was slightly
weaker but still comparable to that of the ICG@UCNP-COF. The
MSOT signals from the ICG solution were relatively lower in
intensity compared to the other samples at both depths. Addi-
tionally, we evaluated the long-term stability of the UCNP-COF,
ICG@COF, and ICG solution samples in water over 30 days. Af-
ter aging in deionized water for one month under room light,
the UCNP-COF particles maintained their initial contrast per-
formance, whereas the ICG-containing samples (ICG@COF and
ICG solution) showed a substantial decrease in signal intensity,
demonstrating the environmental instability of ICG.

To demonstrate the effectiveness of UCNP-COF particles for
deep-penetrating in vivo MSOT imaging, we conducted non-
invasive volumetric imaging of the brain vasculature in live mice,
keeping both the scalp and skull intact (Figure 3g and Movie
S1, Supporting Information). The dense and irregular structures
of the skin, skull, and underlying tissues not only reduce the
amount of NIR light reaching the cerebral vessels but also at-
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tenuate and scatter acoustic waves. During imaging, we injected
a certain amount (200 pL, 500 pg mL~') of UCNP-COF parti-
cles into the tail vein through a bolus injection. Before the in-
jection, only the major superior sagittal sinus (SSS) was visible
in the xy-view images, with the surrounding vessels barely distin-
guishable. However, two seconds after injection, anterior cerebral
artery (ACA), and superior anastomotic vein, other branched cor-
tical veins connected to the SSS became visible with substantially
enhanced signal intensities, indicating the successful circulation
of the UCNP-COF particles within the cerebral vasculature. Even
12 seconds post-injection, the cerebral vessels remained observ-
able with higher signal intensities compared to the pre-injection
state. The yz- and xz-views were also obtained, along with the
xy-view (Movie S1, Supporting Information), thus generating 3D
MSOT views that can potentially track contrast agents through
real-time monitoring.

Furthermore, we evaluated the long-term stability of the
UCNP-COF particles in vivo by storing them in water for
4 months in the dark. To assess their in vivo MSOT signal gen-
eration, we injected the particles into the femoral vasculature of
mice (Figure S8, Supporting Information). Despite prolonged ex-
posure to water, the 4-month-old UCNP-COF particles produced
enhanced MSOT contrast within 1 min of injection. The signal
intensity observed in the femoral vessel gradually declined over
20 min, indicating a body circulation time of the UCNP-COF par-
ticles <20 min.

2.3. Improved Biocompatibility and Drug Loading & Release
Capability

For potential biomedical applications, UCNP-COF particles
should exhibit minimal cytotoxicity. To evaluate this, we tested
the cytotoxicity of CS-UCNPs and UCNP-COF particles using
cultured human skin fibroblast cells (Figure 4a). Fibroblast cells
were incubated with varying concentrations (10—200 pg mL™!) of
CS-UCNPs and UCNP-COF particles in the dark, and cell viabil-
ity was monitored over 72 h. The CS-UCNPs demonstrated a re-
duction in cell viability at concentrations above 50 pg mL~!, with
viability dropping to #60% after 72 h of incubation. This cytotoxi-
city is likely due to the presence of lanthanide materials and silica
layers in the CS-UCNPs, which are known to induce toxicity in
cells.['718] Tn contrast, UCNP-COF particles exhibited no cytotox-
icity to the fibroblast cells across all tested concentrations and in-
cubation periods. Remarkably, after 72 h of incubation at higher
concentrations (100 and 200 ug mL™1), cell viability increased to
as much as 110% with UCNP-COF particles. This improvement
in cell viability, compared to CS-UCNPs, is attributed to the en-
capsulation of the CS-UCNPs with TAPB-TPA COF layers, com-
posed solely of nitrogen and carbon atoms, which significantly
enhances their biocompatibility, as well as to their mesoporous
nanostructures which likely enhance cell proliferation by facili-
tating cell adhesion, spreading, and growth.

To assess the potential of UCNP-COF particles for therapeutic
drug delivery while also functioning as contrast agents for MSOT
imaging, we evaluated their capacity to carry different pharma-
cological agents. Two therapeutic agents were selected: doxoru-
bicin (DOX), a chemotherapeutic drug widely used to treat var-
ious cancers, and insulin, a peptide drug commonly used for
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Figure 4. Biocompatibility assessment and therapeutic agent loading/release characterization. a) Viability of fibroblast cells exposed to various concen-
trations of CS-UCNPs and UCNP-COF particles over 24, 48, and 72 h. b,c) Fluorescence microscopy images of DOX (red)-loaded (b), and FITC-labeled
insulin (green)-loaded (c) UCNP-COF particles. d) Absorption spectra of UCNP-COF, DOX@ UCNP-COF, and insulin@UCNP-COF particles. e,f) Cumu-
lative DOX (e) and insulin (f) release from UCNP-COF particles under different pH conditions. g) MSOT imaging of DOX@- and insulin@ UCNP-COF

particles embedded within an agar phantom.

diabetes management. The molecular diameters of DOX and in-
sulin are ~1.1 and 2.7 nm, respectively,?*3% which makes them
suitable for efficient adsorption into the inner structural (3.2 nm
pore width) and textural pores of the UCNP-COF particles. The
positive zeta potentials (¢) of the TAPB-TPA COF ({ = 12.1 +
1.3 mV) and UCNP-COF (¢ = 10.8 + 2.5 mV) particles result-
ing from the protonation of their amine groups, along with the
substantial dipole moments of their imine groups, help reduce
agglomeration and enhance drug adsorption efficiency.[?>31] Af-
ter 24 h of stirring the red fluorescent DOX (595 nm emission) or
fluorescein isothiocyanate (FITC)-labeled insulin (517 nm emis-
sion) in a phosphate-buffered saline (PBS) solution (200 pug mL™!
concentration) with UCNP-COF particles (500 ug mL™" concen-
tration), successful drug loading was confirmed through fluo-
rescence microscopy (Figures 4b,c) and UV-Vis spectroscopy
(Figure 4d). Based on the changes in absorbance intensity of the
DOX- or insulin-dissolved PBS solution before and after load-
ing into UCNP-COF particles, the loading efficiencies were de-
termined to be 94% for DOX and 89% for insulin.

The therapeutic agents loaded into the UCNP-COF particles
should be released at targeted locations via specific triggers. It is
well established that a shift to acidic conditions facilitates the re-
lease of DOX or insulin from nano- or mesoporous structures at
the target site.[?-32] In our study, we adjusted the environmental
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pH of the DOX-loaded UCNP-COF (DOX@UCNP-COF) parti-
cles from physiological pH (pH 7.4) to a lower pH (pH 5.0) by
adding acetic acid to PBS. We then quantified the amount of
DOX released over 12 h and compared it to the initially loaded
amount in the UCNP-COF particles (Figure 4e). After 12 h at
pH = 7.4, only 14% of DOX was released, which implies that the
DOX adsorbed on the particle surface of the UCNP-COF particles
was diffused out, while the DOX molecules encapsulated within
the structural mesopores remained stably loaded. Reducing the
pH to 6.5 and 5.0 triggered a DOX release of 38% and 75%, re-
spectively, after 12 h. The low pH promotes the hydrolysis of
the acid-cleavable hydrazone linkages of the DOX molecules,3?!
destabilizing the loaded DOX and facilitating its release from
the mesopores of the UCNP-COF particles into the surrounding
environment. Tumor tissues, inflamed tissues, and intracellular
compartments such as endosomes and lysosomes typically have
a more acidic environment than normal tissues.[*3] This lower
pH can potentially enable targeted therapy in tumor or infec-
tion sites, which generally exhibit more acidic conditions. Sim-
ilar to the release of DOX from UCNP-COF particles, insulin re-
lease was also mediated by pH control. After incubating insulin-
loaded UCNP-COF (Insulin@UCNP-COF) particles at pH 7.4
for 15 h, only 12% of the preloaded insulin was released. How-
ever, when the pH was decreased to 6.5 and 5.0, the released
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insulin increased to 40% and 71%, after the same incubation
period (Figure 4f). This insulin release triggered by acidic con-
ditions can occur in the body through gluconic acid, which is a
catalytic product of glucose.[**!

Lastly, we performed MSOT imaging of the DOX@UCNP-
COF and insulin@UCNP-COF particles under 808 nm illumi-
nation wavelength (Figure 4g). Both samples were prepared us-
ing the same method as in Figure 3f and were placed within an
agar gel phantom located at d = 10 mm. The MSOT signals gen-
erated by both DOX- and insulin-loaded samples were substan-
tial and comparable to those from the UCNP-COF particles with-
out therapeutic agent loading. This indicates that the presence of
loaded DOX or insulin does not affect the MSOT signal genera-
tion mechanism, which relies on UCL quenching at the interface
between CS-UCNPs and the TAPB-TPA COF.

2.4. In Vivo MSOT Imaging and Magnetic Steering of UCNP-COF
Particles

To wirelessly steer imaging contrast agents while monitoring
via real-time imaging, we transformed UCNP-COF particles into
magnetic Janus particles by sputtering Ni—Au layer on the sur-
face of the particles, which have been widely used to fabricate
magnetic microrobots or microrollers.'*%] First, we created a
monolayer of UCNP-COF particles by drop-casting an aqueous
solution of UCNP-COF particles onto an O, plasma-treated glass
substrate, followed by slow water evaporation over 12 h. Then,
magnetic Janus particles were fabricated by sequentially sputter-
ing 50 nm-Ni and 20 nm-Au on the prepared layer of particles
using a sputter coating system, resulting in a Janus-type particle.
After coating, magnetization was conducted to the out-of-plane
direction of the substrate under uniform magnetic fields. Lastly,
the sample was placed in an ethanol bath and the sonication-
induced Janus particles were detached from the substrate in a
few seconds. The as-fabricated Janus particles were collected by
evaporating ethanol. The fabrication process is depicted in Figure
S9 (Supporting Information).

Figure 5a,b shows SEM and electron energy loss spectroscopy
(EELS) images of the Janus particles, where one-half of the
UCNP-COF particle is sputtered with a Ni—Au layer. The Ni—Au
sputtered Janus particles exhibited a similar average diameter of
430 nm to that of the non-coated UCNP-COF particles. Com-
pared to previously studied magnetically driven microparticles or
microrobots, which range in size from several micrometers!**]
to hundreds of micrometers,*®! the nanometer-sized Janus par-
ticles are expected to be optimal for the enhanced permeabil-
ity and retention (EPR) effect.’”] Their sizes allow them to pass
through tumor vasculature pores, typically ranging from 100 to
780 nm,*”! or to be cleared by macrophages through endocyto-
sis and phagocytosis.®8] The Janus particles exhibited a surface
area of 525.4 m? g~!, which is lower than that of the UCNP-COF
particles (654.9 m? g1) (Figure S10, Supporting Information).
This reduction could be attributed to the Ni—Au layer on the par-
ticles. However, the particles still exhibit a relatively high sur-
face area compared to other COF-based studies.!?®?!] Sputtering
with a Ni—Au layer enabled precise control over the thickness of
the magnetic Ni layer on the UCNP-COF particles. When a rel-
atively thick Ni layer (150 nm) was applied, the Janus particles
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tended to agglomerate due to their strong magnetic interactions
(Figure S11, Supporting Information). However, with a thinner
Ni (50 nm)-Au magnetic nanofilm, the Janus particles could be
steered by a neodymium (NdFeB) magnet while remaining dis-
persed in the fluid, enabling collective control of their movement
without particle agglomeration. Under a directional magnetic
field, the magnetic Janus particles in water separately moved with
an average velocity of 6.53 + 0.04 pm s, as confirmed by optical
microscopy tracking (Figure S12, Supporting Information), and
also observed through MSOT imaging (Figure 5c).

Figure 5d schematically illustrates the experimental setup for
in vivo real-time 3D MSOT imaging and magnetic steering of the
Ni—Au-sputtered Janus UCNP-COF particles within the femoral
and brain vasculature of two mice. First, the MSOT probe was
positioned on the hindlimb of a mouse, with ultrasound gel ap-
plied, allowing for real-time 3D imaging of the femoral vessels
to monitor the movement of particles within the bloodstream. It
has been studied that the blood flow velocity within the mice’s
femoral vein corresponds to 16 mm s~1.*1 A magnet was placed
beneath the mouse to steer the particles toward the torso. When
the magnetic Janus particles dispersed in 30 pL PBS with a con-
centration of 500 pg mL~! were injected into the mouse tail vein,
we observed substantial MSOTcontrast signal increases within
the femoral vessels, as well as the magnetic steering of particles
to the direction of the magnetic field (Figure 5e; Movie S2, Sup-
porting Information).

We further tested Janus UCNP-COF particles within the brain
vasculature of another mouse (Figure 5f; Movie S3, Support-
ing Information). Cerebral blood flow in brain vessels, such
as the SSS, has been reported to reach velocities of over 50
mm s, which is approximately three times higher than
the velocity in femoral veins. Comparing the i) MSOT image
before particle injection, (ii) to the post-injection image, we
observed an increase in contrast signals and a clear flow of
the magnetic UCNP-COF particles immediately following tail
vein injection. iii) When a magnetic field was applied by plac-
ing a permanent magnet beneath the mouse’s head, iv) we
observed a further increase in MSOT signal intensity, along
with the trapping of the particles near the magnet. This ef-
fect seems to be due to the particles being attracted toward
the vessel walls close to the magnet. v) Although particles were
only temporarily trapped due to the significantly high cerebral
blood flow, we could continuously monitor the steering and
vi) subsequent trapping of the particles under the magnetic
field.

Despite the substantial biocompatibility of UCNP-COF parti-
cles, concerns regarding their long-term effects on metabolism
and circulatory function should be addressed. To investigate this,
we performed two-photon microscopy imaging on sliced post-
mortem liver and brain to track the histological distribution and
accumulation of particles (Figure S13, Supporting Information).
Since both the liver and brain, particularly the liver, exhibit aut-
ofluorescence due to intrinsic fluorophores such as nicotinamide
adenine dinucleotide (NAD),*!l we injected ICG@UCNP-COF
particles, which exhibit strong optical absorption at 780 nm ex-
citation, to differentiate particles from surrounding tissues. The
excitation wavelength was alternated between 780 and 900 nm,
as ICG@UCNP-COF particles have relatively lower absorption
at 900 nm compared to 780 nm.
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Figure 5. In vivo real-time 3D MSOT imaging and magnetic steering of magnetic Janus UCNP-COF particles. a) SEM image and b) EELS elemental
mapping b) of a Janus Ni—Au-sputtered UCNP-COF particle. ) MSOT imaging of the motion of magnetic Janus particles under a magnetic field.
d) Schematic illustration of in vivo real-time 3D MSOT imaging and magnetic steering of Janus particles within femoral and brain vasculature of a
mouse. e) In vivo MSOT imaging of femoral vasculature i) before and ii) after particle injection, shown in both xy- and yz-views. f) In vivo MSOT imaging
of brain vasculature before and after particle injection, with particles trapped under a magnetic field.

According to the literature, particles of ~400 nm in size are
primarily cleared by the liver.[*? As expected, liver tissues from
mice injected with particles and excited at 780 nm exhibited flu-
orescence signals corresponding to ICG@ UCNP-COF particles,
while these signals were negligible at 900 nm. In contrast, brain
tissues from injected mice showed no fluorescence difference be-
tween 780 and 900 nm excitation, similar to the liver samples
from non-injected mice. These results demonstrate that UCNP-
COF particles accumulate in the liver and are effectively cleared,
while they do not cross the blood-brain barrier (BBB) or accumu-
late in the brain.

2.5. Targeted Drug Release by MSOT-Trackable Microrobots

Microrobots with wireless controllability, medical imaging
tracking, and therapeutic capabilities have gained substantial
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attention.[*’] In Figure 6, we evaluated the Janus UCNP-COF
particles as MSOT-trackable therapeutic microrobots (MRs). For
this, in vitro artificial 3D vascular channels were created within
an agar phantom, and an external magnetic field was used to steer
DOX-loaded MRs (DOX@MRs) to the end of the channel, where
Hela cells—a well-studied cancer cell linel*l—were seeded.
The DOX@MRs were prepared similarly to the DOX@ UCNP-
COF particles shown in Figure 4, except that Ni—Au-sputtered
Janus UCNP-COF particles were used. The vascular channels
were filled with a static Dulbecco’s modified Eagle medium
(DMEM), and 100 ug mL~! of DOX@MRs were injected at the
channel’s end. During magnetic guidance of the DOX@MRs,
the MSOT imaging probe positioned above the agar phantom
tracked the DOX@MRs. Clear signals detected by the probe
visualized the motion of DOX@MRs as they converged and
progressed from two separate channels into a single channel
(Figure 6a).
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Figure 6. Therapeutic capability of MSOT-trackable microrobots. a) Schematic setup for magnetic steering of DOX-loaded microrobots (DOX@ MRs)
through the in vitro vascular channels and MSOT imaging of the motion of DOX@ MRs guided toward HelLa cells. b) Optical microscope images showing
the arrival and distribution of DOX@MRs on the Hela cells. c¢,d) Concentration-, and time-dependent cytotoxicity of MRs without DOX and DOX@MRs
against Hela cells, assessed by cell viability (c) and fluorescent live/dead microscopy assay (d).

Using magnetic steering assisted by MSOT imaging, the
DOX@MRs successfully navigated through the in vitro chan-
nels and reached the Hela cells, as confirmed by optical mi-
croscopy (Figure 6b). We then examined the interaction be-
tween the DOX@MRs and Hela cells using a 3-(4,5,-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotox-
icity assay (Figure 6¢) and a confocal fluorescence live/dead as-
say (Figure 6d). For comparison, we assessed a control group of
untreated Hela cells, Hela cells exposed to MRs without DOX
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(referred to as MRs), and groups exposed to various concentra-
tions of either MRs and DOX@MRs (10, 25, 50, and 75 pg mL™!).
In both the MTT and fluorescence assays, MRs without DOX
showed no impact on Hela cells after 24 h, regardless of con-
centration. In contrast, Hela cells incubated with DOX@MRs
for 6, 12, and 24 h demonstrated a gradual increase in cytotoxi-
city due to the release of DOX from the MRs, as confirmed by
a decrease in cell viability with higher DOX@MRs concentra-
tions and longer exposure times. Additionally, we investigated
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the targeted magnetic steering of the DOX@MRs to 3D Hela
tumor spheroids and assessed spheroid viability following DOX
release from the MRs (Figure S14, Supporting Information). Us-
ing magnetic field-assisted steering, the DOX@MRs were suc-
cessfully localized to the 3D spheroid, which was then incubated
for 3 days while assessing spheroid viability daily. The spheroid
viability progressively declined, with values of 92%, 56%, 45%,
and 32% on days 0, 1, 2, and 3, respectively.

The magnetic steering capability of the injected Janus UCNP-
COF therapeutic MRs enabled their magnetic retrieval from the
body, potentially mitigating side effects. Using a catheter with
a magnetic tip attached (Figure S15a, Supporting Information),
we demonstrated the retrieval of magnetic UCNP-COF parti-
cles from phantom blood vessels while visualizing the process
through 3D MSOT imaging (Figure S15b, Supporting Informa-
tion). Before retrieval, the particles were distributed within sepa-
rate bifurcated vessels. As the magnetic tip approached the vessel
end, the particles converged into a single cluster due to the strong
magnetic attraction and were subsequently retrieved upon attach-
ment to the magnetic tip. This approach enables magnetic tar-
geted therapy combined with efficient elimination via a magnetic
field, with real-time monitoring in 3D through MSOT imaging.

3. Conclusion

In this study, we introduce UCNP-COF particles as multifunc-
tional agents capable of achieving simultaneous MSOT contrast
generation, therapeutic delivery, and microrobotic capabilities
within a single platform. These UCNP-COF particles, trackable
via MSOT imaging in 3D and real-time, can concurrently load
and release therapeutic agents while being magnetically guided
through biological environments. The particles generate MSOT
signals by quenching the UV and blue UCL emitted by UC-
NPs, which the encapsulating COF absorbs and converts into de-
tectable ultrasound waves. Compared to traditional MSOT imag-
ing contrast agents, UCNP-COF particles offer superior imag-
ing depth, long-term environmental stability, and biocompati-
bility. The highly ordered, mesoporous COF matrix provides a
large surface area for customizable therapeutic loading and con-
trolled release at target sites. Additionally, magnetic Janus trans-
formation enables magnetic navigation of these UCNP-COF par-
ticles through in vivo vasculature, allowing for real-time volu-
metric tracking via MSOT. Our findings highlight a novel design
strategy for MSOT imaging contrast agents, leveraging the inter-
action between luminescent and absorptive properties of differ-
ent photonic nanomaterials,[**¢] while integrating drug delivery,
and microrobotic functionality into a single, streamlined system.

4. Experimental Section

Synthesis of Core NaYF,:Yb,Tm@NaYF,@NaYF,:Yb,Nd UCNPs: The
core UCNPs with a composition of NaYF,:Yb,Tm@NaYF,@NaYF,:Yb,Nd
were synthesized by first preparing NaYF,:Yb,Tm UCNPs, followed by the
sequential formation of NaYF, and NaYF,:Yb,Nd layers. First, for the syn-
thesis of NaYF,:Yb,Tm UCNPs, 226.6 mg of yttrium(l11) chloride hexahy-
drate (YCl;-6H,0, 99.99%, Sigma—Aldrich), 96.9 mg of ytterbium(l1l) chlo-
ride hexahydrate (YbCl;-6H,0, 99.99%, Sigma—Aldrich), and 1.15 mg of
thulium(l11) chloride hexahydrate (TmCl;-6H,0, 99.99%, Sigma—-Aldrich)
were added to a 50 mL three-neck flask. Then, 15 mL of 1-octadecene
(ODE, Sigma-Aldrich) and 6 mL of oleic acid (OLA, Sigma—Aldrich) were
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added, and the mixture was heated to 150 °C for 30 min with magnetic
stirring at 350 rpm to obtain a homogeneous, transparent solution. Af-
ter cooling to 60 °C, 0.148 g of ammonium fluoride (NH,4F, 99.99%) and
0.1 g of sodium hydroxide (NaOH, 98%, Sigma-Aldrich) were dissolved
in 5 mL of methanol (99.8%, Carl Roth) by 30 min sonication and added
to the solution dropwise. The reaction mixture was heated to 120 °C for 20
min to fully evaporate methanol and residual moisture. After the evapora-
tion of methanol, the neck of the flask was blocked with a rubber stopper
and connected to the dual manifold line through a condenser. The solution
was kept in a vacuum for 10 min and filled with nitrogen. The solution was
heated to 300 °C and the temperature was maintained under nitrogen for
1 h with stirring (350 rpm). The mixture was cooled to room temperature
naturally and transferred to a 50 mL conical tube. The tube containing the
solution was centrifuged at 6654 g for 10 min. After removing the super-
natant, the precipitate was dispersed in 10 mL of cyclohexane (anhydrous,
Sigma-Aldrich). The solution was centrifuged again at 1000g for 5 min
using cyclohexane, and the supernatant containing NaYF,:Yb,Tm UCNPs
were collected.

To form a NaYF, layer on the pre-synthesized NaYF,:Yb,Tm UCNPs,
242.7 mg of YCl;-6H,0 was added to a 50 mL three-neck flask and then
mixed with 15 mL of ODE and 6 mL of OLA. The mixture solution was
heated to 150 °C and stirred at 350 rpm for 30 min to obtain a homo-
geneous, transparent solution. After cooling to 60 °C, pre-synthesized
NaYF,:Yb,Tm UCNPs dispersed in 5 mL of cyclohexane were added, fol-
lowed by 5 mL of methanol solution containing NH,F (0.148 g) and NaOH
(0.1 g). The mixture was stirred for 30 min at 60 °C. After this period,
the reaction mixture was heated to 120 °C for 20 min to fully evaporate
methanol, cyclohexane, and any residual moisture. Once solvent evapora-
tion was completed, a rubber stopper blocked the flask neck, which was
then connected to a dual manifold line through a condenser. The solution
was held under a vacuum for 10 min, and then filled with nitrogen. Subse-
quently, the temperature was raised to 300 °C and maintained under nitro-
gen with stirring at 350 rpm for 1 h. The mixture was then allowed to cool
naturally to room temperature and transferred to a 50 mL conical tube.
The solution was centrifuged at 6654g for 10 min, and the supernatant
was removed. The precipitate was re-dispersed in 5 mL of cyclohexane
and centrifuged again at 1000g for 5 min. Finally, the supernatant con-
taining NaYF,:Yb,Tm@NaYF, UCNPs were collected. To synthesize the
outermost layer of NaYF,:Yb,Nd, the previously described process was
repeated using YCl3-6H,0 (129.4 mg), NdCl;-6H,0 (161.8 mg, 99.9%,
Sigma—Aldrich), and YbCl;-6H,0 (32.3 mg) as initial precursors, along
with the addition of NaYF,:Yb,Tm@NaYF, UCNPs during the synthesis.

Synthesis  of CS-UCNPs: Five milliliters of as-synthesized
NaYF,:Yb,Tm@NaYF,@NaYF,:Yb,Nd UCNPs dispersed in cyclo-
hexane was added dropwise to a solution of 3 mmol IGEPAL CO-520
(average M, of 441, Sigma—Aldrich) dissolved in 12 mL cyclohexane
under stirring (500 rpm). Subsequently, 160 uL of tetraethyl orthosilicate
(TEOS, Sigma—Aldrich) was injected into the mixture while stirring. After
15 min, 150 uL of ammonium hydroxide solution (28—30 wt.% in H,0,
Sigma—Aldrich) was added. The resulting mixture was stirred in the dark
for 24 h to facilitate SiO, layer growth. After this period, 3 mL of ethanol
was added to the solution, followed by centrifugation at 10 000 g. The
supernatant was discarded, and the sediment was re-dispersed in 10 mL
ethanol (99.8%, Carl Roth). The dispersion was centrifuged again (10000
g), and the sediment was washed twice more with ethanol before being
re-dispersed in acetonitrile (99.5%, Carl Roth), resulting in a slightly
turbid solution of CS-UCNPs.

Synthesis of UCNP-COF and TAPB-TPA COF Particles: The syn-
thesis of the UCNP-COF colloidal particles was adapted from the
reported procedure for TAPB-TPA COF synthesis.[’] Initially, 5.96
mg of terephthalaldehyde (TPA, 99.0%, Sigma-Aldrich) and 10.4
mg of 1,3,5-tris(4-aminophenyl)benzene (TAPB, > 93.0%, TCl Chem-
icals) were dissolved in 3 mL of acetonitrile. Subsequently, 150 uL
of CS-UCNP dispersion (50 mg mL™' in acetonitrile) was added
to this solution and sonicated for 10 min. While stirring gen-
tly with a magnetic stir bar (100 rpm), a solution of 3.5 mg
scandium (Ill) trifluoromethane sulfonate (Sc(OTf);, 99.0%, Sigma—
Aldrich) in 3.8 mL acetonitrile was added dropwise over 10 min. The
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reaction proceeded for 24 h at room temperature. Following this, the sol-
vent was exchanged with deionized water by centrifugation five times at
795 g for 10 min each cycle. The pristine TAPB-TPA COF particles were syn-
thesized using the same procedure but without the addition of CS-UCNPs.
For particle characterization, the synthesized UCNP-COF and TAPB-TPA
COF particles were precipitated by adding 0.5 mL of 1 M sodium chloride
(NaCl, 99.8%, Carl Roth) solution, washed with methanol, and dried using
supercritical CO, on a Leica EM CPD300 instrument.

Characterizations:  Scanning electron microscopy (SEM) images were
obtained using a Gemini Ultra 55 (Carl Zeiss). High-resolution transmis-
sion electron microscopy (HR-TEM) images were acquired using a CM30
ST instrument (Philips) operating at 300 kV with a LaBg cathode. HR-TEM
samples were carefully dried onto copper lacey carbon grids from Plano.
Electron energy loss spectroscopy (EELS) elemental mapping was con-
ducted using a JEM-2200FS TEM instrument (JEOL) at the National Insti-
tute for Nanomaterials Technology (NINT), Republic of Korea. N, adsorp-
tion/desorption isotherms were measured using a Quantachrome Au-
tosorb iQ 3 at 77 K. The pore size distribution (PSD) was calculated based
on N, adsorption at 77 K on carbon, using the QSDFT model (cylindri-
cal pores, adsorption branch) in ASiQwin software v3.01. Before measure-
ment, samples were activated under a high vacuum at 120 °C for 12 h. For
surface area determination, an optimal pressure range (P/P, = 0.05-0.2)
was selected. Powder X-ray Diffraction (XRD) patterns were collected at
room temperature using a Stoe Stadi P diffractometer (Cu-Ka 1) equipped
with a Ge (111) primary monochromator, following the Debye-Scherrer
geometry. Each sample was securely sealed within 1.0 mm glass capillar-
ies, and the measurements were taken with rotation to enhance particle
statistics. Fourier-transform infrared (FT-IR) measurement was performed
in attenuated total reflection (ATR) mode using a Spectrum Two FT-IR
spectrometer (PerkinElmer). UV-Vis spectra were obtained using a Cary
5000 UV-Vis—NIR spectrophotometer (Agilent) equipped with an integra-
tion sphere in absorptance mode. Fluorescence spectra of the samples
were obtained using an 808 nm near-infrared (NIR) laser (1700 mW, ZQ1
laser, Edmund Optics) operating in continuous-wave mode. The emis-
sion spectra from the sample were acquired using a charge-coupled device
(CCS100, Thorlabs) and spectrofluorometer (Fluoromax, Horiba). Decay
profile and lifetimes were measured using a time-correlated single-photon
counting (TCSPC) system (MultiHarp 150, PicoQuant) with a 448/20
bandpass. Temperature changes in the samples were measured using an
infrared thermal imaging camera (ETS320, FLIR). The Zeta potential of
the particle samples was determined using a Zetasizer Nano Zs (Malvern
Instruments).

Multispectral Optoacoustic Tomography (MSOT) Imaging: MSOT mea-
surements in phantoms were conducted using the inVision 512-echo
imaging system (iThera Medical GmbH, Munich, Germany). To acquire
optoacoustic signals from various samples, powder samples were dis-
persed in an agar aqueous gel (agar concentration of 1.4 wt.%). The agar-
powder mixtures were then injected into cylindrical tubes (2 mm diam-
eter) and allowed to solidify at room temperature. In parallel, CS-UCNP
and ICG solutions were directly injected into the tubes. Each cylindrical
tube, filled with a specific sample, was subsequently inserted into an agar
phantom with preformed cylindrical voids. MSOT spectra were obtained
by scanning the samples across a wavelength range of 950 to 650 nm.

Cell Cytotoxicity Test: Human skin fibroblast cells (BJ, American Type
Culture Collection) were cultured in high-glucose Dulbecco’s modified
Eagle medium (DMEM, Gibco), supplemented with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco), in 75 cm?
polystyrene cell culture flasks at 37 °C and 5% CO,. Once the cells reached
80% confluency, they were detached using a 0.25% trypsin-EDTA solution
(Gibco). The fibroblast cells were then seeded in a 96-well plate with a
black/clear bottom (Corning) at a density of 1 x 10* cells per well, allow-
ing them to adhere overnight. The following day, the culture media were
replaced with DMEM containing CS-UCNPs and UCNP-COF particles at
varying concentrations (10, 20, 50, 100, and 200 pg mL_1). After 24, 48,
and 72 h of incubation with CS-UCNPs and UCNP-COF particles, the cell
viability was assessed using CellTiter-Glo assay (Promega), with untreated
cells serving as 100% viability reference. All experiments were conducted
in triplicate and average cell viability was obtained.
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ICG, DOX, and Insulin Loading into UCNP-COF and Release Tests:
UCNP-COF particles were dispersed in phosphate buffer saline (PBS)
at a concentration of 100 ug mL™" and mixed with 500 pg mL~" of
indocyanine green (ICG, TCl Chemicals), 200 ug mL™! of doxorubicin
hydrochloride (suitable for fluorescence, Sigma—Aldrich), and 200 pg
mL~" of FITC-labeled insulin (Sigma-Aldrich), respectively. Each solu-
tion was stirred at 350 rpm in the dark for 24 h to allow adsorption
of ICG, DOX, and insulin. After 24 h, the suspension was centrifuged
at 1000g three times, and the collected precipitates were used for test-
ing. For the pH-driven release tests of DOX and insulin, the pH of
the PBS solution was adjusted using acetic acid. The amounts of re-
leased DOX and insulin were determined through UV-Vis spectroscopy
measurements, which were analyzed by plotting with calibration curves
over time.

Fabrication of Magnetic Janus UCNP-COF Particles: Magnetic Janus
UCNP-COF particles were fabricated by sequentially sputtering 50 nm of
Ni and 20 nm of Au onto pre-dried UCNP-COF particles using a sputter
coating system (Leica EM ACE600, Leica Microsystems). For preparation,
the UCNP-COF particles were dispersed in deionized water with 500 pg
mL~" concentration and 0.5 mL of the particle suspension was drop-cast
onto an O, plasma-treated 2x 4 cm? glass slide. After drying overnight
at ambient conditions, the Ni and Au layers were deposited on the parti-
cles using the sputter system. The magnetization of the Janus particles
was programmed in the out-of-plane direction by applying a 1.8 T uni-
form magnetic field using a vibrating sample magnetometer (MicroSense,
Lowell, MA). Afterward, the glass slide was placed in a plastic petri dish
filled with ethanol and sonicated, allowing the particles to transfer into
the ethanol phase within seconds. The obtained particles were then dried
at 70 °C.

In Vivo 3D MSOT and Magnetic Steering: In vivo experiments in
three mice were conducted in compliance with national guidelines of
the Swiss Federal Act on Animal Protection and were approved by the
Cantonal Veterinary Office Zurich. One Foxn1™ nude mouse and two
C57BL/6 mice (Charles River Laboratories, USA) were used in the test
for Figures 5e, 3g, and 5f, respectively. Anesthesia in the mice was in-
duced with 5% isoflurane and maintained at 1.5-2% isoflurane during
imaging with continuous monitoring of blood oxygen saturation, heart
rate, and mouse body temperature (PhysioSuite, Kent Scientific, Torring-
ton, CT). The mouse’s body temperature was maintained within physi-
ological range using a heating pad. To ensure optimal ultrasound cou-
pling, the mouse’s hair was removed using shaving cream. For precise
positioning, the mouse was placed on an x-y-z manual moving stage
(Thorlabs). For in vivo MSOT imaging with the custom-made setup, the
multi-spectral illumination from a wavelength-tunable NIR laser (Inno-
las Laser GmbH, Kralling, Germany) was delivered to the mouse femoral
and brain vasculature through an 8 mm diameter central aperture in a
handheld spherical array probe containing 512 individual detection ele-
ments, as described elsewhere.[1940] Following successful anesthesia, a
bolus injection of 200 uL of 500 ug mL~" magnetic Janus UCNP-COF par-
ticles was administered into the mouse’s tail vein. For magnetic steer-
ing of particles or microrobots within the femoral and brain vascula-
ture, a NdFeB neodymium magnet was positioned beneath the mouse’s
hindlimb and head, respectively. The mouse was euthanized immedi-
ately after the imaging procedure using Isoflurane overdose and following
decapitation.

Histological Particle Distribution Analysis by Post-Mortem Imaging: Or-
gans were extracted post-mortem from mice and immediately immersed
in 4% paraformaldehyde overnight. Then, the organs are equilibrated in
15% and 30% sucrose solutions prepared in 0.1 M PBS at 4 °C. After
48 h, the organs were sectioned into 200 um-thick slices using a cry-
otome (CM3050S, Leica, Germany). The slices were then mounted on
glass slides and imaged using a custom-built two-photon laser scanning
microscopel*®] equipped with a tunable pulsed laser (Chameleon Discov-
ery TPC, Coherent Inc.) and a 25x water-immersion objective (W Plan-
Apochromat 25x/1.05 NA, Olympus). In microscopy imaging, excitation
wavelengths ranged from 700 nm, and fluorescence emission signals were
detected using GaAsP photomultiplier modules (Hamamatsu Photon-
ics). The signals were filtered through 475/64, 535/50, and 607/70 nm
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band-pass filters and separated by 506 or 560 nm dichroic mirrors (Bright-
Line, Semrock). The microscope was controlled using a customized ver-
sion of Scanlmage (r3.8.1, Janelia Research Campus). To distinguish the
fluorescence signal of ICG@UCNP-COF particles from tissue autofluores-
cence, the excitation wavelength was switched between 780 and 900 nm.

In Vitro Magnetic Steering and MSOT Imaging of DOX-Loaded Micro-
robots:  In vitro artificial vascular channels within an agar phantom were
fabricated by pouring an agar aqueous gel (1.4 wt.% agar) into a 3D-
printed channel mold and allowing it to solidify for 12 h. HeLa cells (Ameri-
can Type Culture Collection, ATCC) were seeded at a density of 1x 10* cells
per well and incubated in 96-well plates filled with DMEM supplemented
with 10% FBS and 1% penicillin—streptomycin solution. After 24 h of in-
cubation, the Hela cells were transferred to the one end of the channel.
DOX-loaded microrobots (DOX@MRs, 100 ug mL~") were injected into
the opposite end of the channel, and guided toward the Hela cells plate
using a NdFeB magnet while being monitored with the imaging probe of
the inVision 512-echo imaging system.

Cytotoxicity Test Using HelLa Cells:  Ni—Au-sputtered Janus UCNP-COF
particles (referred to as MRs) and DOX@MRs, dispersed in DMEM at
varying concentrations, were added to each well containing HeLa cells and
further incubated for 6, 12, and 24 h at 37 °C in a 5% CO, environment.
Fluorescent cell images were obtained using a live/dead assay. Cells on
the samples were washed twice with PBS, stained for 30 s with fluorescein
diacetate/propidium iodide (FDA/PI, Thermo Fisher), and observed us-
ing a fluorescence-inverted microscope (TS2, Nikon) at 490 nm and 550
nm to visualize the live and dead cells, respectively. To generate Hela cell
spheroids, a HeLa cell suspension (5 x 10 cells per well in a 96-well plate)
was prepared. 25 plL of suspension drops were seeded on the inner side
of a Petri dish lid, while the bottom of the Petri dish was filled with 25
mL of sterile distilled water. After 48 h of incubation at 37 °C in a 5%
CO, environment, 3D spheroids were formed within the cell suspension
drops. For the MTT cytotoxicity assay, cells (1 x 10* cells per well in a 96-
well plate) were treated with different concentrations (0, 10, 25, 50, 75,
100 ug mL™") of the agents for 12 and 24 h. Subsequently, 25 pL of PBS
containing 5 mg mL~" 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT, Sigma—Aldrich) was added, and the cells were incubated
at 37 °C, 5% CO,. After 2 h of incubation, the medium was replaced with
100 uL DMSO to dissolve the formazan crystals. The plates were incubated
for an additional 1 h at room temperature in the dark, and absorbance at
570 nm was measured using a microplate reader (Wallac 1420 Multilabel
Counter, Perkin Elmer).
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