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Implantable MicroLED-Mediated Chemo-Photodynamic
Combination Therapy for Glioma Treatment

Jeongrae Kim, Hin Kiu Lee, Junwon Park, Seong Ik Jeon, Il Seong Lee, Wan Su Yun,
Yujeong Moon, Jiwoong Choi, Man Kyu Shim, Jinseong Kim, Hanhee Cho, Nayeon Shim,
Namcheol Hwang, Gyan Raj Koirala, Minjun Gwak, Sangheon Han, Dong-Hwee Kim,
Won Seok Chang,* Tae-il Kim,* and Kwangmeyung Kim*

Photodynamic therapy shows promise for glioma treatment with powerful
efficacy and low resistance, however, its effectiveness is significantly lowered
by inadequate light delivery through the skull. Herein, a needle-type
implantable microLED device and cathepsin B-responsive prodrug
nanoparticles (PNPs) are newly exploited for glioma’s chemo-photodynamic
combination therapy. The microLED containing four small LEDs on the tip of
its guide needle can be implanted into the center of glioma tissues without
large area opening of skull, uniformly irradiating light to deep glioma tissues.
PNPs are formulated via self-assembly of heterobifunctional prodrug
composed of doxorubicin, verteporfin, and cathepsin B-cleavable peptide
linker, wherein they stably maintain inactive nanoparticle structures in normal
physiological conditions and specifically deliver therapeutic age to cathepsin
B-overexpressed glioma tissues. In vitro cellular assays, PNPs irradiated with
showed the synergistic cytotoxicity of DOX and VFP only in cathepsin
B-overexpressed cancer cells rather than normal cells. In tumor-bearing mice,
PNPs showed high tumor accumulation via the nanoparticle-driven enhanced
permeation and retention (EPR) effect and they also exhibited remarkable
therapeutic efficacy against glioma under microLED-mediated light irradiation
via chemo-photodynamic combination therapy. Accordingly, applying
microLED with PNPs is an outstanding strategy to defeat glioma with
cooperative chemo-photodynamic effects, minimal invasiveness, and
desirable systemic/local safety.
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1. Introduction

Glioma, the most common primary brain
cancer, often presents complicated chal-
lenges in its treatment, indicated by high
fatality rates with a bad prognosis and a
short median life expectancy of 12 −18
months in its malignant form.[1] Despite
decades of medical advancements, achiev-
ing its complete remission remains difficult
due to prevalent recurrence, rapid prolifer-
ation, and aggressive metastasis.[2] Current
therapeutic procedures for glioma mainly
involve surgical resection, radiation ther-
apy, and chemotherapy. A surgical resection
is a major option for glioma treatment, how-
ever, it is often limited by infiltrative growth
of tumors to deep parenchyma and causes a
high risk of loss in essential brain integrity
during the surgery.[3] Radiation therapy is
an effective approach for primary glioma
treatment, but it is highly lethal for normal
brain tissues as well thereby hard to use for
tumor-invasive regions.[4] Moreover, glioma
exhibits low responsiveness to chemother-
apy due to its strong resistance to anticancer
drugs, necessitating the co-administration
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of other agents to boost the chemotherapeutic efficacy. The com-
plex heterogeneity and frequent mutation of glioma further im-
pede the efficacy of single therapeutic modalities, highlighting
the urgency for the combination of various therapeutic strategies
to address the complex tumor microenvironment and improve
patient outcomes.[5]

Photodynamic therapy (PDT) has emerged as a promising
alternative for glioma treatment due to its loco-regional speci-
ficity and strong efficacy.[6] During PDT, photosensitizers deliv-
ered to tumor tissues are activated by light irradiation with cer-
tain wavelength ranges generating reactive oxygen species (ROS)
that induce oxidative damage-associated cytotoxicity.[7] This PDT
mechanism does not target a single cellular component, which
helps effectively circumvent drug resistance in glioma tumors
and endows strong therapeutic effects.[8] Moreover, photosensi-
tizers are activated only at the site of light exposure, allowing a
highly selective effect on glioma tissues while reducing the off-
target damage to normal brain tissue.[9] Encouraged by the ad-
vantages of PDT in glioma treatment, the combination of PDT
and other treatments such as surgical resection, chemotherapy,
and radiation has demonstrated the potential to improve ther-
apeutic outcomes.[10] Additionally, PDT can stimulate the pro-
grammed cell death of cancer cells, known as immunogenic cell
death, which triggers the anticancer immune response and sup-
presses the recurrence and metastasis of glioma via systemic im-
mune activation.[11] However, PDT efficacy would be significantly
compromised by ensuring adequate light delivery to the deep tu-
mor region.[12] Insufficient light delivery drastically diminishes
the PDT efficacy in glioma, especially considering the obstruc-
tion by the skull, resulting in relapse and deadly progression.[13]

Due to the limitation of light delivery, light-emitting diode
(LED) systems have played a pivotal role in medical and clinical
advancements since their introduction in the 1900s.[14] However,
when it comes to treating deep-seated tumors like glioma, tra-
ditional LED systems including bulky epoxy encapsulation have
faced limitations due to their inability to penetrate through the
skull and reach the tumor site effectively, such as organ dam-
age and postoperative adhesion, thus limiting the biological ap-
plication in PDT.[15] In contrast to conventional LED, a needle-
type implantable microLED device was proposed as an intratu-
moral injectable light-irradiating device that offers compact size
and site-specific PDT at targeted tumor tissues, overcoming the
challenges of tumor depth with minimal invasiveness at a low
cost.[16,17] Practically, this device consisted of a 5.5 mm guide
needle and multiple arrayed red light-emitting LEDs on the tip
of the needle for the tumor-specific PDT. The microLED could
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be inserted into the center of tumor tissues thereby the light
was sufficiently irradiated to the deep tumor regions. The light
intensity of microLED was freely controllable without its ther-
mal degradation, thereby the effective photosensitizer activation
and following cancer cell damage were consistently achieved not
only at the irradiated site but also at the marginal tumor area.
Furthermore, the moderate and site-specific PDT by microLED
guidance efficiently promoted immunogenic cell death of tumor
tissues without severe inflammation, resulting in complete tu-
mor remission through the stimulation of antitumor immune
responses upon the simultaneous administration of immune
checkpoint inhibitors.[16] This study demonstrated the potency of
implantable microLED as a deep-tissue light-delivering system to
enhance the efficacy of PDT.

Herein, it was expected that our needle-type implantable mi-
croLED irradiation system would be highly advantageous for
PDT of glioma since it can deliver light sources inside the skull.
In addition, the combinatorial application of microLED-mediated
PDT and chemotherapy is considered to exhibit great potency
in glioma treatment since not only do they elicit their respec-
tive therapeutic effects, but PDT further boosts the chemother-
apy by assisting it in overcoming the harsh tumor heterogene-
ity and drug resistance of glioma as well.[18] Therefore, a new
approach of implantable needle-type microLED-guided chemo-
photodynamic combination therapy cooperatively using the im-
plantable microLED and chemodrug-photosensitizer dual pro-
drug nanoparticles (PNPs) which is mainly responsive to brain
cancer cell-overexpressed cathepsin B was suggested for glioma
treatment. The needle-type implantable microLED is constructed
by placing four LED devices on the edge of biocompatible poly-
meric guide needles, wherein the LEDs are allowed to emit lights
with a precisely controlled intensity at the exact site of applica-
tion (Scheme 1a). The guide needle is designed to be thin but
tough enough so that the microLED can be inserted directly into
glioma tissues in a minimally invasive manner, without a wide
surgical opening of the skull. The cathepsin B-responsive PNPs
are fabricated via the self-assembly of heterobifunctional pro-
drug, named VPF-FRRG-DOX, which are the chemically con-
jugated molecules containing doxorubicin (DOX), photosensi-
tizer (verteporfin, VPF), and cathepsin B-cleavable peptide (Phe-
Arg-Arg-Gly; FRRG) between them (Scheme 1b). Importantly,
PNPs can be formed into stable nanoparticles in physiologi-
cal conditions due to their amphiphilic molecular characteris-
tics and intermolecular 𝜋–𝜋 interactions of DOX, FRRG, and
VPF, facilitating their specific accumulation inside glioma tis-
sues with tumoral angiogenic vessels via the enhanced perme-
ability and retention (EPR) effect when intravenously adminis-
tered (Scheme 1c).[19] Both DOX and VPF in PNPs maintain
their inactivity before they are delivered to tumor tissues due
to their cathepsin B-specificity. After reaching brain cancer cells,
tumor-endocytosed PNPs are supposed to be degraded into VPF
and free DOX in response to the cathepsin B enzymes, both
VPF and DOX will synergistically eradicate tumor tissues via
both ROS generation and DNA intercalation (Scheme 1d). The
needle-type implantable microLED can effectively activate the
ROS generation of VPF throughout entire tumor tissues via uni-
form light irradiation, and going further, the widespread ROS
additionally increases the efficacy of DOX by aggravating tu-
mor tissues to be vulnerable to DOX treatment.[20] Moreover, the
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Scheme 1. Schematic illustration explaining the microLED-mediated chemo-photodynamic therapy of glioma with cancer-specific prodrug nanoparticles.
a) Needle-shaped minimally invasive implantable microLED was produced by arraying four LEDs on the tip of the guide needle, which facilitates to
control of the intensity of light irradiated to the deep tissues by the microLED. The microLED can directly and uniformly irradiate lights into the center
of brain tumor tissues through the skull without opening surgery. b) Brain tumor-overexpressed cathepsin B-cleavable prodrugs (VPF-FRRG-DOXs) for
microLED-mediated chemo-photodynamic therapy were synthesized via conjugating VPF and DOX to the N- and C-terminals of cathepsin B-cleavable
FRRG peptide, respectively. The synthesized prodrugs are self-assembled into nanoparticles to form PNPs in aqueous media, then after being delivered
to cathepsin B-overexpressed brain cancer cells, they are specifically cleaved to release DOX and VPF, eliciting combined chemo-photodynamic effect. c)
Intravenously administered PNPs are supposed to be specifically accumulated inside glioma tissues by the EPR effect while preventing the undesirable
delivery to normal organs including brain tissues. MicroLED would be implanted in brain tumor tissues through a pinhole in the skull, irradiating lights
for PDT to the center of brain tumor tissues. d) PNPs stay in their dormant state before being cleaved by cathepsin B and are activated to release free
DOX and VPF inside the cathepsin B-overexpressed brain tumor tissues. Accompanied by the microLED-mediated light irradiation inside the tumor, the
released VPF and DOX exhibited strong therapeutic effects via DNA intercalation and ROS generation, respectively. Moreover, the broadly generated
ROS throughout the tumor tissues by the activity of microLED and VPF would enhance the efficacy of DOX by suppressing the drug resistance of brain
tumor tissues, resulting in synergistic chemo-photodynamic effects. In contrast, PNPs would show significantly reduced toxicity to normal cells since
both DOX and VPF in PNPs keep their quenched state inside normal cells with low cathepsin B levels.
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implantable microLED-guided localized light irradiation and
tumor-specifically activatable PNPs will greatly mitigate the side
effects in normal tissues. To validate our thesis, the implantable
microLED and cathepsin B-responsive PNPs were prepared and
their properties were first examined in vitro. After assessing the
in vitro cellular uptake and cytotoxicity of PNPs, the biodistri-
bution and tumor accumulation of intravenously administered
PNPs in tumor xenografted mice were determined. Finally, the
therapeutic efficacy and systemic toxicity of PNPs with needle-
type microLED implantation were also investigated against in
vivo subcutaneous brain tumor mouse and orthotopic glioma rat
models.

2. Results and Discussion

2.1. Characterization of Implantable MicroLED

A needle-type implantable microLED device, designed for site-
specific light irradiation of deep brain tumor tissues, was manu-
factured through photolithography techniques and subsequently
employed for the PDT of glioma.[16,17] This microLED device fea-
tured a composite structure, consisting of an epoxy-based guide
needle, an electrical insulating polyimide (PI) film, gold elec-
trodes, four microLED arrays, and an epoxy waterproof coating,
all sequentially laminated (Figure 1a). Briefly, the microLED fab-
rication process involved the assembly of gold electrodes and four
red-light LED (120 × 200 μm) arrays onto a 5 μm-thick PI film
(Scheme S1, Supporting Information). This assembly was then
placed onto a 100 μm-thick polyacrylic acid (PAA) injection guide
needle, finally followed by a coating with a 2 μm-thick transparent
epoxy resin layer to glue them together. Each component layer of
the microLED device exhibited sufficient flexibility and durability,
ensuring resistance to fracture during its application. Moreover,
these layers were securely bonded together using a PSA precur-
sor, thereby preventing delamination. The visual inspection of
the implantable microLED device was carried out utilizing var-
ious instruments, including a digital camera, a field emission-
scanning electron microscope (FESEM), and an optical micro-
scope (Leica DM2700M, Leica Microsystems Inc.) (Figure 1b).
The dimensions of the device measured 10.0 × 2.25 × 0.15 mm
(height × width × thickness). At the tip of the needle, four red mi-
croLEDs were integrated, each measured as 120 × 200 × 20 μm.
The microLED was affixed to a 15 cm-long flat wire, facilitating
a connection to a controllable power supply. Upon establishing
the connection, it promptly emitted a vivid red light from the
needle’s tip. Importantly, the microLED’s structural composition
possessed the requisite attributes of flexibility and resilience, al-
lowing it to endure moderate bending during its operational use
without compromising its light emission (Figure 1c). After the
fabrication process, the electrical and optical characteristics of the
microLED were characterized using precision Source/Measure
Unit (SMU) (B2901A, Agilent Technologies Inc.) and light spec-
trometry (HR4000, Ocean Optics Inc.) respectively. Figure 1d
shows the relations between the applied voltage with both current
(I-V curve) and output power. The microLED displayed a turn-on
voltage of ≈1.8 V, beyond which the current exhibited a linear in-
crease in proportion to the applied voltage. Correspondingly, the
applied power demonstrated a gradual rise, commensurate with
the input voltage exceeding 1.8 V. At 4 V of operation, the input

power was measured at ≈35 mW, and this increased to 50 mW
with a 4.5 V voltage application. Light output measurement from
both the front and back sides of the microLED affirmed their ad-
equacy for deep brain tumor PDT within deep brain tumor tis-
sues. Of note, both the front and back sides exhibited a consistent
turn-on voltage at ≈1.8 V (Figure 1e). The front side apparently
delivered higher output power than the back side (see Figure 1e
inset), ensuring precise directional light emission control. Four
front LEDs efficiently delivered high-intensity light without sig-
nificant efficiency loss, peaking ≈4 V and declining thereafter,
establishing an optimal operational range for maximum light
output. These insights are pivotal for precise light delivery ap-
plications. MicroLEDs were subsequently applied to various me-
dia and operated at different input power levels to assess their
practical utility. In ambient conditions, the light intensity was dy-
namically controlled in response to input power, a critical factor
in microLED-mediated photodynamic therapy to optimize ther-
apeutic efficacy (Figure 1f). This controllability of light intensity
remained consistent across various media, including air, water,
in vivo tissues, and ex vivo brain tumor spheroid tissues. Notably,
the microLEDs functioned reliably without experiencing flooding
or electrical shorts, contributed by the presence of a PI film and
epoxy coating (Figure 1g). Furthermore, the microLEDs could be
directly implanted within tissues without operating open surgery,
delivering light while remaining unaffected by biological compo-
nents (Figure 1h). This direct implantation beneath the skin was
made feasible through the use of a robust 5.5 mm probe in the
form of a guide needle. The device’s in vivo stability was ensured
through the use of biocompatible materials, wherein the safety
of microLED-composing materials has been fully demonstrated
previously.[21] Importantly, the light emitted by the implanted mi-
croLEDs was harmless, causing neither skin burns nor irritation.
To assess the extent of light penetration from the microLEDs’
center to the periphery, microLEDs were implanted into ex vivo
brain tumor spheroids and operated at various input power levels
(Figure 1i). It was observed that the light was broadly distributed
to the marginal region with an input power exceeding 50 mW.
Thus, an input power of 50 mW was selected for the photody-
namic therapy procedure.

To simulate the in vivo environment, we conducted a long-
term operation measurement in both air and water settings. The
device was activated in a specific pattern (1 min OFF, 5 min ON,
and 1 min OFF), and the temperature levels were monitored us-
ing an infrared camera with the microLED continuously turned
on. In the air environment, the device exhibited a substantial
temperature increase, with an average temperature rise to ≈45
°C and occasional peaks nearing 80 °C from room temperature
(Figure 1j). In contrast, the temperature showed a much smaller
increase, with an average rise of ≈1 °C, compared to the OFF-
state temperature (Figure 1k). These findings have critical impli-
cations for ensuring the safety of biological subjects during the
long-term application of microLED to the brain, particularly con-
cerning potential thermal damage to tissues and cells. The low
heat generation of microLED is also advantageous for mediating
photodynamic therapy, as excessive heat could weaken the thera-
peutic outcomes.[22] During monitoring, the microLED’s electri-
cal operation remained consistently active in air, in in vivo normal
brain, and in ex vivo brain tumor spheroid media for a continu-
ous 1.5-h period (Figure 1l). This implantable microLED device
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Figure 1. Characterization of microLED. a) A digital image and graphical illustration showing the specific structure and composition of microLED. b)
Magnified SEM images of microLEDs on a needle tip, showing their side and top structures. c) Digital images of microLED after its connection to the
power supply, moderately bent using forceps. d) The electrical property of microLED depending on the applied voltage and power. e) The output power of
microLED depending on the applied voltage, measured both at the front and back sides of the device. Digital images showing the intensity of light from
microLED with different input powers in f) the air condition, g) the aqueous condition, h) the actual tissue, and i) the tumor spheroids. The maximum
and average temperatures changes in j) air and k) water media after the application of microLED and during its operation. l) The current changes of
microLED in aqueous media, brain, and tumor tissues during its 1.5 h-operation. m) The wavelength of light emitted from the microLED.

could be successfully inserted into brain or brain tumor tissues,
enabling localized light irradiation for over 1.5 h while maintain-
ing a power intensity of 50 mW, contributed to its protective en-
capsulation and thermal diffusion to the surroundings. Through
comprehensive assessments of its electrical characteristics, tis-
sue compatibility, light delivery within deep tissues, and long-

term durability, we confirmed that the microLED device may
demonstrate the necessary operational qualities for its potential
applications in photodynamic therapy.

The selection of wavelength is also a critical factor in PDT. In
our study, the emitted light exhibited a wavelength of 645 nm, at-
tributable to the use of red light LEDs (Figure 1m). This precise
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Figure 2. Characterization of PNPs. a) A graphical Scheme showing the specific chemical structure of VPF-FRRG-DOX prodrug and the mode of action
of PNPs. VPF-FRRG-DOX prodrugs spontaneously form nanoparticles themselves in aqueous media and are specifically activated by cathepsin B to
release DOX and VPF. The released DOX kills cancer cells by DNA intercalation, and the VPF generates ROS under light irradiation. b) The DLS data of
PNPs (1 mg/mL) showing their hydrodynamic diameter. c) A TEM image of PNPs (1 mg mL−1) displaying their spherical and rigid morphology before
the cathepsin B treatment and their dissociation after 24 h-treatment of cathepsin B (0.1 μg mL−1). d) The 3-day dispersion stability of PNPs in PBS
(1 mg mL−1), analyzed via DLS. e) UV-vis absorption spectra of free DOXs, free VPFs, and PNPs at the same concentrations (1 mm). f) Time-dependent
changes in the HPLC spectra of PNPs (1 mg mL−1) under the presence of 0.1 μg mL−1 cathepsin B, due to their cathepsin B-specific cleavage. g) The
ROS generation of VPFs, PNPs, and PNPs with cathepsin B under light irradiation with increasing power input, indicated by the DPBF probe.

wavelength selection is crucial in optimizing tissue penetration
and enhancing the activation of photosensitizing fluorophores
(VPFs). This strategic choice effectively mitigates the potential
risks to surrounding tissues, ensuring a focused and efficacious
approach, particularly in the context of biological experiments
and photodynamic therapy.

2.2. Characterization of Prodrug (VPF-FRRG-DOX) Nanoparticles
(PNPs)

To achieve the brain cancer cell-specific chemo-photodynamic
combination therapy, the prodrug of VPF-FRRG-DOX was syn-
thesized by conjugating photosensitizer (verteporfin, VPF) and
doxorubicin (DOX) to the N- and C-terminals of cathepsin B-
cleavable FRRG peptide via the two-step amidation chemistry,
respectively.[23] Due to its amphiphilic molecular structure and

intermolecular 𝜋–𝜋 interactions of DOX, FRRG, and VPF, VPF-
FRRG-DOX prodrug is supposed to spontaneously assemble
into prodrug nanoparticles (PNPs) in an aqueous solution, and
both DOX and VPF in PNPs maintain their inactive state be-
fore being cleaved by brain cancer cell-overexpressed cathepsin B
(Figure 2a). Once PNPs are cleaved into free DOX and VPF un-
der the presence of cathepsin B, they exhibit a strong antitumor
effect through the DNA intercalation of DOX and ROS genera-
tion of light-irradiated VPF. The synthesized chemical structure
of VPF-FRRG-DOX was confirmed by high-performance liquid
chromatography (HPLC) and liquid chromatography-mass spec-
trometry (LC/MS) (Figure S1, Supporting Information). In the
HPLC spectra, two sharp peaks appeared at 29.8 and 31.5 min
due to the isomerization of VPF in the prodrug.[24] The LC/MS
spectra of the prodrug exhibited a single peak and the mea-
sured molar mass was well matched to the theoretical value
(m/z = 881.2, [M + 2H+]/2). When prodrugs were dispersed in
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PBS at a 1 mg mL−1 concentration, they were self-assembled into
monodisperse nanoparticles with sizes of 98.32 ± 9.63 nm, re-
sulting in PNPs (Figure 2b). Their morphology was further ob-
served via transmission electron microscopy (TEM), demonstrat-
ing their rigid spherical structures and uniform nanometer sizes
(Figure 2c). Once treated with cathepsin B, the PNPs lost their
spherical shape due to the cleavage of FRRG peptide linkers and
following particle dissociation. The size of PNPs in PBS was sta-
bly secured to 100 – 125 nm without notable aggregation or frag-
mentation (Figure 2d). The UV-Vis absorbance of the PNP solu-
tion was analyzed and compared to those of free VPF and DOX
solutions at the same molar concentrations, wherein the spec-
tra of PNPs were similar to those of VPF (Figure 2e). A small
shoulder around 480 nm was additionally shown in their absorp-
tion spectra, which was consistent with the peak of free DOX.
Subsequently, 0.1 mm PNPs were co-incubated with 10 μg mL−1

cathepsin B, and the changes in their HPLC peaks were assessed
in a time-dependent manner. As the incubation time elapsed, the
peak of PNPs rapidly decreased within 6 h post-incubation, and
the peak corresponding to free DOX newly emerged (Figure 2f).
After 24 h post-incubation with cathepsin B, 94% of PNPs were
cleaved to release G-DOX and VPF, further proven via the LC/MS
analysis (m/z = 623, [M + Na+]) (Figure S2, Supporting In-
formation). The cleaved G-DOX was further degraded to free
DOX by lysosomal enzymes in cathepsin B-overexpressed cancer
cells.[25] Moreover, the ROS-generating ability of PNPs depend-
ing on the cathepsin B treatment was evaluated using the ROS-
sensitive 1,3-diphenylisobensofuran (DPBF) fluorescent probe.
Notably, PNPs before their cathepsin B-catalyzed cleavage did
not generate ROS even with light irradiation since the excited
VPF molecules would dissipate their energy to the adjacent VPFs
when they are closely aggregated such as in nanoparticle forms,
called the self-quenching effect of VPFs (Figure 2g).[23,26] In con-
trast, PNPs incubated with cathepsin B for 24 h exhibited ROS
generation properties similar to free VPF solution, demonstrat-
ing the release of VPFs in the presence of cathepsin B. There-
fore, the synthetic outcome, spontaneous nanoparticle forma-
tion, and cathepsin B-specific cleavage of PNPs were fully deter-
mined through a series of bench experiments.

2.3. In Vitro ROS Generation and Cytotoxicity of PNPs with Light
Irradiation via MicroLED

Before assessing the cytotoxicity of PNPs with light irradiation,
their endocytosis and intracellular distribution behaviors were
investigated against human brain glioblastoma (U87), rat brain
glioma (C6), and normal rat heart myoblast (H9C2) cells. In the
western blot assay, U87 and C6 cancer cells expressed 6.1–6.5 fold
higher cathepsin B levels than H9C2 normal cells, which would
differentiate the intracellular distribution and toxicity of PNPs in-
side normal and brain cancer cells (**** p < 0.0001) (Figure 3a).
5 × 104 U87, C6, and H9C2 cells were separately cultured and
treated with 1 μm DOX, VPF, and PNPs to compare their local-
ization in cytosols and nuclei. When the cells were observed via
confocal laser scanning microscope (CLSM) 24 h after treatment,
DOX (red color) was mainly placed inside the nuclei regardless
of cell type (Figure S3, Supporting Information). On the contrary,
VPF (green color) was rarely detectable in nuclei of all cells and

located in their cytosols since VPF could not penetrate the nu-
clear membrane (Figure S4, Supporting Information). In partic-
ular, PNPs exhibited different subcellular localization behaviors
in normal and brain cancer cells. In the case of brain cancer cells,
PNPs were cleaved into free DOX and VPF by cathepsin B inside
the U87 and C6 cancer cells, then DOX and VPF were individu-
ally localized in nuclei and cytosols, respectively (Figure 3b). As
a control, PNPs were not cleaved to release free DOX or trans-
ported to nuclei inside the H9C2 cells due to the low cathepsin
B expression level of normal cells. The amounts of free DOXs lo-
cated in nuclei of PNP-treated U87 and C6 cells were measured
to be ≈69%, due to the cathepsin B-specific cleavage of PNPs in
cancer cells (Figure 3c). However, 88% of DOX remained inside
the cytosol of H9C2 cells at an uncleaved PNP state. This is de-
duced that PNP could not enter through the nuclear membrane
before its cathepsin B-mediated cleavage due to its high molec-
ular weight and bulky particle structure, whereas DOX freely
and immediately reached cell nuclei with high diffusivity.[27] The
intranuclear levels of DOX in U87 and C6 were 5.7 – 6.2-fold
higher than that in H9C2, confirming the cathepsin B specificity
of PNPs in subcellular levels (**** p < 0.0001). In the case of
free DOX-treated cancer cells, 85 – 93% of free DOX was located
inside the nuclei of U87 and C6 cells 24 h after its incubation,
while only 69 – 81% of DOX was delivered intranuclearly with
24 h PNP treatment. This is because it took moderate time for
PNPs to be cleaved by cathepsin B and release free DOXs after
being taken up by cancer cells.

After determining the cellular uptake and cancer cell-specific
intranuclear DOX delivery properties of PNPs, their photo-
sensitization and ROS-generating properties under microLED-
mediated light irradiation were evaluated against brain cancer
cells. 5 × 104 U87 and C6 cells were cultured in 5 cm culture
dishes, treated with 1 μM DOX, VPF, and PNPs for 24 h, and ir-
radiated with red light (𝜆 = 640 nm, 50 mW) for 15 min using
microLED with a light intensity of 50 mV. Observing the in vitro
ROS generation and the consequent apoptosis of cancer cells,
bright ROS signals (DCFH-DA; green color) were visible only
in VPF with microLED-mediated light (VPF+LED)- or PNPs with
microLED-mediated light (PNPs+LED)-treated ones (Figure 3d).
The treatment of free DOX moderately induced the apoptosis
(Annexin V; red fluorescence) of both U87 and C6 cells without
ROS generation, which was also found in PNP-treated ones with-
out light irradiation as DOXs released from PNPs by cathepsin B
cleavage exhibited cancer cell-specific toxicity. As a control, VPF
induced neither ROS generation nor cancer cell apoptosis in the
dark condition. The light from microLED was broadly irradiated
throughout the culture dishes thereby ROS was generated over
a wide area (Figure 3e). The ROS generation areas of VPF+LED

and PNP+LED treatment showed no significant difference from
each other since they were dependent on the light-irradiated areas
by microLED, not on the type of treated therapeutic agents. The
treatment of DOX and VPF without light exhibited far-restricted
ROS generation areas as they could not generate ROS. The apop-
totic areas of DOX, PNP without light, and PNP+LED treatment
were similar to one another due to the apoptosis-inducing effect
of DOXs. The intensities of ROS signals were measured to be
3.0 – 4.2-fold higher in VPF+LED- and PNP+LED-treated cells com-
pared to the control or those with other treatments (Figure 3f).
When quantifying the intensity of apoptotic fluorescence by
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Figure 3. In vitro cellular uptake and cytotoxicity of PNPs. a) Western blot assay of U87 and H9C2 cells to compare their cathepsin B expression levels
(n = 3). b) CLSM images of H9C2, U87, and C6 cells 24 h after their incubation with PNPs (1 μm), showing their endocytosis and intracellular distribution.
c) The localization ratios of DOX fluorescent signals by DOXs or PNPs (1 μm, respectively) inside the cytosols or nuclei of H9C2, U87, and C6 cells
24 h post-treatment (n = 3). d) The in vitro ROS generation and apoptosis induction of DOXs, VPFs, and PNPs (1 μm, respectively) against U87 and C6
cells with or without light irradiation by microLED, and their quantitative analysis exhibiting e) the ROS-generated and apoptotic areas and f) relative
fluorescent intensities by ROS generation and apoptosis. g) The viability of H9C2, U87, and C6 cells after the treatment with different concentrations
(0.01 – 10 μm) of DOX, PNPs, and PNPs+LED. h) Death patterns of U87 and C6 cells after the treatment of DOX, VPF without light, VPF+LED, PNPs
without light, and PNPs+LED (1 μm, respectively), determined via PI and Annexin V staining. ns = not significant, **** p < 0.0001.
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Annexin V, both U87 and C6 cells treated with PNPs+LED ex-
pressed the highest signals due to the combined effect of DOX
and VPF.

To assess the cancer cell-specific cytotoxicity of PNPs, 5 × 104

brain cancer and normal cells were incubated with various con-
centrations of DOX, VPF, and PNPs ranging from 0.01 to 10 μm
for 24 h, followed by microLED-mediated light (50 mW) irradia-
tion for 15 min. Their CCK-8 assay showed that PNPs effectively
killed both U87 and C6 cells and their cytotoxicity became higher
with the light irradiation (Figure 3g; Figure S5, Supporting In-
formation). The IC50 values of PNPs in dark conditions against
U87 and C6 cells were calculated as 1.88 and 0.84 μm, respec-
tively, which were 1.4 – 4.2-fold higher than those of free DOX
(0.46 (U87) and 0.23 (C6) μM) or VPF+LED (0.45 (U87) and 0.62
(C6) μm) due to the delayed activation of PNPs and low intranu-
clear localization of DOXs as demonstrated above. However, the
IC50 values of PNPs+LED were lowered to 0.49 and 0.27 μm by
the light irradiation, respectively, which was similar to those of
DOX or VPF+LED. The enhanced cytotoxicity of PNPs+LED was
contributed by the dual activation of free DOX and VPF in the
cell culture system. On the contrary, PNPs elicited significantly
reduced toxicity against normal H9C2 cells, wherein their IC50
value without light was not measurable. Their toxicity was slightly
increased with light irradiation, resulting in their IC50 value of
51.45 μm, but still 38.4 – 74.2-fold higher than free DOX or VPF. It
was considered that PNPs+LED before their cathepsin B-catalyzed
cleavage brought about their reduced toxicity to normal cells, es-
pecially even under light irradiation due to the self-quenched
state of VPFs in PNPs.[28] Thereafter, the cell death pattern with
PNPs+LED treatment was determined via Annexin V and PI dual
staining. It has been reported that PDT with strong laser irradia-
tion can cause tumor necrosis due to the excessive generation of
ROS which causes unregulated cell death, resulting in reduced
therapeutic responses.[29] However, the viabilities of U87 and C6
cells after PNPs+LED treatment were ≈14 – 18% and all dead cells
exhibited early apoptotic patterns (Figure 3h). The death pattern
by VPF+LED treatment was also early apoptosis in total, indicat-
ing that the microLED-mediated photodynamic therapy was ef-
fective without inducing severe inflammatory responses by cell
necrosis.[30] The microLED-mediated light irradiation could min-
imize the necrosis rate of cancer cells during the PDT via uni-
form irradiation with a controlled intensity, which is considered
a unique advantage of microLED. The results of in vitro cellular
assays successfully demonstrated the high cancer cell-specific ef-
ficacy of PNPs and their combined chemo-photodynamic effect
with microLED guidance.

2.4. In Vivo Biodistribution and Tumor Accumulation of PNPs in
Brain Tumor Xenograft Mice

The biodistribution and tumor-specific accumulation of intra-
venously administered PNPs were examined using U87 brain tu-
mor xenograft mouse models. For the preparation of mouse mod-
els, 1× 107 U87 cells were inoculated to the left flank of five-week-
old male Balb/c nude mice, and VPF or PNPs (5 mg kg−1, based
on VPF content) were intravenously injected into them when tu-
mors grew to 150 – 200 mm3. The in vivo fluorescence imag-
ing system (IVIS) of PNP-injected mice at different time points

exhibited a gradual increase in tumor fluorescent signals and
reached the highest level at 6 h post-injection due to the tumor
accumulation of PNPs (Figure 4a). In contrast, the changes in the
intratumoral fluorescence of VPF-injected mice for 6 h were ig-
norable since the physiological stability of VPF was poor thereby
the amount of VPF delivered to the tumor tissue was not suffi-
cient. The fluorescence of PNP-treated brain tumor tissues after
6 h was 1.5-fold brighter than that of VPF-treated ones, indicat-
ing the tumor-specific accumulation of PNP via the nanoparticle-
driven EPR effect (Figure 4b). After 6 h post-injection, ex vivo
fluorescence images of extracted tumor tissues further proved
the enhanced tumor delivery efficiency of PNPs to VPF, with a
2.4-fold higher fluorescence intensity. In addition, the extracted
tumor tissues were sectioned and observed via CLSM, wherein
strong fluorescent signals of both VPF and DOX were uniformly
detected throughout the PNP-treated tumor tissue (Figure 4c).
The VPF-treated tumor tissue showed only weak fluorescence of
VPF, 9.8-fold lower than the PNP-treated one (**** p < 0.0001)
(Figure S6, Supporting Information). The biodistribution of in-
travenously injected VPF and PNPs was investigated via the ex
vivo fluorescence imaging of normal organs, discovering the un-
desirable delivery of excessive VPF to the liver, lung, and kid-
ney due to their hydrophobicity and poor physiological stabil-
ity (Figure 4d).[31] VPFs distributed in the normal organs were
gradually metabolized or excreted and their fluorescence signal
was diminished at 48 and 72 h post-administration (Figure S7,
Supporting Information). In comparison, PNPs showed a much-
reduced distribution to those organs and enhanced tumor accu-
mulation. Notably, neither VPF nor PNPs were delivered to the
normal brain tissues since the tight BBB prevented the trans-
portation of substances with molecular weights over 400 – 600 Da
(Figure 4e).[32] The CLSM images of normal organ sections also
demonstrated the considerable accumulation of VPF in the liver
and kidney, whereas lower levels of PNPs were observed in those
organs (Figure 4f). The fluorescent signals of PNPs were lower
than those of VPFs in all normal organs, and especially, 6.1- and
24.0-fold lower in the liver and kidney, respectively (Figure 4g).
The reduction in the undesirable off-target distribution of PNPs
compared to VPFs would greatly mitigate the phototoxicity of
photosensitizers in PDT. Meanwhile, the PNP accumulation level
in tumor tissues was 131.4-fold higher than that of VPF, showing
the passive tumor targetability of PNPs. However, both VPF and
PNPs were rarely found in brain tissues as they exhibited the low-
est fluorescence intensities (Figure S8, Supporting Information).
Through the in vivo biodistribution assay, the tumor-specific tar-
getability of PNPs was fully validated, which was expected to
promote successful brain tumor therapy with the application of
microLEDs.

2.5. In Vivo Therapeutic Effect of MicroLED-Mediated PDT with
PNP Against Brain Tumor Xenograft Mice

Before the application of the microLED and PNPs to ortho-
topic brain tumors, their therapeutic efficacy was first evalu-
ated against tumor xenograft mouse models. Five-week-old male
Balb/c nude mice with U87 tumors xenografted on their left
flanks (50 – 75 mm3) were intravenously treated with free DOX
(4 mg kg−1), VPF (5 mg kg−1), or PNPs (4 mg kg−1 based on DOX
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Figure 4. In vivo biodistribution of intravenously administered PNPs in U87 glioma xenograft mice. a) In vivo fluorescent images of U87 glioma-bearing
mice to monitor the tumor accumulation of intravenously administered VPFs and PNPs (5 mg kg−1, respectively, based on VPF content) over 6 h.
b) Quantification of the time-dependent changes in intratumoral fluorescent intensities by VPFs and PNPs and ex vivo fluorescent images of VPF- or
PNP-administered tumor tissues. c) CLSM images of excised tumor tissues showing the tumor accumulation of VPFs and PNPs. d) ex vivo fluorescent
images of excised normal organs to determine the biodistribution of intravenously administered VPFs and PNPs. e) ex vivo digital and fluorescent
images of excised normal brains, without undesirable delivery of VPFs or PNPs. f) CLSM images of excised normal organs and tumor tissues showing
the non-target delivery and tumor accumulation of VPFs and PNPs, and g) their quantification analysis (n = 3, **** p < 0.0001).

and 5 mg k−1g based on VPF content), irradiated with light 6 h
after the drug injection for 1.5 h using the microLED, and moni-
tored to inspect the changes in their tumor volumes for 16 days.
The therapeutic procedures were carried out once at the begin-
ning and the tumor volumes were measured once per 2 days.
For light irradiation, the needle-type tip of the microLED was im-

planted precisely into the center of tumor tissues after punching
a pinhole with a 26 G sterilized needle, and a light intensity of
50 mW was irradiated for 1.5 h using microLED (Figure 5a). Dur-
ing the observation period of 16 days post-treatment, the tumor
growth was most effectively suppressed by the PNP+LED treat-
ment. The terminal volume of PNP+LED-treated tumor tissues

Adv. Funct. Mater. 2024, 34, 2316386 2316386 (10 of 20) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. In vivo therapeutic efficacy of microLED-mediated chemo-photodynamic therapy with PNP administration against U87 glioma xenograft mice.
a) A digital image presenting the actual implantation of microLED to xenografted U87 glioma tissues. b) The tumor growth curves upon the treatment of
DOX (3 mg kg−1), VPF (4 mg kg−1), and PNPs (3 mg kg−1, based on DOX content) with or without light irradiation over 16 days (n = 3). c) Digital images
of tumors treated with saline, DOX, VPF+LED, and PNPs+LED at 0, 4, 8, and 16 days post-treatment, and excised tumor tissues showing their terminal
sizes. d) The H&E staining histological images of tumor sections 3 days after the treatment. e) TUNEL assay of tumor tissues excised 3 days after the
treatment to observe the tumor apoptosis, and f) their quantification data (n = 3). g) Changes in body weights of recipient mice during the therapy and
monitoring (n = 3). h) TUNEL assay of excised normal organs after finishing therapeutic procedures and monitoring to determine the off-target toxicity
(white arrows = apoptotic area). ns = not significant, **** p < 0.0001.
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was 38.16 ± 9.45 mm3, not much different from their initial vol-
ume, and 29-fold smaller than the saline-treated mice (**** p <

0.0001) (Figure 5b). The tumors treated with saline, light only,
and VPF only without light rapidly grew up to around 1100 –
1200 mm3, exhibiting no statistical difference from one another
(Figure 5c; Figure S9, Supporting Information). The treatment
of VPF+LED, DOX, and PNPs without light also efficiently in-
hibited tumor growth, but the sizes of those tumors slightly
increased to 2.4 −6.1-fold compared to the initial volumes. It
was considered that the superior tumor-suppressing property
of PNP+LED treatment was attributed to the synergistic activity
of chemotherapy and PDT, wherein the ROS generated by VPF
and microLED-mediated irradiation not only directly damaged
tumor tissues but also enhanced the sensitivity of cancer cells
to DOX.[33] The passive tumor targetability of PNPs would pos-
itively affect their antitumor efficacy as well. When the tumors
were excised at 3 days post-treatment and assessed with histolog-
ical analysis, apparent damages were detected in tumor tissues
treated with PNP+LED compared to those irradiated with light only
(Figure 5d). Their sizes were about a quarter of light-treated ones,
and the H&E staining of sections was not clear due to severe
cell death. Those treated with DOX, VPF+LED, and PNPs without
light were found to be moderately damaged as well. Moreover,
the TUNEL assay of tumor tissues more clearly visualized their
apoptosis (Figure 5e). PNP+LED-treated tumor tissues exhibited
the strongest TUNEL fluorescence intensity, which was encour-
aged by the tumor-specific accumulation of PNPs and the cooper-
ative chemo-photodynamic effect using the PNPs and microLED.
The TUNEL fluorescent signal from PNP+LED-treated tumor tis-
sues was 1.7 – 3.8-fold brighter than those from DOX, VPF+LED,
and only PNP-treated ones (**** p < 0.0001) (Figure 5f). Tumor
tissues treated with PNP only also expressed a 2.3-fold higher
apoptotic signal than those with DOX or VPF+LED treatment, in-
dicating the enhanced tumor delivery efficiency of PNPs (**** p
< 0.0001). However, no apoptotic signal was found in only LED-
and only VPF-treated tumors. Importantly, the mice treated with
all different therapeutic procedures except DOX did not exhibit
any notable body weight loss since PNPs were highly tumor-
specific and VPF was activated only at the region of irradiation
(Figure 5g). As expected, DOX-treated mice gradually lost weight
due to the significant systemic toxicity of DOX (**** p < 0.0001).
Intravenously administered DOX was undesirably distributed to
normal organs and caused their apoptosis (white arrows), in par-
ticular, the lung and kidney were observed to be damaged by
DOX the most (Figure 5h). On the contrary, other treatments
including PNP+LED did not induce the apoptosis of normal or-
gans, confirming the safety of their systemic administration. The
tumor-exclusive light irradiation by microLED was also consid-
ered to mitigate their toxicity. Moreover, the hematological anal-
ysis of Balb/c mice after the intravenous administration of PNPs
(5 mg kg−1 based on VPF content) did not show any significant
changes in the concentrations of blood components compared
to those before the administration, suggesting that PNPs rarely
affect the function of liver and kidney (Figure S10, Supporting In-
formation). Therefore, PNPs with microLED were proven to be
appropriate for the treatment of brain tumors in points of their
therapeutic efficacy and negligible side effects.

2.6. In Vivo Therapeutic Effect of MicroLED-Mediated PDT with
PNP Against Brain Tumor Orthotopic Rats

The therapeutic efficacy of microLED-mediated chemo-
photodynamic therapy with PNPs was finally assessed in
the orthotopic brain tumor models and compared to those of
PNP treatment without light irradiation and PNP treatment with
conventional laser-based irradiation (PNP+Laser). Digital images
were provided to describe the tumor implantation, microLED
application, and treatment procedures for rat models (Figure 6a).
Briefly, glioma rat models were prepared by implanting 1 × 105

C6 cells to the cortex located 2.3 mm lateral to the bregma of
six-week-old male Sprague-Dawley (SD) rats, and the growth of
tumor tissues was monitored via MRI and whole brain histology.
The aggressive proliferation feature of glioma tissues inside the
brain was observed in the MRI and H&E images, wherein mas-
sive lumps severely invading the corpus callosum and putamen
were formed within 3 weeks (Figure 6b). The initial tumor sizes
to conduct PNP+LED treatment were regulated to be ≈5 mm3,
which was confirmed via 3D MRI scanning of the rat head (tu-
mor volume = x-axis diameter x y-axis diameter x z-axis diameter
x 𝜋/6) (Figure 6c). Thereafter, PNPs (10 mg kg−1, based on VPF
content) were intravenously administered to the brain tumor-
bearing rats at 9 and 11 days after the tumor implantation. The
IVIS images of PNP-administered rats showed that the PNPs
circulated with the bloodstream, were increasingly transported
to blood vessels in the brain, and reached their highest levels at
6 h post-injection (Figure 6d). When the brains were extracted
and their ex vivo fluorescence images were obtained 6 h after
the intravenous administration of PNPs, it was determined that
administered PNPs were accumulated exclusively inside the
tumor tissues due to the disrupted BBB by angiogenic vessels
in tumor tissues, whereas their delivery to normal brain tissues
was thoroughly restricted (Figure 6e; Figure S11, Supporting
Information).[34] More precisely analyzing the whole section of
brain tissues via confocal microscopy, the bright fluorescence
signal of PNPs (green color) was concentrated mainly in tumor
tissues containing many angiogenic vessels stained with CD31
(red color) while rarely found in normal brains (Figure 6f). The
fluorescence of PNPs was clearly visible not only in highly vascu-
larized tumor regions but also in deep tumor areas, suggesting
the uniform diffusion of PNPs throughout whole tumor tissues
due to hyperangiogenesis.[35] As the tumor growth proceeded
from 1 to 2 weeks, the disruption of BBB in tumor tissue was
clearly increased, leading to more PNPs being distributed in deep
tumor tissues, indicating that the intravenously injected PNPs
can be localized in tumor tissues through nanoparticle-derived
enhanced permeability and retention (EPR) effect (Figure S12,
Supporting Information).[36] In addition, the CLSM images
of the tumor and normal brain tissues after Claudin 5 and
VE-cadherin staining showed that normal blood vessels main-
tained their morphology with regularly oriented tight junctions,
confirming the presence of rigid BBB (Figure 6g,h; Figure S13,
Supporting Information). Intravenously injected PNPs remained
inside blood vessels (white arrows) by BBB rather than diffuse
into brain tissues. On the contrary, the blood vessels in tumor
tissues had relatively disordered sectional morphology and loose
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Figure 6. In vivo therapeutic efficacy of microLED-mediated chemo-photodynamic therapy with PNPs against C6 glioma orthotopic rats. a) Digital
images describing the procedure of C6 brain tumor orthotopic implantation and microLED application, and the experimental plan for the microLED-
mediated therapeutic procedure and monitoring. b) In vivo MR and ex vivo H&E histological images of rat brains 1 – 3 weeks after the orthotopic
glioma implantation (dashed line = tumor tissue). c) In vivo MR image of rat brain with the implanted glioma tissue right before starting the treatment
procedures (1 week, white dashed line = tumor tissue). d) In vivo fluorescent images of rat heads over 6 h after the intravenous administration of PNPs
(10 mg kg−1, based on DOX content). e) ex vivo digital and fluorescence images of the C6 glioma-implanted brain tissue. f) ex vivo whole-sectional
CLSM images of the glioma-implanted (1-week post-inoculation) brain after the intravenous PNP administration, stained with DAPI and CD31. CLSM
images of PNP-treated normal brain and glioma tissues (1-week post-inoculation) after staining with g) DAPI, CD31, and Claudin 5, or h) DAPI, CD31,
and VE-cadherin, showing blood vessels and tight junction (white arrows = blood vessels).
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junction, thereby a considerable amount of PNPs spread from
vessels into the tumor tissues.

Based on the imaging results, 6 h post-administration of PNPs,
the scalp of recipient rats was incised, and their skulls were punc-
tured at the site of tumor tissues for light irradiation using the
microLED or conventional laser through the holes. MicroLED
was implanted in the center of tumor tissues through the punc-
tured area to irradiate light (50 mW) for 30 min. This is because
rats died when anesthetized for more than 30 min, so the max-
imum radiation time was determined to be 30 min. As a con-
trol experiment, the tumors were also illuminated using a con-
ventional laser (637 nm, 50 mW, 30 min) 6 h after the adminis-
tration of PNPs (PNP+Laser). MicroLED was smoothly introduced
into the brain tumor tissues with minimal invasiveness and ef-
fectively delivered light sources inside the skull. After the treat-
ment, the changes in tumor sizes were monitored via MRI once
a week for up to 7 weeks. The MRI images of the brains exhib-
ited the rapid growth of saline-treated tumor tissues occupying
a large area of the brains within 3 weeks, whereas those with
PNP+LED treatment gradually regressed without further growth
for 7 weeks (Figure 7a; Figure S14, Supporting Information).
The PNP-only or PNP+Laser treatment showed moderate tumor
growth suppression but was not very effective compared to the
PNP+LED treatment. Notably, the sizes of tumors treated with
PNP and PNP+Laser were not much different from each other
since the external light by laser could not reach the tumor tis-
sues through the skull, and the PDT effect was not activated.
The sizes of saline-treated tumors 3 weeks after inoculation were
288.34 ± 91.27 mm3, 7.9-fold larger than PNP+LED-treated ones
during the same experimental period (Figure 7b). Tumors treated
with PNP only or PNP+Laser grew to 134.12 ± 111.97 and 115.75
± 33.00 mm3 for 3 weeks, respectively, which were 3.2 – 3.7-
fold larger than PNP+LED-treated tumors. Only the PNP+LED treat-
ment successfully activated chemo- and photodynamic combined
therapeutic effects via sufficient light delivery to deep tumor tis-
sues by microLED implantation. Moreover, the tumoral regions
with PNP+LED treatment were further diminished and their sizes
after 7 weeks were measured as 3.80 ± 1.97 mm3. In the dig-
ital images of excised brains, the saline-treated tumors (black
dashed line) widely spread throughout the cerebrum thereby the
original morphology of the normal brain was severely destruc-
ted (Figure 7c). On the contrary, the tumors with PNP+LED treat-
ment at 3 weeks were much smaller than saline-treated ones,
and only small dimples were visible after 7 weeks. The whole-
slide H&E histology assay of the brains more clearly showed their
tumoral regions, wherein a large area of tumor tissues with ir-
regular morphologies and strong hematoxylin staining was visi-
ble in saline-treated brains due to the uncontrolled proliferation
of glioma.[37] A considerable portion of the brain was covered
with tumor tissues, making it challenging to distinguish the cor-
pus callosum, hippocampus, and even the substructure such as
basal ganglia. These massive sizes of tumors brought about el-
evated intracranial pressure, resulting in pronounced displace-
ment of surrounding normal brain tissues.[38] This was consid-
ered a primary factor contributing to the mortality observed in
the saline-treated group, typically occurring within ≈3 weeks. In
the histology images of PNP+LED-treated brains after 3 weeks, a
large indentation was detected inside the tumoral regions rather
than filled with tumor tissues, and the indentation was almost

recovered after 7 weeks as well. No tumor tissues were found
in the PNP+LED-treated brains after 7 weeks. The TUNEL assay
of PNP+LED-treated brains after 3 weeks exhibited broad apop-
totic regions in the center of tumor tissues, which was not found
in saline-treated ones, attributed to the implantation of the mi-
croLED at the tumor centers and its therapeutic effect together
with the administered PNPs (Figure S15, Supporting Informa-
tion). The application of microLED and PNPs effectively induced
tumor apoptosis, while they did not impair the normal brain tis-
sues. The apoptotic area inside the PNP+LED-treated tumor tis-
sues was not detected any longer at 7 weeks post-treatment, re-
maining only a small cavity. When comparing the CLSM images
of tumor tissues with TUNEL and 8-hydroxy-2′ -deoxyguanosine
(8-OHdG) staining 3 weeks after the treatment, PNP+LED treat-
ment was confirmed to induce strong and uniform oxidative
DNA damage inside the tumor due to the cooperative activity of
DOX and ROS generation, leading to extensive tumor apoptosis
(Figure 7d). Encouraged by effective chemo-photodynamic ther-
apy with microLED and PNPs, 80% of treated rats survived over 7
weeks (Figure 7e). However, no saline-treated rats could survive
more than 26 days due to the serious tumor invasion into brain
tissues and loss of normal integrity. All rats treated with PNPs
only or PNP+Laser also died within 30 days due to the insufficient
therapeutic effect.

Subsequently, the possible adverse effects of PNP administra-
tion and microLED implantation on brains and other normal or-
gans were investigated. Monitoring the body weight changes of
recipient rats during the experimental period, the treatment of
PNP+LED did not induce any significant weight loss (Figure 7f).
Although there was a slight decrease in body weights of PNP+LED-
treated right after the therapy, it immediately recovered and they
gradually gained weight for the last 40 days of observation. Mean-
while, saline-treated rats exhibited acute weight loss starting 16
days after tumor transplantation, attributed to the aggressive pro-
gression of glioma. The histologic analysis of normal organs was
further carried out upon completing the therapy and monitor-
ing, discovering that all normal organs from PNP+LED-treated rats
were preserved with their normal integrities without any remark-
able damage similar to saline-treated ones due to the inactiveness
of PNPs inside the normal tissues with low cathepsin B levels
(Figure S16, Supporting Information). The biocompatibility and
thermal toxicity of microLED were also assessed by implanting
it into normal brain tissues and keeping it turned on for 30 min.
In the MR images of brains after the microLED implantation and
light irradiation, a small stab wound whose size was similar to
that of the microLED guide needle was detected right at the site of
microLED implantation, and the volume of the wound was mea-
sured as 0.07 ± 0.001 mm3 (Figure S17a,b, Supporting Informa-
tion). In addition, the temperature of the microLED-implanted
brain tissue area was not changed during the 30-min light irra-
diation, indicating that the microLED had a low risk of causing
any heat-associated adverse effect (Figure S17c, Supporting Infor-
mation). As closely examining the stab wound through the H&E
histology analysis of brain tissues, the injured site was strictly lo-
calized to where the microLED was inserted and not spread to
adjacent regions (Figure 7g). The magnified histological images
of microLED-implanted sites more clearly showed that the sur-
rounding brain tissues maintained their original morphologies
without any burning, inflammation, or infection (Figure 7h,i).
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Although small bleeding was observed in the area of microLED
implantation, it posed no significant issue as we intended to
implant the device within the tumor. Particularly in clinical ap-
plications, the use of CT and MR imaging during operational
planning would significantly reduce the risk of damage in blood
vessels and adjacent normal tissues. Thus, our results demon-
strate that the microLED is highly biocompatible and the brain
damage caused by its heat generation is negligible. 7 weeks af-
ter the treatment of PNP+LED, the movement of recipient rats
was evaluated through a rotarod test and compared to that of
tumor-free normal ones (Figure 7j; Videos S1 and S2, Support-
ing Information). The PNP+LED-treated rats lasted on the rotat-
ing apparatus for 70.7± 6.6 s, exhibiting no significant difference
from the normal rats (70.3 ± 3.1 s). These results fully assured
the safety and biocompatibility of both PNPs and microLED not
only locally but systemically as well. Finally, microLED-mediated
chemo-photodynamic therapy with PNP administration was de-
termined as an effective approach for glioma treatment, with
minimal invasiveness, efficient light irradiation inside the deep
tumor tissues, strong therapeutic efficacy, and relief of side
toxicity.

3. Conclusion

In this study, a minimally invasive implantable microLED and
cathepsin B-cleavable prodrug nanoparticles (PNPs) were em-
ployed for the chemo-photodynamic combination therapy of
glioma. The needle-type implantable microLED could apply light
for photodynamic therapy into the center of tumor tissues be-
neath the skull in a minimally invasive way, successfully irradi-
ating throughout the whole tumor tissue to overcome the short
tissue penetration depth of conventional irradiation devices. The
light or heat from the implanted microLED did not impair the
surrounding tissues during its long-term application over 2 h,
and its light intensity was freely controllable. PNPs were self-
assembled into nanoparticles with stable dispersity in physiolog-
ical conditions, and they exhibited high inertness to normal tis-
sues with low cathepsin B expression. They were cathepsin B-
specifically cleaved inside cancer cells to release free DOXs and
VPFs, eliciting strong chemo-photodynamic efficacy under light
irradiation. The application of PNPs with microLED-mediated
light irradiation showed enhanced therapeutic efficacy compared
to the single therapy of DOXs or VPFs due to their synergistic ef-
fect. When intravenously administered to brain tumor models,
PNPs could be selectively delivered to tumor tissues due to the
leaky BBB, while they were not accumulated in normal brains.
The microLED was smoothly implanted into the center of ortho-
topic glioma tissues through a small pinhole and successfully
delivered light inside the skull. The microLED-mediated chemo-
photodynamic therapy with PNP administration exhibited re-

markable therapeutic efficacy against glioma, and neither mi-
croLED nor PNP induced any significant side effects on normal
tissues. Notably, the synergistic effect of chemo-photodynamic
therapy was maximized under the microLED guidance as VPFs
from PNPs could tumor-specifically generate sufficient ROS,
causing tumor tissues to be highly susceptible to DOX treat-
ment. In conclusion, chemo-photodynamic therapy with mi-
croLED and PNPs would be a potent method for glioma treat-
ment, favorably complementing the limitations of photodynamic
therapy.

4. Experimental Section
Materials: Poly(methyl methacrylate) (PMMA A2), poly(pyromellitic

dianhydride-co-4,4-oxydianiline) (PI, amic acid solution), cop-
per etchant, N,N-diisopropylethylamine (DIPEA), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide
(NHS), dichlorodihydrofluorescein diacetate (DCFH-DA), chloroform,
anhydrous N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
annexin V/PI staining kit, and 1,3-diphenylisobenzofuran (DPBF) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). SU-8 (SU-8 2)
and SU-8 (SU-8 100) were purchased from Micro Resist Technology
(Berlin, Germany) and MicroChem Inc. (Chungcheongbuk-do, Republic
of Korea), respectively. Polysiloxane acrylate (PSA) precursor (ST1010s)
was commercially available from MCNet Inc. (Gwangju, Republic of
Korea) and poly(acrylic acid) (PAA) was obtained from Polysciences
(Warrington, UK). AZ GXR 601 positive photoresist and AZ nLOF 2070
negative photoresist were acquired from NM Tech (Incheon, Republic of
Korea) and MicroChemicals (Ulm, Germany), respectively. Doxorubicin
hydrochloride (DOX), verteporfin (VPF), and Phe-Arg-Arg-Gly (FRRG)
were purchased from FutureChem (Seoul, Republic of Korea). Ham’s
F-12K (Kaighn’s) medium (F-12K) and Quanti-Max WST-8 cell viability
assay kit (WST-8) were available from Thermo-Fisher Scientific (Waltham,
MA, USA) and BIOMAX (Gyeonggi-do, Republic of Korea), respectively.
RPMI 1640, Dulbecco’s modified eagle medium (DMEM), and fetal
bovine serum (FBS) were obtained from Welgene Inc (Gyeongsangbuk-
do, Republic of Korea). Recombinant human cathepsin B protein and
TUNEL assay kit were purchased from R&D systems (Minneapolis, MN,
USA). Monoclonal anti-mouse cathepsin B antibody was acquired from
Santa Cruz Biotechnology (Dallas, TX, USA), and monoclonal anti-mouse
𝛽-actin antibody and hematoxylin and eosin (H&E) staining kit were
obtained from Abcam (Gyeonggi-do, Republic of Korea). All chemicals
were used as received without additional purification.

Instruments: The microscopic structure and dimension of fabricated
microLED were observed through a field emission-scanning electron mi-
croscope (FESEM; JSM-IT800, JEOL Ltd, Tokyo, Japan). The input volt-
age and power for the microLED operation were supplied and controlled
with a power supply (DP 30-03TP, Toyotech, Incheon, Republic of Korea),
and the optical and electronic properties of the microLED were exam-
ined using a light spectrometry (HR4000, Ocean Optics Inc., Orlando, FL,
USA) and probe station (MST 5500B, MS Tech., Seoul, Republic of Ko-
rea), respectively. An infrared camera (T420, FLIR System Inc., Wilsonville,
Oregon, USA) was employed to measure the temperature change of in
vivo brain and ex vivo brain tumor tissues during the microLED appli-
cation. The hydrodynamic diameter and long-term dispersion stability of

Figure 7. Safety and biocompatibility of microLED implantation and PNP treatment against rat models. a) Follow-up MR images of C6 glioma-implanted
rat brains over 7 weeks after the treatment of saline or PNPs+LED (10 mg kg−1, based on DOX content) with microLED-mediated light irradiation (white
dased line = tumor tissues). b) Changes in tumor volumes over 7 weeks after the treatment of saline, PNPs, PNPs+Laser, or PNPs+LED, analyzed via
MRI. c) Digital images and H&E staining histological images of excised brains treated with saline or PNPs+LED, after 3 or 7 weeks (black dashed line =
tumor tissues). d) CLSM images of TUNEL- or 8-OHdG-stained tumor tissues 3 weeks after the treatment of saline or PNPs+LED. e) The survival rates of
recipient rats during the therapeutic and monitoring periods. f) 50-day body weight changes of saline- or PNP+LED-treated rats. g) Histological analysis
of whole brain tissues after the microLED application and 30 min-light irradiation, and its magnified images at h) the middle and i) end of the implanted
regions. j) Rotarod test with saline- or PNP+LED-treated rats 50 days post-treatment.
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PNPs were analyzed via dynamic light scattering (DLS; Zetasizer Nano
ZS, Malvern Instruments, Worcestershire, UK), and their size and mor-
phology were further confirmed using transmission electron microscopy
(TEM; CM-200, Philips, Amsterdam, Netherlands). The comparison of ul-
traviolet (UV) and visible light (vis) absorption spectra of DOX, VPF, and
PNP was carried out via UV-vis light spectrophotometry (UV-vis; Agilent
Cary 300; Agilent Technologies, Santa Clara, CA, USA). For the confirma-
tion of VPF-FRRG-DOX synthesis and its cathepsin B-specific cleavage, a
reverse-phase high-performance liquid chromatography and mass spec-
trometry (RP-HPLC/MS; 1260 Infinity II LC system, Agilent Technologies,
Santa Clara, CA, USA) was utilized. The cathepsin B expression levels in
normal and brain cancer cells were measured using a western blot reader
(iBright CL750; Thermo Fisher Scientific, Waltham, MA, USA), and a confo-
cal laser scanning microscopy (CLSM; Leica TCS SP8, Leica Microsystems
GmbH; Wetzlar, Germany) and a fluorescence microscope (EVOS M7000,
Thermo Fisher Scientific, Waltham, MA, USA) were employed to obtain
in vitro cellular fluorescence images. In vitro cytotoxicity assay was con-
ducted using a microplate reader (Infinite M Nano, Tecan., Männedorf,
Switzerland). The in vivo and ex vivo fluorescence images of mice and
rats were taken with an In Vivo Imaging System device (IVIS; IVIS Lu-
mina III imaging system, PerkinElmer, Waltham, MA, USA), equipped at
Ewha Drug Development Research Core Center. The in vivo magnetic reso-
nance imaging (MRI) of rats was assessed via an MRI device (Bruker 9.4T
BioSpec 94/20 MRI, Bruker, Billerica, MA, USA). MRI sequence was set
as follows: T1-weighted imaging, echo time = 8.06 ms, repetition time =
500 ms, field of view (FOV) = 100, matrix = 144 × 192, slice thickness =
1 mm.

Fabrication and Characterization of Implantable MicroLED: The fabri-
cation process involved two key components: the LED-containing elec-
trodes and the injectable guide needle for the implantable microLED. For
the LED-containing part, PMMA and PI layers were sequentially spun onto
a rinsed glass substrate, with thicknesses controlled at 5 μm and 50 nm,
respectively, and solidified through baking. A thin metallic layer (5 nm Cr /
100 nm Au) was deposited onto the PI layer through thermal evaporation.
Electrodes were patterned using GXR-601 photoresist via conventional
photolithography methods, followed by the application of an anisotropic
conductive adhesive (ACA) on the gold electrodes.[39] Subsequently, four
red-light LEDs were aligned on the ACA-coated electrodes using a mask
aligner, and SU-8 2, a UV-curable epoxy, was used to encapsulate the cir-
cuit part. The red-light LED (120× 200 μm) was provided by Samsung Elec-
tronics (Suwon, Republic of Korea). Residual PMMA and PI were removed
via plasma etching with a 100 nm copper etch mask, followed by the elim-
ination of the sacrificial PMMA layer using a copper etchant, resulting in a
film-like flexible LED-containing circuit part with a PI substrate. As for the
injectable guide needle part, 3wt.% PAA and SU-8 100 epoxy were spun
on a clean glass in sequence. The pattern for the injectable guide nee-
dle was formed through photolithography. After placing the glass in 80 °C
water for 2 h, the injectable guide needle was separated as the PAA layer
dissolved. Finally, the flexible LED-containing part was affixed onto the in-
jectable guide needle part using PSA precursor, completing the microLED
assembly. Following fabrication, the input current, input power, and out-
put light power of microLED in response to input voltage were measured
using a probe station. Additionally, the microLED’s light emission spec-
trum was assessed using light spectrometry. For temperature measure-
ment, the temperature change with time was monitored by an infrared
camera. Subsequently, the microLED’s operational performance was eval-
uated in various environments, including air, water, subcutaneous tissues,
and brain tumor spheroids. Long-term operation stability and heat gener-
ation were examined by keeping the microLED turned on for 30 min or
longer in air, water, and tumor spheroids. All microLEDs were sterilized
via UV irradiation for 30 min right before their application in vitro or in
vivo.

Synthesis of Cathepsin B-Cleavable Verteporfin-Doxorubicin Prodrug (VPF-
FRRG-DOX): The cathepsin B-cleavable VPF-FRRG-DOX synthesis was
carried out via successive EDC/NHS esterification, as written in the previ-
ous report.[23] In brief, VPF (1.00 g, 1.39 mmol), EDC (0.75 g, 3.91 mmol),
and NHS(0.50 g, 4.34 mmol) were placed in a 250 mL 2-neck round-
bottom flask and dissolved in 100 mL anhydrous DMF, allowed to react

by stirring with a magnetic stir bar at 37 °C for 12 h under the dark condi-
tion. The NHS-conjugated VPF (VPF-NHS) was separately collected using
a C18 column and lyophilized for 2 days. For the FRRG-conjugated VPF
(VPF-FRRG) preparation, lyophilized VPF-NHS (1.00 g, 1.23 mmol) and
NH2-FRRG-COOH (1.00 g, 1.87 mmol) were dissolved in 100 mL DMF
and the reaction between them was conducted at 37 °C for 12 h under
dark conditions. The crude product was passed through a C18 column and
lyophilized to obtain pure VPF-FRRG. Subsequently, lyophilized VPF-FRRG
(0.80 g, 0.65 mmol), DOX (0.10 g, 0.17 mmol), EDC (0.37 g, 1.93 mmol),
and NHS (0.25 g, 2.17 mmol) were added into a 250 mL 2-neck round-
bottom flask and dissolved in 100 ml of DMF. The mixture was gently
stirred to proceed with the reaction at 37 °C for 24 h under dark condi-
tions. The excessive reactants were removed via a C18 column, resulting
in pure VPF-FRRG-DOX after lyophilization. The product for each synthetic
step was confirmed through the HPLC (ACN/H2O co-eluent, gradient elu-
tion from 20:80 to 80:20 (v:v), 0.45 mL min−1 elution rate, 40 min), and
LC/MS analysis.

Formation and Characterization of PNPs: The formulation of PNPs was
carried out by dispersing 1 mg VPF-FRRG-DOX prodrugs in 1 mL saline
and agitating the solution for 1 min. The size distribution and dispersion
stability of PNPs (1 mg mL−1) were analyzed via DLS and their morphol-
ogy before and after the cathepsin B treatment was observed via TEM. For
the cathepsin B cleavage test, PNP (10 μm) was dissolved in MES buffer
(0.1 m, pH5.5) and added with cathepsin B enzyme (50 μg mL−1). The mix-
ture was sampled and analyzed via HPLC (ACN/H2O co-eluent, gradient
elution from 20:80 to 80:20 (v:v), 0.45 mL min−1 elution rate, 40 min) and
LC/MS at 0, 6, 12, and 24 h after the cathepsin B addition to determine
the cleavage of PNPs. The UV and visible light absorbance of DOX, VPF,
and PNP (10 μm) were measured by UV-vis to compare their absorption
spectra. The assessment of the ROS generation profile of VPF, PNP, and
cathepsin B-treated PNP (10 μm) was performed by adding DPBF (100 μm)
in their solutions, irradiating them for 15 min with microLED (650.6 nm
wavelength, 50 mW), and measuring the absorbance intensity at 410 nm
wavelength.

In Vitro Cellular Analysis Using PNPs: Rat heart myoblast (H9C2), hu-
man glioblastoma (U87), and rat glioma (C6) cells were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA) and used
for in vitro tests. The cathepsin B expression levels of H9C2, U87, and C6
cells were measured by western blot assay and quantified using the Im-
age J program. To assess the cellular uptake behavior of DOX, VPF, and
PNP, 5 × 104 H9C2, U87, and C6 cells were separately seeded in confo-
cal dishes and incubated with DOX, VPF, or PNP (5 μm) for 24 h. The
cells were then fixed with 4% paraformaldehyde for 15 min and their nu-
clei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min at
4 °C to observe via CLSM. The in vitro ROS generation and cell apopto-
sis induction of DOX, VPF, and PNP were further investigated by culturing
5 × 104 U87 and C6 cells in confocal dishes and incubating them with
DOX, VPF, or PNP (5 μm). For the measurement of intracellular ROS gen-
eration levels, DCFH-DA (40 μM) was added to the cells and allowed to
be taken up by the cells for 1 h. The light was subsequently irradiated to
the cells via microLED (50 mW) for 15 min, their nuclei were stained with
DAPI for 15 min, and the cells were observed using a fluorescence micro-
scope. For the measurement of apoptotic area, 5 × 104 U87 and C6 cells
were seeded, treated with DOX, VPF, or PNP (5 μm), and irradiated using
microLED (50 mW) for 15 min. 3 h after the additional incubation, cells
were treated with Annexin V for 10 min, stained with DAPI for 15 min, and
analyzed with a fluorescence microscope.

To conduct the cytotoxicity assay, H9C2, U87, and C6 cells were seeded
in 96-well plates and incubated with DOX, VPF, or PNP (5 μM) for 24 h, fol-
lowed by microLED-mediated light irradiation at 50 mW for 15 min. After
the treatment and light exposure, the cells were washed using DPBS twice
and dipped in 0.2 mL cell culture media containing 10% WST-8 solution
for 15 min. The cell viability was determined by detecting the colorimetric
change (absorbance at 450 nm) of the WST-8 solution with a microplate
reader. The apoptosis and necrosis of cancer cells with DOX, VPF, and
PNP treatment were determined by staining them with Annexin V (5 μL)
and propidium iodide (PI; 10 μL) for 10 min and analyzing them via flow
cytometry.
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In Vivo Biodistribution and Tumor Accumulation Analysis of PNPs in
U87 Tumor-Bearing Mice: All mice were fed in the specific-pathogen-free
(SPF) rooms at the College of Pharmacy, Graduate School of Pharma-
ceutical Sciences, Ewha Womans University, and all animal tests in this
study were carried out according to the guidelines and regulations of the
institutional animal care and use committee (IACUC) at Ewha Womans
University (approval no. EWHA IACUC 22-073-2). To develop U87 brain
tumor-xenograft mouse models, five-week-old male BALB/c nu/nu mice
were obtained from NARA Biotech (Seoul, Republic of Korea) and 1 ×
107 U87 cells were subcutaneously injected into the left flank of the mice.
When the tumor volumes reached 150–200 mm3, VPF (5 mg kg−1) or PNP
(5 mg kg−1, based on VPF content) was intravenously administered to the
tumor-bearing mice, and their near-infrared fluorescence (NIRF) images
of recipient mice were obtained at 0.5, 1, 3, and 6 h post-administration
using IVIS to investigate the biodistribution and tumor accumulation of
VPF and PNP. 6, 48, and 72 h after the administration, recipient mice were
sacrificed and their organs and tumor tissues were excised to observe their
ex vivo fluorescent signals. Subsequently, the collected organs and tumors
were further stained with DAPI for CLSM analysis.

In Vivo Therapeutic Efficacy Assessment of PNP with Implantable Mi-
croLED against U87 Tumor Xenograft Mouse Models: To assess the ther-
apeutic efficacy of PNP+LED treatment, U87 tumor-xenograft mice were
prepared by inoculating 1 × 107 U87 cells to the left flank of five-week-
old male BALB/c nu/nu mice. When the tumor volumes grew to 50 – 75
mm3, the mice were intravenously administered with DOX (4 mg kg−1),
VPF (5 mg kg−1), and PNP (5 mg kg−1, based on VPF content) twice with a
2-day interval. In the cases of VPF+LED and PNP+LED experimental groups,
the recipient mice further underwent the implantation of microLED into
the center of tumor tissues 6 h after the VPF or PNP administration, and
microLED-mediated light irradiation was performed at 50 mW for 90 min.
The changes in tumor volumes and body weights were measured every
two days for up to 16 days, wherein the tumor volumes were calculated
as (shortest diameter)2 x (longest diameter) x 𝜋/6 (n = 3). 5 days after
starting the treatment, three mice in each experimental group were sacri-
ficed to extract their tumor tissues, and the extracted tumor tissues were
stained with H&E or DAPI/TUNEL for histological or CLSM analysis. After
16 days of monitoring, all recipient mice were sacrificed, their organs and
tumor tissues were resected, and then the organs and tumor tissues were
stained with DAPI/TUNEL to observe the apoptotic area in them via CLSM.
For the hematological assay, Balb/c mice were intravenously treated with
PNPs (5 mg kg−1 based on VPF content) twice at 2-day intervals and sac-
rificed 7 days post-administration to extract whole blood from their heart.

In Vivo Therapeutic Efficacy Assessment of PNP with Implantable Mi-
croLED against C6 Tumor Orthotopic Rat Models: All rats were fed in the
specific-pathogen-free (SPF) rooms at the Avison Biomedical Research
Center (ABMRC), Yonsei University, and all animal tests in this study were
carried out according to the guidelines and regulations of IACUC at Yonsei
University (approval no. 2023-0137). All rats underwent anesthesia with
isoflurane before the experimental procedures. For the preparation of the
C6 orthotopic brain glioma rat model, six-week-old male Sprague-Dawley
(SD) rats were obtained from Orient Bio (Seoul, Republic of Korea) and
fixed the head with a stereotaxic frame. After skin incision, 1 × 105 C6
cells dispersed in 5 μL DPBS were injected slowly (0.75 μL min−1) into
their brain tissues after craniotomy: anterior-posterior (AP) 0 mm, medial-
lateral (ML) 2.3 mm, and dorsal-ventral (DV) 2 mm from the bregma, and
the tumor growth was monitored via MRI. After the tumor tissues grew to
∼5 mm3, PNPs (10 mg k−1g, based on VPF content) were intravenously
injected, and the NIRF images of recipient rats were obtained at 0, 3, and
6 h post-injection using IVIS to monitor the time-dependent biodistribu-
tion of PNPs. The PNP-treated rats were sacrificed 6 h post-injection to
obtain brain tissues, and the brain tissues were subsequently sectioned
and observed via CLSM upon staining with DAPI, CD31, Claudin 5, and
VE-cadherin, respectively. For the therapeutic procedure, 200 μL saline or
PNP (10 mg kg−1, based on VPF content) solution was intravenously ad-
ministered to brain tumor-bearing rats on the 9th and 11th days after the
tumor inoculation. After 6 h of PNP administration, microLED was im-
planted into brain tumors through a small puncture, and tumor tissues
were irradiated at 50 mW for 30 min. As a control group, a conventional

laser device (LP637-SF70, Thorlabs Inc., Newton, NJ, USA) was also used
to irradiate onto the heads of PNP-injected rats (637 nm, 50 mW, 30 min)
and compare the PDT activation efficacy. The changes in tumor volumes
after the treatment were observed via T1-weighted MR imaging at 1, 2,
3, and 7 weeks with an intravenous injection of gadolinium-based MRI
contrast agents, Gadobutrol (Gadovist; 0.1 mL kg−1, Bayer, Bremen, Ger-
many). The body weights and survival rate of recipient rats were measured
every two days. After 3 and 7 weeks of tumor implantation, all recipient
rats were sacrificed and their brains were collected for CLSM and histol-
ogy analysis. Their normal organs including the heart, lung, liver, spleen,
and kidney were also extracted at 7 weeks post-tumor implantation, and
stained with hematoxylin and eosin (H&E) for the histological assay. Tu-
mor tissues in brains were further conducted with TUNEL and 8-OHdG
staining to determine the oxidative stress and following apoptosis induc-
tion of PNP+LED treatment via CLSM. 7 weeks after the therapeutic pro-
cess, the saline- and PNP+LED-treated rats were further examined with a
rotarod test using an automated four-lane rotarod (Rat Rotarod, 7750; Ugo
Basile, Vittorio, Italy). The test was conducted under an accelerator mode
ranging from an initial speed of ≈5 rpm to a maximum of 20 rpm (reached
within 300 s), and the duration times taken until the rats fell from the ap-
paratus to the floor were measured.

In Vivo Biocompatibility Test of MicroLED Implantation and Operation
against Rat Models: The invasive and thermal damage induced by mi-
croLED in normal brain, temperature change, and MRI were recorded, and
H&E staining was conducted. To determine the damage in the normal
brain caused by the heat generation of microLED, the temperature was
measured using an infrared camera, and MRI and H&E were performed.
MicroLED was implanted at the same location in the brain (AP: 0 mm, ML:
2.3 mm, DV: 2 mm from bregma) as that for the treatment procedure, and
the light was applied at 50 mW for 30 min via microLED. The temperature
was measured every 5 min for up to 30 min. 24 h after the light irradiation,
T1-weighted MRI images were taken. Afterward, the rats were sacrificed
and their brain tissues were collected and stained with H&E for histologi-
cal analysis.

Statistics: The statistical differences between the two experimental
groups were analyzed via the student’s t-test and the one-way analysis
of variance (ANOVA) test was applied to compare those among three or
more groups. The Tukey-Kramer post-hoc test was used to validate the
statistical significance among the multiple comparisons. All quantitative
experiments were repeatedly conducted at least three times and their re-
sults were expressed as average ± standard deviation (SD). The statistical
significance was presented in the graphs as asterisks, wherein p-values
lower than 0.05 were assumed to have statistical significance (ns p > 0.05,
* p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001).
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