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Fully Implantable and Retrievable Upconversion Waveguides
for Photodynamic Therapy in Deep Tissue

Zhao Shi, Xiaohan Gao, Xue Cai, Hongyou Zhao, Xiuhong Wang, Lingyun Zhao, Lan Yin,

He Ding,* and Xing Sheng*

The clinical administration of biophotonic approaches, such as photodynamic
therapy (PDT), is impeded by the low penetration of visible light in biological
tissues. The cooperation of infrared (IR) light with deeper penetration

and implantable IR-to-visible upconversion materials and devices establishes
an effective strategy to generate visible light in deep tissue. In this work, a
wirelessly powered upconversion waveguide-based light source is reported for
PDT-based in vivo cancer treatments in deep tissue. Combining microscale
IR-to-visible upconversion device arrays and a biocompatible waveguide, the
implant exhibits enhanced IR transmission in biological environments and
generates upconverted red emission in the target region at a depth >10 mm.
The red illumination activates a photosensitizer in 5-aminolevulinic acid
(5-ALA)-based PDT treatment, inducing massive apoptosis (>60% cell death)
of tumor cells. After implanted in tumor-bearing mice, the waveguides enable
chronic operation for more than two weeks and reveal ideal anti-tumor
efficacies in the PDT process. Finally, the biocompatible waveguide can be
retrieved from the tissue, leaving minimal traces after treatments. Such a
waveguide implant represents a prospective technique to realize optical-based
biological modulations and medical treatments within the body.

1. Introduction

In recent decades, photodynamic therapy
(PDT) has been emerging as a promis-
ing approach to cancer treatment. Differ-
ent from commonly adapted approaches
like physical surgery, chemotherapy, and ra-
diotherapy, PDT involves the cooperation
of light, photosensitizers, and oxygen.'™!
Specifically activating photosensitizers by
targeted illumination of required wave-
lengths (visible light in general) and then
generating reactive oxygen species (ROS) in
situ, PDT presents high selectivity against
tumor cells, low invasiveness (compared to
physical surgery), and less side effects (com-
pared to chemo- and radiotherapies).l>!]
In particular, PDT has been clinically ap-
plied for treating skin cancers or resid-
ual, exposed tumors after surgery, facili-
tated with external light sources."'"13] How-
ever, challenges remain for the use of PDT
in deep biological tissues (more than a few
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millimeters underneath the skin), which usually own strong
absorption and scattering in the visible and infrared (IR)
ranges.[1*1%) To bypass this limit, implantable optical devices like
microscale light-emitting diodes (LEDs), integrating with wire-
less power transfer systems, have been developed for deep-tissue
light delivery in biomedicine.['-22]

Alternatively, IR light also serves as a viable supply for light
delivery in tissue, leveraging the biological transparency win-
dow in the 7001700 nm wavelength range.!*?°! Upconversion
materials and devices, which convert long-wavelength IR light
into short-wavelength visible light,?°3¢] can utilize the transmit-
ted IR illumination and produce visible emission, working as
miniaturized implants in the deep tissue for biomodulation and
sensing.37~*] Nevertheless, IR photons only extend the light pen-
etration depth in tissues to a few millimeters, which still restrains
the capability for deep-tissue light delivery.!'*'>] To overcome this
issue, upconversion nanoparticles can be embedded into opti-
cal fibers, which promote the IR light delivery into deeper re-
gions and also improve the stability of long-term applications.[*]
Likewise, the incorporation of high-performance optoelectronic
devices!**] and IR power supply vehicles system, in the form of
light-guiding implants, can work as an in-body light source for
PDT applications.

Here, we report an implantable IR-to-visible upconversion
waveguide, which is constructed of a transparent flexible polymer
slab and functionalized by embedded microscale optoelectronic
devices, for in vivo PDT in deep tumors. Transdermally illumi-
nated by external IR sources, the fully implanted waveguide fa-
cilitates light penetration into the tissue at depths of >10 mm.
The contained microscale devices convert IR photons to visi-
ble ones and activate photosensitizers in the targeted tumor re-
gion. Designed to meet the requirements of practical PDT treat-
ments, the waveguide has the following advantages. First, these
miniaturized, lightweight implants can be fully implanted sub-
cutaneously, without the need of tethering to external equipment
or maintaining a window on the skin surface, thus reducing
the risk of infection and minimizing the interference to animal
behaviors. Second, the waveguide serves as a bridge between
subdermal and deep tissues, effectively delivering IR photons
to target sites. Third, the ideal biocompatibility and stability of
the implant enable repeatable operations for long-term applica-
tions, and make it retrievable after treatment course. Experimen-
tally, we implement these upconversion devices with the cooper-
ation of 5-aminolevulinic acid (5-ALA) to inhibit the growth of
cultured tumor cells (human brain glioma cells, U87MG, and
mouse breast cancer cells, 4T1) in vitro and induce the regres-
sion of solid tumors (U87MG) in vivo by implanting them in liv-
ing mice.

2. Results

2.1. Design and Operation of the Implantable Upconversion
Waveguide

Figure 1a schematically illustrates the function of our developed
implantable upconversion waveguide. Specifically, this wirelessly
operated, fully implantable waveguide is subcutaneously im-
planted into the biological tissue and remotely activated by an
external IR laser source at 810 nm. Near the bottom of the skin
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tissue, the input end of the polymer waveguide receives the pene-
trated IR light, which is further transmitted into the deep site via
the waveguide at a low loss. This waveguide design greatly en-
hances light propagation within the tissue and results in a high
optical density in the deep region. The output end of the waveg-
uide inserts into the targeted tumor region, and incorporates ar-
rays of microscale devices that upconvert IR photons to visible
ones, activating the photosensitizers to generate ROS for PDT.
After the animal skin is sutured, the implanted upconversion
waveguide is positioned within the subcutaneous tissue, without
any tether on the skin surface and visible foreign objects protrud-
ing outside the skin.

The active components embedded in the output end
of the polymer waveguide implant involve arrays of III-V
semiconductor-based, microscale optoelectronic upconversion
devices. Details of device design and fabrication are reported in
our previous work.[*! Briefly, such thin-film devices incorporate
gallium arsenide (GaAs) photon diodes for IR absorption and
indium gallium phosphide (InGaP) LEDs for red emission.
These devices, with a size of 220 x 220 um? and a thickness of
9 um, can be formed as a large-scale array on heterogeneous
substrates with high yields, realizing efficient IR (810 nm) to red
(630 nm) upconversion (Figure 1b). Transfer printing methods
enable the integration of these thin-film emitters into a flexible
waveguide made by an ultraviolet curable resin (Norland Optical
Adhesive 65, NOA 65), with high transparency at 810 nm.[*’]
NOA 65 has a refractive index of 1.524, which is larger than that
of tissue (x1.36) and helps confine IR light within the waveguide.
Additionally, its low modulus ensures that the waveguide has
mechanical properties matching those of biological tissues like
skin and muscles. Figure 1c shows a typical design, including
six upconversion devices on each side of the waveguide, with a
Parylene C coating (x5 um) for waterproof and biocompatible
encapsulation. The integrated waveguides have a diameter of
~400 um and a length that can be varied according to the depths
of targeted tumors. Without the presence of any couplers, an
external IR laser beam can be captured by the flexible waveguide
and illuminate upconversion devices even if the waveguide is
bent to angles up to 90° (Figure 1d).

2.2. Optical Properties of the Waveguide in Tissue

To verify the light-transport capability of the waveguide in the bi-
ological tissue, we carry out numerical simulations and experi-
mental characterizations in Figure 2. In all cases, the waveguide
structure (length = 10 mm and diameter = 0.5 mm) is fully im-
planted into the tissue with external IR illumination (810 nm)
aligned to the input end, consistent with the condition shown
in Figure la. In the model, rays of incident IR light (810 nm)
or upconverted red light (630 nm) are traced by the Monte—
Carlo method, to reveal the power distribution within the tissue
(Figure 2a,b). Without the assistance of the waveguide, the op-
tical intensity of the incident beam (810 nm) decays to 10% of
the initial value at ~#4 mm depth due to the tissue absorption and
scattering. By contrast, a substantial amount of IR photons can
penetrate into the deep tissue (> 10 mm) via the waveguide im-
plant (Figure 2a). At a depth of 11 mm underneath the skin, cal-
culation results show that the optical density diminishes to ~28%
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Figure 1. Implantable waveguide for IR-to-visible upconversion for PDT in the deep tissue. a) Scheme showing the PDT strategy by using an implantable
waveguide incorporating microscale upconversion devices. The implantable waveguide faulltates the penetration of IR light (810 nm) into the deep
tissue, then upconverts the IR light to visible light within the tumor. b) Optical microscope image showing an array of fabricated upconversion devices
on GaAs under IR illumination. c) Photographs of a waveguide with multiple upconversion devices on both sides of the slab. Left: front view; Right: side
view. d) Photographs showing flexible waveguides for IR light delivery and upconversion.

(with the waveguide) or 0.3% (without the waveguide) of the ini-
tial value. Furthermore, the IR propagation in the waveguide ex-
hibits a relatively low loss, suggesting that the penetration depth
of IR light mainly depends on the waveguide length. Near the out-
put end of the waveguide, the upconverted red emission presents
a nearly spherical distribution, due to the Lambertian emission
nature of upconversion devices and the scattering caused by the
biological tissue (Figure 2b). Detailed calculations show that, with
an incident IR illumination of ~#500 mW c¢m~2, the irradiance of
red emission can reach 2.2 mW cm™ at a distance of ~3 mm
from the upconversion emission source, resulting in an expo-
sure dose of ~4 ] cm™ over ~30 min, sufficient to activate most
photosensitizers for PDT.[}*1748-51] Therefore, these device arrays
can realize the effective treatment of a tumor with a diameter
of up to ~6 mm. Experimental characterizations performed in
Figure 2c further verify numerical results. The setup involves a
fabricated waveguide embedded in a synthetic tissue phantom,
with the power density of IR illumination (810 nm) set to differ-
ent values. Consistent with simulations, the distribution of red
emission from upconversion devices covers a larger volume in
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the tissue as the incident power increases. As a comparison, the
red emission is much less prominent from the devices directly
injected into the tissue (without the waveguide) under the same
IR illumination. Clearly, the waveguide plays an important role
in the light delivery into deep tissue.

To predict the thermal behaviors of the implant, temperature
distributions within the tissue are investigated with numerical
simulations, as well as in vivo tests. Supplied by IR illumina-
tion (810 nm) with a density of 500 mW cm™, temperature rises
within the tissue are calculated by finite-element analysis. Maxi-
mum temperature rises occur near the surface skin tissue around
the incident beam, reaching ~0.6 °C above the normal body tem-
perature (Figure S1a, Supporting Information). Animal tests are
performed with a thermal camera capturing the skin temperature
of a mouse under IR illumination (500 mW cm™2). After ~50 s
illumination, the maximum temperature stabilizes and reaches
~2 °C above the normal skin temperature (Figure S1b,c, Support-
ing Information). Such photothermal effects are within the bio-
logical safety range and would have minimal influences on the
animals.[1652]
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Figure 2. Numerical simulation and experimental characterization of the designed upconversion waveguide. a) Simulated power distribution within
the biological tissue for IR light (810 nm) incident on the skin surface, with (right) and without (left) a waveguide (length = 10 mm) embedded in
the biological tissue. Iso-intensity line (white dotted circle) shows 10% of the incident power density. b) Simulated power distribution in the biological
tissue for red emission (630 nm) from the upconversion devices embedded in the waveguide. Iso-intensity line (white dotted circle) shows a red emission
intensity of 2.2 mW cm~2 under IR illumination of 500 mW cm~2. c) Experimental photographs illustrating red emissions from the upconversion devices
embedded in the waveguide (length = 10 mm) implanted into a tissue phantom. The incident IR light is set to different power densities (columns 1-4:
25, 75, 150, and 225 mW cm~2). The white dotted rectangle indicates the shape and the position of the waveguide. The result for upconversion devices
directly embedded at a similar depth (without waveguide) is also presented for comparison in column 5 (incident IR power density = 225 mW cm~2).

2.3. In Vitro Photodynamic Therapy (PDT) Results

To explore the performance of upconversion devices during the
PDT process, we first carry out in vitro experiments on cultured
tumor cells. We select 5-ALA, a clinically approved photosensi-
tizer precursor, which can be metabolized into protoporphyrin
IX (PpIX) in biological environments.l>*! 5-ALA presents high
selectivity to tumor cells and causes preferential accumulation of
PpIX in these cells.5*>%l Especially, one of the activation peaks
(=630 nm) in the absorption spectrum of PpIX exhibits a con-
siderable overlap with the emission of our upconversion devices,
but keeps away from the emission of the IR source at 810 nm
(Figure 3a). In principle, the device can also be designed to
target other absorption peaks of PpIX at shorter wavelengths (for
example, 400 and 500 nm). However, the formation of infrared
to blue or green upconversion devices requires the compacted
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integration of InGaN blue LEDs and GaAs photodiodes, which
are not lattice-matched and are more technically challenging.
Figure 3b schematically illustrate the setup for cell experiments,
in which an array of upconversion device is placed underneath a
culture dish containing different types of tumor cells incubated
with 5-ALA (U87MG or 4T1). Remotely illuminated by an IR
laser beam (810 nm, 500 mW cm™2), the device array provides
irradiation at 630 nm to the cultured cells (Figure 3b, inset).
Figure 3c,d compares cell viability testing results in different
experimental conditions for U87MG and 4T1 cells, respectively.
Each case involves five different experimental groups: i) control,
5-ALA (-), IR (=), device (-), ii) 5-ALA only, 5-ALA (+), IR (-),
device (-), iii) 5-ALA + IR, 5-ALA (+), IR (+), device (-), iv) IR
+ device, 5-ALA (-), IR (+), device (+), and v) PDT, 5-ALA (+),
IR (+), device (+). In both casesPDT-treateded groups exhibit
significant cell death in comparison to the control ones, with cell
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Figure 3. In vitro demonstration of PDT using the upconversion device array. a) Optical spectra for IR excitation (black), device emission (red), and PpIX
absorption (blue). b) Schematic illustration of the experimental setup. Inset: Merged fluorescence image illustrating upconversion device array (red)
and tumor cells (blue). DAPI (blue) indicates cell nuclei. Cell viability after PDT treatment for c) U87MG cells and d) 4T1 cells in different groups. The
PDT groups indicate the results for cells applying both 5-ALA and IR light, with the device array on bottom (mean + s.d., n = 3 or 4 samples per group).
Statistical analysis method is one-way repeated measures ANOVA for data. Sidak’s multiple comparisons test, ““p < 0.01, “p < 0.001, and “*p <
0.00001. e) Bright-field microscopic images showing cultured U87MG cells and reactive oxygen species (ROS) production in different groups. DCFH

(green fluorescence) indicates the ROS production.

viability decreased to 40% for U87MG and 43% for 4T1 cells.
Compared with the control group, measurements of cell viability
show almost 60% death in PDT treatment group, in which
the red illumination upconverted from IR light realized the
activation of photosensitizer (Figure 3c). By contrast, neither the
5-ALA administration nor 5-ALA supplied with IR illumination
can induce significant cell apoptosis, since the photosensitiz-
ers are not activated in these groups. Likewise, IR light on
devices without 5-ALA does not directly kill the cells, either.
The cell death can be attributed to ROS accumulation in cells
treated by PDT, indicated by the fluorescence staining images in
Figure 3e.
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2.4. In Vivo PDT Results

After verifying the feasibility of photosensitizer activation by
upconversion devices, we apply the implantable upconversion
waveguide for tumor treatments in living animals (Figure 4). For
in vivo PDT, we establish a tumor model by intracutaneously in-
jecting U87MG cells in nude mice. Compared to the direct ap-
plication of red illumination via an external light source, the im-
planted waveguide with embedded upconversion devices helps
generate a more uniform light distribution within the tumor
with a larger coverage, thus obtaining a more effective PDT pro-
cess. After the tumor size reaches ~5 mm diameter (210 days

© 2023 Wiley-VCH GmbH
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Figure 4. In vivo demonstration of PDT using upconversion waveguides. a) Protocol used for in vivo PDT, including tumor implantation, waveguide
implantation, and PDT treatments. b) Photo of a nude mouse with the upconversion waveguide subcutaneously implanted in the tumor region, with
devices emitting red light under IR illumination. c) Photos taken with an in vivo imaging system (IVIS), illustrating tumors before (day 3) and after
PDT (day 13) for different groups. d) Measured tumor volumes (normalized) as a function of time after waveguide implantation for different groups.
Red arrows indicate the day when applying PDT. ) Mouse weight change over the experiment. The statistical analysis of data uses one-way repeated
measures ANOVA. Data show mean =+ s.d., n = 5 mice per group. Sidak’s multiple comparisons test, “p < 0.05 and ““p < 0.01.

after tumor implantation), the waveguides are implanted subcu-
taneously at the tumor region, with the output end inserted into
the tumor and the input end near the skin. Waiting for the recov-
ery process of mice, PDT is performed on days 5, 7, 9, and 12 post-
waveguide implantation along with the 5-ALA administration
(Figure 4a). Under the IR illumination (810 nm, 500 mW c¢m~2
in treatment) with an external source, the tumors are completely
lighted up by red emission from upconversion devices, which can
be distinctly visualized during the entire PDT course (Figure 4b).

The setup of experimental groups is similar to that of in vitro
tests in Figure 3, and sham waveguides (without upconversion
devices) are inserted into the mouse tumors for control, 5-ALA
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only, and 5-ALA + IR groups. The tumor growth is monitored
by in vivo fluorescence imaging systems (Figure 4c), as well as
the direct geometry measurement (Figure 4d). On the first five
days post-implantation, all the experimental groups present sim-
ilar tumor growth states. Subsequently, multiple treatments in
the PDT group significantly suppress the tumor growth, while tu-
mors grow continuously in the other four groups. After 16 days,
complete tumor regression occurs for some mice in the PDT
group. Throughout the treatment period, all the mice present
normal weight gain (Figure 4e). Histopathological examinations
reveal microscopic views of the tissue, showing that remarkable
cell apoptosis occurs in the tumor tissue for the PDT group, but
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is almost invisible for other experimental groups (Figures S2—
S4, Supporting Information). These results suggest that the PDT
process effectively damages tumor cells and achieves the regres-
sion of tumors. In the other four groups, the cells reveal large
nuclei, irregular shapes, and scanty cytoplasm, which are typical
characteristics of tumor cells, while the cells in the PDT group
present fractured geometries and constricted nuclei (Figure S3,
Supporting Information). These results clearly demonstrate that
the PDT effect induced by implantable upconversion waveg-
uide performs desirable anti-tumor therapeutics, and exclude the
possibility of chemotherapy-induced by photosensitizers or pho-
tothermal effects associated with the incident IR illumination.
The pathological sections gathered around the implantation
position in the control group do not show obvious cell apoptosis
or other adverse reactions (Figure S5, Supporting Information),
indicating that encapsulated waveguides have ideal biocompati-
bility. Over the treatment process for more than two weeks, the
implanted waveguides maintained their light-emitting functions
(Figure S6, Supporting Information). Moreover, these waveg-
uides can be retrieved and possibly employed for other experi-
ments, further verifying their stability and biocompatibility.

3. Discussion

In summary, we develop an implantable active light-guiding de-
vice for PDT of tumors in the deep tissue, and demonstrate its
capability in treating subdermal tumors in vivo. The fabricated
waveguide can be fully implanted in the tissue without tether-
ing outside, then transmit IR illumination efficiently and upcon-
vert it into visible light, realizing a wireless approach to deep-
tissue light delivery. Benefiting from the low-loss and high-index
material, the subcutaneously implanted waveguide improves the
transmission efficiency of IR light by several orders of magni-
tudes, bypassing the severe optical attenuation caused by biolog-
ical environments. Furthermore, upconversion devices embed-
ded into the waveguide offer sufficient doses of red emission for
PDT. Other advantages of the waveguide include its stability dur-
ing chronic operation and the possibility of reutilization after re-
trieval.

Although current proof-of-concept demonstrations are per-
formed in the subcutaneous tissue in vivo, the waveguide de-
sign can be immediately adapted for PDT practice in the deep
tissue, simply by increasing its length. The fabricated implant
can be further optimized, by implementing upconversion de-
vices with improved conversion efficiencies and different emis-
sion spectra for various photosensitizers.['>’] The waveguide ge-
ometry can also be varied, for example, to form a 3D structure
with more distributed emission within the tumor region. In ad-
dition to PDT, the design can also be employed for other biomed-
ical applications, such as photothermal therapy, fluorescence de-
tection, and optogenetics.’’-%2! This implantable waveguide pro-
vides a generic strategy for wireless light delivery in biomedicine,
specifically to combine the transmission and conversion of light
by the integration of passive and active photonic devices.

4. Experimental Section

Fabrication of Upconversion Devices:  Microscale optoelectronic upcon-
version devices were fabricated from the epitaxial structure on GaAs sub-
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strates grown by metal-organic chemical vapor deposition (MOCVD).
The epitaxial structure included the material layers of an indium gallium
phosphide (InGaP)-based LED, a distributed Bragg reflector (DBR), a
GaAs-based double-junction photodiode (PD), and an aluminum arsenide
(AlAs) sacrificial layer. The geometric areas of LED and PD were defined
by a photolithographic process and acid-based wet etching. Metallization
was done by sputtering, following the deposition of an insulating layer
made of UV-curable epoxy. After selectively removing the sacrificial layer
in hydrofluoric acid (HF)-based solution, the devices could be picked up
and transferred onto the foreign substrate using poly(dimethylsiloxane)
(PDMS) stamps. The detailed process was described in the previous
paper.[4]

Fabrication of Implantable Waveguides: Norland Optical Adhesive 65
(NOA 65, Norland Products)[#’! served as the raw material for the im-
plantable waveguide. NOA 65 formed thin films (=150 pm thick) by casting
or spin coating, and curing under UV illumination at 365 nm with a dose of
4.5) cm~2. The films were shaped into strips with a width of 400 um and
varied lengths, by mechanical or laser milling. Epitaxially released, free-
standing microscale upconversion devices were attached on one side or
both sides of the NOA 65 films by the transfer-printing process.!'l An-
other NOA 65 film was coated on the devices and cured again by UV light,
forming cylindrically shaped waveguides. Finally, an encapsulation layer of
Parylene C (x5 um thick) was deposited on the surface of waveguides by
evaporation.

Optical Modeling and Calculation: Light distribution in biological
tissue was simulated using the Monte—Carlo method by TracePro
software.l83] A cubic entity (edge length > 20 mm) was set as biologi-
cal tissue, with a cylindrical waveguide (diameter = 0.5 mm and length
= 10 mm) embedded, with the input end close to the surface (distance
= 1mm). An 810 nm light beam (3 mm diameter) was placed on the se-
lected surface of the tissue, aligned to the waveguide, and two 630 nm light
source (rectangle with 3 mm length and 0.1 mm width) was placed in the
emitting end of the waveguide with opposite orientation. The parameters
used in the simulation are listed in Table S1 (Supporting Information).
The irradiance of red emission at a certain position in biological tissue,
could be calculated as Izeq = l|g#|R MDevice MRed» Where Iz is the initial in-
tensity of incident IR illumination (500 mW cm~2), nz is the efficiency of
the IR transmittance at the location of upconversion devices, ng.q is the
ratio of Ip.q to the initial red emission from devices, and #7peyic. is related
to the device upconversion efficiency. Based on the ray-tracing simulation
results, 7,5 = 28.3%, and ngeq = 10% at the position of iso-intensity line
in Figure 2b. Considering active areas and the quantum efficiency of the
upconversion devices,!l 7pqice could be determined to be 15.4%. Ulti-
mately, the irradiance of red emission at the position of the iso-intensity
line in Figure 2b was determined to be 2.2 mW cm~2.

Light-Guiding Display:  The synthetic tissue phantom that exhibits sim-
ilar absorption and scattering properties to those of living tissues, was
prepared to display the light propagation behaviors of the waveguide in
biological environments (Figure 2c). Briefly, the synthetic tissue phantom
was made of agarose (0.5% w/v), bovine hemoglobin blood (0.25% w/v),
and intralipid (5% w/v) dissolved in a phosphate buffer solution (pH 7.4).
Subsequently, the solution was blended, boiled, and naturally cooled to
room temperature to form a gel. An upconversion waveguide (length =
10 mm) was embedded in the slab, parallel to the surface with a distance
of 2 mm for observation. Encapsulated upconversion devices were embed-
ded at the same position for the case without the waveguide. An IR laser
beam (810 nm) with varied intensities was aligned to the input end of the
waveguide. The light distribution of upconverted emission was shown on
the surface of tissue phantom, and recorded by a camera with a bandpass
filter (passing band 400-700 nm).

Thermal Modeling: The temperature distribution within the tissue
was simulated by finite element analysis using COMSOL Multiphysics
software.[] The coupling of two modules, “Radiation in Absorbing-
Scattering Media” and “Biological Heat Transfer”, were employed in
the software. A cylindrical entity (dimensions > 20 mm) was set as
biological tissue, with a surface layer (thickness = 1 mm) as the skin.
An 810 nm light source (diameter = 5 mm, intensity = 500 mW cm~2)
was placed on the surface of the skin model. Considering the heat
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dissipation, convection and radiation were set on the surface. The
parameters of simulation are listed in Tables S2 and S3 (Supporting
Information).

Temperature Measurements:  Live mice (BALB/c Nude, Charles River)
were used to test the temperature rise caused by IR irradiation. The
awake mice were temporarily immobilized, and the IR laser (810 nm,
500 mW cm™2) was shone on the back of the mice. Thermography and
temperature change over time were recorded using an infrared thermal
imager (FOTRIC 220).

In Vitro PDT for Tumor Cells:  In the experiments, upconversion device
arrays were used to provide light illumination for tumor cells, which were
incubated with 5-ALA (MedChemExpress). First, tumor cells (U87MG or
4T1) were cultured in 96-well plates (Corning) for 5 x 10° per well, then
were placed in the incubator (37 °C, 24 h) for adherent growth. Next, 5-
ALA (in the basal culture medium) was added, with a final concentration
of 2 mm. After 4 h, the medium was replaced by complete culture medium
and PDT was carried out. Device arrays were placed underneath the cul-
ture dishes, and illuminated remotely by an 810 nm laser (500 mW cm~2,
20 min). After another 24 h in the incubator, cell viability was determined
using the Cell Counting Kit-8 (CCK-8) assay, and the absorbance was mea-
sured at 450 nm by a microplate reader.

ROS Imaging: ROS production was detected using 2',7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA, MedChemExpress).
During the cell culture process, the DCFH-DA probe (20 um in basal cul-
ture medium) was added in the plate, and incubated with tumor cells for
30 min, before the PDT was executed. After the illumination process, ROS
production was visualized (488/525 ex/em) using a confocal fluorescence
microscope (FV3000, Olympus).

Animal Preparation: Animal care and all experiments were in accor-
dance with the institutional guidelines of Tsinghua University, with proto-
cols proved by Institutional Animal Care and Use Committee (IACUC). All
animals were socially housed in a 14/10 h (7 am-9 pm) light/dark cycle,
with food and water ad alibitum. Male BALB/c Nude mice (Charles River)
aged at 4 weeks were used to prepare tumor models, by intracutaneous
injection of U87MG cells (3 x 10% per 100 uL) on the right side back. It
was noted that the tumor location may change during the growth, since
the injected tumor cells were unfixed before the solid tumor was com-
pletely formed. About 10 days after inoculation, the tumors of mice grew
to &5 mm in diameter, and the mice were divided into five groups (n =5
per group), according to the given grouping manner.

In Vivo PDT for Solid Tumors: ~ All the mice were implanted with waveg-
uides (sham devices for groups 1, 2, and 3; functional devices for groups
4 and 5) at the tumor site, by dermabrasion operation. The emitting end
of the waveguide was inserted into the central position of tumor, and the
input end was placed against the skin. After closing the wound, mice were
given analgesic (meloxicam) for three consecutive days, then waiting for
the recovery. PDT began on day 5 post implantation, and repeated on days
7,9, and 12. Prior to IR illumination, mice were intraperitoneally injected
with 200 mg kg™ 5-ALA. Four hours later, the tumor sites were given ir-
radiated by an IR laser beam (810 nm, diameter 3 mm, 500 mW cm~2,
30 min). During the PDT, mice were mildly anesthetized with isoflurane
using a gas anesthesia machine (RWD). The measurements of tumor vol-
umes and mouse weights were taken every two days. On day 18 post
waveguide implantation, the tumors in uncured mice were removed to
prevent reaching ethics limits or ulcerating, and kept in 10% formalin
at4°C.

In Vivo Imaging System (1VIS) Imaging: Whole body imaging of mice
was carried out on days 3 and 13, using an IVIS imager. Twenty minutes
prior to imaging, mice were injected with a fluorescent dye solution (D-
Luciferin potassium salt, Beyotime, with a concentration of 150 mg kg™ ).
When anesthetized in the chamber, mice were imaged by detecting biolu-
minescence from the dye.

Histopathological Examination: The tumors were fixed in 10% forma-
lin, dehydrated, embedded in paraffin, and sliced into 4 pm-thick sections
using a Leica RM2016 slicer. The tumor slices were stained with hema-
toxylin and eosin (H&E), DAB TUNEL, and IF TUNEL, respectively, accord-
ing to standard procedures, and photographed with an optical microscope
(Nikon, Eclipse Cl) and recorded by a digital camera (Nikon, DS-U3).
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Figure S1. Photothermal effects of the IR excitation source. (a) Simulated temperature
distribution within tissue around the incident position of IR light (power density = 500
mW/cm?). (b) Thermography of a living mouse under the IR illumination. Measured
maximum temperature is 38.4 <. White dotted circle indicates the incident laser spot. (c)

Measured maximum temperature as a function of illumination time.
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Figure S2. Histopathological images of tumor sections after PDT for different groups. DAPI
(blue) indicates cell nuclei and TUNEL (green) indicates cell apoptosis.
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Figure S3. Histopathological images of tumor sections taken from mice after different
treatments by H&E staining.
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Figure S4. Histopathological images of tumor sections taken from mice after different

treatments by DAB TUNEL staining.
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Figure S5. Histopathological images of tumor sections taken from a mouse in the control
group near the waveguide region, by H&E, DAB TUNEL and IF TUNEL stainings.
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Figure S6
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Figure S6. (a) Photos illustrating the emissions from the implanted waveguide excited by an
external IR laser source, on day 5, 7, 9 and 12 post implantation. (b) These waveguides
maintain their upconversion emissions after retrieved from tumors 18 days post implantation.
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refractive index (810 nm)

refractive index (630 nm)
absorption coefficient (810 nm)
absorption coefficient (630 nm)
scattering coefficient (810 nm)
anisotropy coefficient (810 nm)
scattering coefficient (630 nm)
anisotropy coefficient (630 nm)

Waveguide (NOA 65) Tissue (tumor)
1.524 1.36
1.524 1.36
105 mm? 0.01 mm?
105 mm'? 0.025 mm-t
20 mm'?
0.95
30 mm1
0.95

Table S1. Parameters used in optical simulations.
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Table S2
Skin Tissue (tumor)
refractive index (810 nm) 1.36 1.36
absorption coefficient (810 nm) 0.05 mm1 0.01 mm1
scattering coefficient (810 nm) 30 mm? 20 mm?
anisotropy coefficient (810 nm) 0.95 0.95
density 1109 kg/m3 1090 kg/m?
heat conductivity coefficient 0.37 W/(m K) 0.49 W/(m K)
heat capacity at constant pressure 3391 J/(kg K) 3421 JI(kg K)
blood perfusion rate 5x 1045t 103 st
metabolic heat source 500 W/m3 500 W/m?

Table S2. Properties of tissue in photothermal simulation.
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arterial blood temperature 37 ¢
blood density 1000 kg/m?
specific heat capacity of blood 4000 J/(kg K)
surface irradiance rate 0.98
heat convection coefficient 5 W/(m? K)

Table S3. Other parameters in photothermal simulation.
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