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Current clinical brain tumor therapy practices are based on tumor resection and post-operative 

chemotherapy or X-ray radiation. Resection requires technically challenging open skull surgeries 

that can lead to major neurological deficits and, in some cases, death. Treatments with X-ray and 

chemotherapy, on the other hand, cause major side-effects, such as damage to surrounding normal 

brain tissues and other organs. Here, we report development of an integrated nanomedicine-

bioelectronics brain-machine interface that enables continuous and on-demand treatment of brain 

tumors, without open skull surgery and toxicological side-effects on other organs. Near-infrared 

surface plasmon characteristics of our gold nanostars enabled precise treatment of deep brain 

tumors in freely-behaving mice. Moreover, the nanostars’ surface-coating enabled their selective 

diffusion in tumor tissues after intratumoral administration, leading to exclusive heating of the 

tumors for treatment. This versatile remotely controlled and wireless method allows for adjustment 

of nanoparticles photothermal strength, as well as power and wavelength of the therapeutic light to 

target tumors in different anatomical locations within the brain.

Introduction:

Conventional cancer therapy approaches such as chemo- and radiation-therapy combined 

with surgical resection, are inadequate for treating aggressive brain tumors (e.g., 
glioblastoma multiforme, GBM). Despite standard-of-care surgery, radiation, and 

chemotherapy, the median overall survival for patients with glioblastoma is 16-21 months 
1 with a 5-year survival rate of 5.6% 2. This is mainly because of drug and radiation 

resistant nature of the GBM cells, which results in post-treatment tumor recurrence or 

metastasis. Controlled heating of the tumors has been used as an effective method for 

treatment of various tumors 3, and can potentially help to eradicate these treatment-resistant 

cells 4. Therefore, developing less invasive and tumor targeted heating procedures such 

as nanoparticle-based photothermal therapy can offer opportunities for improved GBM 

treatment and prolonged survival.

Photothermal therapy with nanoparticles enables precise treatment of tumors, due to 

its capability for selective tumor irradiation and heating with minimal side-effects on 

surrounding tissues 5,6. However, this technique is limited to single-session intraoperative 

treatment of tumors that are superficial to the affected organs, since their targeted tumors 

need to be exposed by an open surgery to activate light-triggered therapeutic reactions 6. 

This is a major technical challenge for treatment of brain tumors using this method. Brain 

tumors are often deep in the brain, and open-skull surgeries are highly invasive and complex, 

making it challenging for conventional optical treatment procedures such as photothermal 

therapy, even during a single surgery session 7.

Here, we revisited the concept of photothermal therapy and developed a new remotely 

controlled approach for continuous and long-term photothermal therapy of the brain 

tumors in freely-behaving mice, without repeated open skull surgeries, and administration 

of anesthetic or analgesic drugs during the treatment sessions. This approach required 

integration of a wirelessly-powered light-emitting device that could be subcutaneously 

implanted on the skull to irradiate the nanoparticles in the tumor microenvironment. We 

tuned our devices to generate tissue-penetrating NIR light with different wavelengths and 
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intensities for efficient photothermal activation of the nanoparticles at any regions of interest 

in the brain. On the other hand, we developed gold nanostars with high absorption in 

NIR range and tuned their light absorption rate and photothermal efficacy to match the 

wireless signal transfer rate (e.g., frequency and duty cycle) and optical power of our 

light-emitting devices. Gold nanostars have been extensively used for cancer imaging 

(e.g., intraoperative Raman-guided tumor resection 6) and photothermal tumor treatment 
8, because of their facile synthesis and tunable optical properties 9,10. We administered our 

nanostars intratumorally and wireless treatment was repeated for up to 15 days to treat three 

types of orthotopically-implanted brain tumors with minimal disturbance in normal activities 

of the animals during the treatment sessions. Our therapeutic approach was effective as 

evidenced by prolonged survival, histological analysis and electron microscopy of the 

tumor tissues. This is the first report of on-demand and continuous photothermal therapy 

in awake animals, promises less clinical translational hurdles and can be feasibly modified 

for different tumors.

Designing nanoparticles for wireless photothermal therapy

We used star-shaped gold nanoparticles as our photothermal agents (Figs. 1A-C), due 

to their effective surface plasmon characteristics in NIR range, biocompatibility, and 

facile synthesis and surface functionalization 6. Our photothermal agents consisted of an 

active monolayer of Raman reporter molecules (BPE) and were coated with Cy5-labelled 

polyethylene glycol (PEG, MW ~ 5 kDa) molecules (Fig. 1A and Supplementary Fig. 

1A). Nanoparticles were tagged with Cy5 and BPE molecules to enable their tracking 

within the tumors and their surrounding normal brain tissues using near-infrared fluorescent 

(NIRF) and Raman (SERS) imaging (Fig. 1J and Supplementary Figs. 2-5). Also, PEG 

molecules enhanced their stability in tumor microenvironment, enabling their selective 

diffusion in the tumors, due to their enhanced permeation and retention (EPR, Fig. 1J 

and Supplementary Fig. 6) 11. Our fluorescent microscopy analysis (Supplementary Figs. 7) 

showed that intratumorally injected nanoparticles were mostly accumulated in tumors over 

the entire period of the treatment and we did not detect them in adjacent brain tissues. We 

also used inductively coupled plasma (ICP) to detect any traces of gold in different sections 

of the formalin-fixed brains (n=3 mouse) with a ppm detection accuracy, and did not detect 

noticeable amount of gold ions in areas other than the tumors at the end of survival period.

Designing wirelessly-powered near infrared emitting devices

Far-field (FF) 12-14, near-field (NF) 15-18, and mid-field (MF) 19,20 radiofrequency (RF) 

communication modalities have been utilized for wireless power delivery to a variety of 

light-emitting implantable bioelectronic devices. Since our nanoparticles required relatively 

higher optical irradiation power levels (tens of mWs) over shorter distances (i.e., less than 

1.5 cm in mouse brain), we used NF wireless power delivery to our devices 17. Previously 

reported NFC 15-18 and MF 19-21 methods have been used to deliver lower optical powers 

(e.g., ~1-5 mW) of shorter wavelengths (less than 700 nm) to tissues over a smaller distance 

(i.e., less than 1 mm and adjacent tissues). However, our method was designed to generate 

higher optical powers (e.g., ~ 25-50 mW) of longer wavelengths, which have higher tissue 

penetration rates (Supplementary Fig. 10) 22,23. Therefore, this approach can target relatively 
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larger tumors (up to 3-5 mm3, in brain depths of at least 0-5 mm depending on the 

wavelength), as also verified in our theoretical estimations (Supplementary Fig. 11). The 

irradiation area can also change with the beam shape, as well as optical power and number 

of the LEDs used in each device. The maximum treatable tumor size is also dependent 

on nanoparticles dosage and photothermal efficacy 4. Higher dosages of the nanoparticles, 

or using nanoparticles with higher photothermal efficacy can generate more heat at lower 

optical powers (i.e., deeper tumors) and help to treat larger tumors.

We selected 13.56 MHz (NFC band) for wireless power delivery, due to availability of 

different commercial products as well as significantly lower tissue absorption compared to 

higher frequency bands 19,20,24, allowing for safe transmission of such high power levels 

to the nanoparticles within the radiation safety guidelines 25. Unlike our devices which 

were designed to send tissue-penetrating NIR (longer wavelengths) to the nanoparticles in 

deeper regions of the brain, all previously reported light-emitting implants were designed for 

applications other than activating nanoparticles, and had to be adhered to the targeted tissue 
17,18 or inserted into the organ (e.g., brain) directly 13,15, to ensure efficient light delivery, 

since visible light has a very limited tissue penetration 26. The fabricated devices are shown 

in Figs. 2A-B and Supplementary Figs. 13 and 14. The final devices were coated with a 

2-μm thick parylene-C layer (Fig. 2C and Supplementary Fig. 15) prior to implantation to 

prevent moisture diffusion and prolong their post-implantation lifetime 27,28.

Irradiating the nanostars with intermittent (duty-cycled) optical power is essential to 

maintain their morphological stability for long-term repeated photothermal therapy sessions 

(Supplementary Fig. 8). It also allowed for LED heat mitigation (Fig. 2D), which 

was necessary to ensure device safety after implantation. Duty-cycling could either be 

implemented using a switch on the implant with programmable timing capability or 

by modulating the incoming power signal (Figs. 2E and F). Alternatively, the inherent 

rectifying behavior of the LEDs could be used to implement duty-cycling, as shown in Fig. 

2G, in which maximum theoretical duty cycle was 31.8%. This could be effectively doubled 

by employing two LEDs with reverse polarities (i.e., back-to-back or BB design, Fig. 2H 

and Supplementary Fig. 16). The combined power of the two LEDs was equivalent to 

that of a single LED with 63.6% duty-cycle providing sufficient photothermal efficiency 

in the brain. Since each LED was on only half the time, self-heating was effectively 

mitigated. Moreover, the BB design improved the photothermal therapeutic efficacy, due 

to irradiating larger volumes of the tumors (Supplementary Fig. 11) and simultaneously, 

enhancing photothermal effect of the nanoparticles by absorbing larger number of photons 
29. BB design offered a lower component count, more simplicity, and a higher efficiency 

compared to the conventional design (Fig. 2F), in which RF-to-DC converters were needed 

(See Supplementary Text) 20,30. Additionally, we evaluated the light-emitting efficacy of 

the BB devices by applying a sinusoidal input with different amplitudes and measuring the 

temperature of the nanoparticles using a thermal infrared (IR) camera. The results are shown 

in Fig. 2I for both 810-nm and 940-nm LEDs, suggesting that a peak voltage of ~4 V 

(Pin ~ 80 mW or 19 dBm) was required to produce sufficient photothermal effect within a 

nanoparticles’ droplet (i.e., 10 μL, ΔT > 3 °C).
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Balancing power transfer and photothermal effect in tumors

Our approach was designed based on a 3-step power transfer mechanism to activate 

nanoparticles photothermal effect in the brain of freely-behaving mice: (1) wireless power 

transfer from the transmitter (TX) coil to the antenna on the device; (2) conversion 

of electrical signals to NIR light with desired wavelength and optical power; and (3) 

NIR delivery to the nanoparticles in the brain tumors and their interaction to generate 

photothermal energy. Considering these three steps, we tuned electrical power transfer 

parameters and optical design of our setup to generate sufficient and long-term consistent 

photothermal heat from the nanoparticles in the tumors (i.e., ΔT ~ 3-5 °C), without heating 

side-effects on other parts of the body, due to wireless electromagnetic power transfer.

Since the input impedance of the BB LEDs is non-linear, we performed large-signal S-

parameter (LSSP) simulations to evaluate the variations in matching network efficiency 

(ηMN) vs. Pin (Fig. 3C and Supplementary Fig. 19B; also see Section 2c of the Methods for 

details). These results indicated that although changes in device orientation or its distance 

from the TX coil could decrease ηMN from its optimum value, variations in Pin were limited 

to 2 dB (within the range required for delivering sufficient optical power to the tumor). 

This ensured consistent power transfer between the TX coil and implanted devices for 

consistent NIR irradiation of the nanoparticles and efficient photothermal therapy effects in 

freely-behaving mice.

Also, we simulated the specific absorption rate (SAR, units of W/kg) over the entire mouse 

body to ensure electromagnetic irradiation safety during our photothermal therapy sessions. 

SAR represents the rate of energy (RF electromagnetic waves) absorbed per unit mass of 

the tissues, and hence intrinsic tissue heating without any nanoparticles. In other words, 

SAR is a major safety criterion to determine the wireless power levels 25. Fig. 3D and 

Supplementary Fig. 20 show 1-g SAR simulation results at 13.56 MHz (NFC frequency) 

and 915 MHz (a typical FF range, shown for comparison), using muscle model for the 

mouse. Unlike the absorption rate values obtained for 915 MHz, the 1-g SAR value at 

13.56 MHz was below the maximum allowable value (1.6 W/kg), verifying that our wireless 

power transfer approach was safe according to Federal Communications Commission (FCC) 

regulations 25 (See Supplementary Text for details). Our full-wave simulation (Fig. 3E) 

showed that the power delivered to the LEDs was decreased about ~5 dB at 13.56 MHz, due 

to tissue interactions. However, this degradation did not decrease the NIR emission power 

of the devices and therefore, we could achieve the required photothermal therapy effect 

without any need to increase the nanoparticles dosage in the tumors. Moreover, our in vivo 
thermal imaging results (Fig. 3F and Supplementary Figs. 22-23) verified that tumor areas 

were the only site in the brain which showed elevated temperature, and this was entirely 

due to the photothermal interaction of nanoparticles with incoming NIR photons. We did 

not observe any temperature increase in surrounding normal brain tissue or other parts of 

the body during the treatment. All these adjustments together ensured, overall safety of our 

wireless power transfer approach, as well as precise and effective heating of the tumors in 

freely-behaving mice.
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Photothermal therapy of brain tumors in freely-behaving mice

Human U87-eGFP-fLuc glioblastoma tumors were used for preliminary evaluation of 

our wireless photothermal therapy technique. In vivo thermal imaging showed that the 

nanoparticles’ photothermal effect increased the tumor temperature to ~40.3°C (peak ΔT = 

5.2 °C) during the irradiation with 810-nm wavelength (Figs. 3F-G and Supplementary Figs. 

22-23). These results matched with the nanoparticles in vitro and ex vivo thermal imaging 

results (Figs. 1C, F and G), as well as the broad-band light absorption spectrum of these 

nanoparticles (Supplementary Fig. 1B).

Distance between the implanted device and the center of the TX coil could change 

spontaneously due to movements of the freely-behaving mouse in the therapeutic cage 

(Figs. 4A, B and D, and Supplementary Figs. 24-25, diameter ~ 13.5 cm), and this 

could possibly result in different optical powers delivered to the nanoparticles in tumors. 

Therefore, we measured optical power generated from each device at different points 

above the TX coil to evaluate these variations quantitatively (see experimental setup in 

Supplementary Fig. 26) and tuned the electrical parameters for consistent nanoparticles 

irradiation during the treatment cycles. The TX power levels were fixed at −10 dBm for 

the 940-nm device; however we observed lower output power (and therefore photothermal 

effect) than expected for the 810-nm device, requiring 1 dB higher power. This was due 

to the different geometrical shape and larger metal pads of our 810-nm LEDs that altered 

the antenna impedance (Supplementary Figs. 12A and 14). Two-dimensional variations 

of optical power delivered to nanoparticles at different heights (h) within the therapeutic 

cage are shown for both 810-nm and 940-nm devices in Fig. 4E and Supplementary Figs. 

27-28. These measurements suggest that when h changed between 1 to 5 cm, the maximum 

variations in the received power levels were ~8 and 3 dB for the 810-nm and 940-nm 

devices, respectively. These maximum variations were observed at the largest h value (i.e., h 

= 5 cm), where we had relatively lower electrical and optical power levels (Supplementary 

Fig. 29 and Fig. 4E). Larger optical powers and photothermal effects were observed at lower 

heights and maximum power and photothermal heating were achieved at h = 0 cm.

Additionally, in order to deliver sufficient and approximately similar amount of heat to the 

tumors for both 810- and 940 nm devices (see Supplementary text), and account for all 

possible movements of freely-behaving mice, probable misalignments between the TX and 

RX coils, and the loss inside the tissue (~ 5 dB, due to loading effects, as shown in Fig. 3E), 

a multi-level powering scheme was chosen, in which the TX power level was increased in 

three different steps all within FCC safety guidelines (Fig. 4C and Supplementary Fig. 30). 

Temperature profiles of the devices at these different power levels were also monitored using 

high-resolution thermal imaging (Fig. 2D and Supplementary Figs. 31-32).

Wireless photothermal therapy (15 min/day, repeated for 15 days) was started 24 h after 

intratumoral injection of nanoparticles and subcutaneous implantation of devices on the 

skull. Both types of devices (810-nm or 940-nm) were effective in photothermal treatment 

of U87 tumors and prolonging the survival of the mice, in comparison with control groups 

(Fig. 4F; See Supplementary Text for details of clinical translation perspective 2,31,32). 

Treatment did not interfere with the mice normal activities and we did not observe any 
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side-effects or behavioral change due to wireless power transfer, NIR irradiation, presence 

of the nanoparticles in tumors, and photothermal heating of the tumors (Supplementary 

Video 1). We also compared our wireless therapeutic results with mice treated with a 

tethered photothermal therapy approach, in which microfibers (200 μm diameter, 2-3 

mm length, Supplementary Figs. 35 and 36) were implanted for direct light delivery 

to nanoparticles in the tumors (Supplementary Figs. 37-40). The survival results and 

nanoparticles therapeutic effects were statistically similar in both wireless and tethered 

NIR light delivery approaches (Fig. 4F). Significantly prolonged survival was also observed 

in mice that were simultaneously treated with a daily dosage of temozolomide (TMZ, a 

common drug for GBM chemotherapy, Supplementary Fig. 41). This enhanced survival is 

promising as combination of different therapeutic modalities (e.g., surgery, chemotherapy, 

and radiation therapy) is often preferred to achieve better GBM therapy outcomes in 

clinics. We also evaluated this technique using GL26 syngeneic mouse GBM cell line 

and infiltrating human-derived GBM39 33,34 xenografts (in immunocompetent and athymic 

mice, respectively). All treatment parameters were similar to what we used for U87 tumors. 

We observed statistically significant improvement in survival of these mice (Supplementary 

Figs. 42-43).

Brains and nanoparticles embedded in tumors were analyzed by NIR fluorescent (NIRF) 

and Raman microscopy imaging, scanning electron microscopy (SEM), and histology 

(hematoxylin and eosin [H&E], and apoptosis markers) before and after treatments. 

Comparison of the NIRF, Raman, and H&E images (n=3) showed that nanoparticles only 

diffused into the tumor tissue within 1.5-2 mm rostral and caudal to the site of intratumoral 

injection (Figs. 1J-L and Supplementary Figs. 3-4). Note that NIR fluorescent and Raman 

signals were only generated from nanoparticles (see control data in Supplementary Fig. 

5), without any signal interference from background tissue. The brightest regions of the 

NIR fluorescent and Raman images (sections 3 and 4 in Fig. 1J and Supplementary Figs. 

3-4) represent the highest nanoparticles concentration at the injection site. Fluorescent 

microscopy of the brain tissues at the end of the survival period also verified that 

nanoparticles were mainly accumulated in tumors over the entire treatment process 

(Supplementary Fig. 7). Additionally, SEM analysis at the border between tumor and normal 

brain further confirmed the nanoparticles’ selective diffusion and photothermal effect within 

tumor tissues. Fig. 4G(i) shows secondary electron image on a selected zone of the tumor 

tissue section (100-μm thickness) after photothermal effect of the nanoparticles. Fig. 4G(ii) 

shows higher magnification backscattered electron image of a zone selected from Fig. 

4G(i). White spots in Fig. 4G(ii) show the distribution of nanoparticles in tissue, since 

gold generates a strong bright contrast in the SEM backscattered mode, which helped 

distinguishing them from the tissue that did not contain nanoparticles. The backscattered 

electron image in Fig. 4G(iv) also shows the nanoparticles (bright contrast) within the 

photothermally affected tumor region shown with arrows (compare with counterpart 

secondary electron image in Fig. 4G(ii)). H & E analyses of the tissues obtained from 

the mice at the end of treatments showed tumor necrosis, tumor cell death, shrinkage, and 

perturbation of the tumor microstructure consistently in U87, GL26, and GBM39 tumors 

as the result of photothermal effect of the nanoparticles (Supplementary Figs. 44-47). The 

untreated tumors were lacking areas of response (“R”) and these specific necrosis patterns 
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(“N”) and were densely composed of cancer cells due to unimpeded proliferation (n=5 

treated vs. control brains). We also noted considerable tumor apoptosis after a single day 

photothermal treatment (Supplementary Fig. 48), which indicates the relative effectivity 

of our method over short treatment periods. However, due to rapidly growing nature of 

the GBM, mice that were treated for shorter times (i.e., 5 and 10 days treatment) had a 

significantly shorter survival compared to mice that were treated up to 15 days.

Conclusions

Current photothermal therapy approaches are not clinically efficient for treatment of brain 

tumors, since a complicated open skull surgery is needed to expose the tumor and irradiate 

the nanoparticles. This is even more challenging when tumors are seated in deep brain 

regions or beside major blood vessels. Here, we combined the state-of-the-art photothermal 

therapy with recent advancements in bioelectronics to resolve this major clinical challenge. 

Epidermal and implantable bioelectronics have been developed for diverse healthcare 

monitoring and therapeutic purposes, yet have not been investigated systematically for 

cancer therapy or diagnosis 35-37. This is mainly because of nascent stages of bioelectronics 

development as an emerging technology, as well as biological complexity and anatomical 

diversity of different types of cancers, such as heterogeneities of tumor tissues and 

lack of easy access to deep tissue tumors 38. To resolve these challenges, we designed 

an implantable and flexible bioelectronic platform to trigger nanoparticles photothermal 

therapeutic reactions in the brain tumors for on-demand and point-of-care treatment cycles. 

Our nanoparticles were designed to generate a uniform therapeutic action in the brain tumor 

microenvironment, when activated with our wirelessly powered light-emitting devices. 

Nanoparticles enabled precise treatment of the tumors without any noticeable heating effect 

on surrounding normal brain tissues. Daily treatments were pursued wirelessly, without any 

additional surgery or interrupting the normal activities of the mice. These results suggest the 

efficacy of our therapeutic method in clinical GBM therapy applications, especially when 

it is combined with standard therapeutic modalities such as chemotherapy, and radiation 

therapy, as well as investigational therapies such as immunotherapy (see perspectives and 

potential clinical impacts in Supplementary Text).

Methods

1. Synthesis and characterization of gold nanoparticles as photothermal agents

a) Synthesis.—Star-shape gold nanoparticles (nanostars) were synthesized following 

a method reported previously 6. Purified nanostars solution was added to a mixture of 

Cy5-PEG(5kDa)-thiol (Nanocs, USA) and trans-1,2-bis (4-pyridyl)-ethylene (BPE, Sigma 

Aldrich, USA) and wrapped in aluminum foil, followed by gentle shaking at room 

temperature for 2 h. Thiol (−SH) terminating side of the PEG molecules reacted with 

gold surface and helped to stabilize the nanoparticles. Cy5 and BPE were included for 

tracking the nanoparticles in cancer tissues, due to their near-infrared fluorescent and surface 

enhanced Raman imaging signals. Final mixture was purified by centrifuging (2000 rcf for 

10 min), removing the supernatant and re-dispersing the nanoparticles pellet in 5% dextrose 
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(D5W) solution for 3-5 times. The final concentration of the nanoparticles solution was 

adjusted to 0.5 nM.

b) Characterizations.—Dynamic light scattering (DLS, Malvern, USA) was used for 

measuring the hydrodynamic size of the nanoparticles. Transmission electron microscopy 

(TEM, 200 kV, FEI Tecnai, USA) was used for morphological analysis of the final 

nanoparticles. UV-vis (Agilent Cary 6000i UV/Vis/NIR, USA) was used to determine the 

absorption spectrum of the nanoparticles. Absorption values measured by Thermo Scientific 

NanoDrop spectrophotometer (USA) and inductively coupled plasma mass spectroscopy 

(ICP-MS, Thermo Scientific XSERIES 2, USA) were used to determine the nanoparticles 

concentration. Surface enhanced Raman spectrum of the nanoparticles was determined using 

an InVia Renishaw Raman microscope (USA). Finally, photothermal heating efficacy of the 

nanostars in response to NIR irradiation was investigated using the thermal camera.

2. Fabrication and electro-optical characterization of NIR-emitting devices to trigger 
nanoparticles photothermal effect

a) DC characterization of LEDs.—LEDs emitting 810 nm and 940 nm NIR lights 

were purchased from Shenzhen Best LED Opto-Electronic Co. (2835FIRC-81L, China) 

and Vishay Semiconductors (VSMY14940, Germany), respectively. A DC power supply 

(E3631A, Agilent, USA) was used to characterize LED efficiencies, and the minimum 

power required for heating the nanoparticles up to a specific temperature (e.g., ΔT= 3 

°C). A pair of 34-gauge enameled wires were soldered onto the two terminals of each 

LED, which were then connected to the power supply to determine their current-voltage 

characteristics. The LEDs were fixed on an optical sensor (S130C, Thorlabs, USA) to 

measure their electrical-to-optical conversion efficiency, η. Optical power was measured 

using an optical power meter (PM100D console, Thorlabs, USA). This process was repeated 

for both LEDs used in this study. Next, LED temperatures and the nanoparticles’ heating 

effect were measured. LEDs were fixed at 2 mm away from a droplet of nanoparticles, and a 

thermal camera (A8201sc InSb, FLIR Systems, USA) was placed at ~10 cm above them to 

measure heating effects.

b) Characterization of the back-to-back design of LEDs.—Two LEDs were 

soldered with reversed polarity (Figs. 2A and H) to characterize the efficacy of the back-

to-back LED design. First, LEDs were placed at 2 mm from the nanoparticles. Then, we 

used an arbitrary waveform generator (4052, BK Precision, USA) to generate a sine wave. 

The waveform generator was used in High-Z mode and the amplitude was swept while 

the nanoparticles’ temperature was measured. Nanoparticles and LED temperatures were 

both recorded for further analysis (Supplementary Fig. 31). The power conversion efficiency 

(PCE) of the back-to-back topology was calculated using harmonic balance simulation in 

ADS simulator (Keysight, USA) (Supplementary Fig. 17, also see Supplementary Text). 

We used the electrical characteristics provided by the vendors to build a simulation model. 

Similarly, we simulated the conventional circuit topology for wireless powering of the LEDs 

(Fig. 2F), which included a matching network, a rectifier, and an energy storage capacitor 

(1 μF). The definition and values of different power efficiency parameters of our devices 

are provided in Supplementary Text. Moreover, we determined variations of duty-cycle, 
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average power, and equivalent DC power (Pdc) with amplitude of the applied voltage for 

back-to-back and single LED designs for comparison (Supplementary Fig. 18).

c) Back-to-back LED RF characterization and matching for maximum power 
delivery and sufficient photothermal efficacy.—The impedance profile of the back-

to-back LEDs were characterized at 13.56 MHz to find the matching component values. 

The impedance of a LED is non-linear as its resistive and capacitive components vary 

with the input power level. Therefore, we characterized the impedance at the power levels 

of interest. The S11 for each case was recorded using a vector network analyzer (VNA, 

E5072A, Agilent, USA) with input power in range of 14-20 dBm with steps of 1 dB. We 

developed a circuit model based on these measurement results. The simulated results were 

in close agreement with measured data as shown in Fig. 3A and Supplementary Fig. 19. 

These models were used for further simulations, such as those used to evaluate the effect of 

input power fluctuations shown in Fig. 3C. The commercially available NFC antenna was 

characterized using the VNA by soldering an SMA connector and recording the S11 data for 

post-processing.

(d) Device fabrication.—The LEDs were put in place and soldered to the capacitors 

(matching components) and the antenna using two pieces of short 34-gauge enameled wires 

(Fig. 2A). Three versions of the devices were prepared consisting of two 940-nm LEDs, two 

810-nm LEDs, or integrating one 940-nm and one 810-nm LED (hybrid devices), as shown 

in Supplementary Fig. 14. The whole structure was glued using Vetbond tissue adhesive 

(3M, USA) to form a transparent and thin supporting layer around the LED, wires, and 

matching capacitors. Next, parylene C was deposited using an SCS Labcoater 2 (Specialty 

Coating Systems Inc., USA) to a thickness of 2 μm. 3-(trimethoxysilyl) propyl methacrylate 

(A-174 Silane) was used as an adhesion promoter to maximize the adhesion of the parylene 

film to the surface of the devices. Scanning electron microscopy (SEM, FEI Magellan, USA) 

was used to evaluate parylene deposition (Fig. 2C and Supplementary Fig. 15). Fig. 2B and 

Supplementary Fig. 14 show the fabricated wireless implant.

e) Evaluating wireless NIR-emission efficiency of the devices.—An external 

loop antenna (Antenna Coil 12.3 cm, Emma Technology, China) was characterized and 

matched at 13.56 MHz, and then used as the transmitter (TX) coil in our wireless setup. 

The antenna diameter was 12.3 cm which matched the dimension of the therapeutic chamber 

(13.5 cm, Figs. 4B and D). The excitation signal was generated by a signal generator 

(N9310A, Keysight, USA, Fig. 4A) and then amplified using a power amplifier (PA, 

LZY-22+, Minicircuits, USA). The PA output power level was determined by assessment of 

three factors, namely the nanoparticles’ photothermal effect, LED electro-optical efficiency, 

and radiation safety concerns. The efficacy of the selected power levels (−9 dBm for 

810-nm LEDs and −10 dBm for 940-nm LEDs) was evaluated by measuring the optical 

power emitted from LEDs, when the devices were placed at different locations inside the 

therapeutic chamber (setup shown in Supplementary Fig. 26). As shown in this schematic, 

the LEDs were not placed directly on the optical power sensor. This was because the body of 

the optical power sensor was composed of metal parts and placing the receiver antenna (the 

whole NIR-emitting device) directly on top of it could result in cancellation of the RF signal. 
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Instead, the antenna was connected to the LEDs through a pair of 34-gauge enameled wires 

and the LEDs were placed on the power sensor, while the antenna was moved to different 

locations within the RX coil to evaluate the electro-optical efficiency. At each point, the 

optical power generated by the LED was measured using the optical power meter and the 

location of the antenna was recorded using a polar coordinate paper placed on top of the 

TX coil. Nominal power levels were used for all measurements. MATLAB (Mathworks, 

Natick, USA) was used to create the optical power maps at different heights for each device 

(Fig. 4E and Supplementary Figs. 27 and 28). We employed a multi-level powering scheme 

(Supplementary Fig. 30) to account for the loss due to implantation (tissue effect) and 

possible orientation and distance variations between the device (RX) and TX coil. To ensure 

device heating is not an issue, each device was placed in the middle of the TX coil at 

h = 0 cm for maximum power transfer and maximal heating and device temperature was 

recorded in all power levels. For this measurement, the coil was connected to the PA and the 

PA was connected to the signal generator (DS1104Z Digital Oscilloscope, RIGOL, China) 

and the output RF power of the signal generator was set according to the steps shown in 

Supplementary Figs. 24 and 30. The thermal camera was placed at a distance of 10 cm from 

the devices (Supplementary Fig. 31) and thermal images of the LEDs were measured.

f) Mouse SAR simulation to evaluate safety of the wireless electromagnetic 
power transfer during the photothermal treatments.—We used simulation to 

evaluate specific absorption rate (SAR) in the mouse body, in order to assess possible tissue 

heating during the wireless photothermal therapy sessions. The simulation was done at 13.56 

MHz and the highest TX power level (−4 dBm), to calculate 1-g SAR (SAR averaged over 

1 g mass of tissue in the shape of a cube per FCC regulation) in a 3D full-wave simulator 

(CST Studio Suite, Simulia, France) using the finite element method and a 3D mouse model. 

In this simulation, the mouse was placed in the middle of a two-turn coil (copper) to model 

the transmitter coil, and on top of a FR-4 board. Mouse body was modelled as muscle (with 

blood flow) with permittivity of ϵ = 66 – j127 and ϵ = 55 – j18 at 13.56 MHz and 915 MHz 

(for comparison), respectively. CST’s internal post-processing SAR tool was used after a 

frequency domain simulation with tetrahedral mesh type and a lumped port. The dimensions 

of the mouse model in this simulation were 2.2 cm × 10.5 cm × 3.4 cm (W × L × H).

3. Tumor models

a) Animal models: Athymic CD-1 nude mice (25-30 g, 10 weeks old, female, Charles 

River Laboratories, USA) and immunocompetent C57BL/6J mice (20-25g, 8 weeks old, 

female, Jackson Laboratory, USA) were used as models for our studies, following the animal 

use protocols reviewed and approved by the Institutional Animal Care and Use Committee 

(IACUC) at Stanford University.

b) Orthotropic brain tumor implantation: U87-eGFP-fLuc (gift from Dr. Irina V. 

Balyasnikova at Northwestern University) and GBM39-fLuc human glioblastoma cells (gift 

from Dr. Paul Mischel at Stanford University, ~2.4×105 cells in total volume of 3 μL 

phosphate buffered saline solution) were stereotactically injected at 0.5 mm posterior and 

2.0 mm lateral to the bregma (at 3 mm depth) of the CD-1 mice (n = 95 mice for U87 and 

n = 20 mice for GBM39). U87 and GBM39 cells were cultured according to our previously 
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reported study 34. Syngeneic mouse GBM cells (GL 26-fLuc, gift from Dr. Gerald Grant at 

Stanford University, ~105 cells in total volume of 3 μL phosphate buffered saline solution) 

were also cultured and injected at the same brain coordinates in immunocompetent mice (n 

= 20) using a previously reported method 39. These cells were modified to express eGFP and 

firefly luciferase (fLuc) for fluorescent and bioluminescent imaging, respectively.

c) Monitoring the tumor size and shape: Our cells were modified to express 

luciferase, which enabled estimation of tumor size and morphology using bioluminescent 

and fluorescent imaging, in addition to T1-weighted MRI (pre- and post-gadolinium contrast 

injection). Tumor size was routinely evaluated using bioluminescence imaging (BLI, IVIS 

Spectrum, Xenogen Corporation, USA) and Living Image software. D-Luciferin (30 mg/mL, 

150 mg/kg dose) was injected intraperitoneally and mice were imaged to assess the brain 

tumor burden by comparing the BLI signal intensities. Shape and growth pattern of the 

tumors were determined using T1-weighted magnetic resonance imaging (MRI, 3T, MR 

Solutions, USA). 6 μL of a clinical grade gadolinium based contrast agent (Multihance, 

USA) was mixed with 94 μL of PBS and the mixture was administered intraperitoneally. 

Pre- and post-Multihance T1-weighted brain MRI scans were performed with 1 mm slice 

thickness. MRI results were analyzed using OsiriX software.

4. Intratumoral administration of the nanoparticles for photothermal therapy

Nanoparticles (1 μL, 0.5 nM) were stereotactically injected into tumors, when post-Gd 

T1-weighted MRI analysis confirmed that the tumor size reached to a contrast-enhancing 

volume of ~ 3 mm3 (~2-3 weeks after implantation of the tumors), using a low speed 

micro-pump (injection rate ~ 0.5 μL/min, Pump 11 Elite Nanomite, Harvard Apparatus, 

USA) and a Hamilton syringe. The needle was pulled out gently (1 mm/min), followed by 

immediate sealing of the skull hole using bone wax and suturing. Step-by-step injection 

was used to avoid leakback of the nanoparticles as the result of tumors hydrodynamic 

pressure. For example, for injecting the nanoparticles at a depth of ~ 3 mm, we first inserted 

the needle to coordinate its tip at 4 mm depth. Then, we pulled out the needle tip to the 

depth of 3 mm after 1 min waiting, followed by injecting 0.5 μL of the nanoparticles (0.5 

μL/min). Then, the micro-pump was stopped and the needle was pulled out for another 1 

mm after 1 min, and the rest of the nanoparticles were injected. The needle was pulled out 

1 mm after 1 min waiting and this process continued until the needle tip was completely 

out, immediately followed by sealing the hole using bone wax. This step-by-step pulling 

out and slow injection approach enabled us to deposit the nanoparticles solution into the 

empty spaces generated by the needle. Control mice were injected with PBS (1×) using a 

similar method. Photothermal therapy sessions were started 24 h after administration of the 

nanoparticles.

5. Photothermal therapy of the brain tumors in freely-behaving mice

NIR-emitting devices were fixed on the skull using dental cement. Before this step micro-

drilling was used for thinning the skull in a rectangular area under the location of LEDs 

for more efficient optical transparency and NIR delivery to tumors. For U87 tumor studies, 

three groups of mice were generated to evaluate the efficacy of our wireless photothermal 

therapy approach (n=10/group). Two groups of mice were injected with nanostars and 
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implanted with 810-nm or 940-nm NIR-emitting devices for photothermal treatment [NPs 

(+), 810-nm Device (+), Irradiation (+); NPs (+), 940-nm Device (+), Irradiation (+)]. One 

additional group of mice was investigated as control after injection of the nanostars and 

implantation of the devices, but without any irradiation for photothermal effects [NPs (+), 

Device (+), Irradiation (−)]. The results were compared with mice without any nanostars 

injection and device implantation [NPs (−), Implantation (−)]. Treatments started 24 h 

after intratumoral administration of the nanostars and each mouse was treated wirelessly in 

the therapeutic chamber for 15 min per day during the whole survival evaluation period. 

To ensure consistent tumor irradiation during the free movements of the mice inside the 

therapeutic chamber, multi-level powering was used, in which the power level transmitted to 

the implanted devices was increased in three different steps, as shown in Supplementary Fig. 

30 (see details in Supplementary Text). A Python script was used to calculate the required 

voltage levels and communicated the information to a signal generator (RIGOL DS1104Z 

Digital Oscilloscope, China, the signal source for the in vivo experiments), using National 

Instruments' implementation of the Virtual Instrument Software Architecture API (NI-VISA) 

through a graphical user interface (GUI). This script set the required frequency (13.56 MHz) 

and output mode (50 Ω) and allowed users to select power levels and their duration for in 
vivo photothermal therapy sessions (Supplementary Fig. 24).

We also used a tethered light delivery approach to be compared with our wireless 

photothermal therapy approach. Microfibers (diameter~ 200 μm and lengths ~ 2-3 mm) 

passed through ceramic cannulas (Thorlabs, US) were implanted in the brain to guide 

the NIR light to tumors. Exact anatomical location of the tumors were first determined 

using post-Gd T1-weighted MRI. Micro-drilling was used to create a sub-millimeter sized 

hole in the skull overlying the center of tumors. The microfiber orientation and length 

was determined based on MRI assessment of the tumors for most efficient light delivery 

to tumors. Microfibers were implanted in the brain using a cannula implant guide and a 

stereotaxic cannula holder (OGL and XCL, respectively, Thorlabs, USA) after intratumoral 

administration of the nanostars, and dental cement was used to fix them on the skull. 

Incisions were closed using veterinary glue and mice were allowed to recover for subsequent 

photothermal treatments. Before each treatment session, mice were restrained for connecting 

the cannulas to optical fibers that were attached to laser sources (LP785-SF100, 785 nm, 

100 mW, SM Fiber-Pigtailed Laser Diode, FC/PC, powered by an ITC4020 combined 

laser diode and thermo-electric cooler controller, Thorlabs, USA). The optical setups are 

shown in Supplementary Figs. 35 and 36. Treatments were performed on freely-behaving 

mice [treatment group: NPs (+), Microfiber (+), Irradiation (+) versus controls: NPs (+), 

Microfiber (+), Irradiation (−); n=10 per group, total=60 mice] using 785 nm irradiation (20 

mW, 24 h after administration of nanostars, 15 min/day). For combination therapy studies, 

temozolomide (66 mg TMZ/kg suspended in Ora-Plus, Selleck Chemical LLC, USA) was 

administered via oral gavage for 5 consecutive days to mice with and without wireless 

photothermal therapy (i.e., Days 1 to 5 after device implantation). Mice were euthanized 

when they lost 15% of the body weight and these end points were recorded to generate 

Kaplan-Meier plots. Similar wireless photothermal therapy experiments were used for nude 

mice with human GBM39 and immunocompetent mice with syngeneic GL26 tumors and 

survival results were compared. A calibrated thermal camera was used for in vivo and 
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ex vivo monitoring of the photothermal temperature changes in the tumors during NIR 

irradiations.

6. Analysis of the mouse brain tissues to evaluate nanoparticles photothermal effects

Mouse brains were excised and immediately imaged to evaluate near-infrared fluorescent 

(NIRF) signals originated from the nanoparticles, using the IVIS Spectrum system 

(excitation and emissions of 640 and 680 nm). For sectioning, brains were first fixed in 10% 

formalin and then stored in 30% sucrose solution for 3 days. Cryopreserved brains were 

then carefully embedded with known orientations in optimal cutting temperature (OCT) 

compound, followed by frozen sectioning (coronal, rostral to caudal) using a cryostat. 

At least N=6 adjacent 10- and 100-μm thick sections with a determined interslice gap 

(e.g., 500 μm) were collected from the tumor region. 10-μm thick sections were stained 

using hematoxylin and eosin (H & E) for histology and determination of the tumor areas 

using Nanozoomer (NanoZoomer 2.0-RS whole slide imager, and NanoZoomer Digital 

Pathology (NDP) Scan version 2.5 software, Hamamatsu Photonics, Japan). Click-iTTM 

Plus TUNEL assay (Alexa FluorTM 594, Invitrogen, USA) of the paraffin-embedded and 

sectioned tissues was also used to detect early stage tumor apoptosis as a result of short-

term photothermal therapy according to manufacturer’s protocol. 100-μm thick sections 

were placed on quartz (Ted Pella Inc., USA) microscope slides for fluorescent and Raman 

microscopies. Quartz slides were used because of the high background Raman signal of the 

commonly used glass cover slides. An Odyssey scanner (700-nm channel with excitation 

and emission wavelengths of 685 nm and 705 nm, 20-μm resolution, LI-COR, USA) 

was also used for NIRF imaging of these tissue sections to determine distribution of the 

nanoparticles in tumors. Raman microscopy of these sections was also performed with 

dimensions covering the whole brain sections using the method we reported before 11. NIRF 

and Raman images were compared to co-localize the multimodal signals originated from the 

nanoparticles and verify the distribution of the nanoparticles in the tumors. Finally, these 

sections were coated with a thin layer of AuPd to increase their conductivity and scanning 

electron microscopy was used for high resolution analysis of the nanoparticles in treated 

tumors using secondary electron and backscattered electron imaging. ICP samples obtained 

from different parts of the excised brains were also prepared and gold ions in tissue parts 

were estimated according to previously reported methods 11,40.

7. Statistics and reproducibility

All graph bars represent mean±s.d. and their statistical analyses were performed using two-

sided student’s t-test (Graphpad Prism). Logrank test was performed to compare the survival 

distributions in the animal studies (Stata/MP version 16.1). Comparisons with p-values less 

than 0.05 were considered to be statistically significant. All micrographs are representative 

of at least three independent experiments. All experiments were repeated at least three times 

with similar results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Nanoparticles design for photothermal heating of the brain tumors.
(A) Schematic showing chemical conjugation of Cy5-labelled polyethylene glycol (Cy5-

PEG) to the surface of nanoparticles tagged with BPE Raman reporter molecules. 

(B) Transmission electron microscopy demonstrating the star-shaped morphology of the 

nanoparticles for efficient photothermal heating in NIR range (scale bar: 100 nm). (C) 

Thermal image showing photothermal response of the nanoparticles under NIR irradiation 

(scale bar: 2 mm). (D and E) Bioluminescent imaging and T1-weighted MRI (post-Gd 

contrast) used to estimate tumor size (human U87-eGFP-fLuc glioblastoma) prior to 

injection of nanoparticles. (F) Thermal images of an excised brain. NIR-triggered heating 

was only observed in tumor areas injected with nanoparticles (left), without any noticeable 

heating effect in normal brain areas (right). (G) Quantitative analysis of the thermal images 

showed significant difference in temperature variation within the tumor and normal brain 

areas (mean±s.d., n= 5, two-sided student’s t-test, p = 0.0001). (H) Photograph of an 

excised brain showing sectioning locations in the tumor areas to collect 6 consecutive brain 

slices for histology and fluorescent microscopy analysis (scale bar: 2 mm). (I) Histological 

analysis of an H&E stained tissue slice showing the tumor areas (scale bar: 1 mm). (J) 

Fluorescent imaging of the brain slices prepared in (H) (scale bars: 2 mm). Comparisons 

with counterpart histological analysis tissues verified that nanoparticles were only diffused 

into tumors (see control image in Supplementary Fig. 5).
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Fig. 2. Designing duty-cycled NIR-emitting devices for remotely-controlled triggering of 
nanoparticles photothermal effect in the brain over a long-term (15 days) treatment cycle.
(A) Schematics showing the backside and frontside views of the device, and circuit design 

and components used for their fabrication. Flexibility of the device enables its curvilinear 

fitting on the mouse skull. (B and C) Representative photograph of a device (scale bar: 

3 mm) and scanning electron microscopy at a selected point on the surface of the device 

showing a 2-μm thick parylene polymer coating (scale bar: 10 μm; also see Supplementary 

Fig. 15). (D) Thermal image of a device with received power of 19 dBm at the RX 

coil (λ = 810 nm emission, resulting in ~3 °C temperature difference in a droplet of 
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nanoparticles) (scale bar: 1 mm). (E and F) Conventional approach for wireless powering 

of the LEDs integrating a matching network, a rectifier, and an optional energy storage 

capacitor along with a circuit which programs the duty-cycle of the LED. The duty-cycle 

can be adjusted by employing a switch which allows for a programmable duty-cycle 

generation (red box) using a continuous input or by modulating the incoming RF signal 

(red and blue waveforms in (E)). The definition and values of the device power efficiencies 

are provided in Supplementary Text. (G) Single and (H) back-to-back LED circuit designs 

used for wireless activation of nanoparticles’ photothermal effect. In single LED design, the 

LED was only ON for half the cycle, achieving a maximum duty cycle of 31.8%. However, 

in the back-to-back LED topology, each LED was turned on for half the cycle, and therefore 

at least one LED was ON during each half-cycle. This effectively doubles the duty-cycle. 

(I) Evaluation of nanoparticles’ heating effect during irradiations with 810-nm and 940-nm 

devices. Graph shows variations of nanoparticles’ ΔT with voltage amplitude (peak voltage, 

Vp) with a sinusoidal input. A peak voltage of around 4 V (~ 80 mW input power) resulted 

in ~3 °C temperature difference in a droplet of nanoparticles deposited on top of a coverslip, 

due to their photothermal response. TEM analysis of the nanostars (Supplementary Fig. 8) 

shows their morphological stability after 15 min photothermal activation for 15 consecutive 

days, verifying that duty-cycled irradiation of the nanoparticles with our back-to-back LED 

design helped to maintain the morphology of the nanoparticles and is suitable for long-term 

and consistent photothermal heating in the brain.
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Fig. 3. Tuning wireless power transfer efficiency and evaluating safety for photothermal therapy 
in freely-behaving mice.
(A) Smith chart showing simulated and measured S11 for back-to-back devices with LEDs 

emitting 810 nm wavelength light. The measured S11 of the antenna is also shown along 

with the ideal matching path (dashed line). (B) L-match structure and matching components 

for the back-to-back devices. The 52 pF capacitance was constructed by placing two 22 

pF and 30 pF capacitors in parallel. (C) Variation of the matching network efficiency, 

ηMN, with input power (Pin), assuming capacitor quality factor of Qc=100 for the matching 

components. (D) Quantitative evaluation of mouse body interactions with 13.56 MHz RF 
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waves to evaluate safety of the wireless power transfer in our approach during wireless 

therapy cycles (compare with SAR values calculated for conventional 915 MHz RF waves in 

Supplementary Fig. 20). The scale bar is logarithmic. (E) Effect of the tissue on the wireless 

link efficiency (ratio of the power received at the input of the devices to the transmitted 

power) after implantation on the mouse skull, suggesting ~ 5 dB degradation in the power 

delivered to the RX antenna, due to the tissue interaction. (F) In vivo open-skull thermal 

images of the brain tumor, 24 h after intratumoral injection of nanoparticles. NIR emitting 

device was fixed above the brain (also see Supplementary Figs. 22-23). (G) Temperature 

variation along the blue dotted line on the brain shown in (F), verifying that only the 

tumor area which contained the nanoparticles was heated during the NIR irradiation (~30 

mW), due to the nanoparticles photothermal response. We did not observe any elevated 

temperature in surrounding normal brain tissues.
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Fig. 4. Wireless photothermal therapy of brain tumors in freely-behaving mice.
(A and B) Schematic showing the computer-controlled wireless power delivery setup 

used for photothermal therapy of brain tumors. (C) Multi-level powering scheme used 

for continuous therapy on a daily basis for 940-nm devices (see Supplementary Figs. 24 

and 30 for details). (D) Photograph showing a mouse eating during the wireless tumor 

therapy session, indicating that our approach did not disturb animal’s normal behavior 

(also see Supplementary Fig. 25 and Supplementary Video 1). (E) Plots showing optical 

power versus the polar position of the NIR-emitting devices (940 nm, pre-implantation) 

from the center of the wireless transmitter (TX) coil to evaluate variations of the optical 

power with height changes to account for movement of the mice. Also, see Supplementary 
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Figs. 26-28 for measurement setup and other related plots for both 810- and 940-nm 

devices. (F) Survival profiles of the mice with human U87-eGFP-fLuc glioblastoma tumors 

treated with wireless photothermal approach (Treatment groups 1, 2, and 3) compared with 

control mice (n=10/group, total=60). NPs (1 μL, 0.5 nM) were injected intratumorally, and 

photothermal therapy was started after 24 h (15 min per day for 15 days). [Control 1: NPs 

(−), Implantation (−); Control 2: NPs (+), Microfiber (+), Irradiation (−); Control 3: NPs 

(+), Device (+), Irradiation (−); Treatment 1: NPs (+), Microfiber (+), Irradiation [810 nm] 

(+); Treatment 2: NPs (+), 810 nm Device (+), Irradiation (+); Treatment 3: NPs (+), 940 

nm Device (+), Irradiation (+)]. Significant differences were observed when comparing each 

treatment group with control profiles (p<0.05, using the log-rank test). Also see survival 

results for mice with GL26 and GBM39 tumors, as well as combination therapy results in 

Supplementary Figs. 41-43. (G) Secondary electron (i and iii) and backscattered (ii and iv) 

SEM images of a brain section, showing photothermal effect of the nanoparticles (porous 

areas shown with arrows) in tumor tissue. All bright contrast spots in backscattered images 

(ii and iv) represent gold nanoparticles due to their enhanced electron backscattering (see 

Supplementary Figs. 44-48 for more detailed histological analysis of the tumors at the end of 

therapies). Scale bars in (i), (ii), and (iii-iv) represent 50, 10, and 100 μm, respectively.
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