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Implantable electronic devices play crucial 
roles in delivering therapy and recording 
physiological information in both animal 
models and humans, with broad relevance 
in areas ranging from biological research 
to clinical medicine.[1,2] Examples include 
the cardiac pacemaker, for control of 
abnormal heart rhythms,[3] and the deep 
brain stimulator, for treatment of disabling 
neurological diseases.[4] These and other 
related devices typically require operation 
over the lifetime of the patient. Other pos-
sibilities for electronic implants demand 
function only for a period matched to 
a transient biological process, such as 
wound healing. Here, the use of biore-
sorbable materials may allow for classes 
of devices that simply disappear into the 
body after the required time for their oper-
ation. Previous studies show that water 
soluble materials, such as monocrystal-
line silicon (Si), metals (Mg, Mo, Fe, Zn, 
and W), metal oxides (SiO2, MgO, and 
Si3N4), and organic polymers (silk fibroin 
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and collagen) can serve as the basis for broad classes of 
active and passive bioresorbable components, such as transis-
tors, capacitors, resistors, diodes, inductors, radio frequency 
antennas, batteries, and chemical/physical sensors. Integrated 
collections of these components yield systems with realistic 
levels of function for applications ranging from intracranial 
monitors, to thermal therapeutics and drug release vehicles to 
radio frequency tags and sensors.[5–13] In all cases, an ideal plat-
form for applications in temporary biomedical implants must 
combine, at a minimum, a sensor and/or actuator and a source 
of power, for which all constituent materials are fully bioresorb-
able and biocompatible. Such platforms are free of additional 
psychological complications associated with pain, bleeding, and 
other risks from the secondary surgical extraction process.[14,15]

Despite significant advances in this area, a key remaining 
challenge is in power supply. One option is in mechanical and 
radio frequency (RF) energy harvesting. As an example of the 
former, Dagdeviren et al.[16] demonstrated devices based on thin 
films of ZnO as the piezoelectric material, capable of producing 
output voltages and currents in the range of ≈1 V and ≈0.5 nA 
for physiologically relevant types of motions. As an example 
of the latter, Hwang et al.[6] reported near and far field RF har-
vesters with antennas of Mg designed to operate at ≈2.4 GHz 
and ≈950 MHz, with demonstrations of wireless operation of 
LEDs at distances of up to ≈2 m. Although promising, each of 
these approaches has some combination of disadvantages in 
their relatively large sizes, the modest levels of power that they 
can produce and/or their limited ability to operate effectively 
over relevant time periods as implants. Many applications, such 
as powering pacemakers and LEDs, require compact devices 
capable of yielding tens of microwatts or milliwatts of power 
with fully biocompatible construction.

Photovoltaic (PV) cells represent an interesting possibility, 
with potential ability to meet these requirements. Previous work 
shows that commercial, nonresorbable solar cells placed sub-
dermally can produce sufficient power to operate pacemakers 
inside the body.[17,18] Kang et al. reported bioresorbable forms of 
thin-film solar cells based on amorphous silicon and Mg elec-
trodes, but with efficiencies much lower than those possible 
with monocrystalline silicon and with inability to operate in an 
aqueous environment for more than a few hours, which limits 
their applications as practical in vivo power supplies.[19] Early 
reports suggest promise of higher efficiencies by use of silicon 
microcells similar to those first described in the context of high 
performance flexible photovoltaics.[5,20] Here, we demonstrate 
materials and design strategies for an ultrathin integrated 
solar cell array based on monocrystalline silicon microcells as 
a power supply, in which all the components, including active 
layer, electrodes, interconnections, and encapsulation layers 

exploit fully biocompatible and biodegradable materials. When 
exposed to 1 sun illumination, a representative array gener-
ates approximately 122 µW with an open circuit voltage (Voc) 
of 4.84 V, and an output of 64 µW, and a Voc of 4.25 V under 
near-infrared (NIR) illumination beneath a 4 mm thick piece 
of porcine skin and fat. These values reach levels that are com-
parable to those of conventional, nonresorbable subdermal PV 
devices.[17,18,21] The output voltage and current can be adjusted 
through the network geometry of series and parallel intercon-
nects between the microcells. In vitro cytotoxicity tests reveal 
that these systems are fully biocompatible. Intermittent opera-
tion of an implanted LED for 3 d subcutaneously in rats serves 
as a proof-of-concept in vivo demonstration. The integrated 
device fully dissolves in the infrascapular region after 4 months 
of implantation. Histological evaluation shows that the dissolu-
tion process introduces no inflammatory reactions in the sur-
rounding tissues. To the best of our knowledge, these results 
represent the first in vivo demonstration of fully biodegradable 
photovoltaic systems as power sources, with implications for 
use in bioresorbable electronic implants.

Figure 1a presents a schematic illustration of the fabrication 
strategy. The process starts with a silicon on insulator (SOI) 
wafer with top Si layer, buried oxide layer, and Si substrate 
thicknesses of 1.5, 3, and 200 µm, respectively. The first step 
involves thermal oxidation to produce a layer of SiO2 (100 nm) 
on the top Si, as a photolithographically patterned hard mask 
for doping with boron (Boron, BN-1250, Saint-Gobain) and 
phosphorus (Phosphorus, PH-1000N, Saint-Gobain) at 1000 °C 
for 30 and 6 min (concentrations ≈1020 cm−3), respectively.[10] 
Figure S1 (Supporting Information) presents the doping 
geometry for a single microcell. Photolithography and reac-
tive ion etching (SF6, 40 sccm, 50 mTorr, 100 W, and 3 min) 
define the structure of an array of isolated silicon microcells. 
Immersion in hydrofluoric acid (HF) removes the buried oxide 
layer in the regions between the microcells. Photolithographi-
cally patterned metallization (Mo, 1.5 µm) serves as electrodes 
and interconnections for the array. Soldering an LED onto Mo 
contact pads that connect to this array provides a visual indi-
cator of device operation for studies as implants, as discussed 
in detail later. Drop-casting of a layer of poly(lactic-co-glycolic 
acid) (PLGA) at a thickness of ≈200 µm and lactide/glycolide 
ratio of 65:35, followed by melting at 150 °C for 4 h yields a 
biodegradable substrate and encapsulation coating. Removal of 
the silicon wafer by backside etching completes the fabrication 
process. Here, the remaining buried oxide layer underneath the 
microcells serves as a back biofluid barrier for the array. For the 
studies reported here, each array includes 72 solar cells, in 12 
columns connected in series, and 6 rows in parallel. Additional 
details are in the Experimental Section.

Figure 1b provides an optical image of an individual micro-
cell, showing the interpenetrating patterns of boron and phos-
phorus doping. The dimensions are 390 µm × 410 µm × 1.5 µm.  
Figure 1c presents a scanning electron microscope (SEM) 
image of 24 Si solar cells from the array. The Mo interconnec-
tions between microcells have dimensions of 180 µm × 350 µm 
× 1.5 µm. Figure 1d presents the current versus voltage charac-
teristics measured from a single microcell and an array under 
simulated AM 1.5G solar irradiance at room temperature. The 
single cell shows a power conversion efficiency of 1.29% with 
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a short circuit current density (Jsc) of 4.37 mA cm−2, a Voc of 
0.40 V, and a fill factor (FF) of 73.3%, respectively. The average 
Jsc, Voc, and FF values over 20 single solar cells are 4.34 ± 
0.04 mA cm−2, 0.40 ± 0.01 V, and 73 ± 1%, respectively. The 
array design increases the Voc to 4.84 V with a short circuit 
current (Isc) of 34.45 µA, for a total output power of 122 µW, 
which is slightly lower than the expected output power based 

on the single microcell behavior (128 µW) due to cell varia-
bilities and contact resistances.[20] Optical absorption through 
these thin cells limits their performance compared to that of 
conventional silicon devices (100 – 200 µm thickness).[22–24] 
Increasing the Si thickness can improve the performance, but 
at the expense of extending the time for bioresorption through 
hydrolysis.

Adv. Energy Mater. 2018, 1703035

Figure 1.  Bioresorbable, monocrystalline silicon microcell photovoltaics. a) Schemetic illustration of key fabrication steps. b) Optical image of a single 
microcell. Scale bar, 100 µm. c) Top view SEM image of 24 interconnected microcells (4 × 6) from the array. Scale bar, 750 µm. d) Current/voltage character-
istics of a single microcell (red) and an interconnected array (black). e) Changes in thickness of silicon as a function of time of immersion in 1× PBS solu-
tion (pH 7.4, Mediatech Inc.) at 37 °C for boron doped (black), phosphorus doped (red), and undoped (blue) material. f) Sequence of images collected 
at different days, showing accelerated dissolution of a bioresorbable Si PV array in 1× PBS solution (pH 7.4, Mediatech Inc.) at 70 °C. Scale bar, 5 mm.
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The chemical kinetics of this hydrolysis reaction is critically 
important to the use of silicon in the applications contemplated 
here. The reaction involves conversion of silicon into silicic 
acid, with a rate that strongly depends on the doping level of 
the silicon, as well as the pH and chemical composition (e.g., 
ion type and concentration) of the environment, and its tem-
perature.[5,7,25,26] Figure 1e illustrates the dissolution kinetics of 
boron doped, phosphorus doped, and undoped Si (initial thick-
ness ≈1460 nm) captured by measuring the changes in thick-
ness as a function of time, using an SOI wafer immersed in 
1 × phosphate buffered saline (PBS) solution (pH 7.4, Medi-
atech Inc.) at physiological temperature (37 °C). Boron doped, 
phosphorus doped, and undoped Si all show linear dissolution 
kinetics with rates of ≈1.3 ± 0.03, 8.3 ± 0.2, and 58 ± 1 nm d−1, 
respectively. The dissolution rates are comparable to previous 
reported values for silicon nanomembranes, ranging from a 
few nanometers to 100 nm d−1; differences might arise from 
differences in conditions such as concentrations and types of 
ion in the solution.[5,7,26]

The dissolution characteristics of other materials in these 
systems, i.e., Mo, SiO2, and PLGA, are also important. Pre-
vious reports show that Mo and SiO2 dissolve in biofluids 
with rates of ≈25 and 8 nm d−1 at pH 7.4 and body temper-
ature, while PLGA layer degrades in ≈1–2 months.[8,10,27] 
Figure 1f presents a set of images of an integrated system col-
lected during accelerated dissolution studies (1× PBS solution 

at pH 7.4 and 70 °C, Mediatech Inc.). The Mo electrodes dis-
solve first, within 9 d, followed by the Si and SiO2 over the 
following several weeks. Areas of undoped Si dissolve more 
quickly than those doped with phosphorus; the regions 
of boron doping dissolve most slowly, consistent with the 
results in Figure 1e. All materials exhibit increased rates of 
dissolution at elevated temperatures compared to physio-
logical values, as expected. For example, the dissolution rate 
for undoped Si increases from ≈58 ± 1 nm d−1 at 37 °C to  
≈590 ± 20 nm d−1 at 70 °C in 1× PBS solution (pH 7.4, Medi-
atech Inc., Figure S2, Supporting Information). The calculated 
activation energy based on the Arrhenius equation is ≈0.6 eV, 
consistent with literature values.[25]

The optical properties of biological tissues in general, and 
layers of skin in particular, are important to consider. Porcine 
skin has many features that are similar to those of human skin, 
such as thickness, general structure, pigmentation, collagen 
composition, and thus widely serves as a preclinical model.[28] 
Figure 2a demonstrates the transmission spectra for a sample 
of porcine skin (thickness ≈2 mm) and fat (thickness ≈2 mm). 
Although only 0–20% of incident light from 400 to 500 nm 
passes through the porcine skin, the transmission gradually 
increases to ≈60% at 800 nm and remains at between 60–65% 
up to 1100 nm. Placing fat under the skin contributes to an 
additional loss of 0–25% for wavelengths between 400 and  
1100 nm.

Adv. Energy Mater. 2018, 1703035

Figure 2.  Photovoltaic performance of the bioresorbable Si PV array. a) Transmission spectra of 2 mm porcine skin (red), and skin with 2 mm fat (blue). 
b) Current/voltage characteristics of an array measured under 1 sun illumination (black), with skin on its surface (red), with skin and fat on its surface 
(blue), respectively. c) Normalized EQE spectra of a microcell measured in the same three scenarios as illustrated in (b). d) Simulated current versus 
voltage curves of an Si solar array under different conditions in (b). e) Current/voltage curves of an array measured during exposure to 200 mW cm−2 
from an NIR LED light with different materials on its surface. f) Optical images of the use of an Si PV system to operate a blue LEDs during exposure 
to 200 mW cm−2 NIR illumination. (Left) A functioning device under pig skin and fat. (Right) A functioning device after immersion in 1× PBS solution 
(pH 7.4, Mediatech Inc.) at 37 °C for 5 d. Scale bar, 5 mm.
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Figure 2b shows the current–voltage characteristics of an 
array with and without porcine skin and fat on top, for the case 
of 1 sun illumination of 100 mW cm−2. Compared to the case 
of a bare array, the Isc decreases from 34.45 to 16.66 µA, and 
further to 10.34 µA while Voc decreases from 4.84 to 4.11 V, and 
further to 3.55 V for the cases of skin and skin with fat, respec-
tively. As a result, the overall output power decreases from 
122 to 47.9 µW, and finally to 25.0 µW, for these cases, respec-
tively. Table S1 (Supporting Information) summarizes the 
average photovoltaic performance of 20 arrays under different 
surface covers. The average output power decreases from 120 ± 
4 to 47 ± 1 µW, and further to 25 ± 1 µW, respectively. Figure 2c 
presents the external quantum efficiency (EQE) for a single 
microcell. Skin and fat introduce significant decreases in EQE 
from 500 to 700 nm, consistent with the losses in Figure 2a. 
The Voc depends on the optical generation rate, which is qual-
itatively consistent with this observed decrease in Voc (≈14%) 
under skin and skin with fat.[29]

Computational modeling provides quantitative insights 
into these measurement results. Optical simulations reveal 
that the optical power density from 400 to 1100 nm for simu-
lated AM 1.5G solar irradiance decreases from 75.85 to 31.46 
and 17.37 mW cm−2 through 2 mm skin, and 2 mm skin with 
2 mm fat, respectively. Figure 2d summarizes the simula-
tion results for a microcell array with these different mate-
rials on top. The bulk recombination lifetime and surface 
recombination velocity for the results in Figure 2d are 1 µs 
and 103 cm s−1, respectively, similar to previously reported 
values.[30,31] The array exhibits an Isc of 42.21 µA, a Voc of 5.28 V,  
and an FF of 68.46% directly under illumination. Isc and Voc 
decrease to 20.05 µA and 4.80 V under the skin and further 
to 10.17 µA and 4.44 V under skin with fat, respectively. As a 
result, output power of the silicon microcell array decreases 
from 152.58 to 64.78 µW, and finally to 29.83 µW, respectively. 
Differences between measured and simulated results mainly 
arise from resistive losses and contact shadows. Overall, the 
simulated changes in output power under tissues (≈43% and 
≈20% of the bare array output power remains under the skin, 
and the skin with fat, respectively) match well with the meas-
ured changes (≈39% and ≈19% of the bare array output power 
remains under the skin, and the skin with fat, respectively) 
in Figure 2b. Details of the simulation approaches are in the 
Experimental Section.

Since the skin exhibits a relatively high transmission for 
NIR light (Figure 2a), an NIR LED (M780L3, Thorlabs) with 
an emission maximum at 780 nm (and full width at half max-
imum, FWHM, at 28 nm; Figure S3, Supporting Information) 
represents a good choice as a portable light source to deliver 
power to the array. Figure 2e presents the performance under 
an optical power density of 200 mW cm−2 from the NIR LED. 
Optical simulations show that the power decreases to 116.88 
and 73.51 mW cm−2 under skin without and with fat, respec-
tively. The array generates 242 µW under direct illumination, 
96.4 µW under skin, and 64.4 µW under skin with fat, while the 
Voc decreases from 5.23 to 4.64 V and finally to 4.25 V for these 
conditions, respectively (Figure 2e). This power level is suffi-
cient to operate devices, such as LEDs and pacemakers in the 
body.[21,32] Note that the PLGA shows a high transmission rate 
(>98%) for wavelengths between 580 and 800 nm (Figure S4, 

Supporting Information) and thus, has little influence on the 
performance of the array.

Figure 2f (left) demonstrates the use of an array under pig 
skin with fat for activating a blue LED with a turn-on voltage 
of 2.7 V (Figure S5, Supporting Information). The array func-
tions in a stable fashion after immersion in 1 × PBS solution 
(pH 7.4, Mediatech Inc.) at 37 °C for 5 d before device failure, 
as illustrated in Figure 2f (right), limited only by the timescale 
for dissolution and water penetration through the PLGA encap-
sulation. Increasing the thickness of this encapsulation and/
or developing materials with slower degradation kinetics will 
increase the lifetime.[33]

Cytotoxicity tests with human umbilical vein endothelial cells 
(HUVECs) seeded and cultured on a PV substrate with geom-
etry shown in Figure S6 in Supporting Information (2000 µm × 
4000 µm × 1.5 µm) reveals its biocompatibility. Details of these 
tests are in the Experimental Section. HUVECs are an attrac-
tive cell choice for such studies because of their physiological 
relevance. Figure 3a shows the growth and proliferation behav-
iors of cells, as depicted by a set of fluorescent images (lower), 
complemented by differential interference contrast image 
counterparts (upper) on days 1, 4, and 7. Overall, the presence 
of well-spread and flattened cells with overall viability between 
89% and 91% is consistent with an absence of any toxic effects 
(Figure 3b). Figure 3c shows the numbers of live (green) and 
dead (red) cells. Throughout the duration of the experiment, the 
numbers of dead cells are significantly lower than that of the 
live cells, thereby providing evidence of good biocompatibility. 
The significant increase in numbers of live cells between day 
1 and day 4 indicates proliferation across the solar cell surface, 
with no significant difference between days 4 and 7.

Operating a blue LED with the PV array embedded in the 
infrascapular region of an adult Sprague-Dawley rat represents 
a proof-of-the-concept example of functionality as a biore-
sorbable power source for biomedical electronics. All animal 
experiment procedures follow institutionally approved proto-
cols. Figure 4a shows the steps for surgical implantation. The 
process begins with administration of isoflurane anesthesia. 
Subcutaneous implantation in the region between the shoulder 
blades involves sterile techniques. A straight incision opens 
the area for device insertion. Stitching the wound area com-
pletes the surgery. The device sustains functioning for 3 d after 
implantation. Figure 4b shows an optical image of operation of 
an LED powered by an implanted Si PV array during NIR illu-
mination on day 3 after the surgery. Protocols for exposure to 
low intensity NIR light are similar to those for low level NIR 
therapy used widely for muscle repair and pain relief.[34] The 
effective conversion of NIR light to blue light using these sys-
tems might have direct relevance in optogenetic techniques for 
studies of neural function.[35]

Figure 4c shows an image of the subcutaneous region cap-
tured with the animal under anesthesia after 4 months. The rat 
displays no signs of disease or debilitation during this time and 
little/no device residues are apparent under visual and optical 
microscope evaluation. Figure 4d (left and middle) presents 
results of standard hematoxylin and eosin (H&E) staining of 
the subcutaneous tissue immediately adjacent to the implanted 
device after its complete dissolution, as an assay for signs of 
gross infiltration of neutrophils, lymphocytes, monocytes, 

Adv. Energy Mater. 2018, 1703035
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Figure 4.  Application of bioresorbable PV systems as implants in rats. a) Optical images during the surgical procedure for implantation in the infrascapular 
region. b) Operation of a blue LED powered by the PV array on postimplantation day 3, during exposure to NIR illumination. Scale bar, 1 cm. c) Optical image 
of the infrascapular region with a PV system implanted for 4 months, showing that the device has fully dissolved. Scale bar, 1 cm. d) Standard H&E staining 
of subcutaneous tissues. (Left) above, (middle) below the site of device implantation. (Right) from a naïve control rat in the same region. Scale bar, 0.5 mm.

Figure 3.  In vitro cytotoxicity test of bioresorbable Si PV arrays. a) Phase contrast (upper) and fluorescent (lower) images of the microcells at different 
time points. In a LIVE/DEAD viability assay, living cells produce green fluorescence and dead cells produce red fluorescence. Scale bar, 100 µm.  
b) The average viability (percent of living cells) at different time points. c) Cell count (number of cells per area) at different time points. For all days, 
the number of dead cells is significantly decreased (*) compared to live cells. The number of live cells is significantly increased between days 1 and  
4 (^). Data are collected from 9–12 regions per time point, from which there are three microcells each. Results are presented as mean ± SD. One-way 
analysis of variance statistical testing is followed by Tukey’s multiple comparison test for p < 0.05.
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basophils, eosinophils, red blood cells, or lipofuscin. As com-
pared with naïve rat subcutaneous tissue from the same region 
(Figure 4d, right), no major differences in skin thickness, nor 
signs of immune cell infiltration at the implantation site are 
apparent, which indicates that the degradation process and its 
by-products are biocompatible.

Fully transient bioelectronic systems offer new opportunities 
for advanced tools in biological research and biomedical devices 
in clinical medicine. The work presented here introduces a fully 
bioresorbable system for wirelessly powering transient elec-
tronic implants in live animals, with ability to generate suffi-
cient power to operate LEDs in a stable fashion for several days, 
where complete dissolution and bioresorption occurs in several 
months. The microcell architecture allows the output currents 
and voltages to be selected over a wide range, to satisfy diverse 
requirements in implantable devices of various types. Detailed 
studies show that this type of system and the products of its dis-
solution in biofluids are biocompatible. These results provide 
an attractive solution for the challenge of in vivo power supply 
for bioresorbable electronic systems, thereby accelerating the 
development of different classes of temporary implants, with 
application possibilities that range from cardiac pacing to 
enhance outcomes from surgical recovery to electrical stimula-
tion to accelerate the rates of healing of bone fractures.[36]

Experimental Section
Fabrication of the Device: Fabrication began with growth of a layer of 

SiO2 (≈100 nm) on an SOI wafer (top Si thickness ≈1.5 µm, SOITEC) 
by thermal oxidation. Etching the SiO2 in buffered oxide etch (BOE) 
through a photolithographically patterned mask of photoresist (AZ 5214, 
Microchem) opened areas for doping with boron (Boron, BN-1250, 
Saint-Gobain) at 1000 °C for 30 min. Immersion in BOE for 3 min 
then completely removed the SiO2. Phosphorus doping (Phosphorus, 
PH-1000N, Saint-Gobain) followed similar procedures, at 1000 °C 
for 6 min. Photolithography and reactive ion etching (SF6, 40 sccm, 
50 mTorr, 100 W, and 3 min) through a photoresist mask (AZ 5214, 
Microchem) removed selected regions of the top Si layer (1.5 µm). 
Immersion in concentrated HF for 1.5 min completely removed the 
buried oxide layer. Photolithography (AZ nLOF 2070, Microchem) 
and liftoff in acetone defined Mo (thickness ≈1.5 µm) electrodes 
and interconnects. An In/Ag solder paste (Indalloy 290, Indium 
Corporation) allowed electrical connections between an LED at the Mo 
interconnects. Transferring an LED (C460TR2227-0216, Cree Inc.) onto 
the paste followed by heating at 150 °C for 2 min served to establish 
these connections. Drop-casting PLGA in acetone solution (weight 
ratio 10%) on the wafer, followed by melting at 150 °C for 4 h formed 
an encapsulation layer (thickness ≈200 µm). XeF2 etching removed the 
bottom Si substrate and completed the fabrication.

Photovoltaic Measurement: Measurements with a Keithley 2400 
sourcemeter defined the performance of the Si solar cell array. The 
illumination source was an Oriel 91192-1000W Solar Simulator with an 
AM 1.5G filter and power density at 100 mW cm−2.

Optical Simulations: Modeling of the optical response of the silicon 
solar cell used the finite difference time domain method (FDTD, 
Lumerical Inc.) to obtain the carrier generation rate in the volume of 
the cell as a result of optical absorption, with normalization to the 
spectral irradiance of the source at the surface of the silicon. The 
two external sources included: the solar spectrum (AM 1.5G) with 
75.85 mW cm−2 irradiance in the 400–1100 nm wavelength band and 
an NIR LED with 200 mW cm−2 irradiance, 780 nm peak wavelength, 
and 28 nm FWHM. For a solar cell underneath porcine skin/fat tissue 
(refractive index ≈1.4), the transmission through the biological tissue 

reduced the incident spectral irradiance at the silicon interface, hence 
reducing the carrier generation rate. Transmission through 2 mm of 
skin (Figure 2a) reduced the power of the solar and NIR LED irradiance 
sources to 31.46 and 116.88 mW cm−2, respectively. Transmission 
through 2 mm of skin and 2 mm of fat further reduced the power of 
the solar and NIR LED irradiance sources to 17.37 and 73.51 mW cm−2, 
respectively.

Electrical Simulations: The electrical simulations used the finite 
element method (DEVICE, Lumerical Inc.). The calculated generation 
rate obtained numerically using FDTD served as the source of local 
carriers in the electrical simulations for each source excitation and 
biological tissue configuration. The doping concentrations were 
1020 cm−3 with a geometry described in Figure 2b. Molybdenum served 
as the contacts. The surface recombination velocity was set to 103 cm s−1 
and the bulk carrier lifetime was set to 1 µs.

Cell Culture and Biocompatibility Studies: Directly fabricating and 
attaching a removable microincubation chamber (≈50 µL) to the solar 
cells allowed for adherent cell seeding and culturing, as described 
previously. Rinsing with 70% ethanol and then with PBS cleaned the 
interior regions of the chamber wells before cell seeding and culturing. 
Cell culturing used endothelial cell basal medium-2 (EBM-2, Lonza) 
with EGM-2 SingleQuots growth supplement kit (Lonza). For seeding 
onto the solar cells, HUVECs were lifted from a T-75 cell culture flask 
with 0.25% trypsin-ethylenediaminetetraacetic acid (Gibco), centrifuged 
at 200 × g for 5 min, resuspended in culture media, and seeded at a 
concentration of ≈300 cells mm−2 in the well of each microincubation 
chamber. A sterile coverslip sealed the well and prevented evaporation 
of the fluid. Solar cells with HUVECs remained in an incubator at 
37 °C and 5% CO2 for 24 h before removal of the coverslip and 
microincubation wells using clean forceps. The solar cells with 
HUVECs remained in a sterile 35 mm dish containing 3 mL of fresh 
media as culturing continued for the duration of the experiment. An 
immunofluorescence live/dead assay (Invitrogen) performed on days 1, 
4, and 7 determined the viability of the HUVECs and the cytotoxicity 
of the solar chip substrates. On the appropriate days, substrates with 
HUVECs were incubated in the dark at room temperature with calcein 
AM (1 × 10−6 m) and ethidium homodimer (2 × 10−6 m) in PBS for 
45 min, rinsed three times with PBS, and immediately imaged. The 
presence of intracellular esterase activity produced an intense green 
fluorescence to identify the living cells while the binding of the ethidium 
homodimer to the nucleic acids of cells with damaged membranes 
produced a red fluorescence to identify dead cells. Cell viability (%) 
corresponds to the number of living (green) cells compared to the total 
number of cells, quantified using ImageJ software.

In Vivo Biocompatibility Study: The Animal Care and Use Committee 
of Washington University approved all procedures for this study. A 
male Sprague-Dawley rat, induced and maintained with inhalational 
anesthesia, was shaved with razor and depilatory cream across its upper 
back/infrascapular region. The implantation occurred under sterile 
conditions. The rat was housed and fed under standard conditions both 
prior to and after implantation. Following 4 months of implantation, 
visual examination of the subcutaneous space with the rat under 
inhalational anesthesia confirmed complete dissolution of the  device. 
After administration of ketamine, xylazine, and acepromazine, 
the rat underwent transcardial perfusion with PBS and then 4% 
paraformaldehyde. The tissues were embedded in paraffin and cut into 
approximately 5 µm sections. Random sections were stained with H&E 
and inspected using optical microscopy for qualitative evaluation of 
differences in skin thickness or immune cell infiltration, as compared 
with similarly prepared and stained tissue from a naïve male Sprague-
Dawley rat.
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