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Monitoring X-ray radiation in the gastrointestinal tract can enhance the
precision of radiotherapy in patients with gastrointestinal cancer. Here we
report the design and performance, in the gastrointestinal tract of rabbits,
of aswallowable X-ray dosimeter for the simultaneous real-time monitoring
of absolute absorbed radiation dose and of changes in pH and temperature.
The dosimeter consists of abiocompatible optoelectronic capsule
containing an optical fibre, lanthanide-doped persistent nanoscintillators,
apH-sensitive polyaniline film and a miniaturized system for the

wireless readout of luminescence. The persistent luminescence of the
nanoscintillators after irradiation can be used to continuously monitor pH
without the need for external excitation. By using a neural-network-based
regression model, we estimated the radiation dose from radioluminescence
and afterglow intensity and temperature, and show that the dosimeter was
approximately five times more accurate than standard methods for dose
determination. Swallowable dosimeters may help toimprove radiotherapy

and to understand how radiotherapy affects tumour pH and temperature.

Despite important progress in our understanding of the molecular
pathogenesis of cancer, gastrointestinal malignancies remain among
the leading causes of death worldwide'™. Radiotherapy alone or in
combination with surgery, chemotherapy orimmunotherapy can be
beneficial in treating gastrointestinal cancers* ®. Modernradiotherapy
enables the efficient irradiation of tumour tissue while minimizing
damage to healthy surrounding tissue. However, the risk of low effi-
cacy remains a major challenge for radiotherapists, owing to patient
heterogeneity, treatment uncertainty and variationsin delivery modali-
ties® . In particular, it is extremely difficult to determine, inreal time,
the dose delivered and absorbed in the location of gastrointestinal

tumours. Moreover, the methods currently used for the monitoring of
biochemical indicators, such as pH and temperature, are insufficient
for the comprehensive evaluation of radiotherapy®™.

Although there are a few in vivo clinical dosimeters, including
metal-oxide-semiconductor field-effect transistors, thermolumi-
nescence sensors and optically excited films*?'¢, most of them are
placed directly on (or nearby) the patient’s skin to estimate the dose
absorbed in the target area. In vivo dosimetry with electronic portal
imaging devices has been explored for treatment verification in two
and three dimensions. There are high costs associated with this type
of system, and photon attenuation can alter the dose to the patient,
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Fig.1| Design of aswallowable multimodal X-ray dosimeter. a, The dosimeter
inschematic and real view, with the capacity for simultaneous in situ detection
of absorbed radiation dose, pH and temperature in the gastrointestinal tract.

b, Radioluminescence spectra of NaLuF ,:Tb@NaYF, nanoscintillatorsirradiated
with different dose rates (0.96 to 5.76 Gy min™) at room temperature (inset: TEM
image of as-synthesized nanoscintillators). Scale bar,100 nm. ¢, Transmission
spectra of the polyaniline film recorded in acidic and basic solutions.d, The
all-in-one capsule dosimeter in exploded three-dimensional view. From left to
right, the capsule consists of an antenna, an onboard microcontroller, a colour
contrast sensor for dose detection, an optical fibre embedding persistent
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NaLuF,:Tb@NaYF, nanoscintillators, a pH-responsive polyaniline film, a
multichannel fluid cavity, a colour contrast sensor for pH detection and asilver
oxide battery. The radioluminescence propagates to both ends of the fibrein the
form of total internal reflection. The dose is determined by the total intensity of
the dose sensor, which measures light directly from the optical fibre, and the pH
is measured by the colour contrast ratio of the pH sensor, which measures light
after it passes through the polyaniline film. Photoelectric signals are processed
by anintegrated detection circuit and transmitted wirelessly to amobile device
for convenient reading.

either in the tumour or in normal tissue'”'®. Ingestible sensors offer
notable opportunities for in situ monitoring of biochemical indica-
tors??', However, commercial ingestible sensors are mainly limited
topHand pressure sensors as well as to tethered capsules forimaging
the oesophagus® . Technological advancements in optics, electronics
and especially materials science have provided new opportunities for
developing an inexpensive, swallowable sensor that can simultane-
ously track biological indicators and X-ray dose absorption during
gastrointestinal radiotherapy® .

Design of swallowable X-ray dosimeters

Here wereportthe design and fabrication of a swallowable X-ray dosim-
eter capsule capable of measuringin situ physiological changes during
gastrointestinal radiotherapy. The capsule comprises a flexible optical
fibre encapsulated with NaLuF ;- Tb@NaYF, persistent nanoscintillators,
apolyaniline film and a wireless miniaturized luminescence readout
system. Capsule dimensions are 18 mm x 7 mm, approximately equiva-
lent to astandard size 2 capsule commonly used for supplements and
medicines (Fig. 1a). This capsule can respond linearly toirradiation of
50 kV (0.04 mGy min™ t0 16.68 mGy min™) or 6 MV (0.58 Gy min™ to
5.76 Gy min™). The capsule also contains abuilt-in temperature sensor,

which provides correction factors to compensate for the effect of body
temperature onthe dosimeter, as wellasan ambulatory pH sensor for
the digestive system.

As a proof of concept, we first synthesized NaLuF,:;Tb@NaYF,
core-shell nanoparticles according to amethod described inthe litera-
ture (Extended DataFig.1)*. Upon X-ray irradiation, NaLuF ;- Tb@NaYF,
nanoscintillators exhibited emission peaks at 489, 546 and 584 nm
(Fig. 1b). The intensity of the radioluminescence varied linearly with
the X-ray dose. The afterglow of NaLuF,:Tb@NaYF, nanoscintillators
persisted for more than 30 d after the X-rays were turned off (Supple-
mentary Table 1 and Video 1). Notably, the afterglow can be used as a
self-sustaining light source to monitor dynamic pH changes within a
few hours afterirradiation, a capability not yet available with existing
pH capsules. A transparent polydimethylsiloxane (PDMS) membrane
was coated with pH-sensitive polyaniline to create the pH sensor. The
absorption spectra of the polyaniline-coated film showed a high sen-
sitivity to pH changes in the range 1-7, which alters the transmission
spectrum of radioluminescence after it passes through the coated film
covering the capsule (Fig. 1c).

Apartfromthe NaLuF,:Tb@NaYF,-encapsulated optical fibre and
pH-sensitive polyaniline coating, the capsule also includes a custom
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Fig.2| Operating principle and characterization of the capsule dosimeter.
a, Dosimetry monitoring diagram. Radiation dose is determined by measuring
radioluminescence at the optical fibre’s end, which contains radiation-sensitive
materials (NaLuF,:Tb@NaYF, nanoscintillators). b, Flowchart of the NN
regression algorithm for dose determination. The trained NN model is fed

with the feature parameters required for NN regression retrieved from the raw
data, and the network then outputs the dose rate value. Feature parameters
include radioluminescence (L), time-dependent afterglow (4,, i represents time)
and temperature (7). T, and T, represent different temperatures. ¢, Measured
radioluminescence intensity over time at a dose of 2.88 Gy and dose rates from
0.58t05.76 Gy min™.. d,e, Comparison of the accuracy of dose estimation using
different algorithms (d) and feature parameter selection approaches (e). The
insetind shows amagnified view of the data ata dose rate of 5.76 Gy min’; the
blue dots depict the actual dose rate versus radioluminescence in the test, the
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blackline or dots depict the dose assessment value obtained by linear fitting
only from the parameter L, and the red dots depict the dose assessment value
produced by NN from parameters such as L, A;and T. The mean square errors

for the linear fitting algorithm fed with L and the NN algorithm fed with three
parameter selection schemes are summarized in e. Each algorithm s cyclically
executed 200 times to count accuracy. L represents the average intensity during
irradiation. f, Schematic of the calibration test for determining dosage in various
irradiation orientations. g, Light intensity normalized in different directions at
the same dose rate. Under 50 kV and 6 MV irradiation, the anisotropy of angular
response of the capsuleis less than 80% and 3.2%, respectively. h, Normalized
radioluminescence intensity as a function of dose under 6 MV irradiation ata
dose rate of 5.76 Gy min™’. Ine and h, bar plots and error bars show the mean + s.d.
The dataine,gand hwere obtained from one capsule.

fluidicmodule with multiple inlets for dynamic gastric fluid sampling,
two colour sensors for light and temperature measurements, a printed
circuit board with a microcontroller and a button-sized silver oxide
battery (Fig.1d). At bothends of the optical fibre, two high-sensitivity
colour sensorsareinstalled. Inthe fibre, the radioluminescence propa-
gatestobothendsastotalinternal reflection. Changesin the intensity
of the dosage sensor, which monitors light directly from the optical
fibre, determine the dose. The pH, on the other hand, is determined
by the colour contrast ratio of the pH sensor, which analyses light after
it has passed through the pH-responsive film coating the capsule. An
integrated detection circuit processes photoelectric signals, which
are then wirelessly transmitted to a mobile phone for easy viewing.

Doseresponse of NaLuF ,:;Tb@NaYF,
nanoscintillators

We next evaluated the dose response of the optical fibre withembedded
NaLuF,:Tb@NaYF,nanoscintillators(Fig.2aandExtended DataFigs.2-4).

Theradioluminescenceintensity of NaLuF,:Tb@NaYF, nanoscintilla-
torsvaries linearly with the dose rate of low-energy X-rays (<50 kV) or
high-energy irradiation (6 MV and 10 MV) and exhibits strong persis-
tentluminescence. Both radioluminescence and afterglow intensities
of NaLuF,:Tb@NaYF, nanoscintillators are directly proportional to
dose variations, implying that combining the two data types will lead
to amore precise estimate of the absorbed dose. This X-ray dosim-
etry method also takes into account the effects of temperature on
the nanoscintillators’ radioluminescence and afterglow. To capture
the complex relationship between the absorbed dose rate (D) and
radioluminescence (L), afterglow with time (A,, i represents time) and
temperature (7), we used a machine learning technique based on a
neural network (NN) regression for high-precision evaluation (Fig. 2b
and Extended Data Fig. 5). For training data collection, the scintilla-
torswereirradiated with the same X-ray dose, but different dose rates
(Fig. 2c). We tested two different algorithms: one based on a simple
linear regression with only L asinput and the other onan NN with L, A;
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Fig. 3| Characterization of pH sensing with amultichannel fluid cavity.

a, Principal working diagram of the optical pH sensor. The inset shows a model
ofthe polyaniline (PANI) and H" locus on the PDMS film. b, Micrographs

and photographs of a polyaniline filmimmersed in pH1and pH 6 solutions.

¢, Radioluminescence transmission spectrum after passing through the pH-
sensitive filmimmersed in solutions of various pH values. d, Simulations and
photographs of solution dispersion in amultichannel fluid cavity at different
times (inlet flow rate, 1 ml min™). The time it takes for the fluid inside the cavity
to exchange with the external fluid is less than 1s. Scale bar,4 mm. e, Dynamic
evaluation of pH sensing. The sensor’s response time can be as fast as 5 s when the
pH of the solution changes suddenly. f, Normalized colour ratio G/B versus pH.
Thered line depicts the change in colour ratio G/B as pHis increased from

1to 6, while the blue line depicts the opposite test result. Error bars represent
the standard deviation of colour ratios. g, Variation in colour ratio G/B versus
time as pHisaltered from1.5t0 5.5in 0.5 steps. h, Persistent luminescence for pH
sensing demonstration. The colour ratio G/B was plotted versus time after the
radiation source was turned off at pH 1 (blue line) and pH 6 (red line). At the first,
second, third and fourth hours after irradiation ceased, the interquartile range of
the colour ratio was 2.6%, 3.8%, 7.1% and 12%, respectively. The minima, maxima,
centre, bounds of the box and whiskers, and percentiles are marked in boxplots.
The box range represents the interquartile range (IQR) of the data. The range
between the upper and lower error bars represents 1.5IQR, and the line in the
middle of the box is the median line. Whiskers represent outliers in the data. The
datain c-h were obtained from one capsule.

and T as input (Fig. 2d,e). For dose rates up to 5.76 Gy min™, the root
meansquare error of the NNis less than 0.01 Gy min™ (approximately
0.2%), which is approximately five times lower than the linear regres-
sion. Itisworth noting that alternative input settings might be chosen
depending on the application’s needs. The real-time data L and T, for
example, can be fed into the NN algorithm to calculate the real-time
dose rate D without taking into account the afterglow A,. The angular
dependence of the capsule as a dosimeter was also evaluated, and the
maximum differencein angular response for the 6 MV irradiation was
3.2% (Fig. 2f,g and Extended Data Fig. 6). Furthermore, the stability of
the dosimeter wasinvestigated by irradiating scintillators continuously
for 5 min at a dose rate of 5.76 Gy min™. The results showed that the
amplitude fluctuations of radioluminescence are less than 1% (Fig. 2h),
indicating that the dosimeter is operationally stable. Although the NN
algorithm calibrates the effect of temperature on luminescence and
the contribution of afterglow to dose assessment, capsule dosimeters
will require a detailed calibration that explicitly takes into account all
parameters needed to convert the optical signalinto anabsorbed dose
before they can be used clinically.

pH sensitivity of the polyaniline film

We next examined the pH sensitivity of the polyaniline-modified film
(Fig. 3a,b and Extended Data Fig. 7). The capacity to estimate the pH
profile in situ with accuracy and reliability is critical for early tumour
diagnosis and monitoring the efficacy of cancer therapy®*°. The
transmitted light has a different G/B colour ratio than the radiolumi-
nescence that goes through the pH-sensing filmimmersed in different
pH solutions (Fig. 3¢). To improve temporal resolution for pH meas-
urements, we designed a fluidic module with multiple inlets that can
constantly provide fluid. The time it takes for the solute concentration
inthereservoirtoadjust to the new concentration (the refresh time) is
akey performance indicator of the fluidics module in reaction to the
inflow of solutions with a new solute concentration. The refresh time
ofthe module was determined vianumerical simulations (Fig. 3d). For
six inlets with an inlet flow rate of 1 ml min™, the density and viscos-
ity coefficient of gastric fluid were set to 1,000 kg mand 60 Mpa-s,
respectively, and the refresh time of the new solution concentration
at95% was lessthan1s. The pH-sensitive film was exposed to the solu-
tion and the colour ratio changed within 5 s of the solution pH change
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Fig. 4 |Invivo validation of dose assessment, pH sensing and stability.

a, Photographs of the computed tomography imaging setup. b, After meticulous
surgical dissection, the wireless capsule was placed at various angles in the
stomach of the sedated rabbit. ¢, Capsule intensity versus angle in three separate

rabbits. d, Measured pH value versus time at various dose rates. e, Real-time,
continuous in vitro measurement of radiotherapy dose, solution pH and
temperature during aradiotherapy cycle to ensure stability.

(Fig. 3e). The response curve of the pH-sensitive film was obtained
by plotting the colour ratio G/B of the transmitted light versus the
pH of the prepared standard solution. The average responsivity was
20% for pH variations of 1 (measured by the average value of the slope
divided by the range of the colour ratio G/B; Fig. 3f). It is noteworthy
that the response of the pH-sensitive filmis reversible. We also tested
the stability of the pH sensorin a variety of pH solutions (Fig. 3g). Fur-
thermore, we demonstrated that the afterglow may be used to track pH
changes afterirradiation. The pH sensor responds quickly, accurately
and consistently, with a sensitivity of 18.3% for pH variations of 1. The
interquartile range of the colour ratio was 2.6%, 3.8%, 7.1% and 12%,
respectively, at the first, second, third and fourth hours after irradia-
tion ceased, demonstrating that the capsule may detect pH changes
of 0.5 by afterglow even 4 h after radiotherapy (Fig. 3h).

Integration and demonstration of wireless
capsules

We nextintegrated our X-ray dose and pH sensors with awireless trans-
mission platform. Mostin vivo luminescence detection devices require
external wiring and are limited to laboratory use, while a low-power
wireless alternative could make in vivo detection more convenient.
We created a wireless readout capsule that is fully integrated, minia-
turized, and capable of monitoring the absorbed dose and detecting
changes in biochemical indicators in the gastrointestinal tract in real
time (Extended Data Fig. 8 and Supplementary Video 2). This system
consists of al.6 g biocompatible plastic capsule with a diameter of
7 mm and alength of 18 mm. To extend the lifetime of the capsules for
measuring absorbed dose and pH to more than 3 d, the system was
designed toinclude a sleep state, a Bluetooth state and a work state,
with the circuitsinthe sleep state most of the time. In each of the three
states, power consumptionis 6.3 pW (1.9 pA, 3.3 V), 660 uW (200 pA,
3.3V)and 9.57 mW (2.9 mA, 3.3 V). We designed the temperature field
distribution of the circuit to minimize the temperaturerise toless than
0.03 °Cto reduce the impact of heat generated by the circuit on bio-
logical tissue. We also developed a mobile phone application (App) to
keep track of the capsule’s status.

The capsule was characterized inachamber with artificial gastric
fluid initially (Extended Data Fig. 9 and Supplementary Video 3). We
first determined the accuracy of the calibration curve that converts
system performance to total dose absorbed by the capsule and gastric
fluid pH. For the pH and dose measurements, we obtained average
prediction errors of 0.13% and 0.3%, respectively. The smallest dos-
age difference that could be detected was 1.8 uGy min™'. The smallest
pH change that could be detected was 0.02, which correspondedtoa
colour ratio difference of 0.009 in the sensor output. This points to
the capsule’s great reliability in terms of dose and pH analysis in the
digestive system. Additionally, an external X-ray source that could
penetrate porcinetissue slices of varying thickness in2 mmincrements
was used to provide X-ray doses of 24,28 and 32 pGy s, with the capsule
positioned beneath the tissue. An exponential function with depth can
be effectively matched to the absorbed dose measured by the capsule.

Radiation monitoring in rabbit models

The dose assessment, pH sensing and operational stability were all
validated in vivo. Adult rabbits (n = 3) were intubated and ventilated
after being anaesthetized. The stomach was dissected meticulously,
and wireless electronic capsules wereinserted at various anglesinto the
stomach. The stomach, aswell asthe overlying muscles and skin, were
adjusted and sutured with care. The position and angle of the capsule
wereimaged using acomputed tomography scanner (Fig.4a,b).For fine
alignment, the X-ray source was attached to a micromanipulator. We
first tested angular dependence (Fig. 4c) and then demonstrated that
pH values were unaffected by changes in absorbed dose rate or X-ray
irradiationangle (Fig.4d). Theirradiation source voltage was less than
200 kV, which explains the huge disparity inangular response. Impor-
tantly, the capsule can operatein vitro for more than 72 hwithout large
dosage or pH sensitivity loss, enabling sufficient time for measurements
during clinical gastrointestinal passage (Fig. 4e).

We next tested the clinical feasibility of the wireless optoelectronic
system for monitoring absorbed dose and pH in a physiologically rel-
evantbiganimalmodel. The data were transmitted to a mobile phone
and uploadedto cloudservers (Fig. 5a). Endoscopic and radiographic
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Fig. 5| Characterization of absolute radiation dose, pH and temperature in
the stomach of rabbits using the capsule dosimeter. a, Experimental setup
consisting of an X-ray source and aninserted capsule dosimeter connected

to amobile phone through wireless transmission. b, Endoscopic (left) and
radiographic (right) images showing the capsule’s position in the stomach (scale
bar, 1.2 cm). ¢, In situ monitoring of dose rate versus time; error bars represent
the standard deviation of dose rate. n = 3 animals. d, In situ monitoring of pH
versus time when the rabbit was fed acidic and then alkaline diets. e, Compilation
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of data onradioluminescence intensity, pH and temperature alterations in
response toirradiation. f, Monocyte percentage in experimental animals
receiving different doses. Bar plots and error bars show the mean + s.d. Twelve
male rabbits were randomly assigned into four groups (control, high dose,
medium dose and low dose groups). g, Correlation between absorbed dose
and temperature changes. Linear fitting was used to determine the correlation
coefficient.

images revealed the precise position of the capsule in the stomach
(Fig.5b). Within10 h post-insertion, the capsule was irradiated multiple
times ataset doserate. The determined dose rate varied by amaximum
of1.5%, which was due to capsule movementin the stomach or unstable
irradiation (Fig. 5c). Similarly, the wireless electronic capsule was capa-
ble of detecting changesin the pH of the rabbit’s gastric fluid following
consumption of acidic and alkaline diets (Fig. 5d).

We delivered irradiation to the stomachs of the animals using a
progressive X-ray dose rate. Our wireless dosimeter accurately deter-
mined the dose of radiation in the stomach, as well as minute changes
in pH and temperature, in real time (Fig. 5e). The capsule inserted in
the gastrointestinal cavity was capable of rapidly detecting changes
in pH and temperature near irradiated organs. The difference in the
percentage of monocytes found in animals receiving different doses
further proved the difference in the stomach-specific X-ray dose admin-
istered (Fig. 5f). The receiving component (mobile phone App) can
communicate with numerous electronic capsules simultaneously,
allowing radiotherapists to manage data for multiple patients while
also providing training data for the NN algorithm. The absorbed dose
was correlated with variations in pH and temperature using datafrom
multiple capsules (Fig. 5g and Extended Data Fig. 10). By linear fitting,
we determined a correlation coefficient of 0.732 between the absorbed
dose and the temperature change. Atanabsorbed dose 0f1.037 mGy s,
the capsule detected anincrease intemperature of nearly 0.3 °C. It was
verified that X-ray irradiation increased the pH of the stomach.

Discussion

The coupling of lanthanide-doped persistent nanoscintillators with an
integrated temperature sensor and two independent colour sensors
enables the construction of ingestible multimodal X-ray dosimeters
that can simultaneously measure absorbed dose, pH and tempera-
ture inreal time and in vivo. For practical applications, ultrasound
or computed tomography scanning can be used to identify the
position and posture of the capsule after it has been ingested. It is
necessary to develop a positioning system to anchor and place the
capsule at the target site. Moreover, swallowable dosimeters must
be calibrated more accurately before clinical use. For instance, it is
necessary to determine the dose-deposition conversion relationship
between NaLuF,:Tb@NaYF, nanoscintillators and tissues, as well as
the calibration factor that accounts for Compton scattering and pair
production.

The capsule dosimeter with pH and temperature measuring
capabilities was developed primarily for gastrointestinal tumours.
For example, it can be used to evaluate the in situ absorbed dose
during radiotherapy for gastric cancer, which is important because
the stomach and some surrounding organs (such as the liver, kidney
and spinal cord) are dose-limiting. Along with assessing the abso-
lute dose absorbed in the gastrointestinal tract, the capsule dosim-
eter is designed so that it can also be coupled to image-guided and
intensity-modulated radiation to monitor treatment in different malig-
nancies. For example, it can be easily put into the rectum to monitor
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prostate cancer brachytherapy. Moreover, with further optimization
of the capsule’s size, it could be placed in the upper nasal cavity to
enable accurate and real-time measurements of the absorbed dose in
nasopharyngeal or braintumours, thereby minimizing radiation dam-
age and potential side-effects to surrounding structures. Furthermore,
the technology may facilitate the development of highly sensitive
in vivo sensors for gas molecules, reactive oxygen species and other
physiological or biochemical indicators. The integration of persistent
nanoscintillators with electronics raises the possibility of improving
quality control and, ultimately, of enhancing the care provided to
cancer patients undergoing radiotherapy.

Methods

Animal experiments were conducted inaccordance with the protocol
approved by the Animal Care and Use Committee of the Shenzhen
Institute of Advanced Technology, Chinese Academy of Sciences.

Materials and reagents

Yttrium(Ill) acetate hydrate (Y(CH;CO,);°xH,0, 99.9%), lutetium(III)
acetate hydrate (Lu(CH;CO,);*xH,0, 99.9%), terbium(lll) acetate
hydrate (Tb(CH;CO,)3+xH20, 99.9%), sodium hydroxide (NaOH,
>98%), ammonium fluoride (NH,F, >98%), 1-octadecene (ODE, 90%),
oleicacid (OA, 90%), aniline (C¢qHsNH,, 99.5%), ammonium persulfate
((NH,),S,05, 99.5%), hydrochloric acid (HCI, 36%) and cyclohexane
(chromatography grade, 99.7%) were purchased from Sigma-Aldrich.
SYLGARD 184 silicone elastomer kit was purchased from Dow Corning.
SrAlLO,:Eu?/Dy** and ZnS:Cu? phosphorus powders were purchased
from Xiucai Chemical. UV-curable single-component liquid adhe-
sive NOA81 was purchased from Norland Products. EA E-30CL epoxy
was purchased from Loctite. The capsule cap was purchased from
Huasheng Biopharmaceutical.

Synthesis and characterization of NaLuF ,;Tb@NaYF,
core-shell nanocrystals

NaLuF,:Tb nanocrystals were synthesized by co-precipitation. After
bringingthe reaction mixture to room temperature, nanocrystals were
precipitated with ethanol, centrifuged, collected and stored at 4 °C
in arefrigerator. 3-NaLuF,:;Tb@NaYF, core-shell nanocrystals were
prepared by epitaxial growth of as-prepared core nanocrystals. Trans-
mission electron microscopy (TEM) images were taken using a Tecnai
G2F20S-TWIN microscope (FEINanoports). The sample composition
was determined by energy dispersive X-ray spectroscopy operated
with a Bruker model A300 spectrometer. X-ray powder diffraction was
performed using an X-ray powder diffractometer (D/MAX-3C, Rigaku).
Radioluminescence spectraand persistent luminescence decay curves
were measured using an Edinburgh FS5 fluorescence spectrophotom-
eter (Edinburgh Instruments) equipped with aminiature X-ray source
(Amptek) (Extended Data Fig. 1)

Fabrication of the optical fibre embedded with NaLuF :Tb@
NaYF, nanocrystals

In a typical experiment, the SYLGARD 184 silicone elastomer base
was premixed with the curing agent (10:1 by mass). A cyclohexane
solution of NaLuF,:Tb (15 mol%)@NaYF, nanocrystals was added to
the solutionand stirred vigorously. The resulting mixture was poured
intoatube mold. The resulting composites were degassed in avacuum
container to remove air bubbles. The mixture was finally heated at
80 °Cfor 30 min. After bringing the core toroom temperature, it was
extracted using water pressure. Furthermore, the core was wrapped
with a layer of silicone gel. Ray-optical simulations showed that the
fibre’s small fibre diameter leads to a large detectable power when
the luminous core is located in the centre of the fibre and coaxial
with the colour sensor. Asaresult, the optical fibre was optimized to
have adiameter of 3 mm and was equipped with aradioluminescence
coreinthe centre.

Characterization of the optical fibre-based dosimeter

The dosimeter’s characterization and angular dependence were per-
formed on amotorized rotating table (Daheng Optics, GCD-011060M).
The sensor response was recorded using a fibre optic spectrometer
(Ocean Optics QE Pro) or a colour sensor chip (AS73211). Thermally
stimulated luminescence was measured ona ceramic hot plate (Thermo
Fisher) and the temperature was also monitored with a temperature
sensor integrated into the colour sensor chip. The dynamic charac-
teristics of the fibre-based dosimeter were tested by placing an X-ray
chopper behind the X-ray source. The luminescence properties of
NaLuF,:Tb@NaYF, nanoscintillators under high-energy radiation
(6 MV and 10 MV) were tested using a medical radiotherapy machine
(TrueBeam, Varian) at the Singapore National Cancer Centre.

Dose estimation

Raw datainclude time series of CIE spectral tristimulus values (X, Y, 2)
and temperature T. The sumofthe X, Yand Zvalues was used to deter-
mine the radioluminescence intensity L and the afterglow intensity A;
(irepresents time) at different time points. The capsule was exposed to
X-rays atvarious dose rates from1 mGy min™t016.68 mGy min™ (excita-
tion voltage 50 kV, excitation current 5 pA-80 pA, interval 5 pA), and
thetemperature wasincreased from32 °Cto46 °Cin2 °Cincrements.
There were over 3,000 data points, with 75% of the data fed into each
algorithm for training. The trained models were used to predict the
remaining 25% of the data. We compared the predictionaccuracy of the
linear regression, linear support vector machine (SVM) algorithm and
NNregression algorithms. We also compared the accuracy of prediction
for four different parameter selection strategies: (1) L, (2) Land T, (3)
LandA,and(4)L,A;and T.

Thelinear regression, linear SVM and NN algorithms were included
in the Regression Learner and Neural Network Fitting application
toolboxes in MATLAB 2020. A two-layer feed-forward network with
sigmoidal hidden neurons and linear output neurons was used for the
NN. ThisNN hasaninputlayer with1-5nodes (depending on the feature
parameter strategy) and a hidden layer with 5nodes. The network was
trained using the Levenberg-Marquardt backpropagation algorithm,
with the sigmoid function as the activation function. A linear SVM
model with linear kernel function was used in the SVM algorithm.
Thelinear SVM algorithm had alarger root mean square error (RMSE)
thanthe others.When L, A;and Twere specified as feature parameters
simultaneously, the results of the NN fitting algorithm had a reduced
RMSE. Finally, data (L, A, T) were selected as feature parameters to be
inputinto the NN fitting algorithm to predict the dose rate.

Fabrication of pH-sensitive polyaniline film

Acircular PDMS film with a diameter of 5 mm, thickness of 0.2 mmand
high optical transmittance was selected as the substrate. In a volume
ratio of 1:11 (hydrochloric acid:deionized water), 37% concentrated
hydrochloric acid (12 mol I'") was diluted to 1 mol I with deionized
water. To make 0.05 mol I aniline solution, 210 mg of aniline solution
and1mol It hydrochloric acid solution were mixed. Solid ammonium
persulfate was mixed with 1 mol I hydrochloric acid solution and thor-
oughly agitated to obtain 0.05 mol I ammonium persulfate solution.
The film was cleaned before being immersed in aniline solution***,
Within 3 min, the same volume of ammonium persulfate solution was
added and allowed to react for 20 minat 20 °C. The reaction vessel was
gently shaken every 5 minthroughout the reaction to ensure uniform
deposition of reactants on the film surface. The film was rinsed with
1mol I hydrochloric acid after it was removed. After repeating the
above steps for further polymerization, the film was thoroughly washed
with water to eliminate any unbound polyaniline.

Characterization of photochemical pH sensor
Transmission spectra of the pH sensor film in solutions with different
pH values were measured using a spectrophotometer (Cary Series
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UV-Vis-NIR, Agilent)**. A microsyringe pump (LSP0O2-1B, Longer Pre-
cision Pump) was used to change the pH by constantly pumping an
equivalent volume of NaOH solution into the hydrochloric acid solu-
tion. All pH calibrations were performed using a digital pH-3¢ pH meter
(INESA Scientific). The radioluminescence guided by the optical fibre
containing NaLuF,;Tb@NaYF, nanoscintillators wasincident on the pH
sensor filmimmersed in the solution, where the transmitted light was
measured by the colour sensor chip. The sensor continued to operate
after the X-ray source was turned off, recording the afterglow emission
that passed through the pH film. The sensor’s stability was evaluated
by measuring the colour sensor’s G/B response in a pH 3.5 solution at
roomtemperature for 30 h. The kinetic assay indicates that the probe
responds promptly to pH changes and is stable to dose rate changes.

Fabrication and characterization of the multichannel fluid
cavity

The three-dimensional (3D)-printed fluid cavity has a reservoir and
multipleinlets. The cylindrical reservoiris 2.3 mminradiusand 1.6 mm
thick. Theinlet channels are 1.2 mm long and 0.8 mm wide. The cylin-
drical container’s two layers are coated with a thin layer (200 pm) of
polyaniline. The fluid cavity refresh time was simulated, and the same
device geometry was used to construct a 3D model. The Stokes equa-
tionforanincompressible flow was solved numerically using COMSOL
Multiphysics 5.6 finite-element software. The solute concentrationin
the chamber was tracked by computing the average concentration
over the bottom surface of the chamber. The channel was set to have
six inlets, each with a flow rate of 0.2 ml min™ and no-slip boundary
conditions on all channel walls. The simulated 95% refresh timeis ~1s.

Characterization of temperature

In addition to the dose and pH, the temperature was measured con-
currently. The measurement was stored in the colour sensor chip’s
registers, which is defined as T,,.. The temperature measurement had
aresolution of 12 bits and a step size of 0.05 Kelvin per bit, that is, 20
counts per K. The chip temperature measured in °C is equal to:

T=T4x0.05+66.9° 1

The12-bit analog-to-digital converter has a high sampling rate of
1,000 samples per second, allowing precise and time-accurate meas-
urements by taking the averages.

Theimpact of circuit heating onmeasured tissue temperatures can
begreatly reduced by using asensing circuit witha properly designed
temperature field distribution. Once the capsule system is in place,
the device must be heated during operation to ensure accurate tem-
perature measurement. The temperature changes as a function of
time and the three spatial coordinates in heat conduction, and this is
accompanied by heat generation or heat consumption (circuit heating).
Time-dependent heat conductionis called three-dimensional unsteady
heat conduction, which can be described by the heat equation:

0 oT 0 oT 0 oT oT
a(ka)+a—y<k@>+a—z("5)+"-”"va @

where tisthe time; x,yand zare the spatial coordinates; p is the density;
¢, is the specific heat capacity at constant pressure; and g represents
the circuit’s heat generation. The thermal diffusion equation states
that the net rate of heat conduction into a unit volume plus the unit
rate of heat generation of a volume must equal the rate of change of
energy stored inaunit volume at any pointinthe medium. For the PCB
material (RF-4,Jantao), thermal conductivity kequals 0.3 W m™Kand
specific heat capacity ¢, equals 650 ] kg™ °C. Following calculation, the
temperature rise caused by heat diffusion to the temperature sensor
canbeignored, allowing the electronic capsule to accurately measure
the environmental temperature.

Design and characteristics of the electric circuit

The system’s main components include an ultra-low-power 5.0 Blue-
tooth chip DA14585, colour sensors AS73211 and a power supply chip
TLV62569.For invivo capsule applications, power consumption and vol-
ume are strictly limited. DA14585 is an ultra-low-power system on chip
thatincludes a 2.4 GHz transceiver and an ARM Cortex-MO microcon-
troller with 96 kb RAM and 64 kb one-time programmable memory. The
optimized programme was downloaded to the one-time programmable
memory for our application. As soon as the device is turned on, the
programme begins to run. DA14585 has a transmit sensitivity of 20 dB
and areceive sensitivity of 93 dB. AS73211 is a low-power, low-noise
integrated colour sensor (4.5 mW, 3.0 V,1.5mA). It has asignal resolution
accuracy of up to 24 bits and a radiation sensitivity of 0.5 pW cm ™2, I*C
was used to connect the sensor to DA14585. To achieve high detection
sensitivity, the circuit’s digital and analogue grounds were separated to
ensure that the noise of the root mean square voltage is less than 8 pV.

Power consumption calculation

The entire system runs on 3.3 V. A single TLV62569 regulator con-
verts the lithium battery’s 3.7-4.2 V range to a steady 3.3 V. After the
programme starts, the capsule enters one of three states: sleep, pair-
ing with Bluetooth and actively working. A 3.7 V lithium-ion battery
(LIR0640, 10 mAh) powers the flexible printed circuit board (FPCB)
during dataacquisition and transmission. By sharing the I*C interface
address, two AS73211 sensors are connected to a Bluetooth chip. The
Bluetooth transceiver has a working current of 2.9 mA and a working
time of 10 ms s™. The capsule’s total power consumptionin the working
mode was calculated to be 9.57 mW on average. After the capsule has
reached the working state, the user canreturnitto the Bluetooth state
by pressing the ‘STOP’ button on the mobile phone App. Power con-
sumptionintheBluetooth state was 0.2 mA, corresponding to apower
consumption of 0.66 mW. Power consumptionintheidle state wasonly
6.3 uW (1.9 pA, 3.3 V). Patients typically receive radiotherapy 5 times
per week for 20-30 min per session (including radiation simulation
and planning scans). As a result, the system can monitor the patient’s
radiation dose and physiological indicators for aweek.

Design, fabrication and assembly of the electric capsule

The capsule’s main components include a battery, an optical fibre, a
pHdetection cavity, a Bluetooth communication circuit, adose detec-
tion circuitand a pH detection circuit. The three circuits were all built
on a 200-um-thick FPCB. For the Bluetooth communication circuit,
the DA14585 Bluetooth chip (WLCSP 34 pins, 2.40 mm x 2.66 mm)
and other chips were soldered to the FPCB. The FPCB was then placed
in a reflow soldering machine (T-962A, Puhui) and cured for 5 min
at 220 °C, which is lower than the melting point of the PCB material.
Reflow soldering gave a good electrical connection to the circuit and
was unaffected by solder bumps. Reflow soldering of the AS73211 RGB
chip (QFN16, 4.0 mm x 4.0 mm) to the FPCB was also used to connect
the pH detection and dosage detection circuits.

After the three PCBs were fabricated and soldered, they were put
together. Before attaching the pHsensor to the RGB chip, we first used
medical-grade UV-curable epoxy resin (NOAS81, Norland) to attach the
polyaniline-coated PDMS film to the 3D-printed multichannel fluid
cavity. Assembly of other sensor components, such as X-ray sensitive
opticalfibres (3 mm x 8 mm), dose detection circuits and lithium but-
ton batteries (6 mm x 4 mm), was also performed using UV-curable
epoxy resin.

Epoxy resin (EAE-30CL, Loctite) was applied to all connectors and
module surfaces following assembly. Plasticine was used to seal the pH
sensor’s inlets, and all electrically connected parts were then placed
inside the capsule cap. The final step was to place everything together
inastandardsize 2 capsule. For the final step, we used PDMS to fill the
gap between the electronic components and the cap and cured it for
48 hatroom temperature.
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Invitro and ex vivo characterization

A miniature X-ray source with a maximum power of 4 W was used to
undertake anin vitro evaluation of the capsule in a custom-built solu-
tion tank. The tank was placed on a stirring hot plate to maintain the
solution temperature between 32 °Cand 46 °C, and to mix the solution
tospeed up therate of pH conversion. A microsyringe pump was used
toadd HClto NaOH in the tank, and the pH was monitored usingacom-
mercial pHtester. Capsule efficacy was assessed ina pH-controlled fluid
and in a fresh ex vivo porcine bone sample at 10 cm depth. A plastic
holder was placed in the solution tank, and the wireless capsule was
positioned between the porcine tissue sample and the plastic holder,
fully immersed in the solution during the measurement. Because of
the large divergence angle of the X-ray source and the absorption of
porcine tissue, the dose delivered around the capsule was calibrated
using a commercial dosimeter. The sensors in the capsule wirelessly
send information about the dosage, pH and temperature to the host
computer.

Invivo measurements
Male New Zealand white rabbits (90-day-old, 1.8-2.2 kg weight) were
purchased from Qingdao Kangda Biotechnology. The rabbits were
fasted the day before surgery. Sodium pentobarbital (4 ml kg™, 3%)
was administered intraperitoneally to anaesthetize the rabbits after
they were placed on their backs in a holding frame during surgery.
After removing the rabbit’s fur from the left side of its chest, we cleaned
the region. After the stomach was cut open, six or eight stitches were
used to suture the stomach wall and skin to form a circular area to
prevent stomach contents from spilling into the abdominal cavity.
Incisions were created in the stomach skinto aspirate a5 cmsection of
stomach contents with a needleless syringe. Sterilized capsules were
simply sutured into the stomach. The detector was removed after CT
imaging and X-ray irradiation with various dosages, and a continuous
full-layer suture was performed on the rabbit’s stomach wall. The
wound was sprinkled with sulfa crystal powder and slathered with
fish gypsum ointment before being wrapped in bandage or gauze.
Anti-inflammatory injections were given to the rabbits after surgery.
For routine blood testing, 12 male rabbits were randomly assigned
into4 groups (control, high dose, medium dose and low dose groups)
and 5-10 ml of blood were collected from the hearts of anaesthetized
rabbits 24 hafter they wereirradiated with varying dosages of X-rays to
performroutine blood examinations. Ifblood could not be drawn, the
position of the needle was adjusted back and forth, but the needle was
notallowed to swinginto the chest cavity to protect the heart and lungs.

Design of a customized mobile phone App

The capsule is controlled by a smartphone App, which provides a
user-friendly interface for data display and collection. To use this
App, the user must first turn on the capsule and then launch the App on
the smartphone. Afterwards, the App and the capsule create asecure
Bluetooth connection. Asaresult, the App canreceive and display data
stream fromthe capsuleinreal time. These data can be graphically dis-
played over time using the App. Data and graphs can be stored locally,
uploaded to cloud servers and shared on social media. The current
versionwas developed in the Android environment using Visual Studio
2015. Other popular operating systems, such asiOS, canreadily support
similar application interfaces.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The maindatasupporting the resultsin this study are available within
the paper and its Supplementary Information. All data generated in
this study, including source dataand the data used to make the figures,

areavailable for research purposes from the corresponding author on
reasonable request.

Code availability
The code is available from https://github.com/yly1994/Swallowable-
X-ray-Dosimeter-.git.

References

1. Steiger, C. et al. Ingestible electronics for diagnostics and
therapy. Nat. Rev. Mater. 4, 83-98 (2018).

2. Huynh, E. et al. Artificial intelligence in radiation oncology. Nat.
Rev. Clin. Oncol. 17, 771-781 (2020).

3. Mijnheer, B., Beddar, S., Izewska, J. & Reft, C. In vivo dosimetry
in external beam radiotherapy. Med. Phys. 40, 070903
(2013).

4. Patel, R. B. et al. Low-dose targeted radionuclide therapy renders
immunologically cold tumors responsive to immune checkpoint
blockade. Sci. Transl. Med. 13, eabb3631(2021).

5. Soliman, Y.S., ELGohary, M. |., Abdel Gawad, M. H., Amin, E. A. &
Desouky, O. S. Fricke gel dosimeter as a tool in quality assurance
of the radiotherapy treatment plans. Appl. Radiat. Isot. 120,
126-132 (2017).

6. Chaikh, A., Beuve, M. & Balosso, J. Nanotechnology in radiation
oncology: the need for implantable nano dosimeters for in-vivo
real time measurements. Int. J. Cancer Ther. Oncol. 3, 3217
(2015).

7. O'Keeffe, S. et al. A review of recent advances in optical fibre
sensors for in vivo dosimetry during radiotherapy. Br. J. Radiol. 88,
20140702 (2015).

8. Dai, Y. H. et al. Radiosensitivity index emerges as a potential
biomarker for combined radiotherapy and immunotherapy. NPJ
Genom. Med. 6, 40 (2021).

9. Yang, Y. etal. A laser-engraved wearable sensor for sensitive
detection of uric acid and tyrosine in sweat. Nat. Biotechnol. 38,
217-224 (2020).

10. Wang, C. et al. Monitoring of the central blood pressure waveform
via a conformal ultrasonic device. Nat. Biomed. Eng. 2, 687-695
(2018).

1. Tang, B. etal. A near-infrared neutral pH fluorescent probe for
monitoring minor pH changes: imaging in living HepG2 and HL-
7702 cells. J. Am. Chem. Soc. 131, 3016-3023 (2009).

12. Zhuang, Q. et al. Embedded structure fiber-optic radiation
dosimeter for radiotherapy applications. Opt. Express 24,
5172-5185 (2016).

13. Piermattei, A. et al. A National project for in vivo dosimetry
procedures in radiotherapy: first results. Nucl. Instrum. Methods
Phys. Res. B 274, 42-50 (2012).

14. Yu, G. etal. A discrete organoplatinum(ll) metallacage
as a multimodality theranostic platform for cancer
photochemotherapy. Nat. Commun. 9, 4335 (2018).

15. Klein, D. et al. In-phantom dose verification of prostate IMRT and
VMAT deliveries using plastic scintillation detectors. Radiat. Meas.
47, 921-929 (2012).

16. Tanderup, K., Beddar, S., Andersen, C. E., Kertzscher, G. & Cygler,
J. E. In vivo dosimetry in brachytherapy. Med. Phys. 40, 070902
(2013).

17. Scarantino, C. W. et al. An implantable radiation dosimeter for
use in external beam radiation therapy. Med. Phys. 31, 2658-2671
(2004).

18. Beyer, G.P. et al. Animplantable MOSFET dosimeter for the
measurement of radiation dose in tissue during cancer therapy.
IEEE Sens. J. 8, 38-51(2008).

19. Abramson, A. et al. Oral delivery of systemic monoclonal
antibodies, peptides and small molecules using gastric
auto-injectors. Nat. Biotechnol. 40, 103-109 (2022).

Nature Biomedical Engineering | Volume 7 | October 2023 | 1242-1251

1250


http://www.nature.com/natbiomedeng
https://github.com/yly1994/Swallowable-X-ray-Dosimeter-.git
https://github.com/yly1994/Swallowable-X-ray-Dosimeter-.git

Article

https://doi.org/10.1038/s41551-023-01024-2

20. Canales, A. et al. Multifunctional fibers for simultaneous optical,
electrical and chemical interrogation of neural circuits in vivo.
Nat. Biotechnol. 33, 277-284 (2015).

21.  Al-Rawhani, M. A., Beeley, J. & Cumming, D. R. Wireless
fluorescence capsule for endoscopy using single photon-based
detection. Sci. Rep. 5, 18591 (2015).

22. Nadeau, P. et al. Prolonged energy harvesting for ingestible
devices. Nat. Biomed. Eng. 1, 0022 (2017).

23. Kalantar-Zadeh, K. et al. A human pilot trial of ingestible
electronic capsules capable of sensing different gases in the gut.
Nat. Electron. 1, 79-87 (2018).

24. Ou, J. Z. et al. Potential of in vivo real-time gastric gas profiling: a
pilot evaluation of heat-stress and modulating dietary cinnamon
effect in an animal model. Sci. Rep. 6, 33387 (2016).

25. lacovacci, V. et al. A fully implantable device for intraperitoneal
drug delivery refilled by ingestible capsules. Sci. Robot. 6,
eabh3328 (2021).

26. Abramson, A. et al. An ingestible self-orienting system for oral
delivery of macromolecules. Science 363, 611-615 (2019).

27. Mimee, M. et al. An ingestible bacterial-electronic system to
monitor gastrointestinal health. Science 360, 915-918 (2018).

28. Kimchy, Y. et al. Radiographic capsule-based system for
non-cathartic colorectal cancer screening. Abdom. Radiol. 42,
1291-1297 (2017).

29. Khutoryanskiy, V. V. Supramolecular materials: longer and safer
gastric residence. Nat. Mater. 14, 963-964 (2015).

30. Gora, M. J. et al. Tethered capsule endomicroscopy enables less
invasive imaging of gastrointestinal tract microstructure. Nat.
Med. 19, 238-240 (2013).

31. Lee, H. etal. A graphene-based electrochemical device with
thermoresponsive microneedles for diabetes monitoring and
therapy. Nat. Nanotechnol. 11, 566-572 (2016).

32. Sonmezoglu, S., Fineman, J. R., Maltepe, E. & Maharbiz, M. M.
Monitoring deep-tissue oxygenation with a millimeter-scale
ultrasonic implant. Nat. Biotechnol. 39, 855-864 (2021).

33. Waltz, E. Drugs go wireless. Nat. Biotechnol. 34, 15-18
(2016).

34. Qureshi, W. A. Current and future applications of the capsule
camera. Nat. Rev. Drug. Discov. 4, 447-450 (2004).

35. Smith, S., Oberholzer, A., Korvink, J. G., Mager, D. & Land, K.
Wireless colorimetric readout to enable resource-limited
point-of-care. Lab Chip 19, 3344-3353 (2019).

36. Kim, T., McCall, J. G. & Jung, Y. H. Injectable, cellular-scale
optoelectronics with applications for wireless optogenetics.
Science 340, 211-216 (2013).

37. Ou, X. et al. High-resolution X-ray luminescence extension
imaging. Nature 590, 410-415 (2021).

38. Ma, G. et al. pH-responsive nanoprobe for in vivo photoacoustic
imaging of gastric acid. Anal. Chem. 91, 13570-13575
(2019).

39. Nakata, S. et al. A wearable pH sensor with high sensitivity based
on a flexible charge-coupled device. Nat. Electron. 1, 596-603
(2018).

40. Anemone, A., Consolino, L., Arena, F., Capozza, M. & Longo, D.
L. Imaging tumor acidosis: a survey of the available techniques
for mapping in vivo tumor pH. Cancer Metastasis Rev. 38, 25-49
(2019).

41. Berger, M. J. Xcom: Photon Cross Sections Database (NIST, 2013);
https://www.nist.gov/pml/xcom-photon-cross-sections-database

42. Abu-Thabit, N., Umar, Y., Ratemi, E., Ahmad, A. & Ahmad Abuilaiwi,
F. A flexible optical pH sensor based on polysulfone membranes
coated with pH-responsive polyaniline nanofibers. Sensors 16,
986 (2016).

43. Li, J. et al. Functional photoacoustic imaging of gastric acid
secretion using pH-responsive polyaniline nanoprobes. Small 12,
4690-4696 (2016).

44. Hartings, M. R., Castro, N. J., Gill, K. & Ahmed, Z. A photonic pH
sensor based on photothermal spectroscopy. Sens. Actuators B
301, 127076 (2019).

Acknowledgements

This work was supported by the NUS NANONASH Program
(NUHSRO/2020/002/413 NanoNash/LOA; R143000B43114),
National Research Foundation, Prime Minister’s Office, Singapore
under its Competitive Research Program (CRP Award No.
NRF-NRFI05-2019-0003), the Natural Science Foundation of China
(92159304, 82171958, 81901812), Industrial Technology Innovation
Project of Suzhou (SYG201919), Science and Technology Key Project
of Shenzhen (JCYJ20190812163614809, JCYJ20200109114612308),
Singapore National Medical Research Council (NMRC/
OFYIRG/0081/2018) and NUS ODPRT Cross-Faculty Research Fund
(CFGFY20P14). We thank Z. Liu and H. Tan for technical assistance.

Author contributions

LY., B.H. and X.L. conceived and designed the project. X.L., B.Z., Z.S.
and R.Z. supervised the project and guided the collaboration. L.Y.
characterized the materials and conducted numerical simulations.
C.Land B.X. performed electrical device fabrication. Z.S., B.H., D.H.,
Z.L. and D.G. performed in vivo experiments. B.H. and L.Y. performed
luminescence measurements and experimental validation. J.-W.W.

and C.N.L. contributed to the device design. B.H. and L.Y. wrote the
manuscript. B.H., LY. and X.L. edited the manuscript. All authors
participated in the discussion and analyses reported in the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41551-023-01024-2.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41551-023-01024-2.

Correspondence and requests for materials should be addressed to
Zonghai Sheng, Bin Zhou or Xiaogang Liu.

Peer review information Nature Biomedical Engineering thanks Louis
Archambault, Christopher Bettinger, David Gladstone and Kyoungtae
Lee for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2023

Nature Biomedical Engineering | Volume 7 | October 2023 | 1242-1251

1251


http://www.nature.com/natbiomedeng
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://doi.org/10.1038/s41551-023-01024-2
https://doi.org/10.1038/s41551-023-01024-2
https://doi.org/10.1038/s41551-023-01024-2
https://doi.org/10.1038/s41551-023-01024-2
http://www.nature.com/reprints

https://doi.org/10.1038/s41551-023-01024-2

Article
a
— SrAlL,0,
— NaLuF
2 | 4
10 — ZnS

Absorption (cm?/g)

X-R
’/ 7 .
102 ([ \/\ &)
10 \\*./e .
10° 10" 107 108

X-ray energy (keV)

Qo

c
—— JCPDS 16-0334
- — NaLuF,Tb —
= >
s 8
2 =
5 g
< k=
10 20 30 40 50 60 0 2 4 6 8 10 1
20 (Degree) Energy (keV)

ref.39. The inset shows a schematic of X-ray-induced photoionization. ¢, Powder
X-ray diffraction patterns of NaLuF,:Tb nanocrystals. All peaks are consistent
with the hexagonal-phase NaLuF, structure (Joint Committee on Powder
Diffraction Standards (PDF) file number 27-0726, https://github.com/yly1994/
Swallowable-X-ray-Dosimeter-.git). d, EDX spectra of NaLuF,:Tb nanocrystals.

Extended DataFig. 1| Synthesis and characterization of Tb*>"-doped

X-ray scintillation nanocrystals. a, TEM images of hexagonal-phase

NaLuF,:Tb nanocrystals synthesized in various sizes (top) and corresponding
radioluminescence images (bottom). b, X-ray energy-dependent absorption
spectraof SrAl,O,, ZnS, and NaLuF,. Attenuation coefficients were obtained from
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Extended Data Fig. 2| Characterization of the NaLuF ;Tb@NaYF,-embedded
opticalfibre. a, Radioluminescence and afterglow photographs of NaLuF,:Tb@
NaYF, (15 mol%) nanocrystals embedded in an optical fibre. X-ray operation was
set to 50 kV, with tube currents of 80 pA (16.68 mGy/min) and 20 pA (4.17 mGy/
min). b, Radioluminescence spectra of the fibre embedded with NaLuF,:Tb@
NaYF,(15 mol%) nanocrystals of different doping concentrations. ¢, Decay curves
of NaLuF,:Tb@NaYF, (15 mol%) nanocrystals after exposure to various X-ray

doses at room temperature. d, Radioluminescence intensity versus dose

rate at different wavelengths. e, Comparison of radioluminescence of various
X-ray scintillators after termination of X-ray irradiation (50 kV and 5 kV).

f, Time-dependent X-ray luminescence intensity at various temperatures.

g, Radioluminescence intensity of NaLuF ;- Tb@NaYF, nanocrystals when
irradiated with X-raysat2,3and 5SHz.
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Extended Data Fig. 3| Comparison of optical fibre designs with various
geometric dimensions. a, Light intensity distribution of the end of an optical

fibre made of thermoplastic silicone with aradius of 2 mm and alength of 8 mm,
inwhich a cylindrical ring made of aluminescent material with a thickness of 300
pmisembedded. b and ¢, Simulations of an optical fibre containing a cylindrical

luminescent core with adiameter of 1 mm and irradiated with X-rays from the
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left (b) and right (c) sides, respectively. d-f, Power distribution at the fibre’s end
with different diameters but the same luminous core. g and h, The ratio of the
intensity detected by a detector (with an area of 1 mm?in the centre of the fibre)
and the diameter of the fibre when the luminescent core transmittance is 10% (g)

and 3% (h), respectively.
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Extended Data Fig. 4 | Characterization of NaLuF :Tb@NaYF,
nanoscintillators exposed to megavoltage photon beams. a, Photograph of
the experimental setup. b, Radioluminescence as a function of dose rate under 6
MV and 10 MV irradiation. ¢, Photograph of the experimental setup with a water
tank containing water approximately 11 cm thick. d, Radioluminescence as a
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front. e, Measured radioluminescence intensity over time at dose rates from 0.58
t0 5.76 Gy/min. f, Radioluminescence of the nanoscintillators irradiated for 5 min
at dose rates of 2.88 Gy/min and 5.76 Gy/min.
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Extended Data Fig. 5| Comparison of results from linear support vector scatter plots (top panels), residual plots (middle panels) and RMSE under
machine (SVM), linear regression, and neural network (NN) regression. different feature strategies (bottom panels). When radioluminescence intensity
a, Measured radioluminescence intensity over time at a dose of 10 mGy and (L), afterglow intensity (A) at different times, and temperature (7) are selected
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Extended Data Fig. 7 | Synthesis and characterization of the optical pH
sensor. a, Schematic of the polyaniline synthesis. Ina typical procedure, aniline
liquid and ammonium persulfate (APS) were added to hydrochloric acid,
followed by the addition of a PDMS substrate to the solution. b, Normalized
transmission spectra of the pH-sensing film at various pH levels, with emission
ranging from 300 nm to 800 nm. ¢, Changes in G/B colour ratio versus pH. d, pH
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Extended Data Fig. 8 | Circuit design and characteristics, as well as the each ofthe three operating modes. ¢, Photographs of the printed circuit boards.
mobile application. a, System-level block diagram showing signal conversion, The circuit, which has a thickness of 200 pm and a diameter of 7 mm, is easily
processing, and wireless transmission from sensors to user interface. To extend assembled and fits well into astandard size 2 capsule. d, Thermal images of the
battery life, the systemis designed toinclude a sleep state, a Bluetooth state, and circuit board after various times of operation. Circuit heating was less than 0.2 °C
awork state, with the Bluetooth chip in the sleep state the majority of the time. after 30 min of operation. The scale bar is 5 mm. e, The application’s homepage
Power consumptionin each state was 6.3 pW (1.9 nA, 3.3 V), 660 pW (200 pA, prior to Bluetooth pairing. f, Real-time display of representative data from the
3.3V),and 9.57 mW (2.9 mA, 3.3 V). b, The battery voltage changes over timein capsule. g, Historical data analysis and display.
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Extended Data Fig. 9 |In vitro experimental setup, as well as dose and pH
calibration and resolution testing. a, Capsule operationin distilled water. The
water tank was placed on astirring hot plate to keep the solution temperature
between 32 °C and 46 °C. The pH was measured witha commercial pH meter
and varied by controlling the ratio of HCl and NaOH supplied to the tank viaa
microsyringe pump. b, Photograph of the experimental setup used for in vitro
demonstration of the capsule. ¢, Photograph of the capsule operating wirelessly
under a fresh ex vivo porcine bone sample. d, Calibration of the relationship
between the dose delivered to the capsule and radioluminescence. The data
show excellent linearity, with an average accuracy error of less than 0.5%.

e, Radioluminescence intensity at different dose rates. The minimum detectable
dose rate difference was 1.8 pGy/min. f, Calibration of the relationship between
pH and the G/B colour ratio. The average accuracy error is approximately 0.13.

g, G/B colour ratio at different pH values. The minimum detectable pH difference
was 0.02, corresponding to a difference of 0.009 in sensor output colour ratio.
h, Temperature change measured by the capsule from36 °Ct038.5°Cin 0.5 °C
intervals. It should be noted that the sensor needs to be calibrated before it can
be used to measure absolute temperature. i, Response measurements of the
capsule under different thicknesses of fresh ex vivo porcine samples at different
doserates.
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Sample size We first performed in vitro validation experiments for the accuracy and sensitivity of dose, pH and temperature (Extended Data Fig. 9). The
animal experiments were performed to demonstrate the capabilities of the capsule. We determined sample sizes and the number of animals
for these in vitro and in vivo experiments on the basis of similar prior studies (refs. 9, 32). We used a total of twelve male rabbits during the
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Data exclusions  No data were excluded.
Replication All attempts at replication were successful. In the in vitro testing of the devices (Fig. 4e), the pH, temperature and dose rate tests were
repeated 3 times every 16 hours. During in vivo testing of the device, the dose rate test was repeated hourly for a total of 10 repetitions (Fig.

5c), and the pH test was repeated 15 times per minute (Fig. 4d). The angle dependence was replicated using three rabbits (Fig. 4c).

Randomization Randomization was not relevant for the study, because comparisons of effects between rabbits were not part of it. All rabbits used for the
control experiments were of the same type and handled in the same way.

Blinding Data collection and analysis for each rabbit were performed by different researchers. The personnel completing the data analyses were
blinded to the experimental groups.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[ ] Antibodies [] chip-seq
[] Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[ ] Human research participants
[] Clinical data

[ ] Dual use research of concern

XXXOXXX s

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Adult male New Zealand white rabbits (90 days old, 1.8~2.2 kg).
Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from field.

Ethics oversight All animal experiments were conducted according to the protocol approved by Shenzhen Institute of Advanced Technology, Chinese
Academy of Sciences Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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