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Abstract

Introduction: Targeted radionuclide therapy (TRT), whereby a tumor-targeted molecule is linked to a
therapeutic beta- or alpha-emitting radioactive nuclide, is a promising treatment modality for patients with
metastatic cancer, delivering radiation systemically. However, patients still progress due to suboptimal
dosing, driven by the large patient to patient variability. Therefore, the ability to continuously monitor the

real-time dose deposition in tumors and organs at risk (OARSs) provides an additional dimension of
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information during clinical trials that can enable insights into better strategies to personalize TRT.
Methods: Here, we present a single beta-particle sensitive dosimeter consisting of a 0.27 mm® monolithic
silicon chiplet, directly implanted into the tumor. To maximize the sensitivity and have enough detection
area, minimum size diodes (1 pmz) are arrayed in 64x64. Signal amplifiers, buffers, and on chip
memories are all integrated in the chip. For verification, PC3-PIP (PSMA+) and PC3-flu (PSMA-) cell lines
are injected into the left and right flanks of the mice, respectively. The devices are inserted into each
tumor, measure activities at 5 different time points (0-2 hour, 7-9 hour, 12-14 hour, 24-26 hour, and 48-50

hour) post*”’

Lu-PSMA-617 injections. SPECT/CT scans are used to verify measured data.
Result: With a wide detection range from 0.013 to 8.95 MBqg/mL, the system is capable of detecting high
tumor uptake, as well as low doses delivered to OARs in real time. The measurement data is highly

proportional (R* > 0.99) to the *”’

Lu-PSMA-617 activity. The in vivo measurement data agrees well with
the SPECT/CT results within acceptable errors (1.5 %ID/mL).
Conclusion: Given the recent advances in clinical use of TRT in prostate cancer, the proposed system is

verified in a prostate cancer mouse model using *"’Lu-PSMA-617.

Introduction

Radiotherapy is highly effective in treating cancer; however delivery of radiotherapy using
conventional external beam radiotherapy (EBRT) to treat widespread metastatic disease is limited due to
dose delivered to normal tissues, and the logistics of treating many sites of disease. Moreover, it is
challenging to treat all sites of metastatic disease using EBRT since microscopic pockets of disease are
not visible under diagnostic imaging. Molecularly targeted radionuclide therapy (TRT) enables systemic
delivery of radiation through the chelation of radioactive isotopes with tumor-specific ligands. The
radiopharmaceuticals circulate inside the body, attach to cancer cells, and emit radiation, damaging
nearby (from microns to millimeters, depending on the radionuclide) cells. The goal of TRT is to deliver a
sufficient dose over multiple treatment cycles within tumors to ablate cancer cells, while minimizing
unwanted dose deposition to organs at risk (OARS), such as the kidneys, salivary glands, bladder, and

radiosensitive bone marrow.
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TRT has shown promise in the treatment of metastatic castrate resistant prostate cancer

(mCRPC), and has redefined treatment in metastatic cancer. For example, 1

Lu, as therapeutic
radionuclide, is chelated to small molecular ligands that bind to prostate-specific membrane antigen
(PSMA), a cell surface enzyme over-expressed in prostate cancer cells (1). Recently the US Food and

Drug Administration (FDA) approved *"

Lu-PSMA-617 TRT for patients with mCRPC has demonstrated
~35 % improvement in overall survival, but patients still progress at a median 8.7 months after treatment
(2). On this basis, developing strategies to augment the therapeutic impact of TRTs is an urgent unmet
need.

Although TRT has successfully shown its applicablity in prostate and neuroendocrine cancer,
there is still significant variation in patient response (3). Many patients still progress, reflecting potential
suboptimal dosing for a subset of patients. Moreover, the dose limits for OARs such as kidneys with TRT
are still being determined requiring accurate knowledge of OAR dose for each patient. Variability in
delivered dose to the tumor and OARs can be attributed to factors including but not limited to 1) tumor-
specific antigen expression; 2) ligand internalization, retention, and off rate; 3) biodistribution, which
varies as a function of blood flow, heart rate, and excretion kinetics; and 4) uptake on OARs. However,
despite these patient-specific variations, the current clinical standard of care is to dose each patient
identically over a set number of cycles. Therefore, improved understanding of the delivered dose to the
tumors and OARs could yield additional insight into patient-specific dose response, both in terms of tumor
dose and control as well as OAR dose and toxicity. This information may inform the optimal subsequent
doses of TRT for each patient.

Given that TRT is delivered in multiple serial doses, there is an opportunity to adapt dosing at
subsequent cycles based on the prior dosimetry to achieve a critical threshold dose for tumors. Several
clinical trials are currently exploring the possibility of adaptive dosing strategies to improve treatment
efficacy (ClinicalTrials.gov Identifier : NCT02754297, NCT04917484, and NCT05896371). Several results
reported in literature exploring individualized dosing have shown a significant improvement in treatment

response (e.g., prostate-specific antigen level, progression-free survival, and overall survival) in *"’L

u_
based therapy for patients undergoing maximum dose escalation to the tumor (e.g., until the total kidney

or bone marrow dose was maximized to the safety limit) (4, 5). Other researchers have modulated the
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fractionation schedule based on the treatment response (e.g., prostate-specific antigen level and image-
based dosimetry) to the initial standard administration (6). Therefore, dosimetry-based personalized TRT
has shown promise in improving the treatment outcome and therefore garnered interest in clinical trials
further exploring better personalized dosing strategies.

The current state-of-the-art dosimetry uses a single timepoint single-photon emission computed
tomography (SPECT) scan to provide an accurate whole-body shapshot of the delivered dose to tumors
and OARs at a given time point. Because of the aforementioned patient heterogeneity, individual time-
activity curves have been shown to have variations in tya (the time to maximum uptake) and T (the time
it takes for the dose in organs to become half) as high as 50 % and 30 %, respectively (3). Multi-time
point SPECT/CT scans can provide more complete time course data, however they present a logistical
challenge and the most common approach is to use a single-time point SPECT/CT combined with the
time-activity curve. SPECT/CT-based time-activity curve estimation is usually done by curve-fitting of
time-activity curve models, meaning more data points, ideally continuously acquired data, can
mathematically provide better datasets and basis functions compared to one or a few SPECT/CT scans.
Here, we present proof-of-concept of a novel device that is synergistic with SPECT/CT that enables direct
measurement of radiation activity in‘tissue with high temporal resolution over long time scales. This
platform has the potential to provide an additional dimension of information during clinical trials to enable
new strategies to personalize TRT (Fig. 1A and B).

Our approach is to directly measure the continuous activity inside of tissue using millimeter-scale
dosimeters implanted in tissue. To enable in vivo dosimetry for personalized TRT, these dosimeters must
1) be millimeter-scale for minimizing the foreign body reaction and implanting using a core biopsy needle;
2) have a wide dynamic range to accurately measure the dose uptake that can span from <1 %ID/mL for
OARs to ~20 %ID/mL for tumors in real-time, and 3) consume sub-mW electrical power for battery or
wireless power transfer requirements. Despite the efforts toward in vivo dosimetry, no previous works
have satisfied all those requirements (7-13). Most works focused on the measurement of x-rays during
external beam radiotherapy or brachytherapy, and to the best of the authors™ knowledge, there has been

no prior published work on using implantable dosimetry for TRT.
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To maximize sensitivity and obviate the need for bulky external readout equipment, here we
present a proof-of-concept diode-based sub-millimeter scale (0.94x0.96x0.3 mm®) single beta-particle
sensitive custom integrated circuit (IC) dosimeter, which we call SENTRI (Single-particle Energy
Transducer for Radionuclide Injections). By exploiting a complementary metal oxide transistor (CMOS)
fabrication technology, all the required electrical signal amplification and processing circuitry to operate
the diode detectors are integrated into a monolithic silicon chiplet (Fig. 1C). The proposed system does
not require bulky external equipment; only sub-mW electrical power (0.5 mW) and digital data acquisition
(< 4 kbps) are necessary. In addition, the proposed IC-based SENTRI platform enables continuous,
real-time dose measurement by directly counting the number of beta-particles incident on the SENTRI
chip. The sensor response is quantified in counts per minute (CPM), the total detected hits over the entire
chip per minute. We demonstrate the first in vivo verification result for 7 u-PSMA-617 in animal models

using human prostate cancer cell lines.

Materials and Methods

Designing a 64x64 diode-based in vivo dosimeter silicon chip

Reversely biased P-N diodes form a depletion region between P and N-type silicon. Incident
beta-particles penetrating through the depletion region deposit energy (E,,,), generating electron-hole-
pairs (EHPs) (Fig. 1D). The number of EHPs (ngyp) is proportional to the particle’s linear energy transfer
(LET), which is nonlinearly dependent on the particle energy (14). These generated electrons are
integrated onto the parasitic capacitance, C;,,, creating a voltage drop, Vy,op (Varop = qengnp/Cint). Since
Varop IS inversely proportional to C,,., smaller diodes, which have smaller parasitic capacitances, provide
higher sensitivity. Therefore, by exploiting the miniaturization inherent in CMOS fabrication technology,
we shrink the diode to a nearly minimum size (1 pmz). See Fig. S1 and note for the diode size
optimization and E,,,, calculation. To obtain sufficient counts for statistical accuracy, the P-N diodes are
arranged in a 64x64 array, resulting in a detection area and fill factor of 512x512 ym? and 1/64,
respectively.

All necessary signal amplification, data processing, and on-chip memory circuitry are integrated

on a SENTRI chip (Fig.S3). Each pixel consists of a P-N diode, signal amplifier, filter, buffers, and 1-bit
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static random-access memory (SRAM). Due to variations during fabrication, there are pixel-to-pixel
variations even with ‘identical’ pixels, resulting in differences in pixel offset and gain that render the pixels
non-functional. We implement in-pixel SRAM to selectively disable any of these non-functional pixels. The
total size of each pixel, including in-pixel circuitry, is 8x8 um?®. The SENTRI chip measures
0.96x0.94x0.3 mm® and consumes static power of ~0.5 mW. A minimal ~10 um silicon dioxide layer on
the diodes, inherent in the CMOS fabrication process, minimizes energy loss from incident beta particles
while protecting the chip from the biofluid penetration.

The SENTRI chip is bonded on a flexible printed circuit board (FPCB). UV-curable epoxy is
applied to protect wires and exposed areas of the FPCB with care to leave the detection area exposed to
maximize sensitivity (Fig. 1E). The final packaged sensor has a width of 6 mm and thickness of <1 mm.
An external motherboard provides electrical power and digital communication between the SENTRI chip
and laptop. A custom python-based script running on the laptop communicates with the motherboard.

177

Lu-PSMA-617 radiolabeling

YLucCl, is purchased from Oak Ridge National Laboratory. A stock solution of PSMA-617
(Vipivotide tetraxetan, MedChemExpress) is first prepared in dimethyl sulfoxide (DMSO) with a
concentration of 1Img/mL. For radiolabeling, 185 MBq of *’’LuClsis transferred to a reaction vial. The pH
of the solution is adjusted to 6 by adding 100 pL ammonium acetate (0.2M solution). Then, 25 ug of
PSMA-617 is added to the reaction solution. The reaction is allowed to occur at 50°C with constant
shaking for 45 minutes.

The radiolabeled solution is checked for labeling efficiency by performing thin layer
chromatography (TLC) on a Whatman 41 paper as a stationary phase and 20 mM citric acid as a mobile
phase. The TLC strip is scanned on the TLC reader (AR-2000, Bioscan).

YLu-PSMA-617 is purified using a SEP-PAK Plus C8 cartridge. The cartridge is preconditioned
with 5mL ethanol (100%) and 5 mL water. The reaction solution is pushed through the C8 cartridge and
waste (unlabeled *"’Lu) is collected in a vial. *"’Lu-PSMA-617 is eluted with 2 mL ethanol solution (100%).

Ethanol is evaporated under a vacuum with a constant flush of N, at 40°C. Dried Y7 u-PSMA-617 is

reconstituted in a formulation of DMSO:Tween 80:saline (10%:10%:80% v/v) before injections for mice.
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In vivo measurements

All protocols and procedures are approved by the Institutional Animal Care and Use Committee
(IACUC) of XXXXX (anonymized for review). All animal research follows the National Institutes of Health
(NIH) guidelines, described in the Guide for the Care and Use of Laboratory Animals.

Fig. 2A depicts procedures for the in vivo experiment. 4-week-old homozygous athymic male
mice (N=15) are used for this study. 2.5 million PC3-PIP and PC3-flu cells are subcutaneously injected
into the left and right flanks of the mice, respectively. When the tumor reaches a proper size for
experiments (~17 days after the cancer cell injection), 15 mice are randomly divided into 5 groups for
each time point; 0-2 hour, 7-9 hour, 12-14 hour, 24-26 hour, and 48-50 hour post-injection. Surgery is
performed on 0-2 hour time point mice and a ~10 minute measurement is conducted before the *"Lu-
PSMA-617 injection. The remaining mice are administered *’’LLu-PSMA-617 first, with the surgery and
measurement being performed when they reach the desired time point. About 200 pL of YLu-PSMA-617
solution is slowed injected through the tailvein. Fig 2B shows an experiment photo.

The mouse is anesthetized with 2.5 % isoflurane and 1.5 L/min oxygen flow. Each tumor is
carefully cut (~1 cm depth and width) using a surgical blade. Then, each device is inserted into the tumor
and connected to the mainboard. The activity of each tumor is measured for 2 hours. Then, the mouse is
sacrificed and transported to.the SPECT/CT bed for image acquisition. With the devices still in each
tumor, the SPECT/CT machine (VECTor4CT, MILabs) scans the whole body for 30 minutes with the
energy detection range from 0 to 1.2 MeV using a 3.6 mm pinhole collimator. After the SPECT/CT scan,

the devices are taken out from the animal.

Converting measured CPM into %ID/mL

One week after the animal experiment, all devices measure three different *’’Lu-PSMA-617
concentrations to compensate for the device-to-device variation. Concentrations are determined so that
recorded CPM from the animal measurement by each device is within the 3-point calibration range. The
linear regression is performed on the data set measured by each device. Finally, the decay-

corrected %ID/mL value of the animal experiment is calculated as below.
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CPM-b
%ID/mLmeas =100 x W X e,

where CPM is the mean CPM value of the last 30 minutes of the animal measurement, a and b are the
slope and y-intercept of the linear regression curve, respectively, inj is the injected *"'Lu-PSMA-617
activity in MBg, 2 is a decay constant of *’’Lu, and tinj is the time difference between the injected time

and measured time in hours.

Results

177

Measuring a wide range of “"'Lu concentrations

7 u-PSMA-617 in saline

The system is first characterized using 10 different concentrations of
solution. The *’Lu concentration ranges from 0.013 to 8.95 MBg/mL (corresponding to 0.06~40 %ID/mL
assuming 22 MBq injection in a mouse), matching the therapeutic range in mice model (15). The SENTRI
chip is submerged in the solution, from the lowest to highest concentration, and measures the signal for
~1 hour (Fig. 3A). The sensor response is quantified in counts per minute (CPM), the total detected hits
over the entire chip per minute. Fig. 3B shows transient CPM plots for various *’’Lu concentrations.
Fluctuations in CPM is mainly due to the Poisson nature of radioactive decay.

Y"Lu concentrations with R? value greater

The measured mean CPM is highly proportional to the
than 0.99 (Fig. 3C), demonstrating a wide dynamic range. No saturation on CPM is observed. The
relative errors, defined as the percentage error between the measurement and linear fit, ranges from -
3.23 10 1.99 %.

To observe any long-term sensitivity degradation or fluid penetration disrupting sensor operation,
the SENTRI chip-is submerged in 8.88 MBg/mL *"’Lu-PSMA-617 with saline solution and continuously
measures the activity for 35 days (Fig. 3D). The measured counts per hour (black dots) shows an
exponential decay and matches well with both the theoretical decay curve (the dotted red curve, with tyqs
= 6.7 days) and gamma counter measurement results (red diamonds, acquired using Hidex Automatic

Gamma Counter). The error, defined as the difference between the normalized counts per hour and

theoretical value, is within £0.05, and no sensitivity degradation or device malfunction is observed.
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In vivo verification

As shown in Fig. 4, the SENTRI chips are visible under a CT scan. Fig. 5 shows the measured
transient plots for PC3-PIP and PC3-flu at each time point. As shown in the leftmost plot (0-2 hour post-
injection), there is zero signal recorded before the injection. The CPM increases in both tumors
immediately after the injection. The 7-9 hour post-injection mice have the highest CPM in the PC3-PIP
tumor. After the peak PSMA-617 uptake, the CPM within the PC3-PIP tumors gradually decreases until
52 hours post-injection. At all time points, CPM in PC3-PIP is significantly higher than that in PC3-flu,
corresponding to the PSMA overexpression in the PC3-PIP model. The measured PC3-flu activity is

highest during 0-2 hour post-injection and rapidly decreases over time, representing dose to an OAR.

3-point calibration to convert CPM into %ID/mL

To account for device-to-device variations introduced in manufacturing, we use a 3-point
calibration method to find the relationship between CPM and %ID/mL for each SENTRI chip. Fig. 6A
shows a 3-point calibration measurement result for a SENTRI chip that measured M6 (7-9 hour time point)
PC3-PIP tumor. A linear regression line between the concentration and CPM is shown in solid red. The
uncertainty of the slope a and y-intercept b are +0.58 and +0.045, respectively. Finally, using the linear
regression line, the CPM value from the mice measurements is converted into the %ID/mL value.

Fig. 6B depicts normalized histograms of a and b for all SENTRI chips used in mouse
experiments (30 in total). The mean and standard error of a and b are 27.09+4.88 CPM/(MBg/mL) and
0.13+0.22 CPM, respectively. The variations in a and b are primarily due to device-to-device mismatches
which can be calibrated prior to the actual measurement. Note that the b values are close to 0,
demonstrating that the system inherently has zero offset, an issue for other types of in vivo dosimeters
(9-11). The variation in height of the wirebonds and epoxy contributes to the variation in a.

The decay-corrected uptake curves of the last 30 minutes of each measurement in PC3-PIP and
PC3-flu tumors across all mice are shown in Fig. 6C. The trends in the uptake curves match well with the
previously reported trends, a linear and mono-exponential decay for PC3-PIP, and a mono-exponential

decay for PC3-flu (3). The ratio between %ID/mL values in PC3-PIP and PC3-flu tumors are lowest at the

10
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initial time point (1.1x) and highest at 7-9 hour time point (193%), modeling the therapeutic ratio between

the tumor and OAR in a clinical setting.

Comparison of SENTRI with SPECT/CT

Finally, measured %ID/mL values are compared with SPECT/CT imaging results. To account for
tumor heterogeneity (inherent in centimeter-scale mouse tumors) and the finite distance that emitted
beta-particles travel (mean = ~0.3 mm, range = 0-1.7 mm), only the surrounding 1 mm of tissue is used
for comparison to SPECT/CT. Mean %ID/mL values in the 2 mm diameter sphere region of interest (ROI)
from the Gaussian-filtered SPECT/CT images are plotted. The ROl is placed at the location of the
SENTRI chip. The absolute %ID/mL errors (%ID/MLsgntri - %ID/mLgpect) in all mice are within
+1.5 %ID/mL, showing agreement with the SPECT/CT results. The relationship between %ID/MmLggntr
and %ID/mLspect is highly linear in both PC3-PIP and PC3-flu tumors with R? values of 0.95 and 0.78,
respectively (Fig.7A and B). Additionally, a Bland-Altman plot for comparing measurements between
SENTRI and SPECT/CT is shown in Fig.7C. The difference in %ID/mL has a mean and standard
deviation of 0.12 and 0.54 %ID/mL, respectively. The errors are due to imperfect measurement and
limited spatial resolution in SPECT/CT scans. Gaussian post-filtering of the SPECT/CT scans adds
uncertainty, particularly when the tumor is heterogeneous. See supplementary Fig. S2 and note for
SPECT/CT calibration and Gaussian post-filtering. In addition, unequal spill-in and spill-out effects, a
distortion generated in an image due to the finite full width half maximum of a point spread out function, in

the SPECT/CT scan can be another source of error on a small scale.

Discussion

Here, we have demonstrated proof-of-concept that the radiation activity can be measured using a
millimeter-scale implantable dosimeter with single particle sensitivity over long time courses. SENTRI
successfully measured various concentrations (0.06~40 %ID/mL) of *"Lu-PSMA-617 activity with high
linearity (R” > 0.99). SENTRI was successfully implanted and measured continuous activity over 2 hours
in PC3-PIP and PC3-flu prostate cancer cell lines grown in mice. To better validate the sensor as a

measure of activity, each sensor was subjected to titration of ’’Lu-PSMA-617 and using this calibration,

11
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the measured CPS in the tumor was converted to %ID/mL value. This activity derived from the sensor
matched very closely the activity determined by SPECT/CT for the same animal.

SENTRI is ideally suited for continuous measurement of TRT activity in tissue. Using this
information, one potential application is to synergistically integrate SENTRI data with single time point
SPECT/CT to gain a fuller understanding of the total integrated dose within each patient. This may allow
for personalized adaptation of either (or both) the subsequent doses for each cycle of the treatment, or
the number of cycles. For example, the SENTRI chip measures the real-time activity at a single location
over multiple half-life, and by integrating these two datasets, it may be possible to extrapolate the
integrated dose in tumors and OARs over long time courses (3, 16).

Although we chose >’

Lu-PSMA-617 for verification because it is FDA-approved and widely used
in practice, the fundamental technological achievement opens the door for the use of the proposed
system for other types of antibodies, small molecules, or peptides (i.e. l77Lu-DOTATATE), and for cancer
types beyond prostate (17, 18). Since the SENTRI chip directly measures radiation, we believe this
system can be utilized for nearly all types of radioligands, potentially not only personalizing treatment but
also helping characterize new radioligands by providing continuous uptake curves. In addition, the
proposed system can also personalize alpha-particle-based TRTSs, such as the ones using 25nc or #'Th,
which have recently gained popularity sirice they deposit much larger energy within a small distance.
However, SPECT/CT dosimetry for alpha-emitting TRTs is challenging because of the significantly lower
administered dose, and hence fewer gamma-particles, requiring a longer SPECT/CT acquisition time
(29).

In order for the system to be utilized in clinical settings, a number of technical challenges must be
addressed. Given short travel length of beta-particles in tissue, SENTRI is subject to tumor heterogeneity,
reporting only the local environment in which it is implanted. In our mouse models, for proper device
implantation, the tumor size needs to be greater than ~1 cm, relatively large for a mouse and thus often
has a significant heterogeneity. However, this is a small tumor in a patient. Tumor heterogeneity can be
addressed by implanting multiple SENTRI sensors in a single tumor (often ~3 gold seed markers can be

easily placed in a tumor), or by specifically placing SENTRI in a non-necrotic area of tumor, identified on

a pretherapy PET scan. Next, the device must be fully wirelessly integrated. Given the power

12
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consumption (< 0.6 mW) and data rate (107 bits per second at 8.95 MBg/mL) of the system, radio-
frequency, ultrasound, or magnetoelectric methods are all well applicable (20—22). A transceiver antenna,
rectifier, and modulator/demodulators are the only necessary components for wireless operation. Once a
wireless interface is implemented, we can greatly reduce the overall size of the system. Lastly, long-term
in vivo usage requires a more robust packaging (or coating) to prevent device degradation or failure due
to biofluid penetration. The simplest solution would be using a thin (~50 um) Parylene coating that lasts
~6 months, sufficient to cover all fractions (23). A ceramic packaging can be another option, as it provides

more robustness and thus ensures longer operation (24, 25).

Conclusion

We successfully demonstrated the functionality of SENTRI in human prostate cancer small
animal models. It is envisioned that the proposed system can be utilized to help personalize the TRT,

significantly improving the overall safety and efficacy of the treatment through safe dose management.
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Figure 1 A Schematic view of the personalized in vivo dosimetry system for TRT. The proposed devices
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4,096 diodes as well as necessary circuitry are all integrated in a single chip. D Single beta-particle
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Figure 2 A. Schematic of the in vivo experiment. B. Photograph of the in vivo experiment.
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