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A B S T R A C T   

Cancer radiopharmaceutical therapies (RPTs) have demonstrated great promise in the treatment of neuroen-
docrine and prostate cancer, giving hope to late-stage metastatic cancer patients with currently very few 
treatment options. These therapies have sparked a large amount of interest in pre-clinical research due to their 
ability to target metastatic disease, with many research efforts focused towards developing and evaluating tar-
geted RPTs for different cancer types in in vivo models. Here we describe a method for monitoring real-time in 
vivo binding kinetics for the pre-clinical evaluation of cancer RPTs. Recognizing the significant heterogeneity in 
biodistribution of RPTs among even genetically identical animal models, this approach offers long-term moni-
toring of the same in vivo organism without euthanasia in contrast to ex vivo tissue dosimetry, while providing 
high temporal resolution with a low-cost, easily assembled platform, that is not present in small-animal SPECT/ 
CTs. The method utilizes the developed optical fiber-based γ-photon biosensor, characterized to have a wide 
linear dynamic range with Lutetium-177 (177Lu) activity (0.5–500 μCi/mL), a common radioisotope used in 
cancer RPT. The probe’s ability to track in vivo uptake relative to SPECT/CT and ex vivo dosimetry techniques 
was verified by administering 177Lu-PSMA-617 to mouse models bearing human prostate cancer tumors (PC3- 
PIP, PC3-flu). With this method for monitoring RPT uptake, it is possible to evaluate changes in tissue uptake at 
temporal resolutions <1 min to determine RPT biodistribution in pre-clinical models and better understand dose 
relationships with tumor ablation, toxicity, and recurrence when attempting to move therapies towards clinical 
trial validation.   

1. Introduction 

Recent advances in the treatment of metastatic neuroendocrine 
cancers (Kratochwil et al., 2016; Kabasakal et al., 2017; McBean et al., 
2019; Nautiyal et al., 2022; Sartor et al., 2021; Zang et al., 2019) have 
fostered significant interest in both optimizing radiopharmaceutical 
therapies (RPT) for maximal therapeutic benefit – selectively targeting 
tumor tissue while avoiding organs at risk (OAR) – and in extending 
these therapies to other cancers (Duan et al., 2022; Herrmann et al., 
2020; Jadvar et al., 2018; Malcolm et al., 2019). Therefore, RPT 
development relies heavily on evaluating the uptake in both tumors and 
OARs in pre-clinical models to estimate RPT efficacy and select prom-
ising candidates for further study. We address this need by introducing a 
low-cost hand-held platform readily constructed in any laboratory 

setting for evaluation of RPT kinetics in vivo. 
RPT utilizes tumor-specific small molecules, antibodies, and de-

rivatives thereof, conjugated to radioisotopes to systemically target 
cancer cells while sparing most normal tissues. Typically, the conjugated 
radioisotope is a β- or α-emitter, that provides localized dose to the 
target lesions, with additional γ-photon decay chains that are often used 
for imaging over the course of the therapy. RPT continually delivers dose 
over many days, and the dose delivered depends on tumor receptor 
expression level, ligand binding, retention, clearance, as well as radio-
nuclide half-life, making measurement of delivered dose challenging. 
Moreover, dose to the non-target tissues depends on ligand circulatory 
half-life, clearance, and on-target but off-tumor binding. Despite the 
variability in both dose to the tumors and OARs due to these factors, a 
fixed dose is given to patients in clinical RPT administration resulting in 

* Corresponding author. 
E-mail address: rklall@berkeley.edu (R. Lall).  

Contents lists available at ScienceDirect 

Biosensors and Bioelectronics 

journal homepage: www.elsevier.com/locate/bios 

https://doi.org/10.1016/j.bios.2023.115956 
Received 6 October 2023; Received in revised form 17 December 2023; Accepted 20 December 2023   

mailto:rklall@berkeley.edu
www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2023.115956
https://doi.org/10.1016/j.bios.2023.115956
https://doi.org/10.1016/j.bios.2023.115956
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2023.115956&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Biosensors and Bioelectronics 247 (2024) 115956

2

significant patient-to-patient differences in total integrated dose deliv-
ered to tumors. Given the known dose response of tumors, this holds 
vital importance as subtherapeutic doses can lead to low treatment ef-
ficacy and early progression for many patients (Jadvar et al., 2018; 
Kratochwil et al., 2016; Malcolm et al., 2019; Sartor et al., 2021). The 
critical goal of RPT is to escalate and maximize tumor dose while 
minimizing dose deposition and the resultant toxicity to OARs (Duan 
et al., 2022; Jadvar et al., 2018; Malcolm et al., 2019), necessitating a 
precise understanding of total integrated dose and its variance during 
pre-clinical evaluation. This is currently not available using existing, 
commonly accessible laboratory methods due to lack of temporal reso-
lution (Carpanese et al., 2020; Ling et al., 2020; Moroz et al., 2020, 
Pienta et al., 2008) and/or discontinuity of data over the entire bio-
distribution curve (Bartoli et al., 2022; Houghton et al., 2017; Keidar 
et al., 2017; Khosravifarsani et al., 2022; Kruijff et al., 2019; Satterlee 
et al., 2015; Stuparu et al., 2020; Qin et al., 2020). 

Currently, pre-clinical studies of RPT biodistribution are evaluated 
using small animal single photon emission computed tomography 
(SPECT) and/or ex vivo γ counting (Balkin et al., 2014; Moroz et al., 
2020). SPECT/CT provides a whole animal snapshot at a single time 
point, and this is often repeated every few hours to create a sparse 
chronic binding kinetics curve. Since small animal SPECT/CT acquisi-
tions require sufficient counts to increase image signal-to-noise (SNR) 
ratio, acquisitions are usually on the order of 30 min to 1 h. This low 
temporal resolution loses information regarding initial binding kinetics, 

which can change on the order of minutes, and corresponds to the time 
when the maximum dose is administered to OAR and significant dose is 
administered to tumors. In addition, small animal SPECT/CT machines 
are costly and not widely available, which hinders the ability to study 
this promising therapeutic modality across labs and in resource-limited 
environments. 

Another approach is ex vivo γ counting that involves taking a sample 
of the tumor or OAR, and quantifying the γ activity of the sample, which 
is then used to extrapolate the activity of the whole tumor or OAR at the 
time the animal model was euthanized. This method is more sensitive 
than SPECT to γ emissions, making it the primary mode of dosimetry for 
many radiopharmaceutical studies that require high sensitivity, like 
α-based RPT. Since the in vivo models are euthanized after each time 
point of interest, there is often significant variability from model-to- 
model. Moreover, instead of averaging out the heterogeneity, it may 
be useful to monitor the kinetics of each pre-clinical model, in order to 
more completely understand the variance in biodistribution of the RPT 
under evaluation – information that is lost using ex vivo dosimetry. 

To address these requirements, we present a scalable optical fiber- 
based γ sensitive biosensor platform and workflow for pre-clinical 
evaluation of radiopharmaceutical uptake in tumors and OARs (Lall 
et al., 2022, 2023). These probes share the same detection, counting, 
and acquisition circuitry, allowing the system to easily scale the number 
of biosensors to many tumors and OARs by utilizing additional optical 
fibers. Compared to commercial γ laparoscopic probes (Devicor Medical 

Fig. 1. Conceptual Workflow and Optical Fiber γ-Photon Probe Design. (a) An in vivo model with two tumors from different cancer cell lines is administered a RPT 
and (b) measured using the proposed γ biosensor platform at very fine intervals with short acquisition times. (c) At the last time point, a single SPECT/CT or ex vivo γ 
counting is done to convert the γ counts from the biosensor to %IA/mL. (d) Optical sensing front end with compacted Y2O3–Eu doped phosphor at face of optical fiber 
that is surrounded with lead tape and optical tape. (e) Optical fiber is interfaced to readout circuitry, including APDs, amplifiers, level-shifters, digital counters, and 
data readout. 
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Products, 2023; Lightpoint Medical, 2023), MOSFET dosimeters (Beyer 
et al., 2008; Gurp et al., 2009), calorimetric dosimeters (Kim et al., 2020; 
Tregubov et al., 2022), luminescence imaging (Bhatt et al., 2018; Zhang 
et al., 2020; Balkin et al., 2014), and other scintillator-based approaches 

(Zhang et al., 2021), this custom set of biosensors has similar or better 
sensitivity with a smaller detector area and enables multiplexed sensing, 
allowing for many small tumors and organs to be simultaneously 
monitored in in vivo models with a smaller acquisition time. In practice, 

Fig. 2. γ-Photon Probe Characterization and In Vivo Experimental Setup (a) 177Lu serial dilution experimental setup. (b) 177Lu serial dilution real-time transient 
results of γ CPS with activity (0.5–500 μCi/mL). (c) Poisson fit of recorded γ CPS distribution, due to Poission nature of radioactive decay. (d) Linearity of activity 
(0.5–500 μCi/mL) with average CPS. (e) Absolute error in CPS (f) Sensitivity calibration of the two biosensors that were used for the majority of this study, using the 
setup in (c) as well. (g) Experimental design for in vivo validation of characterized biosensor. 
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short acquisitions with the biosensor would be taken at finely swept time 
points to provide continuous, real-time γ count data over the course of 
the therapy (Fig. 1(a), (b)). After the last probe measurement has been 
completed for the final time point of interest, either a single SPECT/CT 
scan or ex vivo γ counting can be conducted immediately afterwards 
(Fig. 1(c)). This allows for the derivation of the linear scaling factors 
between counts per second (CPS) from each probe and radiation dose 
expressed as percent injected activity per mL of tissue (%IA/mL) in the 
tumor or organ of interest (Fig. 1(b)). 

We show the utility of the developed system and validate it for use in 
pre-clinical evaluation by (1) performing a dilution of 177Lu-PSMA-617 
(FDA-approved treatment for metastatic castration resistant prostate 
cancer) in the pre-clinically relevant activity range (0.5–500 μCi/mL) 
and measuring the γ counts outside of each vial to show the system’s 
high sensitivity and linear dynamic range with radiopharmaceutical 
activity, (2) collecting real-time data outside prostate cancer PC3-PIP 
and PC3-flu tumors in 15 mouse models administered 177Lu-PSMA- 
617 RPT and showing how real-time trends and variance in uptake, rate 
of uptake or excretion, and therapeutic ratio can be captured with our 
platform, (3) showing the linear relationship between the average γ 
counts per second from our biosensor with the activity/mL of tissue from 
both SPECT/CT and ex vivo dosimetry of the 15 mice, and (4) demon-
strating the intended use case of the system by measuring both tumor 
and OAR activity in a single mouse model over time and showing that 
the biosensor’s γ counts are consistent with SPECT/CT. 

2. Materials & methods 

2.1. Design of optical fiber-based γ-photon sensor 

Y2O3–Eu doped phosphor (Sigma Aldrich, 756490) was coupled to 
the face of an optical fiber patch cable (THORLABS, M104L01) and used 
to scintillate incoming γ′s into 610 nm red light, compatible with peak 
solid-state photon detection. 0.25g of phosphor was compacted to an 
optimized thickness of 500 μm (Fig. S1), to eliminate air gaps and in-
crease density, and hence the mass attenuation coefficient (NIST, 2022). 
The high light-to-light quantum efficiency, customizable form factor, 
and low cost of the Y2O3 Eu-doped phosphor enables use of only a thin 
(500 μm) and low detection surface area (4.9 mm2) layer of the phos-
phor to scintillate incoming γ-photons effectively. This is in contrast to 
state-of-art nuclear medicine γ-sensing instrumentation where scintil-
lators are multiple centimeters thick (O’Keeffe et al., 2015; Woulfe et al., 
2016; Zhang et al., 2021), leading to low specificity, large size, low 
maneuverability, and increased system cost. 

Because patch cables are very light sensitive, five layers (500 μm) of 
black optical tape (THORLABS T743–2.0) were placed on the outside of 
the fiber throughout its length to ensure no ambient light photons were 
mistaken as γ-photon events (Fig. S3). Probes were surrounded with 1 
mm of lead tape to prevent measurement of γ counts from organs 
adjacent to the one of interest. The fibers were optically coupled to 
silicon avalanche photodiodes (APD) to detect the scintillation photons. 
The customized γ sensitive optical fiber-based sensor is shown in Fig. 1 
(d). The APDs (Excelitas, SPCM-AQ4C) have a circular active area of 
180 μm and peak photon detection efficiency of 60% at 650 nm. They 
are biased above their breakdown voltage, such that single 610 nm 
photons will trigger an avalanche response at the diode sensing node 
and thereby be sensed. This voltage is fed into a unity gain buffer and 
sensed by a comparator to create a 25 ns wide, rail-to-rail voltage pulse. 
The APD is subsequently quenched and the diode is reset by lowering the 
bias voltage below breakdown. In this state, the APD is not single-photon 
sensitive, which leads to a dead time of 50 ns. Given this 25 ns wide 
digital pulse and 50 ns dead-time, the system can theoretically be 
operated in an environment with a maximum flux in the megacounts/sec 
range before seeing significant nonlinear effects due to dead-time. The 
scintillator surface area and optical fiber aperture diameter was chosen 
such that the system operates well below this maximum flux threshold to 

prevent dead-time effects and decrease dynamic power consumption 
during system operation. This also allows for ease in extending to other 
radiotherapy applications by simply scaling the surface area of the 
phosphor, depending on the range of expected γ-photon flux. The 
comparator outputs 4.5 V square pulses which are subsequently level 
shifted (TI SN74LVC1G14) to 3.3V, the logic level of the field pro-
grammable gate array (FPGA, Opal Kelly XEM6010) that was used. 
These pulses, each representing an incoming scintillated photon, are 
then counted using digital counters implemented on the FPGA (Verilog 
synthesized using Xilinx ISE). The FPGA sends data to the PC via a serial 
link and automated Python interface (developed with Opal Kelly python 
API libraries) at 42 MHz to allow for continuous and multiplexed data 
relay of scintillated counts per second (CPS), which is proportional to 
the γ flux (Fig. 1(e)). 

2.2. Sensor characterization with radioactive activity 

To characterize the sensor’s response to a γ-emitting radionuclide, a 
serial dilution of conjugated 177Lu-PSMA-617 was performed using sa-
line. 11 eppendorf tubes were prepared by performing a 2x dilution of 
activities varying between 0.5 μCi and 500 μCi in 1 mL. The eppendorf 
tube was placed in a 3D printed stand with each γ-probe placed on the 
outside surface of the vial. Detector position was held constant and vials 
were incrementally changed (Fig. 2(a)). γ CPS were recorded for 10 min. 
The linear fit to the serial dilution data was fit using the least-squares 
solution with no intercept. A similar dilution was performed with 
225Ac (Fig. S5) over physiologically relevant concentrations (7.8–500 
nCi/mL). Biosensor CPS with distance was also characterized (Figs. S4 
(a) and (b)). 

Because there is some variation in sensitivity between the probes 
used in this study, a three point calibration was done where three vials 
with varying activities of 177Lu-PSMA-617 (15 μCi, 30 μCi, 60 μCi) were 
diluted with saline and were measured by each probe flush against the 
vial. The linear relationship between CPS and 177Lu-PSMA-617 activity 
was created for each probe using the three vials (Fig. 2(f)). The slope of 
the best fit lines were compared to find the factor difference in sensi-
tivity between them in order to correctly compare data. 

2.3. In vivo mice experimental procedures 

The γ biosensors were assessed on 16 in vivo prostate cancer murine 
models to demonstrate the linear mapping of the biosensor signal to 
tumor activity. Mice were housed in a pathogen-free environment under 
protocols approved by the UCSF Institution of Animal Care and Use 
Committee. The system was evaluated for monitoring in vivo binding 
kinetics by utilizing mouse models bearing two human prostate cancer 
cell lines on their flanks and the experimental design described here is 
summarized in (Fig. 2(g)). PC3-PIP (PSMA+) and PC3-flu (PSMA-) 
tumor cells were subcutaneously (SQ) injected into the left and right 
flanks respectively of 16 (M1-M16) male athymic nude mice. PC3-PIP 
and PC3-flu tumors model tumors with high PSMA expression and 
OARs with low PSMA expression, respectively. After 2 weeks, the tumor 
size reached approximately 1 cm in its major axis allowing for a suitable 
dose integration volume on SPECT for accurate comparison to the pro-
posed system. Mice were subsequently administered approximately 600 
μCi of 177Lu-PSMA-617 via tail vein injection. 

To validate the probe measurements at various points along the 
biodistribution curve, each of mice M1-M15 was measured under light 
anesthesia with the system for 2 h at one of five time points post- 
injection: 0 h (M1-M3), 6 h (M4-M6), 12 h (M7-M9), 24 h (M10-M12), 
and 48 h (M13-M15). Three mice were measured at each time point to 
allow for statistical analysis. During each measurement interval, one 
γ-photon probe was placed on each tumor of the mouse: one on the PC3- 
PIP tumor and the other on the PC3-flu tumor. γ-photon probes were 
placed in such a way to prevent crosstalk, i.e. the probe from the PC3-flu 
tumor measuring the counts from the PC3-PIP tumor and vice versa. 
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After each 2 h acquisition, M1-M15 were euthanized, and a SPECT/CT 
was taken immediately afterwards. The tumors were then dissected to 
perform ex vivo γ counting. In contrast, mouse M16 was chronically 
monitored from 0 to 48 h post injection (h.p.i.) with one probe on each 
tumor as with M1-M15, but also with an additional probe hovering over 
each kidney. M16 was measured continuously under light anesthesia for 
2 h at each of the 5 time points (0, 6, 12, 24, 48 h.p.i.). After each γ probe 
acquisition, a SPECT/CT was taken of M16 for comparison. 

2.4. Radiolabelling of 177Lu-PSMA-617 

177LuCl3 was purchased from Oak Ridge National Laboratory. In 
dimethyl sulfoxide (DMSO), a stock solution of PSMA-617 (Vipivotide 
tetraxetan, MedChemExpress) is made at a concentration of 1 mg/mL. 
Transferring 9 mCi of 177LuCl3 to a reaction vial, 100 μL of 0.2M 
ammonium acetate was used to bring the pH of the solution down to 6. 
After adding 25 μg of PSMA-617 to the vial, the reaction is allowed to 
happen at 50 ◦C with continuous shaking for 45 min. Then, to assess 
labeling effectiveness, thin layer chromatography (TLC) was carried out 

using Whatman 41 paper as the stationary phase, 20 mM citric acid as 
the mobile phase, and an AR-2000 Bioscan TLC Reader. 

A SEP-PAK Plus C8 cartridge that has been preconditioned with 5 mL 
of 100% ethanol and 5 mL of water is used to purify 177Lu-PSMA-617. 
The waste solution (unlabeled 177Lu) is collected in a vial after the re-
action solution has been forced through the cartridge. 2 mL of 100% 
ethanol solution is used to elute 177Lu-PSMA-617, and then the ethanol 
is evaporated under vacuum while being continuously flushed with N2 at 
40 ◦C. Before preparing the mice injections, dried 177Lu-PSMA-617 is 
reconstituted in a solution of DMSO:Tween 80:saline (10%:10%:80% 
volume per volume). 

2.5. SPECT/CT acquisitions 

The SPECT/CT (VECTor4CT, MILabs) utilized a high-energy multi- 
pinhole collimator (HE-GP-RM) and was taken with a 30 min SPECT 
acquisition with an energy detection range of 0–1.2 MeV. This was 
followed by a CT scan with a tube current of 0.19 mA, tube voltage of 55 
kVp. 

Fig. 3. Representative SPECT Scans and γ Probe Counts of PC3-PIP and PC3-flu Tumors of M1-M15. (a) SPECT scans show progression of 177Lu-PSMA-617 activity 
accumulation in PC3-PIP and PC3-flu tumors at five time points taken at the end of every custom γ-probe recording. (b) Real-time γ-probe recordings over the 2 h 
recording period before the respective SPECT scan was taken. (c) Average slope of transient waveforms per hour from 6 to 50 h post injection. (d) Derived chronic 
biodistribution curve from proposed system over 50 h post injection. (e) Therapeutic ratio between the PC3-PIP tumor counts to the PC3-flu tumor counts over 50 h 
post injection. 
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2.6. Ex vivo biodistribution 

Small portions of the PC3-PIP and PC3-flu tumors were dissected 
from each mouse. Small slices of each tumor were placed in test tubes 
and loaded into a HIDEX automatic γ-counter that was used to quantify 
the activity from each of the tumors. Removal of a small tumor section 
prevents γ-counting saturation and avoids inaccuracy in measured 
activity. 

3. Results 

3.1. Characterization of optical fiber-based γ-photon biosensor 

The sensors demonstrated high linear dynamic range with counts 
ranging from 1.2 to 1306 CPS for 177Lu activities ranging from 0.5 to 
500 μCi/mL respectively (Fig. 2(b), (d)), with an R2 value of 0.9998 
(Fig. 2(d)). Dead-time of the device and FPGA counting system, detector 
sensing and readout circuit noise, sensor hysteresis, and scintillator 
afterglow (Fig. S2) were insignificant and had no effect on sensor ac-
curacy and sensitivity at the tested therapeutic doses of 177Lu-PSMA-617 
therapy, in contrast to many other γ counting (Beyer et al., 2008; Gurp 
et al., 2009; O’Keeffe, 2015; Woulfe et al., 2016; Zhuang et al., 2016) 

and CCD camera (Bhatt et al., 2018; Zhang et al., 2020; Balkin et al., 
2014) based techniques. Absolute error in CPS between the least-squares 
linear regression fit and the acquired data ranged up to 5 CPS in 
magnitude (Fig. 2(e)), with a mean error of 0.26 CPS and standard de-
viation in error of 2.2 CPS. Most of the uncertainty in CPS with 177Lu 
activity is due to the Poisson nature of radioactive decay. Fig. 2(c) shows 
an accurate (R2 = 0.992) Poisson fit of the recorded CPS distribution 
from the 32 μCi vial reading, and any noise generated by the detector is 
below this variation. The serial dilution performed with 225Ac (Fig. S5) 
had a similar linear response over physiologically relevant concentra-
tions (7.8–500 nCi/mL) with an R2 value of 0.999. 

3.2. Tracking real-time tumor binding kinetics in in vivo models 

The ability to monitor changes in in vivo RPT uptake, excretion rates, 
and therapeutic ratio, was demonstrated in M1-M15. The real-time 
transient trends in tumor uptake for M1-M15 are shown in Fig. 3. 
Fig. 3(a) shows a representative SPECT/CT scan of one mouse from each 
of the five time points (M1, M4, M7, M10, M13), with that mouse’s 
biosensor transient plots for both the PC3-PIP and PC3-flu tumors shown 
in Fig. 3(b). All transient plots show the average CPS for a 1-min 
recording, over the 2-h recording period. M1’s (0–2 h.p.i) transient 

Fig. 4. Evaluation of Biosensor Accuracy with SPECT/CT and ex vivo Dosimetry for M1-M15. Biodistribution curve from (a) SPECT/CT and (b) ex vivo dosimetry. (c) 
Comparison of CPS with the tumor activity normalized to the tumor volume from SPECT. (d) %IA/mL error histogram between the biosensor platform and SPECT/ 
CT. (e) Comparison of CPS with the tumor activity normalized to the tumor volume from ex vivo dosimetry. (f) %IA/mL error histogram between the biosensor 
platform and ex vivo dosimetry. 
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plot shows the CPS in both PSMA+ (PC3-PIP) and PSMA- (PC3-flu) tu-
mors increasing rapidly, reflective of the initial biodistribution of 177Lu- 
PSMA-617 in the bloodstream. Shortly after injection, the CPS from both 
tumors began to increase with preferential binding to the PSMA+ PC3- 
PIP tumor occurring almost immediately. The CPS for both tumors 
peaked at ~5 min and then slowly began to fall reflecting radiophar-
maceutical clearance from the blood. The PC3-flu tumor’s CPS 
decreased much faster than the PC3-PIP and settled to a lower value 
after 2 h. This indicates increased binding and retention in the PC3-PIP 
tumor and increased clearance but still non-negligible off-target uptake 
by the PC3-flu tumor (reflective of an OAR). M4’s (6–8 h.p.i), M7’s 
(12–14 h.p.i), M10’s (24–26 h.p.i), and M13’s (48–50 h.p.i) transient 
plots all show progressively increasing separation between the CPS from 
the PC3-PIP and PC3-flu tumors over the 2-h recording times. 

In understanding how fast the radiopharmaceutical is excreted from 
vital OARs compared to the target lesions, the instantaneous clearance 
of the RPT can be approximated with this method, represented by the 
slope of the transient graph in CPS/hour of recording and calculated for 
mice M4-M15 (Fig. 3(c)). The slopes of M1-M3’s transient waveforms 
were not calculated since these plots are not monotonically increasing or 
decreasing. The transient slope for the PC3-PIP tumors of M4-M6 (6–8 h. 
p.i) were close to zero since this time point has been shown to be the 

average retention peak of 177Lu-PSMA-617 in PC3-PIP tumors in vivo 
(Duan et al., 2022; Jadvar et al., 2018; Sartor et al., 2021). M4 and M5’s 
PC3-PIP transient CPS slowly increased with an average slope of 0.79 
CPS/hour of recording and 0.5 CPS/hour of recording respectively, 
while M6 passed the biodistribution peak with PC3-PIP transient CPS 
slope of − 1.05 CPS/hour. The average PC3-PIP transient CPS slopes of 
M7-M9 (12–14 h.p.i), M10-M12 (24–26 h.p.i), and M13-M15 (48–50 h. 
p.i) were − 1.08 CPS/hour, − 1.38 CPS/hour, and − 2.92 CPS/hour 
respectively, becoming increasingly negative at longer time points 
post-injection. The PC3-flu transient CPS slopes were always negative 
and of similar magnitude across time points (for M4-M15). It is impor-
tant to note that since these mice were under anesthesia for long periods 
of time, the absolute magnitude of the slopes reported in these mice may 
be underestimated due to slower respiration and heart rates, and hence 
slower biokinetics. 

To illustrate the utility of this system in determining therapeutic 
efficacy (e.g., how much more radiopharmaceutical accumulates per mL 
of tissue compared to OARs), the average CPS of the last 30 min of the 2- 
h γ probe recording for mice monitored 2 h.p.i. (M1-M3), 8 h.p.i. (M4- 
M6), 14 h.p.i. (M7-M9), 26 h.p.i. (M10-M12), and 50 h.p.i. (M13-M15) 
are plotted in Fig. 3(d). From these CPS averages, the average thera-
peutic ratio between the PC3-PIP tumor and PC3-flu tumor of mice 

Fig. 5. Monitoring of a Single Mouse (M16) Over Multiple Time Points. Biodistribution curve from (a) the proposed biosensor platform and (b) SPECT/CT for both 
tumors and kidneys. (c) Comparison of CPS from the biosensor platform with the activity from SPECT. (d) %IA/mL error histogram between the biosensor platform 
and SPECT/CT. Convergence in (e) average %IA/mL error, (f) R2, (g) and linear fit slope with acquisition time before SPECT/CT. 
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monitored 2 h.p.i. (M1-M3), 8 h.p.i. (M4-M6), 14 h.p.i. (M7-M9), 26 h.p. 
i. (M10-M12), and 50 h.p.i. (M13-M15) were computed to be 2.3, 22.4, 
26.3, 58.7, and 224.9 respectively (Fig. 3(e)). 

3.3. Comparison of measured tumor binding kinetics to state-of-the-art 
SPECT/CT and ex vivo dosimetry 

The decay-corrected average activity/mL of tissue from SPECT/CT 
for the PC3-PIP and PC3-flu tumors of mice at each time point are 
plotted in Fig. 4(a). If the activity from each of these tumors is plotted 
against the average CPS from the developed system, there is a strong 
linear relationship between the two. The relationship between tumor 
activity and average CPS is given by Average CPS = 4.25 (CPS mL/μCi) x 
Tumor Activity (μCi/mL) with an R2 value of 0.9814 (Fig. 4(c)). This 
indicates that the γ probe CPS are accurately tracking the relative 
changes in tumor activity normalized to tumor volume at each of the 
time points sufficiently. The error histograms between SPECT and the 
average biosensor γ CPS for both PC3-PIP and PC3-flu tumors are shown 
in Fig. 4(d), with a mean error of 0.09 %IA/mL. 

Similarly, the decay-corrected activity/mL of tissue from ex vivo 
dosimetry for the PC3-PIP and PC3-flu tumors of all 15 mice are plotted 
in Fig. 4(b). The relationship between tumor activity and average CPS is 
given by Average CPS = 4.01 CPS mL/μCi x Tumor Activity (μCi/mL) 
with an R2 value of 0.9474 (Fig. 4(e)). This further confirms the obser-
vation that the γ probe CPS are accurately tracking the relative changes 
in tumor activity per mL of tissue at each of the time points. The error 
histograms between ex vivo dosimetry and average probe γ CPS for both 
the PC3-PIP and PC3-flu tumors are shown in Fig. 4(f), with a mean error 
of 0.05 %IA/mL. The slopes relating the developed system and the 
tumor activity per mL of tissue have very similar values between SPECT 
and ex vivo γ counting (4.25, 4.01). The lower R2 value in the bio-
distribution study is mainly due to tumor heterogeneity. Since local % 
IA/mL fluctuates in different parts of the tumor and a section of the 
tumor volume was measured (to prevent count saturation), extrapolated 
activity per mL from ex vivo dosimetry may vary from the true whole 
tumor activity per mL. 

3.4. Comparison of optical fiber-based measurement of tumor and kidney 
binding kinetics of single mouse to SPECT/CT 

After validating our probe-based system against SPECT/CT and ex 
vivo dosimetry, we sought to demonstrate utility for continuous moni-
toring of biodistribution since this is the intended use case of the system 
outlined in Fig. 1. In this experiment, a single mouse (M16) was moni-
tored with one probe on each tumor as before and one probe placed 
vertically on each kidney for all 5 time points (0–2 h.p.i., 6–8 h.p.i., 
12–14 h.p.i., 24–26 h.p.i., and 48–50 h.p.i.) with the probes placed in 
the same place at each recording time. Each γ CPS recording was scaled 
to its respective %IA/mL value with a correction factor derived from a 
single SPECT scan after all the measurements were taken. 

The biosensor-measured biodistribution curve (Fig. 5(a)) and the 
SPECT/CT biodistribution curve (Fig. 5(b)) for each tumor and kidney 
match very well. The mapped %IA/mL from the probe γ CPS measure-
ment is highly linear with the %IA/mL from SPECT, with an R2 = 0.985 
(Fig. 5(c)), a mean error of 0.20 %IA/mL, and maximum error of <0.6 % 
IA/mL (Fig. 5(d)). 

To find the minimum amount of measurement time needed for the 
CPS to converge to that of a 30-min recording, the amount of mea-
surement time before SPECT was swept from 6 s to 30 min in 6 s in-
crements. Convergence plots for the average error in %IA/mL, R2, and 
slope of the linear fit are shown in Fig. 5(e),(f), and (g) as the mea-
surement time is swept from 6 s to 5 min in 6 s increments before the 
SPECT/CT. The average %IA/mL error of a shorter measurement con-
verges below the 30-min asymptote approximately after a 40 s acqui-
sition time, with even shorter acquisitions (down to 6 s) still having 
acceptable average %IA/mL error (Fig. 5(e)). Similarly, the R2 

converges to the 30 min asymptote after a 40 s acquisition time (Fig. 5 
(f)), with its value acceptable for the minimum recording time tested (6 
s). The linear best fit line slope fully converges after a couple of seconds 
(Fig. 5(g)). Therefore, in the case where the system is used 1 mm away 
from a tumor or OAR of interest as in the data presented in this study, a 
minimum recording time of 40 s/(γ CPS from 177Lu per mL of tissue)2 

must be used to maintain sufficient signal-to-noise ratio (SNR) to 
accurately calculate the activity in the tumor or OAR. This means that 
for a 1 mL tumor with measured flux of 1 γ CPS, a minimum recording 
time of around 40 s is needed, but if a 1 mL tumor presents with a 
measured flux of 0.5 γ CPS, a minimum recording time of 160 s is 
needed. This recording time would have to be increased with approxi-
mately the square of the distance away from the tumor (to be 
conservative). 

4. Discussion 

This work demonstrates the utility of the developed high temporal 
resolution, low-cost γ counting biosensor for monitoring real-time bio-
kinetics of RPT in in vivo models. This system allows for researchers to 
understand metrics such as (1) real-time accumulation and clearance 
rates, (2) accurate dose delivered to tumors and OAR, (3) variance in 
biodistribution, and (4) real-time therapeutic ratio to pre-clinically 
evaluate and optimize new RPT candidates. 

This study utilized measurements from a 177Lu-based radiopharma-
ceutical (177Lu-PSMA-617), but this workflow can be seamlessly adapted 
to other 177Lu-based RPT and lower γ emitting 225Ac-based RPTs (Kruijff 
et al., 2019; Stuparu et al., 2020; Qin et al., 2020; Kratochwil et al., 
2016; Pienta et al., 2008; Carpanese et al., 2020). In the case of 
225Ac-based RPT, the γ flux is significantly less due to the lower levels of 
administered activity in vivo (500 nCi) but because of the γ and 
low-energy X-ray emissions, the detected CPS/μCi is ~13.6x higher 
(Fig. S5) when compared to 177Lu. Since the minimum recording time is 
determined based on the γ flux from the tumor or OAR of interest, the 
system only requires a 40 s recording time for a tumor with 30 nCi, or 6 
%IA/mL. 

The main problem this platform aims to solve is to provide high 
temporal information regarding radiopharmaceutical biokinetics in the 
same model organism and is most powerful when used in conjunction 
with SPECT/CT or ex vivo dosimetry to get high spatial resolution, high 
temporal resolution, and accurate data over the course of therapy. 
Although it is desirable to calibrate each mouse model and the bio-
sensors with one SPECT/CT or ex vivo dosimetry measurement at the end 
of the experiment, the γ counting system can also be used as an 
affordable alternative (approximately $6500 for the platform shown 
here, compared with $1,000,000 for small-animal SPECT/CT systems 
(Ruigrok et al., 2021)) method for lower-cost, more accessible, and 
faster pre-clinical evaluation of RPT. Although this system measures 
relative changes in γ CPS, the serial dilution experiment (Fig. 2(d)) can 
be used to map the recorded CPS to tumor activity without the use of 
SPECT/CT or ex vivo γ counting. If this is done with the data collected in 
Fig. 4(c), (e), and Fig. 5(c), a 1:1.5 mapping between SPECT/CT and 
tumor activity/mL can be derived. Since the measurements are linear 
with SPECT/CT, this is a constant factor offset that can be characterized 
and calibrated out once during system bring-up to find the true tumor 
activity/mL. Such a significantly cheaper methodology will permit 
further adoption of pre-clinical evaluation techniques in RPT, especially 
where conventional small-animal SPECT/CT systems could be 
cost-prohibitive. 

It is important to note that this study utilized customized probe 
placement to prevent the contribution or cross-talk from γ counts from 
tumors that are not intended to be measured by a given sensor. The 
biosensor mitigates this through its lead-shielding which attenuates 
cross-talk from organs in the same plane as shown in Supplementary 
Fig. S4(c) and (d), and if very spatially close organs are being monitored, 
the distance the lead rises above the sensor face can be increased to 
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decrease the field of view of the biosensor and hence decrease cross-talk. 
In cases where this may not be possible, the other type of cross-talk that 
needs to be accounted for is cross-talk from multiple radioactive lesions 
or organs that are in the field of view of the sensor but at different 
depths. The biosensor inherently mitigates this type of cross-talk when 
there are multiple high activity organs because of its CPS falloff with 
distance (Fig. S4(b)). If needed, any residual cross-talk can be accounted 
for by correcting the calibration factors (Fig. 1(c)) that scale the recor-
ded CPS to activity. To correct for the error due to N high activity organs 
in the field of view of any sensor, N calibration SPECT/CTs can be taken 
during the course of the treatment to form an N by N system of equations 
describing the CPS seen at each probe as a linear combination of the 
activity of each of the N organs in the field of view. This N by N system of 
equations can be solved to find the corrected calibration factors between 
CPS and activity without cross-talk. In practice, N is unlikely to exceed 2. 
Although this is currently a limitation of the system, future work aims to 
perform real-time dose-reconstruction in many closely spaced tumors 
and OAR in real-time using a sparse network of these biosensors. 

The innovations made in developing this biosensor are apparent as 
the sensitivity, acquisition time, dynamic range, and cross-sectional area 
are all significantly improved compared to the relevant works present in 
literature (Beyer et al., 2008; Balkin et al., 2014; Kim et al., 2020; 
Vergnaud et al., 2023; Zhang et al., 2021) as seen in Table 1. 

5. Conclusions 

To the best of our knowledge, this is the first work that demonstrates 
the use of a low-cost, scalable platform of high temporal resolution, high 
sensitivity γ counting biosensors for monitoring real-time bio-
distribution of RPT in in vivo models. This platform fills key gaps in the 
current state of the art: (1) high temporal resolution (~6–40 s) when 
compared to SPECT/CT (~1800 s) enables the monitoring of the real- 
time fluctuations in tumor activity, (2) several orders of magnitude of 
cost reduction enables wide spread use, and (3) in vivo model-specific 
data regarding RPT uptake and therapeutic ratio that can be attained 
in many short acquisition times or over longer periods of time if 
necessary. 

We envision this system and workflow will be utilized to evaluate 
binding kinetics in real-time, understand and optimize RPT clearance 
from non-target tissues, and further understand real-time dose modu-
lation in achieving sufficient total integrated dose. This is vital for 
thorough pre-clinical evaluation of new RPT strategies and their 
movement to clinical validation. 
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Table 1 
Comparison table of relevant sensors for γ-photon sensing in literature.   

This Work Tregubov et al. 
EJNNMI 2023 

Zhang et al. MDPI 
Sensors 2021 

Balkin et al. Cancer 
Research 2014 

Kim et al. IEEE Sensors 
2020 

Beyer et al. IEEE 
Sensors 2008 

Application RPT Therapy RPT Therapy RPT Imaging RPT Therapy External Beam 
Radiotherapy 

External Beam 
Radiotherapy 

Detector Type Optical-Fiber 
Scintillation 
Detector 

CZT Camera Scintillation Detector CCD luminescence 
detector 

Fiber-Optic 
Calorimetric Dosimeter 

MOSFET Threshold 
Voltage Shift 

Dynamic Range of 
Radioactive Activity 

0.5 μCi to 500 μCi 
177Lu 

1.5 mCi, 3.4 mCi, 14 
mCi of 177Lu tested 

35 μCi, 80 μCi of 22Na 
tested 

20 μCi to 100 μCi of 
177Lu 

Measures high dose 
rate (Gy/min range) 

Measures high dose 
(cGy-Gy range) 

Acquisition Time 6–40 s 1500 s 60 s/frame 90 s 600 s Not reusable 
Sensitivity 0.5 μCi 177Lu, 

7.8 nCi 225Ac 
1.5 mCi of 177Lu 
lowest activity tested 

35 μCi of 22Na lowest 
activity tested 

20 μCi 177Lu Measures high dose 
rate (5.61 Gy/min) 

Measures high dose 
(0.995 cGy) 

Sensor Cross-Sectional 
Area 

4.9 mm2 5038 mm2 4613 mm2 729 mm2 200 mm2 3.46 mm2 

Continuous data? Yes No No No No No 
Depth Sensing? Yes Yes Yes No Yes Yes 
Invasive? No No No No Yes Yes 
Multiplexed Sensing? Yes No No No No No 
γ-Photon Flux? Low Low Low Low High High 
in vivo? Yes No No Yes No Yes  

R. Lall et al.                                                                                                                                                                                                                                      



Biosensors and Bioelectronics 247 (2024) 115956

10

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bios.2023.115956. 
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