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THE BIGGER PICTURE The opioid epidemic continues to cause significant morbidity and mortality across
the US. The implantable system for opioid safety (iSOS) is an implantable, autonomous device that measures
vital signs and detects opioid overdose events. The system is implanted under the subcutaneous tissue, has
a rechargeable battery that can last up to 14 days, and contains an integrated, refillable drug reservoir that
holds a 10-mg naloxone payload. Detection of opioid overdose is facilitated by a unique sensor-fusion algo-
rithm that confirms a likely opioid overdose. A pumping mechanism then rapidly infuses naloxone to reverse
the overdose. Testing of the components of the iSOS in a swine model demonstrates the ability of the iSOS to
detect both rapid opioid overdose with apnea and gradual opioid poisoning with hypopnea, for both of which
naloxone is indicated. The iSOS is a system that may ultimately benefit patients and clinical providers by
providing individuals with opioid use disorder with an extra layer of protection to prevent a fatal overdose.

SUMMARY

Naloxone can effectively rescue victims from opioid overdose, but less than 5% survive due to delayed or
absent first responder intervention. Current overdose reversal systems face key limitations, including low
user adherence, false positive detection, and slow antidote delivery. Here, we describe a subcutaneously im-
planted robotic first responder to overcome these challenges. This implantable system for opioid safety
continuously monitors vital signs, detecting opioid overdose through an algorithm analyzing the interplay
of cardiorespiratory responses. To address battery concerns with continuous monitoring and multi-sensing
modality, an adaptive algorithm dynamically adjusts sensor resolution, reducing the need for frequent
charging. Furthermore, the implant includes an ultra-rapid naloxone delivery pump, delivering the 10-mg an-
tidote within 10 s. In animal trials, the robotic first responder successfully revived 96% of overdosed pigs (n =
25) within 3.2 min, showcasing its potential to dramatically improve survival rates and combat the opioid
epidemic.

INTRODUCTION and illicit opioids, often resulting in death or the development of

opioid use disorder (OUD)."? To combat this crisis, strategies
The opioid epidemic continues to have devastating effects inthe  such as informed prescribing, the use of medications for OUD
US, leading to high rates of morbidity and mortality. Overdose = (MOUDs), like buprenorphine and methadone, and harm reduc-
poses a significant risk for individuals using both pharmaceutical  tion through naloxone administration have been implemented.**

'._3,. Device 2, 100517, October 18, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
- This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The increasing presence of fentanyl in illicit opioids is now
contributing to a new wave of opioid-related overdose deaths.
Excessive agonism of the p-opioid receptor, whether from illicit
opioid use or inadvertent use of opioids, results in opioid toxi-
drome, consisting of miosis, respiratory depression (RD), and
central nervous system depression. Death occurs through the
deleterious effects of RD and respiratory arrest (RA). In the
setting of the modern ultrapotent and illicit fentanyl era, loss of
consciousness may occur during opioid use, preventing individ-
uals from administering antidotal therapy or providing respiratory
support.>* Cerebral injury can become permanent as early as
3 min after the onset of RA, potentially leading to death within
4-6 min.>® While harm reduction strategies coach individuals
who seek to use opioids to be in the presence of others to help
prevent overdose mortality, provide safe injection sites, or
deploy test strips to help individuals recognize the risk of over-
dose, these strategies are suboptimal in delivering an antidote
to individuals who experience opioid overdose.”® Many of these
harm reduction strategies were significantly reduced during the
COVID-19 pandemic as public health measures encouraged so-
cial distancing.”'® As a result, opioid overdose death has
dramatically increased during the pandemic, reaching a record
high of 100,000 in the US in 2021 and continues to be a problem
of high public health significance."' Consequently, there is an ur-
gent need for technological advancements that provide opioid
users with an unobtrusive system that accurately detects over-
dose and facilitates rapid automated naloxone administration
and assistance to ensure full recovery after antidote administra-
tion without causing brain injury.

To date, multiple strategies have been developed to better
detect and respond to opioid overdose events. Because individ-
uals may develop waxing and waning tolerance to opioids de-
pending on use patterns, periods of sobriety, or treatment with
MOUDs, wearable and semi-implantable devices focus on de-
tecting reliable changes in physiology (decreased respiratory
rate, RA, or hypoxia) to indicate the onset of opioid overdose.
Closed-loop systems then seek to call first responders or close
contacts or even administer rescue doses of naloxone.'>'® Un-
fortunately, these technologies are currently facing various chal-
lenges, including poor patient adherence to continuous moni-
toring, false-positive detection, slow naloxone administration,
and engineering to develop acceptable devices.'”™'® Patients’
compliance with wearable electronics is often compromised
when sensors are removed, leading to interruptions in contin-
uous monitoring.”°~>* Additionally, poor optimization of power
consumption results in the need for frequent battery recharging,
which also affects compliance with these technologies. Further-
more, the complex dynamics of cardiorespiratory coupling and
limited sensor modalities easily result in false-positive or delayed
detection of overdose. Thus far, existing decision-making algo-
rithms for delivering naloxone tend to rely on the detection of ap-
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nea or hypoxia, which can lead to poor signal capturing,
emulated through intentional breath holding or other medical
conditions such as sleep apnea, making consistent overdose
detection unreliable.'®'*%?% False-positive sensing and incor-
rect administration of an antidote are important reasons that
decrease the willingness of individuals with OUD to engage
with such technologies.'"#*2°

While some of these wearable systems also administer
naloxone in the setting of a detected overdose, the real-world
applicability and pharmacokinetics of drug administration are
suboptimal. For example, proposed devices may administer
naloxone too slowly to effectively reverse opioid overdose or
may carry a dose of naloxone that is insufficient to counter the
opioid effects of nonpharmaceutical fentanyl, which is increas-
ingly prevalent in the illicit opioid supply.?® Additionally,
because the onset and severity of overdose is much more rapid
in the setting of fentanyl, naloxone must be administered effec-
tively as soon as overdose is detected. Current autonomous sys-
tems experience delays not only in the slow release of the anti-
dote but also in the overdose detection and subsequent
decision-making for naloxone delivery due to the lack of under-
standing of the transient response of the interplay of cardiorespi-
ratory signals.'%1%:2%

In response to the existing challenges in autonomous detec-
tion of opioid overdose and administration of reversal treatment,
we introduce the implantable system for opioid safety (iISOS): a
subcutaneously (s.c.) implantable robotic first responder (Fig-
ure 1A). This system combines multiple sensor modalities to
enable real-time and precise overdose detection, integrates a
medical alert system featuring auditory and tactile signals, and
incorporates an ultra-fast naloxone delivery module within a
compact unit. The system achieves real-time overdose detec-
tion by continuously monitoring cardiorespiratory signals and
identifying unique physiological biomarkers indicative of an over-
dose event. When a suspected overdose is detected, the system
activates an alarm through auditory and tactile cues while simul-
taneously sending an alert to the user’s smartphone. This alert
allows users to override the decision for naloxone administration
in case of a false-positive detection. The primary objective
behind developing this robotic first responder is to provide a sys-
tem that autonomously supports individuals who experience
opioid overdose, records these events for ongoing OUD care,
and reduces the mortality from the opioid epidemic.

RESULTS

The iSOS introduces a compact form factor, measuring 8 x 12 x
78 mm, similar to that of an implantable loop recorder.’® Our
inspiration for selecting a fully implantable system centers
around mitigating potential noncompliance with a wearable de-
vice and providing effective naloxone reversal in the moment

Figure 1. The s.c. robotic implant designed for continuous monitoring of diverse vital signs and rapid administration of therapeutic agents in

emergency care scenarios

(A) Schematics illustrating a human-based and robotic first responder in rescuing victims from overdose.
(B) An exploded CAD model showcasing the implantable system, including various sensors, a drug delivery compartment, and circuits for power supply and on-

board computation.

(C) Optical images depicting (i) the robotic implant, (ii) its placement in the trocar, (iii) in vivo implantation via the trocar, and (iv) the device post implementation.
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overdose occurs. By developing a form factor and implantation
process that mirrors a loop recorder, our device has the potential
to minimize nonadherence, reliably record physiologic changes
associated with opioid overdose, and facilitate effective
naloxone administration. We also selected the implantation site
to be in the s.c. space to minimize mechanical irritation during
implantation. We recognize that externalization of sensors to
facilitate a semi-implantable system would reduce the size of
the implant, but this strategy risks both noncompliance with
the externalized components of such a system and the potential
for interference with adequate data collection. While an implant-
able device with a full sensor suite is larger, the significant advan-
tage of facilitating data collection and seamless closed-loop de-
cision-making advances potential options for patients who may
most need support against opioid overdose during the course of
their recovery. As shown in Figures 1B and S1, the implantable
system is composed of four compartments. The first compart-
ment is designed for rapid naloxone delivery and mainly consists
of a drug reservoir, an actuator incorporated with two check
valves and a rotational-to-linear (R2L) converter, and a direct
current (DC)-brushed geared motor. Moreover, to monitor the
motor movement, we embedded a linear magnetic encoder
composed of two hall-effect sensors and a magnet in the R2L
converter. The iSOS has a flexible drug reservoir made of poly-
urethane and a port to allow for percutaneous drug refilling.
The second compartment houses the multi-sensor array respon-
sible for monitoring various vital signs, microcontroller unit
(MCU) for conducting onboard computations, and Bluetooth
module for enabling remote updates of the iSOS. The multi-
sensor array incorporates an electrocardiography (ECG), photo-
plethysmography (PPG), thermometer, and inertial moment unit
(IMU), which together capture respiratory rate (RR), heart rate
(HR), HR variability (HRV), body temperature, and blood oxygen
saturation (SpOy). Figure S1 also shows the algorithms for on-
board computation of the vital signs captured by ECG, PPG,
and IMU. The onboard computation capacity eliminates
the need for additional devices, like a wearable receiver or a
smartphone, and enables the iSOS to make therapeutic deci-
sions independently. Physiologic data are captured using the
concept of sensor redundancy, which allows for real-time
cross-validation of various respiratory and cardiovascular sig-
nals, thereby minimizing the occurrence of false-positive detec-
tion. The third compartment is dedicated to wireless charging
and onboard power supply, allowing operation over sustained
periods of time. The last compartment is the medical alert
system, composed of a buzzer and vibrational system that is
triggered to wake up the user after the detection of an over-
dose, through which the user can terminate the naloxone
delivery when there is a false-positive detection. Implantation
of the system is facilitated by a custom trocar, inspired
by loop recorders, as depicted in Figures 1C and S2. This
trocar facilitates a minimally invasive procedure that can be
completed under local anesthesia, requiring only a small inci-
sion of 15 mm.

Transient dynamic response of fentanyl overdose

It has been demonstrated that the administration of fentanyl can
lead to acute RD and induce both acute and chronic cardiovas-
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cular complications in individuals. These complications include
bradycardia, hypoxia, and hypotension. While these effects are
well documented in clinical settings, there remains a lack of un-
derstanding regarding their transient dynamic responses, espe-
cially in the critical minutes following an overdose. One notable
challenge is the considerable variation in how individuals
respond to opioid overdose. The close interaction between res-
piratory and cardiovascular signals further complicates the
investigation of mechanisms underlying bradycardia, hypoxia,
and hypotension resulting from opioid overdose. To gain insight
into the transient dynamic response of opioid toxidromes, we
conducted experiments using a porcine model, chosen for its
physiological similarities to humans in terms of the cardiovascu-
lar and pulmonary systems.®**' In Figure 2A, we illustrate a
swine subjected to two sequential administrations of fentanyl.
After the initial fentanyl administration, which resulted in RD
but not overdose, we observed a sudden reduction in HR with
an onset time of 21 s, preceding the development of RD. The
HR reached a nadir before the RR plateaued, with a decrease
in HR from 85 beats per minute (BPM) to 44 BPM lasting approx-
imately 310 s. Subsequently, 132 s after the administration of
fentanyl, the RR started to decrease gradually from 31 breaths
per minute (bpm) to 14 bpm over 241 s, maintaining a plateau un-
til the administration of the second dose of fentanyl. Concur-
rently, SpO, slowly dropped from 95% to 85% after the onset
of RD, taking 300 s, and then more rapidly from 85% to 65% dur-
ing the slowed RR plateau, lasting 192 s. Notably, blood pres-
sure remained relatively stable during the opioid poisoning
phase.

Following the second fentanyl administration, which induced
an acute overdose, RA commenced 39 s later, leading to a rapid
drop in SpO, from 67% to 10% with a duration of 37 s. Interest-
ingly, we observed a gradual increase in HR that happened 97 s
before the second fentanyl administration and a rapid increase in
HR after the onset of RA, which could be attributed to hypoxia or
a self-recovery response to fentanyl poisoning. To prevent fatal-
ity and violating animal ethics, we supplied pure oxygen to the
animal immediately after SpO, reached 10%. This resulted in a
quick recovery of blood pressure just seconds after the onset
of hyperoxia, with HR peaking as SpO, reached 100% before
declining once again. We speculate that the initial HR increase
could be attributed to the hypoxia, while the subsequent
decrease may be linked to the supply of 100% oxygen, causing
hyperoxia and a toxic cardiovascular effect. Additional data
regarding fentanyl overdose with various testing conditions are
presented in Figure S3. In Figure S3A, we depicted an acute
overdose scenario without the administration of 100% oxygen.
The SpO, and blood pressure became undetectable 94 and
160 s after the fentanyl administration, respectively. Unfortu-
nately, due to the lack of detectable cardiovascular signals via
the oximeter and arterial line, we were unable to observe an in-
crease in HR after it plateaued. Notably, the time of onset to a
decrease in HR was 6 s after fentanyl administration, which is
considerably faster than the onset of RD at 29 s. Although the
slowed HR occurred before the development of RD, there was
no bradycardia (HR < 60 BPM) after the HR reached a plateau.
Blood pressure started to drop immediately after the decrease
in SpO..
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Figure 2. Transient dynamic response to fentanyl overdose, examining coupled and decoupled cardiorespiratory signals

(A) Swine RR, HR, oxygen saturation, and blood pressure during two consecutive fentanyl administrations with medical air supply

(B and C) Decoupled respiratory and cardiovascular signals, representing (B) slow and (C) rapid overdose scenarios using pure oxygen supply (100% oxygen).
Key time points include T1, onset time of respiratory depression (RD); T2, duration of RD; T3, onset time of HR decrease; and T4, duration of HR drop.

In Figure S3B, we illustrate an acute overdose condition with
assisted ventilation and 100% oxygen supply after severe hyp-
oxia (SpOs < 20%). Surprisingly, the HR started to decrease
almost simultaneously with RR. RA occurred immediately
when the RR started to drop, and the HR took 28 s to reach a
plateau. Blood oxygenation and blood pressure also started to
drop immediately after the onset of RA. The SpO, decreased
from 90% to 20% in 70 s. Notably, the initial blood pressure of
the pig before fentanyl administration was lower (45 mm Hg)
than in the other cases. After 150 s of fentanyl administration,
the blood pressure dropped to zero in 105 s. Manual ventilation
was performed using a bag valve mask with a frequency of 10
breaths per minute when SpO, dropped below 20%, resulting

in a rapid increase in SpO, and a subsequent decrease in HR.
Assisted ventilation did not mitigate the decrease in blood pres-
sure. Subsequently, 100% oxygen was supplied, and despite an
initial 30-s drop in SpO,, it increased again until reaching 100%.
The supply of 100% oxygen led to a gradual increase in HR fol-
lowed by a rapid decrease, and the blood pressure started to
recover when SpO, reached 80%, resembling the responses
shown in Figure 2A.

Collectively, the data presented in Figures 2A and S3 suggest
that hypoxia is an outcome of RD and that it is intensified by the
presence of RA and that hypotension is primarily induced by se-
vere hypoxia, which limits their utility as early detection bio-
markers for opioid overdose. It has also been reported clinically
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Figure 3. Characterization of the dynamics of the opioid toxidromes

(A) The onset time of RD (T1) and slowed HR (T3) of 12 pigs classified as slow overdose and 17 pigs classified as rapid overdose. All pigs received the same

fentanyl dose.
(B) Distribution of the duration of RD (T2).

(C and D) The distribution of HR variation of the overdosed pigs with the decrease of HR developing (C) earlier and (D) later than RD captured at various time points

(RR =10 bpm, RR = 0 bpm, and 60 s after RR = 0 bpm).

(E) Decrease in HR of overdosed pigs with medical air and pure oxygen supply captured 1 min and 3 min after the onset of RA (medical air group, n = 3; pure

oxygen group, n = 29).
(F) The latency of the drop in oxygenation after the onset of RA (n = 3).
(G) The latency of the drop in blood pressure after the onset of RA (n = 3).

that the cardiorespiratory signals are strongly coupled, particu-
larly at RR levels below 10 bpm. Consequently, the dynamic
response of cardiovascular signals during opioid overdose re-
sembles that observed in sleep apnea and intentional breath
holding scenarios. Note S1 discusses how RD and RA affect
HR in the setting of sleep apnea and intentional breath holding.
Figures S4 and S5 show the respiratory signal and HR of
three patients from the OSASUD dataset® with sleep apnea.
Tables S1 and S2 statistically show HR variation during sleep ap-
nea. In contrast, the rapid decrease in HR observed prior to the
onset of RD may hold promise as a potential early detection sign
for opioid overdose. Decreased HR is not only the consequence
of RD but also a direct toxic effect to the cardiovascular system.
To further investigate whether the rapidly decreased HR is inde-
pendent of respiratory signals and how much opioid directly con-
tributes to it, the cardiovascular signal must be separated from
the respiratory signal. Fortunately, clinical evidence supports
the use of 100% oxygen to effectively decouple respiratory
and cardiovascular signals, thereby preventing bradycardia
and tachycardia from being apneic events.**

Decoupled cardiorespiratory signals during fentanyl
overdose

Figures 2B and 2C depict the two most representative dynamic
responses to slow and rapid opioid overdose in pigs receiving
100% oxygen during sedation. It is important to note that, in
the presence of 100% oxygen supply, both SpO, and blood
pressure remain constant and, therefore, are not presented
here. Due to variations in individual fentanyl pharmacokinetics,

6 Device 2, 100517, October 18, 2024

the degree of overdose differs among the pigs, resulting in vary-
ing speeds of transition from fentanyl administration to the onset
of RD and RA. In cases of slow overdose (Figure 2B), a prolonged
onset time of RD (denoted as T1) is expected, with the duration of
RD (T2) typically exceeding 1 min. In contrast, the onset time
of HR decrease (T3) and its duration (T4) are shorter than those
of RD. Rapid overdose scenarios (Figure 2C) exhibit a quick
onset and shorter duration of RD. Overall, we conducted exper-
iments involving 29 pigs supplied with 100% oxygen during the
overdose period, and their cardiorespiratory signals are detailed
in Figure S6.

Figure 3A provides insights into T1 and T3 across 30 pigs. In
the case of slow overdose, where T1 > T3, T1is 34.5 + 13.6 s,
while T3 is 23.3 = 16.2 s. In terms of rapid overdose, where
T3 >T1, T1is 16.6 = 8.2 s, while T3 is 33.3 + 16.1 s. The T1
and T3 of each pig are described in Figure S7A. Figure 3B pre-
sents an overview of the duration of RD, starting from the
decrease in RR until the onset of RA. Among the 29 pigs, most
of them (72.4%) experienced RR decreases to zero within 60 s
after the onset of RD. Furthermore, 13 pigs (34.8%) reached
RA in under 20 s after the onset of RD, with four pigs (13.8%)
even progressing to RA in less than 10 s.

Figure 3C and 3D showcase HR variations in pigs receiving
100% oxygen with T1 > T3 and T1 < T3, respectively, captured
at different time points: RR = 10 bpm, RR = 0, and 60 s after
RR = 0. For cases where T1 > T3 (n = 11), at RR = 10 bpm, 9
cases exhibited HR drops of more than 5 BPM. At RR = 0, 10
cases displayed HR drops of more than 5 BPM, with one case
experiencing a drop of over 35 BPM. At 60 s after RR = 0, all
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cases demonstrated HR drops more than 5 BPM. Conversely,
for cases with T1 < T3 (Figure 3D, n = 18), only 3 cases saw
HR drops of more than 5 BPM at RR = 10 BPM. At RR =0, 7
cases had HR drops of more than 5 BPM, which increased to
11 cases at 60 s after the onset of RA. Unlike the slow overdose
cases (T1 > T3), there are still 7 pigs with less than a 5-BPM drop
in their HR at 60 s after the onset of RA in the cases of rapid over-
dose. Overall, there are 35% that develop a HR decrease prior to
RD, 41% displaying an HR drop of at least 5 BPM at RR =
10 bpm, 59% experiencing an HR drop of at least 5 BPM at
the onset of apnea, and 76% showing an HR drop of at least 5
BPM 1 min after the onset of RA (Figure S7B). The results de-
picted in Figures 3A-3D suggest that detecting T1 > T3 and
observing an HR drop of more than 5 BPM at RR = 10 bpm
can serve as early detection indicators of opioid overdose. In
the presence of pure oxygen supply, respiratory signals are de-
coupled from cardiovascular signals; therefore, the reduction in
HR is exclusively the direct contribution of the opioid-induced
cardiovascular toxic effect.

Figure 3E summarizes the variation in HR reduction among
pigs supplied with medical air (21% oxygen) and 100% oxygen
at different time points. Notably, there is no difference in the
HR decrease in pigs receiving 100% oxygen between 1 and
3 min following the onset of RA. Pigs supplied with medical air
exhibit a similar HR reduction 1 min after the onset of RA
compared to those receiving pure oxygen. However, the HR
reduction in pigs receiving medical air 3 min after RA is signifi-
cantly higher than in all other cases. These findings highlight
the acute impact of opioids on cardiovascular signals, with onset
occurring within 1 min after the occurrence of RA. Meanwhile,
the coupling effect of cardiorespiratory signals predominantly
manifests around 1 min after RA. In Figure 3F, the reduction
time of hypoxia from —10% to —50% after the onset of RA is de-
picted. The reduction speed of SpO, remains almost constant,
averaging about —1%/s. Figure 3G illustrates the latency of
blood pressure drop, indicating that it takes approximately
15 s after RA to observe a 5-mm Hg reduction in blood pressure,
about 42 s for a 20-mm Hg drop, and 55 s to reach a 30-mm Hg
reduction. The reduction rate of blood pressure gradually in-
creases as hypotension is primarily induced by hypoxia, empha-
sizing that the more severe the hypoxia, the faster the onset of
hypotension. In addition to the cardiorespiratory signals, Fig-
ure S7C also demonstrates the temperature variation in
response to opioid overdose. It took more than 5 min to see a
0.2°C drop.

Spatial investigation of various sensors

The iSOS incorporates three different types of sensors (electri-
cal, optical, and mechanical) to capture various cardiorespira-
tory signals. It is known that electromechanical signal quality is
closely related to the positioning of the sensors relative to the
signal sources. For example, loop recorders are typically im-
planted s.c in the chest, directly on top of the heart, to ensure reli-
able detection of electrical pulses.’® Researchers have also
demonstrated that wearable accelerometers can effectively
capture the mechanical movement induced by respiration at
the abdomen.®* Additionally, PPG sensors, commonly used in
hospitals, are placed on fingertips to measure blood oxygen
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levels and HR via the difference in the optical absorption be-
tween oxygenated and deoxygenated blood cells.*® These sen-
sors are optimized for specific body sites to achieve optimal
performance.

Once the multi-sensing modality was integrated into a single
unit, the following question arose: where is the best location to
host the integrated unit? To answer this question, we placed
the sensor array at various locations and orientations s.c on
the chest and abdomen. We first recorded and analyzed the
signal intensity and signal-to-noise ratio (SNR) of RR and HR
captured by the s.c. implanted ECG. There was no significant dif-
ference in the signal intensity of the ECG QRS peak in the chest,
regardless of orientation (Figure S8). It is not surprising that the
QRS peak is stronger in the left thoracic cavity compared to
the right. However, it is surprising that the ECG signal in the
s.c. abdomen is still easily detectable, although with about half
the amplitude of that measured at the chest (Figure 4A). Impor-
tantly, the QRS peak is only detectable in the s.c. tissue and
not on the skin at the abdomen.

Figure 4B demonstrates that the SNR of respiratory signals
measured at the abdomen is higher than that of the chest. Unlike
ECG and IMU, PPG is not sensitive to location and orientation in
either the chest or abdomen (Figure S9). PPG measures light
variation caused by hemoglobin absorption. Different light wave-
lengths contribute differently to cardiorespiratory signals, as
shown in Figures 4C and 4D. In terms of respiratory signals,
the SNRs of light with different wavelengths are all higher than
2, with that of red light being significantly higher than those of
the other two. In terms of the cardiovascular signal, the SNR of
infrared (IR) light is the highest. The raw and filtered signals ob-
tained from each type of sensor can be found in Figure S10.

Considering the favorable acceptability of cardiorespiratory
signals measured at the abdomen, we further investigated the
accuracy of RR and HR estimations (Figure S11). For RR estima-
tion, the IMU exhibited the lowest mean error of 0.06 bpm, with a
standard deviation of 1.2 bpm. PPG had a mean error of
0.25 bpm and a standard deviation of 1.27 bpm. ECG showed
the highest error for RR estimation, with a mean error of
0.47 bpm and a standard deviation of 2.18 bpm. Error analyses
of HR estimation using ECG demonstrated the lowest mean error
of 0.07 BPM, with a standard deviation of 1.07 BPM. PPG ex-
hibited a mean error of 0.34 BPM and a standard deviation of
0.52 BPM for the HR estimation. The representative waveforms
of the cardiorespiratory signals captured by ECG, PPG, and
IMU before and after an overdose for analyzing the accuracy of
HR and RR can be found in Figure S12.

Trade-off between detection accuracy and energy
consumption with varying sampling frequency

After identifying robust physiological biomarkers for detecting
overdose and determining the optimal location for capturing
these biomarkers, the next step is to implement continuous
monitoring of cardiorespiratory signals for real-time overdose
detection. However, continuous monitoring poses a challenge
due to the high power consumption of multi-sensing modalities
and the trade-off between energy usage and sampling accuracy.
When all sensors are turned on at their highest sampling fre-
quency for continuous monitoring, the system’s battery life is
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Figure 4. Spatial and temporal analyses of the capacity for real-time detection of overdose

(A) Cardiorespiratory signal intensity captured by ECG at the s.c. chest and abdomen (n = 3, repated three times on one pig).

(B) Respiratory signal intensity captured by accelerometer at the s.c. chest and abdomen (n = 3, repeated three times on one pig).

(C and D) Cardiorespiratory signal intensity captured by PPG in the s.c. chest with the orientation facing toward muscle and skin for (C) RR and (D) HR analyses.
(E) Root-mean-square error (RMSE) analyses of HR captured by ECG and PPG at the s.c. abdomen by varying the sampling frequencies.

(F) RMSE analyses of RR captured by ECG, accelerometer, and PPG at the s.c. abdomen.

(G) Current consumption of the MCU, ECG, IUM, and PPG in active and sleep modes.

(H) Current consumption of the ECG with varying sampling frequencies and duty cycles.

(I) Current consumption of the accelerometer with varying sampling frequencies.

approximately half a day. Consequently, frequent recharging is demands a sampling of the signal at least 2-fold of the highest
necessary to maintain optimal performance. frequency component. The RMSE for HR estimation using PPG
To reduce energy consumption in continuous monitoring of remains relatively stable with decreasing sampling frequency,
opioid overdose, we evaluated sensor performance by varying maintaining at 0.7 BPM when the sampling rate is above
the sampling frequency, considering that power consumption 15 Hz. At the 5-Hz sampling frequency, the RMSE is approxi-
is proportional to the sampling frequency. Figure 4E presents mately 1 BPM. Table S2 provides a summary of the minimum
the root-mean-square error (RMSE) analysis of each sensor for ~ sampling frequency of each sensor to support continuous moni-
RR estimation at different sampling frequencies. The RMSE for  toring. This knowledge enables us to dynamically adjust sensor
all sensors decrease significantly with increasing their sampling  parameters, striking a balance between detection accuracy
frequency and level off when the frequency exceeds 10 Hz. PPG  and energy consumption.
is less affected by decreasing sampling frequency, with the Figure 4G summarizes the current consumption of the
RMSE starting to increase noticeably below 3 Hz. At 2 Hz, the MCU, ECG, IMU, and PPG in active and idle/sleep modes.
RMSE for PPG estimation reaches 2.5 bpm. The RMSE for Figures S13-S15) detail the current consumption during sleep
IMU estimation of RR remains relatively constant until the sam-  of the ECG, PPG, and IMU with and without waking up MCU,
pling rate drops to 10 Hz, after which it increases, reaching respectively. PPG exhibits a current consumption that is at least
3.5 bpm at the 3-Hz sampling rate. Similarly, the RMSE for 10 times higher than the others in the active mode, making it un-
ECG estimation of RR gradually increases as the sampling fre-  suitable for continuous monitoring but suitable for cross-valida-
quency decreases, with the RMSE reaching 4 bpm when the fre-  tion to conserve energy. Figures S16 and S17 show the charac-
quency falls below 5 Hz. terization of PPG signal quality and current consumption with
Figure 4F displays the RMSE of HR estimation via ECG. Atthe  varying pulse widths and sampling frequencies. The current con-
64-Hz sampling frequency, the RMSE is close to zero. However, sumption of ECG is slightly higher than that of the IMU in active
the error increases significantly as the sampling frequency de- mode but significantly lower in idle mode. This suggests that
creases. The on-board HR calculation becomes completely ECG can save substantial energy by transitioning to idle mode.
inaccurate when the sampling rate falls below 40 Hz, which is It is worth noting that the MCU consumes a comparable amount
captured by the Nyquist theorem. Since the frequency spectrum  of current to read out sampled data from sensors and compute
of the QRS complex spans about 8-20 Hz, the Nyquist theorem  vital sign estimations. Fortunately, the MCU’s idle current is
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low. To reduce overall energy consumption, the MCU’s wake-up
frequency for sampling and data processing will be reduced.

Figure 4H illustrates the battery life needed to support contin-
uous operation of the accelerometer at various sampling fre-
quencies, ranging from 10 Hz to 25 Hz. We observe that the bat-
tery life of the accelerometer alone decreases as the sampling
frequency increases. At a 10-Hz sampling frequency, the battery
life can extend up to 60 days. However, this calculation does not
account for the energy consumption of the MCU required to read
out data from the accelerometer and estimate RR. When consid-
ering the combined energy consumption of the accelerometer
and MCU for RR estimation, the battery life drops to 22 days at
a 10-Hz operation frequency. Increasing the sampling frequency
may reduce the RMSE, but it significantly decreases the bat-
tery life.

In Figure 41, we examine the battery life of ECG at different sam-
pling frequencies and operating modes. The continuous mode
implies that the ECG remains active, while the MCU alternates be-
tween active and idle modes to read out data. In the duty cycling
mode, both MCU and ECG switch back and forth between idle
and active mode at the same frequency. The sampling frequency
is determined by the MCU’s wake-up frequency. In the duty
cycling mode, the current consumption is preserved, leading to
longer battery life when the sampling frequency is below 30 Hz.
However, the continuous mode starts to consume less current
than the duty cycling mode when the sampling frequency ex-
ceeds 40 Hz. This higher current consumption in the duty cycling
mode arises from the fast switching of the ECG between active
and sleep modes, requiring additional energy for the MCU to acti-
vate and deactivate the ECG. In the duty cycling mode, the ECG
can achieve a maximum frequency of 128 Hz. In the continuous
mode, the sample frequency can reach to 512 Hz. For RR estima-
tion, a sampling frequency of 20 Hz can be set in the duty cycling
mode, maintaining both accuracy and a battery life of 24 days.
However, when capturing HR with a sampling frequency of
64 Hz, the continuous mode results in a battery life of 16 days
for the ECG. It is noteworthy that the ECG features an internal
function capable of independently calculating the R-R interval,
operating at 512 Hz and only requiring the MCU to wake every
second to receive the value (Table S3). With an average current
consumption of 135 pA, the battery life is 15 days. According to
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the Centers for Disease Control and Prevention, for acute pain un-
related to surgery or major trauma, providers should prescribe no
more than a 7-day supply.*® Therefore, iSOS has sufficient battery
life to support continuous monitoring for real-time overdose
detection. Additionally, the iSOS can be recharged when the
user obtains a new prescription.

To facilitate sustained continuous monitoring, the iSOS needs
recharging every 2 weeks through wireless power transfer. Fig-
ure S18 presents the in vivo wireless charging characteristics
of the batteries. With a capacity of 55 mAh, it takes approxi-
mately one and a half hours to fully charge the battery. The trans-
mitting and receiving coils are separated by skin with a thickness
of about 3 mm.

Rapid reversal of opioid overdose

When the iSOS identifies a potential overdose, it triggers an
alarm using auditory and tactile signals while simultaneously
sending an alert to the user’s smartphone. This alert provides
users with the opportunity to override the decision for naloxone
administration in the event of a false-positive detection.
Following this, a large bolus of naloxone is rapidly infused using
a DC-brushed motor and two-valve-based actuator. This actu-
ator transforms a single revolution of the motor into double the
linear actuation, as shown in Figures 5A and S19 and Video
S1. Initially, (1) the piston is at the end of its path, with both the
drug reservoir and outlet valves closed (0° of the rotor). (2) The
piston then moves backward (45°), opening the reservoir valve
and drawing the drug solution from the drug reservoir. At this
point, the outlet valve remains closed. (3) Once the piston rea-
ches its furthest position (90°) and the required amount of drug
has been drawn, both valves close again. (4) Finally, as the piston
returns to its starting position (180°), the reservoir valve stays
closed while the outlet valve opens, allowing the drug to be
infused into the body.

By actuating the DC motor with a speed of 500 rpm, the pump
can achieve 1,000 actuations per minute. The volume of infusion
corresponding to the number of actuations is detailed in
Figures S20 and S21 as well as Note S2. The infusion volume
can be adjusted by varying the driving voltage of the DC brushed
motor. Consequently, at a voltage of 3.8 V, the pump is capable
of infusing 1,000 pL of naloxone in a mere 10 s, as illustrated in

Figure 5. Rapid on-demand delivery of naloxone for timely overdose rescue

(A) Main components of the device and working principle of the energy-efficient rapid drug delivery mechanism. In the initial position (0°), the piston is positioned
at the end of its path, and both valves (drug reservoir and outlet) are closed. The piston moves backward (45°), while the reservoir valve opens and draws the drug
from the reservoir. The outlet valve is closed. The piston reaches its farthest position (90°), and the designated quantity of the drug has been drawn. Both valves
are again closed. As the piston moves back to the initial position (180°), the reservoir valve remains closed, while the outlet valve is open, releasing the drug into
the body.

(B) Characterization of the controlled drug release rate with varying pump driving voltages.

(C) Infused amount of naloxone for 10 s. The devices (n = 3) were each actuated three times while being fully immersed in PBS (pH 7.4) at 37°C.

(D) Block diagram of the closed-loop controller for optimizing the energy consumption for rapid delivery of naloxone.

(E) Error distribution of the drug delivery device with the closed-loop controller.

(F) Stability assessment of naloxone in the device: The naloxone-loaded devices (n = 3) were stored at 37°C for 28 days, after which the solution in each device
was extracted and compared with a fresh drug solution (n = 3).

(G) Long-term profile of naloxone infusion. The naloxone-loaded devices (n = 3) were each actuated at 10, 20, and 30 days while being fully immersed in PBS (pH
7.4) at 37°C for 30 days. There was no release of naloxone when the device was not operated.

(H) Pharmacokinetic profiles of naloxone.

(I) The AUC was calculated using the trapezoidal rule.

(J) The onset time of naloxone via s.c. administration with doses of 2 mg and 10 mg. Data are mean + SD.
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Figure 5B. This is compared to other opioid reversal devices,
which administer 0.8 mg of naloxone without solid formulation
over 60 s (Table S4). To evaluate the pump performance, we
operated three pumps with an identical design to release the
drug for 10 s. With each operation, a predetermined amount of
naloxone was released (10.27 + 0.39 mg per operation), demon-
strating the device’s ability to infuse an accurate volume of liquid
in an open-loop control manner. Upon operation, a reproducible
profile of drug infusion could be maintained until approximately
85% of the naloxone was consumed. Since the drug reservoir
was made of a flexible material that prevented negative pressure
build-up, the reproducibility was not affected after drug replen-
ishment, enabling semi-permanent use following implantation
(Figure 5C). To further increase the drug release accuracy, we
incorporated a closed-loop controller that continuously monitors
motor movement and current draw to ensure reliable naloxone
delivery from the s.c. implanted pump. Motor movement is moni-
tored using a linear magnetic encoder consisting of two hall-ef-
fect sensors and a magnet attached to the linear actuator. The
control block diagram is illustrated in Figure 5D. Figure 5E illus-
trates the error distribution of the closed-loop controlled pump
when the reference pumping volume is 200 uL. Over 100 cycles
of pumping 200 pL, the maximum error remains below 2.5%, and
the error is less than +1 plL nearly 24 times. To assess the feasi-
bility of long-term use of the system, we fully immersed the de-
vice in PBS for 4 weeks and operated it at scheduled times.
The device released a reproducible amount of naloxone only
when operated (10.39 + 0.66 mg per operation), and no drug
leakage was observed between operations (Figure 5F). To eval-
uate naloxone stability in the iSOS, we filled the drug reservoir
with 1.2 mL of a solution of naloxone and operated the device un-
der in vitro conditions. During the 4-week period, we observed
that the stability of naloxone, with a concentration of 10 mg/mL
in the reservoir, was well maintained at 37°C (Figure 5G).

As depicted in Figure 5H, the maximum plasma concentrations
of naloxone for both the iISOS and injection groups were compa-
rable: 86.9 + 11.1 ng/mLand 95.9 + 13.5 ng/mL, respectively. The
maximum concentration time was observed to be 12 min for both
groups. The area under the curve (AUC) for plasma naloxone con-
centration was 4,374.9 + 1,340.1 ng/mL*min and 4,596.0 +
983.7 ng/mL*min for the iSOS and s.c. injection groups, respec-
tively, which were not significantly different (Figure 5I). The s.c.
administered naloxone takes about 12 min to reach its maximum
blood concentration, and it takes 5 min to reach 75% of its
maximum value. Figure 5J demonstrates the recovery time
from an overdose using the iISOS with varying doses of naloxone.
The administration of 2 mg of naloxone s.c. necessitates an
average recovery time of 240.6 + 54.6 s (n = 3). Elevating the
dose from 2 mg to 10 mg reduces the average recovery time to
152.0 £ 37.5 s (n = 12). As shown in Figure S22, intramuscular
(i.m.) administration of 10 mg naloxone further reduces the recov-
ery time to 91 s (n = 4). Importantly, the s.c. administration of
10 mg naloxone achieves a recovery time equivalent to i.m.
administration of 0.4 mg (172.0 + 22.7 s). For reference, intrave-
nous (i.v.) administration of 0.4 mg naloxone results in a recovery
time of 52 + 20.2 s (n = 6), which is consistent with clinically re-
ported data. Overdose recovery is defined as the detection of
spontaneous respiration. The results depicted in Figures 5H-5J
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suggest that iSOS could effectively prevent not only death
but also permanent brain damage and facilitate overdose
recovery, as it takes approximately 10 s to completely deliver
10 mg of naloxone and recover from an overdose within 3 min.
Table S5 briefly summarizes the clinically reported cases of the
onset time and duration of naloxone via various administration
routes.

Automated recovery of opioid overdose

Given our understanding of the transient response to fentanyl
overdose, the balance between energy efficiency and overdose
detection accuracy, as well as the advancement of rapid
naloxone delivery mechanisms, we can now assess the perfor-
mance of iSOS in real-time overdose detection and swift recov-
ery without the need for human intervention. Figure S23 illus-
trates the decision-making process embedded within the
iSOS. Continuous operation of the accelerometer with a low
sampling frequency and ECG R-R interval detection ensures
the real-time monitoring of decreased HR and RD. Upon detec-
tion of decreased HR and an RR drop of over 2 bpm, the accel-
erometer’s sampling frequency is heightened, and the MCU
takes control of ECG to acquire precise RR and HR measure-
ments. Additionally, the PPG is activated. If a monotonous
drop of HR by more than 5 BPM and RR decreasing to 10 bpm
is observed, then the buzzer and vibrator are triggered to signal
the delivery of naloxone. After 10 s (if T1 > T3) or 30 s (if T1 < T3)
without a response, naloxone is administered. The iSOS system
classifies slow and rapid overdoses by detecting the time interval
during which the HR decreases by more than 2 BPM and the RR
decreases by more than 5 bpm. If the time for the HR to drop by 2
BPM is shorter than the time for the RR to drop by 5 bpm, iSOS
classifies it as a slow overdose. We validated iSOS using re-
corded overdose data from clinical monitors. Among 13 cases
identified by human experts as slow overdoses, iSOS correctly
classified all 13. For 17 cases identified as rapid overdoses by
human, iSOS correctly classified 15. Thus, the overall classifica-
tion accuracy of iSOS is 93%.

Figures 6A and 6B display RR and HR data computed by iSOS
and transmitted wirelessly to a laptop, indicating when overdose
is detected, the medical alarm is activated, and naloxone deliv-
ery is completed. These figures represent two representative
overdose cases, slow overdose and rapid overdose, show-
casing real-time detection and automated recovery with iSOS.
RR and HR data from iSOS are updated every 5 s via Bluetooth
transmission. In Figure 6A, a ARR of more than 5 bpm is detected
att=115s,and a AHR of more than 5 BPM is detected att=95s,
classifying the case as a slow overdose. The medical alarm ac-
tivates immediately upon detecting RR < 10 bpm and lasts for
10 s. Simultaneously, HR steadily decreases with a AHR of 15
BPM until the medical alarms cease. Naloxone delivery is initi-
ated at t = 130 s and completed 25 s after the onset of RA. HR
starts torise att =200 s, and spontaneous breathing is observed
at t = 220 s. Recovery takes approximately 80 s, with a 105-s
duration of RA.

As shown in Figures 6A and 6B, ARR of more than 5 bpm is de-
tected att =90 s, and a AHR of more than 5 BPM is detected at
t =125 s, classifying the case as a rapid overdose. The medical
alarm is triggered upon detecting RR = 10 bpm and lasts for 30 s.
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Simultaneously, HR monotonically decreases with a AHR of 7
BPM until the medical alarm deactivates. Naloxone delivery be-
ginsatt=150s andis completed by t=160s, approximately 40 s
after the onset of RA. Spontaneous breathing is observed at t =
345 s, and HR starts to increase at 355 s, immediately following
the recovery of respiration. The recovery phase lasts approxi-
mately 185 s, with a 245-s duration of RA. The results presented
in Figure 6 demonstrate that the developed iSOS, equipped with
our decision-making algorithm, effectively detects various over-
dose conditions in real time and initiates recovery within 5 min af-
ter RA onset, thereby mitigating the risk of permanent brain
damage.

DISCUSSION

Previous attempts at developing wearable or semi-implantable
systems to respond to opioid overdose have experienced chal-
lenges in compliance with wearables and noise associated
with physiologic data obtained through a wearable system.
While implantable systems have their own challenges, we
modeled our system on other implanted devices mirroring a sim-
ple minimally invasive procedure that clinicians could perform
under local anesthesia. Our iSOS is inspired by the course of
clinical care for patients with OUD as a tool to support individuals
in treatment by detecting and preventing overdose and as a
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bedside with local anesthesia. At subse-
quent follow-up visits, the device could
then be charged wirelessly, the naloxone
reservoir replenished (if necessary), and data from the system
queried to inform clinicians of opioid use events and counsel pa-
tients on overdose risks in the context of ongoing treatment. As
the naloxone stability stored at body temperature can last for
more than 2 weeks and the battery life for supporting continuous
monitoring is 16 days, it is recommended for the user to have
regular clinical visits every 2 weeks. The visit frequency to the
hospital can be further reduced via new naloxone formulations
and the power consumption optimization for continuous moni-
toring. Impressive battery life has been demonstrated in loop
recorders, which can continuously monitor heart activity for
over 3 years without requiring recharging. This exceptional po-
wer efficiency can be attributed to a custom-designed circuit
that incorporates ECG sampling, analog/digital signal process-
ing, on-board computation, and power management into a
single chip using system-on-chip (SoC) technology. To show-
case this capability, we successfully showcased the ECG chip’s
internal capability to independently calculate the R-Rinterval ata
sampling frequency of 512 Hz, consuming an average current of
only 135 pA.

In terms of real-time detection of overdose, therapeutic drug
monitoring is one potential method that was considered in the
beginning of the work. However, the illicit use of a wide variety
of opioids, including multiple subspecies of fentanyl (e.g., acetyl
fentanyl, carfentanil, and butyrylfentanyl), complicates drug
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detection and makes this approach impractical. Furthermore,
drug concentrations in individuals with OUD do not reliably indi-
cate overdose, as tolerance can lead to higher drug levels
without resulting in overdose. Conversely, individuals in recovery
may overdose during relapse even with a lower dose that might
not be detected by drug monitoring. Physiological signals of
overdose, on the other hand, are unequivocal and provide a reli-
able indication that an overdose has occurred, regardless of the
opioid dose used.

Prompt administration of naloxone is the key to rescue victims
from overdose. Although i.v. administration can quickly reach
onset, the lengthy preparation requires first responders to be
trained. Autoinjectors are designed to facilitate the administra-
tion process by means of a pre-filled naloxone cartridge and
pre-loaded spring mechanism. However, a major drawback of
naloxone autoinjectors is their reliance on a first responder to
perform the administration. To address this issue, Chan et al.
have developed a wearable autoinjector with an added servo
motor that automatically triggers the injection.”® The decision
to deliver naloxone is based on readings from a wearable accel-
erometer that detects apnea. Unfortunately, the wearable auto-
injector presented by Chan et al. takes over 9 min to release
3 mL of naloxone at a concentration of 0.4 mg/mL. Similarly,
the hypoxia-driven wearable autoinjector designed by Imtiaz
et al. takes approximately 5 min to deliver 1 mL of antidote at a
concentration of 1 mg/mL. Additionally, the s.c. implantable
drug delivery device developed by Dhowan et al."® takes more
than 10 min to fully release 8.8 mg of naloxone in powder formu-
lation, and powder formulations typically have longer absorption
times in the body. Our novel delivery mechanism allows us to
solve this engineering challenge by significantly expediting the
release of a large bolus of concentrated naloxone. Our pharma-
codynamic studies suggest that increasing the naloxone dose
can expedite the onset of action. The Rapid Opioid Countermea-
sure System with a total naloxone dose of 10 mg and concentra-
tion of 10 mg/0.4 mL is specifically designed for military
personnel and chemical incident responders for rapid recovery
from an overdose, and it received US Food and Drug Administra-
tion approval in February 2022. However, it is recommended to
be stored at room temperature to maintain stability. Therefore,
the concentration used in this work is fixed at 10 mg/mL, as a
higher concentration usually results in lower stability.

The current iteration of iSOS utilizes a polymethylmethacrylate
outer surface uniformly coated with Parylene C to enhance
biocompatibility.®” Future iterations should consider employing
high-strength materials such as titanium, stainless steel, or liquid
crystal polymer.®® Additionally, encapsulating the device with
soft biomaterials that emulate tissue properties, such as silicone
elastomer, polyurethane (PU), or epoxy, should be considered.
This strategy can minimize the mechanical modulus mismatch
at the interface between the implant and biological tissues while
concurrently minimizing fibrotic capsule formation.*®

Although iSOS shares a similar form factor with a loop
recorder, its large size can deter patients from using it due to
the requirement of an invasive surgical procedure. The drug de-
livery compartment takes up 70%, of which the drug reservoir
accounts for around 57%. The battery takes around 20% of
the space, while the emergency alert and electronics compo-

¢ CellP’ress

OPEN ACCESS

nents occupy the remaining 10%. To further reduce the form fac-
tor, several approaches can be considered. First, the drug reser-
voir size can be decreased by introducing a new naloxone
formulation with a higher concentration. Second, the battery vol-
ume can be reduced by increasing its energy density, lowering
power consumption, or accepting a shorter battery life. Third,
the drug delivery compartment can be made smaller by utilizing
amore compact DC motor. Last, the electronics footprint can be
minimized by leveraging SoC technology to integrate multiple
components into a single chip. These strategies collectively
aim to optimize the implant’s size and enhance patient accep-
tance. Additionally, user acceptance and the willingness of indi-
viduals with OUD to utilize an implantable system like iSOS still
needs to be explored. Future work should include mixed-
methods work to compare the willingness of individuals with
OUD to engage with wearable devices compared to iSOS. These
key explorations may assist with strategies to discuss iISOS with
potential candidate patients and to revise features of iSOS to
improve acceptability among these populations.

Overall, we demonstrate the development of a novel implant-
able device that uniquely autonomously senses and verifies
opioid overdose and, in response, rapidly delivers naloxone
and monitors recovery from overdose. This is significant
because of several reasons. First, no other wearable/implantable
device has been demonstrated previously to adequately fuse
several sensor modalities to reliably detect an opioid overdose
event. Second, our in vivo large animal studies investigated the
transient response of coupled and decoupled cardiorespiratory
signals after the onset of fentanyl overdose; these studies reveal
that an acute decrease in HR prior to the development of RD can
differentiate overdose from other conditions, including sleep ap-
nea and intentional breath holding. Third, iSOS incorporates an
on-board algorithm based on the discovered overdose bio-
markers that autonomously decides when to administer
naloxone and monitors recovery, key features that other
naloxone delivery or opioid overdose systems have not
explored. Finally, we developed strategies to conserve battery
life and allow for drug reservoir refilling that mirror the cadence
of clinical visits for individuals with OUD. These innovations sug-
gest that an implantable device like the one we present may be
able to integrate into the continuum of OUD care. This pivotal
work demonstrates the feasibility of developing an implantable
device to support harm reduction in OUD that addresses previ-
ous challenges in other systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information, resources, and reagents should be directed
to and will be fulfilled by the lead contact, Giovanni Traverso (cgt20@mit.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

All data are available in the main text or the supplemental information. Codes
for sampling and processing data are available at https://github.com/Jhc999/
iISOS.git. Additional data related to this paper may be requested from the au-
thors. This paper does not report any original code or algorithms. Any addi-
tional information required to reanalyze the data reported in this work is avail-
able from the lead contact upon request.
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Materials involved

Med 610 and Clear resin were purchased from Stratasys and Formlabs, both
to be used as 3D printing materials. PU film, with a thickness of 100 um, was
purchased from Plastic Film. The one-way check valves were purchased from
Minivalve. The ECG electrodes were made of copper sheets with a thickness
of 0.1 mm and laser cut with user-defined shapes. The rigid printed circuit
boards (PCBs) were made out of FR-4 material. The manufacturing of the
FR-4 PCBs and assembly of the electronics were finished by Bittele Elec-
tronics. Medical epoxy (Epo-tek 301) was purchased from Epoxy Technology.
The PCB was designed by Altium Designer. The bill of materials is listed in
Table S6. Each component of the device was designed using 3D CAD software
(Autodesk Fusion 360) and subsequently fabricated with 3D printers (Stratasys
J850, Formlabs Form 3+, and BMF microArch S230). The circuit schematics
and layout were designed via Altium and can be found in Note S3.

Ground-truth vital sign monitoring and recording

Respiratory signals, such as end tidal CO2 and RR, along with body temper-
ature and cardiovascular signals, which include blood pressure, pulse, and
oxygenation, were collected using standard clinical patient monitors.
ETCO2 and RR were measured by monitoring air exchange during inhalation
and exhalation through ventilation. Body temperature was acquired using a
thermistor inserted into the esophagus, while blood pressure was obtained
through an arterial line. SpO, and HR were recorded by placing an oximeter
on the ear, and HRV data were captured by attaching ECG patches to the
chest.

On-board sensing and computing

A microcontroller with a built-in Bluetooth module (nRF 52840) is employed for
on-board signal processing and decision-making. The nRF52840 is built
around the 32-bit ARM Cortex-M4 CPU with a floating point unit running at
64 MHz. A pulse oximeter (MAX 30101) with near-IR, red, and green light is
used to measure the light absorption in the tissue. An analog front end (MAX
30003) is used to capture the ECG. A clinical-grade temperature sensor
(MAX30208) is employed to measure body temperature. An IMU (BMX160) is
employed to capture body movement and respiration-induced motion. Root-
mean-square errors are calculated by comparing the s.c. implanted ECG
and PPG sensor in the chest to a standard clinical vital sign monitor. The
sensor readouts from ECG and PPG were recorded for 1 min at each sampling
frequency, with the HR ranging between ~60-70 BPM. The HR from the
implantable ECG and PPG is calculated by the on-board embedded computa-
tion unit.

Power management for the drug delivery, vital sign monitoring, and
computation

One customized pin-type lithium secondary battery (46530Z, Synergy; see
supplemental information for the datasheet) with a capacity of 55 mAh and a
rated voltage of 3.8 V is used to provide the entire implantable system with a
stable power supply. A fuel gauge (MAX 17263) and current sensor (INA 231)
are employed to monitor the voltage drop and current draw of the battery. A
bulk-booster converter (MAX 77643) with three independent programmable
output voltages (0.8-5 V) is employed to supply a stable voltage to the micro-
controller, Bluetooth communication, a variety of sensors, the pump, and the
medical alert system. The Sub-Micro Plastic Planetary Gearmotor purchased
from Pololu is a brushed DC motor with a gear ratio of 1:26. The operating
voltage is between 0.7 V and 9 V, and the stall current is 400 mA. The current
draw and speed of the motor with varying the driving voltage are shown in Fig-
ure S20. More details about the energy optimization in the battery-powered
drug delivery system can be found in our previous work.*®

In vivo wireless power system

Inductive coupling wireless powering with a resonating frequency of 1 MHz is
adopted to enable in vivo charging of the lithium battery. The wireless charging
transmitter (LTC 4125) and receiver (LTC 4124) circuitries are shown in Fig-
ure S18. The receiving coil (IWAS3010AZEB130KF1) and transmitter coil
(IWAS4832AAEB220JF1) are both commercially available, and they were pur-
chased from Mouser Electronics.
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In vitro performance test

To evaluate device performance in vitro, we filled each of the three devices
with 1.2 mL of a naloxone solution (10 mg/mL) and operated them while fully
immersed in 50 mL of PBS (pH 7.4) at 37°C. In vitro naloxone concentrations
were analyzed by high-performance liquid chromatography with ultraviolet us-
ing an Agilent 1260 Infinity system consisting of a quaternary pump, chilled au-
tosampler, thermostatic column compartment, and diode array detector
(DAD). Samples were injected at a volume of 5 L onto a superficially porous
C18 column (3.0 x 50 mm, dip = 2.7 um), thermostatically held at 25°C, and
equipped with a 5-mm-long guard column. The mobile phase consisted of
0.1% formic acid in water (v/v) (A) and acetonitrile (B), with a flow rate of
1.0 mL/min and programmed gradient of 0 min, 5% B; 3 min, 60% B; and
3.1 min, 95% B with a stop time of 7 min and re-equilibration time of 4 min.
Absorbance at 282 nm with a bandwidth of 4 nm and scan rate of 5 Hz was
used to detect and quantify naloxone by the DAD.

Drug refillability

To investigate the impact of drug refilling on the drug release characteristics,
an iSOS containing 1 mL of naloxone solution (10 mg/mL) was submerged in
PBS (pH 7.4), and we compared the pre- and post-refilling procedure (Fig-
ure 5C). The refill septum is specifically designed for facile detection on the
skin above the implanted iSOS. Through this refill septum, the residual drug
solution is extracted from the flexible drug reservoir and replaced with fresh
drug solution using a 27G needle, all while the iISOS remains in place
(Figure S24).

In vivo evaluation protocols in a swine model

Allin vivo studies were approved by the Massachusetts Institute of Technology
Committee on Animal Care. Female Yorkshire swine (Cummings School of
Veterinary Medicine at Tufts University, North Grafton, USA) in the range of
60-80 kg were used for the testing of fentanyl overdose and recovery using
naloxone. The animals were kept on a liquid diet for 24 h before the procedure
and fasted overnight. Pigs were sedated with an i.m. injection of Telazol
(2-6 mg/kg) and xylazine (2-4 mg/kg) and kept on isoflurane (2%-3%) and ox-
ygen (100%) via endotracheal tube. For blood sampling, an indwelling catheter
(Central Venous Catheter Kit, 7Fr-30CM [12”], Jorgensen Labs) was placed in
the femoral vein under aseptic conditions. Two different ventilation conditions
were employed. One is medical air with 21% oxygen supply, and the other one
is 100% oxygen supply. Fentanyl with a concentration of 6 pg/kg was admin-
istered over 30 s via the central venous catheter. Naloxone with different con-
centrations and total doses was given at the abdomen via s.c., i.m., and i.v.
administration as well as the s.c. implantable pump. All of these experiments
were non-survival. The animals were euthanized under anesthesia with sodium
pentobarbital at 100 mg/kg IV, consistent with the American Veterinary Med-
ical Association Guidelines*' for the Euthanasia of Animals.

Pharmacokinetic studies on naloxone delivery

To conduct the pharmacokinetic tests, we divided the Yorkshire swine into two
groups: (1) animals treated with s.c. injections of naloxone (Inj-Naloxone) and
(2) animals implanted with the naloxone-loaded device (Device-Naloxone), to
which 10 mg of naloxone was administered via s.c. injection or operation,
respectively. We collected 600 pL of blood from a central line connected to
the external jugular vein or from a mammary vein into BioLegend Vacutainer
gold-top tubes (Becton Dickinson, USA) 0, 3, 6, 12, 20, 60, and 120 min after
administration. The plasma samples were separated from the blood by centri-
fugation at 3, 000 xg for 10 min and stored at —80°C until measurement. The
naloxone concentration in the plasma was analyzed using liquid chromatog-
raphy triple-quadrupole mass spectrometry. An Agilent 1290 ultra-high-per-
formance liquid chromatography system with a binary pump, autosampler,
and thermostat was coupled to an Agilent 6495B triple-quadrupole mass
spectrometer. Datasets were generated using the Masshunter Liquid
Chromatography-Mass Spectrometry Control Suite, and data processing
and analysis were performed in QuantMyWay. Naloxone (API) and naltrexone
(ISTD) were separated on an Agilent Poroshell 120 EC-C18 analytical column,
3.0 x 50 mm with 2.7-um particles, maintained at 40°C. The optimized mobile
phase consisted of A (0.1% formic acid in water) and B (acetonitrile). Gradient
elution was employed over 6 min, starting with 95% A at 0 min and ending with
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5% A at 5 min at a flow rate of 0.750 mL/min. The injection volume was 2 uL.
The compounds underwent electrospray ionization (positive mode) with a dry-
ing gas temperature of 250°C, sheath gas temperature of 380°C, sheath gas
flow rate of 10 L/min, and drying gas flow of 16 L/min. The nebulizer was
kept at 35 psi. The capillary voltage was set to 3,000 V in positive mode,
and there was no in-source fragmentation. Naloxone and naltrexone were
monitored under dynamic multiple reaction monitoring with transitions of
328.16 m/z — 310.0 m/z and 342.1 m/z — 324.0 m/z for naloxone and
naltrexone, respectively. The collision energies were set as 12 V and 20 V for
naloxone and naltrexone, respectively. A low limit of quantification of 100
pg/mL was achieved using the sample preparatory and analytical methodolo-
gies conveyed in this report. We conducted three analyses for each sample.
We only considered drug concentrations as non-zero if they were above the
lower limit of detection in all three analyses. In this study, we tested each group
in three pigs based on our previous studies in the large animal model.

Statistical analysis

The data were presented as means + standard deviation (SD). We performed
statistical analysis using GraphPad Prism 7 (GraphPad). To compare the
means of two groups, we used Student’s t tests, where the differences were
considered to be statistically significant when p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
device.2024.100517.
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