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PUBLIC SUMMARY

m This study presents a novel flexible electrode system that integrates drug administration with real-time monitoring.
m Real-time electrophysiological acquisition following drug delivery enables timely and informed disease management.

m This approach enhances medical efficiency while reducing the demand for medical resources.
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Effective disease management based on real-time physiological changes
presents a significant clinical challenge. A flexible electrode system inte-
grating diagnosis and treatment can overcome the uncertainties associated
with treatment progress during localized interventions. In this study, we
develop a system featuring a biomimetic feedback regulation mechanism
for drug delivery and real-time monitoring. To prevent drug leakage, the sys-
tem incorporates a magnesium (Mg) valve in the outer layer, ensuring zero
leakage when drug release is not required. The middle layer contains a drug-
laden poly(3,4-ethylenedioxythiophene) (PEDOT) sponge (P-sponge), which
supplies the water to partially or fully activate the Mg valve under electrical
stimulation and initiate drug release. Once the valve is fully opened, the
exposed and expanded P-sponge electrode establishes excellent contact
with various tissues, facilitating the collection of electrophysiological
signals. Encapsulation with polylactic acid film ensures the system’s
flexibility and bioresorbability, thereby minimizing potential side effects
on surrounding tissues. Animal experiments demonstrate the system'’s
capability to mimic feedback modulation mechanisms, enabling real-time
monitoring and timely drug administration. This integrated diagnosis and
treatment system offers an effective solution for the emergency manage-
ment of acute diseases in clinical settings.

INTRODUCTION

Effective clinical disease management hinges on the accurate diagnosis and
timely treatment of conditions. Traditionally, these two modalities have been ap-
proached separately, leading to inefficiencies, delayed responses, and a lack of
real-time monitoring during the course of treatment.”” This separation is partic-
ularly problematic in the management of acute diseases, where the disjointed
approach can result in missed opportunities for timely intervention, potentially
leading to suboptimal outcomes or even fatalities. Additionally, the conventional
healthcare system is increasingly strained by the dual pressures of an aging pop-
ulation and the heightened demands posed by epidemics.® In this context, the
development and implementation of wearable diagnostic and therapeutic inte-
grated (DTI) devices, which combine real-time diagnosis with immediate drug
delivery, emerge as a promising solution. These devices not only address acute
clinical needs more effectively but also help to alleviate the growing burden on
healthcare resources.'*'

Implantable flexible electrodes have demonstrated significant potential in
enabling in vivo monitoring of various physiological signals, such as blood pres-
sure,'>"® electromyogram (EMG),'“'® electrocardiogram (ECG),'*'” electrocorti-
cogram (EC0G), and electroencephalogram (EEG),'®'®?' among others.?>%°
These electrodes have also shown promise in therapeutic applications.
Recent advancements have led to the development of DTI devices based on
these implantable electrodes. By incorporating microfluidic drug delivery chan-
nels alongside flexible electrodes into a unified system, researchers have
achieved integrated diagnostic and treatment capabilities that have proven bene-
ficial in nerve repair and motor function restoration.”” The combination of drug
delivery and signal acquisition within an array of electrodes has enabled real-
time monitoring of cardiomyocyte signals and the adjustment of their activity.*
Moreover, significant strides have been made in DTl bandages and DTI excipi-
ents.***" Despite these advancements, most current DTI devices have limita-
tions. The separation of drug-carrying sites from electrode sites in existing de-
signs often leads to inaccurate diagnostic outcomes, necessitating additional
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electrode sites to support multifunctionality, which, in turn, increases the overall
system size.>5*2° Moreover, drug-loaded electrodes made from polymers or hy-
drogels frequently encounter issues with drug leakage, which hampers precise
drug delivery.23“%4T additionally, many integrated electrodes are constructed
from non-biodegradable materials, necessitating secondary surgical removal
to prevent biotoxicity and foreign body reactions associated with long-term im-
plantation. This requirement for secondary surgery can result in further harm
to patients and limits the long-term applicability of these devices in vivo.****
Therefore, the ideal DTI device should fulfill several key criteria: (1) it should
ensure that diagnosis and treatment sites are overlapped to guarantee consis-
tency between monitoring and treatment locations, (2) it must allow for
controlled drug release, and (3) it should be biodegradable, thereby eliminating
the need for secondary surgical removal and reducing the risk of additional sur-
gical complications.

In the hypothalamic-pituitary-adrenal axis (HPA axis), the hypothalamus, pitu-
itary gland, and adrenal glands work together to diagnose and respond to stress
by sequentially secreting corticotropin-releasing hormone (CRH), adrenocortico-
tropic hormone (ACTH), and cortisol (Figure TA).*® Inspired by this natural
feedback mechanism, we developed a diagnostic and treatment integrated
mesh electrode (DTME) that mimics the functions of the HPA axis. The
DTME system is constructed using a poly(34-ethylenedioxythiophene)
(PEDQT) sponge (P-sponge), polylactic acid (PLA) film, and a magnesium
(Mg) valve, combining both therapeutic and diagnostic capabilities within a
single platform. In the DTME system, the pre-opened channel can be used for
electrophysiological signal acquisition and monitoring, and based on the
analysis of the results, the activation of drug-carrying channels can be triggered
for drug delivery. The continuous acquisition and analysis of electrophysiolog-
ical signals and the multiple controlled release of the drug show the biomimicry
of a biofeedback system. Our results demonstrated that the system could accu-
rately collect electrophysiological signals and control drug release, enabling
effective management of sudden medical conditions. Although the system'’s
valve only allows for an initial, slight opening, its complete activation still relies
on the subsequent supply of more water. However, this gradual activation
method reduces the stringent conditions typically required for traditional metal
valves to open, thereby broadening the potential applications of metal valves in
drug delivery systems. The drug storage chamber, coupled with the sponge
adsorption method, allows the system to carry and deliver multiple types of
drugs. The flexibility and network structure of the DTME system enable it to
conform to complex tissue morphologies, support normal tissue growth, and
minimize mechanical damage to the tissue. By utilizing biodegradable materials
as primary components of the system, we eliminate the need for secondary sur-
gical removal, thereby preventing further injury to the patient.

RESULTS
Device design and fabrication

The system consisted of a biodegradable flexible network electrode integrated
with drug delivery and signal monitoring functions, coupled with an electrophys-
iological device (Figure 1B). This multifunctional flexible electrode could partially
activate the Mg valve through electrical stimulation, thereby triggering drug
release. As the valve naturally corroded in a moist environment or underwent
accelerated corrosion through electrical stimulation, leading to the full exposure
and expansion of the P-sponge, the electrode could continue to function as a
recording electrode. The signals collected by the recording electrode were
analyzed by the electrophysiological device to guide subsequent treatment
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Figure 1. Overview of the multichannel DTME (A) Schematic of the hypothalamic-pituitary-adrenal axis (HPA axis) feedback regulation system. (B) The working principle of DTME,
illustrating the biomimetic human feedback regulation mechanism. (C) Exploded view of the structure of 9-channel DTME. (D) Cross-sectional view of the drug-carrying chamber and
electrode site within the DTME. (E) Image of the 8-channel DTME configuration. (F) Image of the 4-channel DTME configuration. (G) Photograph displaying all valves in the open
position for the 8-channel DTME. (H) Accelerated dissolution of the entire DTME system. (I) Quantification of the elastic modulus and the conductivity of various tissues and
conductive composites. The P-sponge developed in this study is marked with a red star, and values for other conductive composites from the literature are also shown, with detailed

data provided in Table S1.
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decisions. Flexibility and degradability are essential characteristics for implant-
able flexible electrodes.*®*® To address these needs, PLAs were prepared and
processed into components such as the PLA cover, PLA interlayer-1, PLA
interlayer-2, and PLA base, which served as encapsulation material for the
DTME (Figure 1C). The customized Mg foil leads were arranged as the cathode
(bottom) and anode (top) within the system (Figure 1D). The P-sponges were
strategically placed in the PLA drug-carrying compartments between the cath-
ode and anode electrodes. These sponges acted as carriers for the drug solution
and provided the water to facilitate the slight corrosion and partial opening of the
valve under electrical stimulation and a conductive circuit for subsequent com-
plete valve opening in wet or liquid environments. Our modular design approach
allowed for individual customization and enabled the rapid fabrication of various
DTMEs tailored to specific requirements (Figures 1E and 1F). The structural
design allowed for a complete opening of all channels to expose the P-sponge
(Figure 1G).

PLA, the primary material used in the DTME, demonstrated excellent flexi-
bility (Figures STA and S1B). To further evaluate the flexibility of the DTME,
repeated bending tests were conducted (Figure S1C). The results indicated
that the DTME, encapsulated with multiple layers of PLA, retained its flexibility
even after extensive testing. Over the course of 1,000 bending cycles, the load
on the DTME remained stable and significantly lower than that of the polyeth-
ylene glycol terephthalate (PET) (Figures S1D-S1F). Additionally, the excellent
conformity of the DTME to the viscoelastic hydrogel further underscored its
superior flexibility (Figure S2). Biodegradability is a critical characteristic for
in vivo implants. Our results indicate that Mg foils corroded gradually over
time in a PBS environment at 37°C (Figure S3). Although, in theory, the Mg
foil valve can remain intact for several days (Figure S4), its actual functional
duration is further shortened due to the complex physiological environment
and galvanic corrosion. Despite PLA exhibiting slight corrosion, its inherent
properties result in a slower degradation under these conditions. The
P-sponge also showed no significant signs of degradation (Figure S3). Despite
the P-sponge playing an essential role in drug delivery and sensing, its relatively
small proportion within the device minimizes its impact on the overall degrada-
tion of the device. To further assess the biodegradability of the device, acceler-
ated degradation experiments were conducted at a higher temperature. The
results confirmed that the main body of the device can be completely
degraded, thus meeting the requirements for biological absorption (Figure TH).
Compared to existing research, our study demonstrated that the P-sponge,
when in contact with tissues, maintained good electrical conductivity and an
elastic modulus similar to that of human tissues. This allows for active control
of drug release while providing stable monitoring of electrophysiological signals
without causing mechanical damage to the surrounding tissues (Figure 11).

Properties of the P-sponge and the valve-triggering mechanism

Conductive hydrogels have garnered significant attention for their favorable
mechanical, electrical, and biocompatible properties, making them suitable for
a wide range of applications.*>*° However, in the DTME system discussed
here, conventional hydrogels were inadequate for the demands of rapid diagnosis
and treatment. To overcome this limitation, a novel electrode material known as
P-sponge, derived from P-hydrogel (P-gel), was developed to function as multi-
functional electrodes (Figures 2A and S5).**°! Compared to P-gel, P-sponge
had a lower modulus of elasticity (Figure 2B), enhancing its suitability for use
as bioelectrodes. It also demonstrated excellent resilience, with the ability to return
to its original shape and maintain structural stability even under applied pressure
(Figure S6; Video ST). The P-sponge also exhibited superior conductivity
(Figures 2C and S7) and lower electrochemical impedance (Figures 2D and 2E).
These properties enabled P-sponges to achieve excellent signal acquisition capa-
bilities, comparable to those of commercial electrodes (Figure S8). Furthermore,
while the drug release rate from P-gel was not significantly affected by electrical
stimulation, the P-sponge showed a markedly enhanced drug release rate under
electrical stimulation (Figures S9 and S10). Although neither the P-sponge nor the
P-gelis electrically contractile, the gas generated by the free water in the P-sponge
in response to electrical stimulation accelerates the drug release rate. In contrast,
achieving such acceleration with the bound water within P-gel is challenging.
Given the excellent performance of P-sponge in terms of conductivity, mechanical
properties, and drug delivery, it was selected as the preferred electrode material
for simultaneous drug delivery and signal acquisition in the DTME system.

REPORT

The electrodes were primarily encapsulated by seven accessories, with the
anodic Mg valve, the cathodic Mg electrode, and the drug-containing P-sponge
sandwich serving as the key elements involved in both treatment and diagnosis
(Figure 2F). Despite the fact that maintaining a thin DTME layer only mildly trig-
gered the formation of corrosion holes in the valve, which was insufficient to fully
open the valve and expose the P-sponge, it could still lead to drug leakage. When
the thickness of the drug-loaded pores and the chamber volume were increased
to allow the P-sponge to provide sufficient water, electrical stimulation could
induce more severe corrosion from the inside out, leading to more significant
valve degradation and opening (Figure 2G; Video S2). Thanks to its excellent
elastic recovery, the P-sponge rehydrated and swelled upon contact with tissue
in a humid environment, simultaneously releasing the drug into the tissue and
enabling real-time monitoring (Figure S17; Video S3). To further explore the
valve's opening behavior, voltage changes were monitored. It was observed
that with a constant valve thickness and diameter, increased constant currents
resulted in an earlier appearance of the voltage threshold (Figure 2H).5? Addition-
ally, a direct relationship was found between the valve thickness and appearance
time of the voltage threshold at a fixed diameter and current, consistent with Far-
aday's law (Figure 21).°%°® Moreover, valves with smaller orifice diameters
corroded more quickly when the thickness and current were held constant (Fig-
ure 2J). Although the presence of a plateau phase in the voltage readings did not
indicate the complete opening of the valve due to the safety threshold limitations
of the equipment, it did demonstrate how various factors influenced the valve's
opening behavior. Figure S12 illustrates the release of rhodamine from a single-
channel DTME and the drug release profile of bovine serum albumin (BSA) from a
single-channel DTME, highlighting the system'’s drug delivery capability. The con-
trol capabilities of a 4-channel DTME were assessed by sequentially activating
different channels through electrical stimulation and monitoring the resultant
drug release profiles. The results demonstrated that drug release occurred
rapidly following valve opening in a moist or liquid environment. As electrical
stimulation sequentially triggered other valves, the cumulative percentage of
drug release in the solution increased stepwise (Figure 2K). Although the drug
release profile did not exhibit a perfectly uniform increase, it was sufficient to
demonstrate that the DTME could exert some control over multiple channels.
This ability to control drug release, even when the DTME was bent, highlights
its adaptability to complex physiological environments, suggesting its potential
for therapeutic applications (Figure S13).

Cell growth behavior under DTME regulation

DTMEs were cocultured with HelL.a and human umbilical vein endothelial cells
(HUVECS) to assess the drug delivery capability of the DTME (Figures 3A and 3B).
Optical and fluorescence images, with phalloidin staining for cell F-actin (red) and
4’ 6-diamidino-2-phenylindole (DAPI) staining for the cell nucleus (blue), were
captured before and after valve activation (Figures 3C and 3E). DTMEs loaded
with paclitaxel (PTX) and vascular endothelial growth factor (VEGF) were placed
in the culture dishes containing Hel.a cells and HUVECs for 1 h, respectively. As
shown in Figures 3C (coculture-1 h) and 3E (coculture-1 h), both HeLa cells and
HUVECs exhibited no significant morphological changes after 1 h of coculture.
The viability of Hela cells and HUVECs also remained stable, with no significant
differences observed in cell activity following the 1-h coculture with the DTME
(Figures 3D and 3F). However, after triggering the valve and incubating for an
additional 2 h, a reduction in the activity of HelLa cells was observed, indicating
that the release of PTX inhibited the proliferation of Hel a cells (Figure 3C, drug
release-2 h). This decrease in Hel a cell activity was further confirmed by both op-
tical and fluorescence imaging (Figure 3D). In contrast, in the incubation experi-
ments with HUVECs, the materials did not adversely affect cell viability. When the
valve was opened for 2 h, HUVECs showed an increase in cell activity due to the
release of VEGF (Figure 3E, drug release-2 h). The results from the Cell Counting
Kit-8 (CCK-8) assay were consistent with the trends observed in the images
(Figure 3F).

DTME for signal acquisition and electrical stimulation

The functionality of DTMEs as physiological signal electrodes was validated in
rats using DTMEs with an exposed P-sponge (Figure S14). 4-Channel DTMEs
were implanted subcutaneously in the anesthetized rats, and ECG signals were
recorded. All 4-channel DTMEs operated effectively, successfully acquiring
ECG signals from the rats (Figure 4A). Further analysis of individual ECG signal
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Figure 2. Materials properties and work mechanism of DTME (A) Microstructure comparison between P-sponge and P-gel. (B) Comparison of elastic modulus between P-sponge
and P-gel. (C) Resistance of P-sponge and P-gel. (D) Electrical impedance spectroscopy of P-sponge and P-gel, displaying the impedance phase over a frequency sweep from 1 MHz to
0.1 Hz (n = 3). (E) Electrical impedance spectroscopy of P-sponge and P-gel measured, displaying the impedance modulus over a frequency sweep from 1 MHz to 0.1 Hz (n = 3).
(F) Exploded view of the DTME charge chamber structure and the mechanism for opening the Mg valve. (G) Sequential images showing the electrochemical etching of the Mg valve,
with repeated cleaning of the electrode surface with chromic acid followed by water. (H) Dependence of the trigger time on applied current at fixed Mg valve size. (1) Influence of Mg
valve thickness on trigger time at a constant current and valve diameter. (J) Effect of Mg valve diameter on trigger time at a fixed current and valve thickness. (K) Pulsed drug release

from a 4-channel DTME, showing the cumulative release profile (n = 4). Bars are mean = SD (B, C, D, E, and K). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA
adjusted by Tukey's test.
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Figure 3. DTME regulated cell activity in vitro through drug release (A) Schematic illustration of the experimental setup showing the effect of drug release from DTME on cells.
(B) Photographs of DTME cocultured with cells. (C) Optical microscopy (left) and fluorescence microscopy (middle) images of HeLa cells stained with phalloidin (red, F-actin) and DAPI
(blue, nuclei) before and after drug release from the DTME. (D) Comparison of HeLa cells viability before and after PTX release from electrodes as measured by CCK-8 assay (optical
density [OD] 450 nm). (E) Optical microscopy (left) and fluorescence microscopy (middle) images of HUVECS stained with phalloidin (red, F-actin) and DAPI (blue, nuclei) before and
after drug release from the DTME. (F) Comparison of HUVECS' cell viability before and after VEGF release from the electrodes as measured by CCK-8 assay (OD 450 nm). Bars are
mean + SD (D, F). ns, not significant; *p < 0.05, *p < 0.01, **p < 0.001; one-way ANOVA adjusted by Tukey's test.

waveforms revealed a high degree of consistency across the four channels, with
each displaying typical characteristics of the P, Q, R, S, and T segments of the
ECG waveform. To further verify the applicability of the 4-channel DTMEs,
open-chest surgery was performed on anesthetized rats, and the DTMEs were
placed on the heart's surface for ECG signal acquisition (Figure 4B). The results
showed that the ECG waveforms from channels 1, 2, and 4 were consistent and
exhibited uniform frequencies. However, the ECG signals from channel 3 showed
irregular and intermittent waveforms. Despite the lower heart rate and abnormal

waveforms caused by the adverse effects of deep anesthesia and surgery, the
ECG waveform was more pronounced due to the direct contact with the heart.
However, the variability in data collected from different channels, particularly
the instability observed in channel 3, highlighted a challenge with the adhesion
properties of the encapsulating materials, including P-sponge. This limitation hin-
dered the DTMES' ability to maintain consistent adherence to the dynamic sur-
face of the beating heart, leading to signal acquisition instability. These findings
underscore the need to enhance the adhesion properties of DTMEs to ensure
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Figure 4. Functional validation of the DTME as a recording and stimulating electrode (A) Schematic illustration of a multichannel electrode measuring ECG signals subcutaneously
in rats (left). The middle image shows ECG signals recorded from a 4-channel electrode, and the right image presents the simultaneous fitting and averaging of multiple single
waveforms. (B) Schematic illustration of direct ECG signals measurement on the rat heart surface using DTME (left). The middle image shows ECG signals accurately recorded by the
4-channel DTME on the rat heart surface, while the right image presents the simultaneous fitting and averaging of multiple channel waveforms. The figure was created thanks to the
rat skeleton three-dimensional (3D) model shared by Doney et al. (https://3dprint.nih.gov/license/cc).* (C) Schematic illustration of rat anterior tibial muscle contraction under
electrical stimulation. (D) Photographs from Video S4 showing DTME stimulation of exposed muscles in the hind limbs of rats. The images depict various responses: major os-
cillations (vii), muscle contractions (viii), minor oscillations (xi), and up-down oscillations (x), triggered by adjusting the array positioning or changing the electrodes of the stimulation
pulse. The top row (i—v) indicates the stimulation site of the electrode, while the bottom row (vi—x) show the maximum limb deflection (activated) during stimulation.

stable and reliable capture of electrophysiological signals in vivo under dynamic
conditions.

To validate the stimulation function of the DTME, it was placed on the anterior
tibialis muscle of the rat's hind leg (Figure 4C). As demonstrated in Figure S15,
the DTME successfully functioned as a stimulation electrode, delivering electrical
stimulation at varying parameters with a threshold of 5 V. By setting different
sites of the four channels as either cathode or anode and targeting various posi-
tions of the hindlimb muscles (Figure 4D), a range of responses were elicited.
These responses included intense left-right oscillation of the foot, slight left-right
oscillation, simple muscle contraction, and up-down oscillation of the foot
(Video S4).

In vivo multifunctionality studies of DTME
To further prove the dual functionality of the DTME, an amplified and thickened
dual-channel DTME was placed on the subcutaneous muscular surface of rat's

chest (Figure S16A). We simultaneously recorded the ECG of the rats using both
commercial electrodes and the exposed P-sponge electrode from channel 1. Af-
ter establishing a baseline by recording the rats’ normal heart rate, we induced
arrhythmia using a CaCl, solution. Upon observing a drop in heart rate intensity,
saline was released in the control group, while noradrenaline bitartrate was
released in the experimental group. A comparison of heart rate intensity before
and after drug release revealed that the heart rate intensity in the control group
did not recover after saline release (Figure S16B). In contrast, in the experimental
group, the heart rate intensity returned to normal levels after the release of
noradrenaline bitartrate (Figure S16C). We also evaluated the DTME's function-
ality using an epilepsy model (Figure 5A). Brain activity in mice was monitored
following the administration of pilocarpine, and the device was used to release
a drug upon detection of epileptiform activity. In the control group, the release
of saline failed to stop the seizures (Figure 5B). However, in another group, the
release of midazolam successfully suppressed the seizures (Figure 5C).

6 The Innovation 5(6): 100705, November 4, 2024

www.cell.com/the-innovation


https://3dprint.nih.gov/license/cc
http://www.thennovation.org
http://www.thennovation.org

o

Double
Chanel
DTME

Chanel 1
Chanel 2

ECoG of chanel 1

Epilepsy seizure

REPORT

Epilepsy remission

Open the valve of chanel 2

N -
o 3]
T

Amplitude Q
o
(4]

Baseline

PP
e

L | T e
jaiy 1o o - 4

Seizure

N oW s 2
o o o o

f
I
1l

=
o o

I Wi i}“q‘i”‘w\ il
1A AR g ’j\ i

5 10 15 20 25
Time (min)

Frequency (Hz)

)
(4]

Saline delivery

Amplitude 0
o

=
[¢)]
T

&
o

Baseline

Seizure

N W b
o o o

=
o o

Frequency (Hz)

5 10 15 20 25
Time (min)

Midazolam delivery

>
HT T >

I
0 40 80 =]

Figure 5. Demonstration of synergistic diagnostic and therapeutic functions (A) Dual-channel DTME monitors epileptic ECoG signaling in the cerebral cortex of mice, triggering the
opening of the Mg valve to release drugs. The figure was realized thanks to the rat brain 3D model shared by Pohl et al. (Figshare: https://doi.org/10.6084/m9.figshare.823546.v1). (B)
Saline was delivered using DTME after the onset of seizure induction. (C) Midazolam was delivered using DTME after the onset of seizure induction.

Although this type of treatment could not achieve long-term suppression or fully
treat disease flare-ups, it demonstrated potential clinical significance as a transi-
tional treatment.

Cytocompatibility and biocompatibility of P-sponge and DTME

The coculture results of the P-sponge with C2C12 cells showed no sig-
nificant cell death in either the control or P-sponge groups (Figures 6A
and 6B). Cell viability of the P-sponge group showed no significant differ-
ence compared to the control group. After 72 h of coculture, cell viability
in the P-sponge group significantly increased compared to 24 h, indicating
the good cytocompatibility of the P-sponge (Figure 6C). A similar experi-
ment was conducted to assess the cytocompatibility of DTMEs. The
DTME group exhibited fewer dead cells compared to the control group,
with overall cell growth remaining robust (Figures 6D and 6E). Although
the DTME group showed slightly lower average cell viability relative to
the control group, statistical analysis revealed no significant difference,
and cell viability significantly increased after 72 h compared to 24 h (Fig-
ure 6F). To evaluate biocompatibility, the P-sponge and multichannel
DTME were implanted into rats. Hematoxylin and eosin (H&E) and Masson
staining of tissue samples collected 4 weeks post-implantation showed
that the tissues surrounding the P-sponge and DTME exhibited no signifi-
cant inflammatory reactions or fibrosis, similar to the control group (Fig-
ure 6G). These findings indicate that the long-term implantation of the
DTME and P-sponge in animals did not provoke a strong foreign body re-

action. Combined with the results of cellular experiments, it was evident
that both the DTME and P-sponge can be safely used as implants in ani-
mals for extended periods of time.

DISCUSSION AND CONCLUSION

In this study, we introduced a biodegradable, multifunctional flexible array elec-
trode system designed for integrated diagnostics and therapeutics, combining
drug delivery with bioelectrical signal acquisition. The system is primarily con-
structed from biodegradable PLA and Mg foil, ensuring mechanical compatibility
while minimizing potential tissue damage. Unlike conventional drug-carrying
coatings or hydrogels, which may pose a risk of drug leakage, our system em-
ploys an Mg valve that ensures zero leakage over a period of time by sealing
the drug storage chamber. Upon electrical stimulation, the anodic Mg valve
rapidly reacts with the stored water in the P-sponge, corroding and opening
the valve, leading to drug release. Although the limited water within the
P-sponge could only slightly and partly open the valve, natural corrosion facili-
tated by abundant moisture from the surrounding tissue or environment or accel-
erated by electrical stimulation could eventually lead to the complete opening of
the valve. We also introduced the P-sponge, a material with high electrical con-
ductivity that enhances mechanical compatibility and signal stability while mini-
mizing tissue damage, thereby optimizing diagnostic outcomes. In vitro experi-
ments demonstrated the DTME's capability for controlled drug release, while
in vivo animal studies validated its effectiveness in drug delivery and real-time
monitoring. The DTME exhibited integrated diagnostic and therapeutic
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capabilities, particularly in the management of acute conditions. Both Mg and
PLA materials are degradable, and the overall degradation rate of the system
can be adjusted by varying the molecular weight of PLA and the thickness of
the Mg foil, allowing for control over the system's operational duration and degra-
dation cycle. The modular design supports personalized customization, enabling
DTMEs be tailored to specific clinical needs by adjusting channels, electrode
sizes, and drug types. This system offers several advantages, including a simpli-
fied structural design, cost-effective fabrication, and compatibility with main-
stream physiological devices, making it accessible even in resource-limited
settings.

Although the system integrated both drug delivery and signal acquisition func-
tions, the use of biodegradable materials posed challenges to the in vivo stability
of DTME, limiting its suitability for long-term implantation. The higher potential of
materials like PEDOT, conductive adhesive, and the connecting wires further di-
minishes the control capacity of the valve and the recording capability of the elec-
trodes in practical long-term applications. Therefore, finding the optimal balance
between degradability and performance stability is crucial for implantable flexible

electrodes. To mitigate these issues, using a more stable metal like gold foil in
place of Mg or applying surface treatment techniques to enhance the corrosion
resistance and conductivity of Mg could be an effective strategy. Additionally,
employing encapsulation materials with longer degradation cycles, more stable
biodegradable conductive polymers, and electrically responsive sponges capable
of multiple administrations can enhance the feedback modulation capabilities of
DTMEs. Moreover, while the convergence of drug delivery and signal acquisition
functions at the same site enhances integration, it compromises the precision of
each function. Although the complete triggering of the valve and drug release can
be independently achieved by adjusting the diameter and thickness of the drug-
loaded pores, under conditions that also ensure good flexibility, the system can
only slightly trigger the valve and drug release. Complete valve activation and
drug release still depend on moisture provided by the external environment.
Consequently, enhancing the structure of drug-loading sites is imperative to
improve the flexibility and drug delivery capability of DTMEs. The series-con-
nected valves, designed to reduce the number of control wires, have compro-
mised the system’s control precision. Therefore, optimizing the electrode array
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design is essential to addressing the challenges of valve series connection and
mitigating cross-talk between recording electrodes. The lack of adhesion not
only reduces the system's ability to collect signals from moving tissue surfaces
but also increases the difficulty of securing to static tissue. Developing degrad-
able adhesive encapsulation materials and electrodes could enhance its applica-
bility. While electrophysiological signals can be used to assess disease progres-
sion, their variability due to individual differences and various influencing factors
can complicate interpretation. Therefore, establishing a standardized evaluation
system is essential for accurately determining the severity of disease onset and
the extent of recovery.

Moreover, expanding the capabilities of the P-sponge to include sensing func-
tions for pH, temperature, glucose, and other signals within the DTI device would
enable a more comprehensive approach to diagnosis and treatment, addressing
complex clinical needs. DTME devices hold significant promise as tools for tele-
medicine, supporting physicians in remote patient monitoring and enabling
timely interventions, thus offering a novel avenue for disease management.
Furthermore, integrating DTMEs with wireless-powered devices and chips would
enable closed-loop processing capabilities, facilitating real-time disease moni-
toring and personalized treatment without continuous intervention from physi-
cians and patients.

MATERIALS AND METHODS
See the supplemental information for details.
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