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Abstract
Pulsatile drug delivery, in which rapid drug release is separated by defined lag periods, offers significant therapeutic advan‐
tages but is limited by the need for repeated injections and poor patient adherence. Here, we introduce the fused device 
(FUSED), a subcutaneous system enabling programmed multidose drug delivery through a single implantation. FUSED com‐
prises paired delay and shot units that regulate dosing intervals and trigger pulsatile drug release, respectively. After implan‐
tation, body fluids gradually dissolve the microfuse in each delay unit, with the delay duration determined by fuse length. 
Once fluid reaches a shot unit, an effervescent reaction is initiated, producing rapid drug release. In vitro and in vivo evalua‐
tions demonstrated precise pulsatile release of the model antigen ovalbumin, effectively reproducing prime–boost vaccina‐
tion timing and eliciting the corresponding immune response. These results suggest that FUSED may provide a viable alter‐
native to repeated injections and improve adherence in multidose therapeutic regimens.
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1　Introduction

In many therapeutic settings, certain diseases and physi‐
ological processes require drug administration at specific 
time points rather than maintenance of a constant systemic 
concentration to improve efficacy or minimize adverse ef‐
fects. Pulsatile drug delivery, defined by rapid drug release 
interspersed with predetermined lag phases, can better syn‐
chronize with biological rhythms or time-dependent symp‐
tom onset. Accordingly, this approach has demonstrated ad‐
vantages in applications such as vaccination, hormone 
therapy, treatment of psychotic disorders, and chrono‐
therapy [1‒7]. However, pulsatile delivery commonly relies 
on repeated injections administered at scheduled intervals, 
necessitating high patient adherence and/or involvement of 
trained healthcare personnel [8‒11]. These requirements 
present substantial barriers to effective treatment, particu‐
larly for nonadherent populations and in resource-limited or 
remote settings [12].

To overcome these limitations, implantable devices ca‐
pable of multidose drug delivery at predefined time points 
have been proposed as a promising alternative [13]. For 
clinical effectiveness, a single implantation must enable pul‐
satile drug release at multiple, preprogrammed intervals, 
thereby replicating conventional dosing regimens and opti‐
mizing therapeutic outcomes. Accordingly, a range of im‐
plantable systems—many based on microelectromechanical 
systems (MEMS)—have been developed that employ 
stimulus-responsive release mechanisms. These devices 
trigger drug release in response to external cues such as 
light [14, 15], magnetic fields [16, 17], wireless signals [18, 19], 
or ultrasound [20]. However, such approaches either require 
integrated electronic components, which increase device 
size, complexity, and cost, or depend on external stimula‐
tion equipment, thereby reducing patient convenience and 
overall practicality [21, 22].

Alternatively, implantable devices with core–shell struc‐
tures have been proposed, in which the core contains the 
drug and the shell—composed of biocompatible polymers—
encapsulates the drug [23‒26]. In these systems, the poly‐
mer shell functions as a temporary barrier, delaying the on‐
set of drug release as body fluids gradually dissolve or de‐
grade the shell until the drug-containing core is exposed. 
This design allows for control over the interval between 
drug administrations. However, the polymer shell also acts 
as a diffusion barrier, leading to increasingly sustained drug 
release as the programmed interval lengthens. Conse‐
quently, achieving rapid and discrete pulsatile release at the 
intended dosing time becomes impractical, resulting in al‐
tered pharmacokinetics due to deviations from the intended 
dosing regimen [27].

To overcome these limitations, we propose an implant‐
able device incorporating precisely tuned microfuses and 

actuators—hereafter termed the fused device (FUSED)—
that enables multiple pulsatile drug releases exclusively at 
preprogrammed time points. FUSED consists of two pri‐
mary functional units arranged in series: a delay unit and a 
shot unit. The delay unit houses a time-delay microfuse, 
while the shot unit contains a drug reservoir and an actuator.

In this study, we developed a FUSED comprising three 
discrete delay–shot unit pairs, each loaded with the model 
antigen ovalbumin (OVA), to assess the feasibility of deliv‐
ering multiple pulsatile doses at predefined intervals. The 
delay units were engineered with microfuses of different 
lengths to enable autonomous drug release on Days 0, 7, and 
28 after implantation, thereby recapitulating standard vacci‐
nation schedules used for infectious diseases such as rabies, 
hepatitis, and Japanese encephalitis [28–30]. To establish 
the required delay durations, delay units incorporating micro‐
fuses of varying lengths were first characterized under in vitro 
conditions. The selected configurations were then integrated 
into a single FUSED for subsequent in vivo evaluation.

2　Experimental section

2.1　Materials

Veroclear and SUP706 resins for three-dimensional (3D) 
printing were purchased from Stratasys (Rehovot, Israel). 
Medical-grade epoxy (EPO-TEK® 301-2) and a titanium 
membrane (2-µm thickness) were obtained from Epoxy 
Technology (Billerica, MA, USA) and Nilaco (Tokyo, 
Japan), respectively. Medical-grade stainless-steel plates 
(SUS316L) were purchased from SKB TECH (Ulsan, Re‐
public of Korea), and polymethyl methacrylate (PMMA) 
plates were obtained from ENGP (Incheon, Republic of Ko‐
rea). Polyethylene glycol (PEG; average molecular weight: 
35 kDa), fluorescein sodium salt, sodium bicarbonate, poly‐
vinyl alcohol (PVA), and OVA (lyophilized powder, >98%) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ascorbic acid and starch were obtained from Daejung 
Chemicals (Siheung, Republic of Korea) and Colorcon 
(Harleysville, PA, USA), respectively. Formalin was pur‐
chased from Thermo Fisher Scientific (Waltham, MA, 
USA). Ideal 9144 silicone tape was obtained from Ameri‐
can Biltrite (Wellesley Hills, MA, USA). L929 cells were 
obtained from the Korea Cell Line Bank (Seoul, Republic 
of Korea). A rat OVA-specific immunoglobulin G (IgG) 
enzyme-linked immunosorbent assay (ELISA) kit was pur‐
chased from FineTest (Hubei, China).

2.2　FUSED fabrication

The individual components of FUSED were designed using 
Autodesk Fusion 360 (Autodesk, Mill Valley, CA, USA) 
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and fabricated using a 3D printer (Object30 Pro, Stratasys, 
Rehovot, Israel). The printed parts were assembled with 
medical-grade epoxy, as shown in Fig. 1a. To fabricate the 
delay unit, a microfuse pattern was laser-etched onto the top 
surface of a PMMA plate (8-mm diameter and 1-mm thick‐
ness) using a CO2 laser system (Universal Laser ILS12.150
D, Universal Laser Systems, Scottsdale, AZ, USA). The 
microfuse channel was etched at a scanning speed of 
500 mm/s and a laser power of 84 W. A central through-
hole was subsequently formed at a scanning speed of 
100 mm/s and a laser power of 72 W. The patterned 
PMMA plate was bonded to the bottom cover, after which 
the microfuse channel and through-hole were filled with 
molten PEG, a biocompatible polymer [31, 32], using a 
syringe at 100 °C. The assembled unit was placed in an 
oven overnight to allow the PEG to cool to 25 °C and 
solidify. Subsequently, a permeable film and a unit connec‐
tor were attached to the underside of the bottom cover. The 
top surface of the microfuse was then sealed with Ideal 
9144 silicone tape, leaving the microfuse opening exposed 
(Fig. S1 in the supplementary information). In this study, 
four types of delay units—designated MFX, MF0, MF90, 
and MF270—were fabricated, each distinguished by a 

different microfuse length. The selected lengths were ini‐
tially determined based on our previous studies [33‒35].

For the shot unit, an inflatable membrane was fabricated 
by thermoforming a 0.2-mm-thick polyurethane film at 
100 °C for 10 min into a convex geometry and subsequently 
bonding it to an air chamber. A needle holder was mounted 
on the inflatable membrane, into which a needle tip (1.1-mm 
length) was securely fixed. A test compound—either fluo‐
rescein (20 mg/mL) or OVA (2 mg/mL)—was dissolved in 
an aqueous 2% (20 g/L) PVA solution. A 5-µL aliquot of 
this solution was dispensed into the concave space above 
the inflatable membrane and freeze-dried overnight 
(model 793404, Labconco, Kansas City, MO, USA) to 
form the drug reservoir. An effervescent tablet (2.8-mm di‐
ameter and 0.8-mm height) was prepared by compressing 
a powder mixture of ascorbic acid, sodium bicarbonate, 
and starch (binder) at a weight ratio of 1∶1∶0.4 (ascorbic 
acid:sodium bicarbonate:starch). The effervescent tablet 
was placed within an effervescent container. The drug res‐
ervoir and effervescent container were then integrated into 
the device housing, and the reservoir was sealed with a 
sealing membrane and top cover. Finally, the delay and 
shot units were joined and bonded via the unit connector at 

Fig. 1  Design of FUSED and its components. (a) Schematic illustration showing an exploded view of a single set composed of a delay unit and 
a shot unit connected in series. (b) Optical images of the drug reservoir, an individual set, and a complete FUSED device assembled with three 
distinct sets. L: height of a set; D: diameter of a set
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the permeable-membrane interface to form a single func‐
tional set. Multiple such sets were subsequently connected 
in series to fabricate the final FUSED device.

2.3　In vitro performance testing

To evaluate device performance under in vitro conditions, 
either a single set or a complete FUSED device loaded with 
fluorescein was fully immersed in phosphate-buffered sa‐
line (PBS; pH 7.4) at 37 °C. Immersion volumes were 5 mL 
for a single set and 15 mL for the full FUSED device. To 
determine the onset day of drug release, a fixed volume of 
PBS (2.5 mL for a single set and 10 mL for FUSED) was 
collected once daily and replaced with an equal volume of 
fresh PBS. Collected samples were analyzed using an 
ultraviolet–visible (UV–vis) spectrophotometer (UV-1800, 
Shimadzu, Kyoto, Japan) at 321 nm to quantify released 
fluorescein. The onset day of drug release was defined as 
the time point at which a stepwise increase in cumulative re‐
lease, comparable to the dose loaded in a single set, was ob‐
served. The release interval was defined as the elapsed time 
between two successive onset days. Five individual sets 
were tested for each microfuse type, and five complete 
FUSED devices were evaluated. To characterize immediate 
in vitro drug release following actuation, five MFX sets 
(i.e., shot units lacking a microfuse) were individually im‐
mersed in 5 mL of PBS (pH 7.4) at 37 °C. At 10-min inter‐
vals, 2.5 mL of the release medium was collected and re‐
placed with an equal volume of fresh PBS.

2.4　Cytotoxicity

To evaluate the biocompatibility of FUSED, an indirect 
cytotoxicity assay was conducted as previously de‐
scribed [35, 36]. A blank FUSED device, sterilized with eth‐
ylene oxide, was fully immersed in 4 mL of culture medium 
(RPMI 1640 supplemented with 10% fetal bovine serum, 
100 U/mL penicillin, and 100 µg/mL streptomycin) and in‐
cubated at 37 °C in a humidified atmosphere containing 5% 
CO2 for 28 d. At predetermined time points, the extraction 
medium was completely collected and replaced with an 
equal volume of fresh medium. The collected extracts were 
used to assess cytotoxicity in L929 mouse fibroblast cells. 
Briefly, 1.0×104 cells were seeded into each well of a 
96-well plate and incubated at 37 °C under 5% CO2 for 24 h. 
Subsequently, 100 µL of the collected extraction medium 
was added to each well and incubated for an additional 
24 h. The medium was then replaced with fresh medium, 
followed by the addition of 10 µL of EZ-Cytox reagent and 
incubation for 2 h. Absorbance was measured at 450 and 
600 nm using a microplate reader (SpectraMax 190, Mo‐
lecular Devices, San Jose, CA, USA). Cell viability was cal‐
culated as follows:

Cell viability = A450t − A600t
A450ut − A600ut

× 100%, (1)

where A450t and A600t represent the absorbance of treated 
wells at 450  nm and 600  nm, respectively, and A450ut and 
A600ut represent the absorbance of untreated control wells at 
450 nm and 600 nm, respectively [36].

2.5　In vivo performance test

All animal experiments were performed using 7-week-old 
male Sprague–Dawley rats (Orient Bio, Seongnam, Repub‐
lic of Korea) in accordance with institutional guidelines ap‐
proved by the Institutional Animal Care and Use Commit‐
tee of the Seoul National University Hospital Biomedical 
Research Institute (IACUC number: 23-0048-S1A1). Ani‐
mals were housed in a pathogen-free facility under con‐
trolled temperature and humidity conditions with a 12:12 h 
light/dark cycle. Prior to implantation, all FUSED devices 
were sterilized using ethylene oxide gas and implanted into 
subcutaneous pockets, as shown in Fig. S2 (supplementary 
information).

To monitor in vivo actuation of FUSED, micro-computed 
tomography (micro-CT) images were acquired every 2 d 
after implantation (Quantum GX2, PerkinElmer, Waltham, 
MA, USA). For imaging, rats were anesthetized via intra‐
peritoneal injection of alfaxalone (10 mg/kg) and xylazine 
(5 mg/kg) [37]. The implantation sites were scanned using 
an X-ray source voltage of 90 kV and a current of 88 µA. 
Tomographic datasets were acquired and reconstructed us‐
ing Quantum GX2 image analysis software (PerkinElmer). 
Needle position was monitored in cross-sectional images of 
the implanted FUSED devices; upward displacement from 
the initial position indicated rupture of the sealing mem‐
brane and was defined as the onset of drug release. To 
evaluate the immunization efficacy of FUSED, rats were 
randomly assigned to three experimental groups: (1) an 
OVA injection group (n=3), in which rats received subcuta‐
neous OVA injections; (2) an OVA-loaded FUSED group 
(n=5), in which rats were implanted with FUSED devices 
containing OVA; (3) a blank FUSED group (n=3), in which 
rats were implanted with FUSED devices without OVA. 
Each set within the OVA-loaded FUSED contained 10 µg 
of OVA. Rats in the OVA injection group received 10 µg of 
OVA via subcutaneous injection on Days 1, 7, and 25, 
whereas animals in the OVA-loaded FUSED and blank 
FUSED implantation groups received no additional treat‐
ment after implantation. For all groups, 1 mL of blood 
was collected from the lateral tail vein using heparin-
coated hematocrit tubes (Kimble-Chase, Vineland, NJ, 
USA) on Days 0, 7, 9, 14, 21, and 28. Blood samples 
were centrifuged at 2000 r/min for 10 min to isolate serum, 
which was subsequently stored at −20 °C until further 
analysis [38].
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Total OVA-specific IgG levels in serum were quantified 
using a commercial ELISA kit (FineTest, Hubei, China). 
Briefly, antigen-precoated 96-well plates were washed twice 
with wash buffer, after which 100 μL of prepared standards 
or diluted serum samples were added to each well. Plates 
were sealed and incubated at 37 °C for 90 min. After three 
washes, 100 μL of horseradish peroxidase-conjugated anti‐
body working solution was added to each well, and the 
plates were incubated for an additional 30 min at 37 °C. 
Plates were then washed five times, and 90 μL of 3,3',5,5'-
tetramethylbenzidine (TMB) substrate solution was added. 
After incubation for 15 min at 37 °C, the reaction was ter‐
minated by adding 50 μL of TMB stop solution. Optical 
density at 450 nm (OD450) was immediately measured us‐
ing a microplate reader. Antibody titers were expressed as 
the log2 value of the dilution factor corresponding to the 
lowest concentration that produced an OD450 exceeding 
that of the blank control. Each sample was analyzed in du‐
plicate to minimize experimental variability.

2.6　Histology

For histopathological analysis, animals implanted with 
OVA-loaded FUSED devices were euthanized by CO2 inha‐
lation at the end of the study. Tissues surrounding the im‐
plants were harvested, fixed in 4% paraformaldehyde for 
24 h, and embedded in paraffin. Paraffin blocks were sec‐
tioned into 4-µm-thick slices and stained with hematoxylin 
and eosin (H&E). Stained sections were examined by a pro‐
fessional pathologist (C. L.) using an optical microscope 
(BX53, Olympus, Tokyo, Japan).

2.7　Statistical analysis

Data are presented as mean±standard deviation. Statistical 
analyses were conducted using GraphPad Prism 7 (Graph‐
Pad Software, San Diego, CA, USA). Differences among 
groups were assessed by two-way analysis of variance with 
repeated measures. Statistical significance was defined as 
p<0.0001.

3　Results

3.1　FUSED fabrication and working principles

In this study, FUSED was fabricated by assembling mul‐
tiple cylindrical sets, each comprising a delay unit and a 
shot unit connected in series (Fig. 1). All components were 
designed and fabricated via 3D printing (Object30 Pro, Stra‐
tasys). Within the shot unit, a dry OVA formulation (10 µg) 
was loaded into the drug reservoir, which was hermetically 
sealed at the top with a 2-µm-thick titanium membrane. The 

actuator was separated from the reservoir by a polyurethane 
inflatable membrane, to which a needle was attached and 
positioned within the reservoir. In the unactuated state, the 
inflatable membrane remained relaxed, maintaining separa‐
tion between the needle tip and the sealing membrane to 
prevent drug release. Beneath the inflatable membrane, an 
air chamber was connected to an effervescent container 
housing a tablet composed of ascorbic acid and sodium bi‐
carbonate. Upon contact with water, ascorbic acid dissolved 
to form an acidic solution, which reacted with sodium bicar‐
bonate to generate CO2 gas [39, 40].

In the delay unit, a microfuse was patterned on the sur‐
face of a plate, and a central through-hole was fabricated; 
both features were filled with PEG. The top surface of the 
plate was sealed with a silicone tape containing an opening 
aligned with the initial point of the microfuse, enabling con‐
trolled water infiltration. A permeable film was positioned 
at the interface between the delay and shot units to allow 
water access to the effervescent formulation while prevent‐
ing backflow of generated gas. In this study, a single set 
measured 8.5 mm in diameter and 9.8 mm in length. Ac‐
cordingly, the representative FUSED device comprised 
three sets connected in series, yielding an overall diameter 
of 8.5 mm and a length of 29.4 mm.

Figure 2a illustrates the working principle of the delay 
unit. When water reaches the inlet opening, it infiltrates 
through the microfuse by gradually dissolving the PEG, pro‐
gressing toward the central through-hole. The microfuse has 
a cross-sectional area of 0.037 μm2, whereas the cross-
sectional area of the central through-hole is substantially 
larger (0.79 mm2). As a result, water infiltration through the 
microfuse dominates the delay process, whereas transport 
through the through-hole contributes negligibly to the over‐
all delay. To modulate the delay duration, we designed four 
different types of delay units, as shown in Fig. 2b: MFX, 
MF0, MF90, and MF270. The MFX contained only a cen‐
tral through-hole and no microfuse. In MF0, the microfuse 
extended radially outward from the center. In MF90 and 
MF270, the microfuse initially extended radially from the 

Fig. 2  Schematic description of the delay units. (a) Water infiltration 
process through a microfuse. (b) Four types of delay units with differ‐
ent programmed delay times fabricated in this study

603



Bio-Design and Manufacturing (2026) 9:599–611

center and then followed the circular perimeter to angles of 
90° and 270°, respectively.

A delay unit combined with the shot unit formed a single 
set, and a FUSED composed of multiple sets connected in 
series is shown in Fig. 3a. Following subcutaneous implan‐
tation, body fluid infiltrates the microfuse of Set 1, trigger‐
ing the programmed time delay (Fig. 3b). The fluid subse‐
quently passes through the permeable film and contacts the 
effervescent tablet, initiating dissolution and CO2 gas gen‐
eration (Fig. 3c). Gas generation increases pressure within 
the air chamber, causing the inflatable membrane to expand 
and the needle to be displaced upward, rupturing the sealing 
membrane (Fig. 3d). Body fluid then enters the drug reser‐
voir, rapidly dissolving the dry drug formulation and releasing 

the resulting solution into the surrounding tissue (Fig. 3e). 
Concurrently, body fluid within the drug reservoir begins to 
infiltrate the microfuse opening of Set 2, thereby initiating 
the same sequence of events (Fig. 3f). Accordingly, each re‐
lease interval can be independently programmed through 
the specific microfuse design of each set. Rapid and dis‐
crete pulsatile drug release is achieved through swift expo‐
sure of the drug reservoir to body fluid following mechani‐
cal rupture of the sealing membrane by the actuator.

3.2　In vitro performance

To evaluate the performance of the delay and shot units, 
four types of sets were prepared, each comprising a shot 
unit connected to a delay unit with one of four microfuse 

Fig. 3  Schematic illustration of the working principle of FUSED, shown as a cross-sectional view of two sets connected in series. (a) Before wa‐
ter infiltration, the inflatable membrane remains relaxed, and the needle does not contact the sealing membrane. (b) After implantation, body fluid 
infiltrates the microfuse, creating a programmed time delay. (c) When body fluid reaches the effervescent tablet, CO2 gas is generated. (d) The 
resulting pressure increase expands the inflatable membrane, driving the needle to rupture the sealing membrane. (e) When body fluid reaches 
the drug reservoir, it dissolves the drug and enables its release through the ruptured sealing membrane. (f) Body fluid within the drug reservoir 
of Set 1 subsequently infiltrates the microfuse of Set 2, initiating the next release cycle
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configurations: MFX, MF0, MF90, or MF270 (Fig. 2b). 
Each set was loaded with fluorescein as a model compound 
and immersed in PBS (pH 7.4) at 37 °C. Figure 4a shows 
the onset time of drug release, measured across five inde‐
pendent sets for each microfuse configuration. As the micro‐
fuse length increased, the onset time of dye release corre‐
spondingly increased [33, 34, 36]. At each onset time, rup‐
ture of the sealing membrane was observed for all device 
configurations (see also Sect. S1 in the supplementary 
information).

Specifically, the mean onset time for the MFX, MF0, 
MF90, and MF270 sets was 0, (4.0±0.71), (8.2±0.45), and 
(16.6±0.89) d, respectively. Variability among the five sets 
within each configuration was minimal, with all onset times 
falling within ±1 d of the median. For the MFX set, which 
lacked a microfuse, the sealing membrane ruptured within 
1 h, and complete drug release occurred within the subse‐
quent hour (Fig. 4b). This release profile confirms the rapid 
and discrete pulsatile drug release driven by the actuator 
within the shot unit.

In this study, we aimed to demonstrate pulsatile drug de‐
livery using FUSED by administering an antigen in mul‐
tiple discrete doses at preprogrammed time points. To guide 
device design, we referenced established vaccination sched‐
ules requiring three doses on Days 0, 7, and 28 [30, 41]. 
This regimen entails two dosing intervals: approximately 
7 d between the first and second doses and 21 d between 
the second and third doses. Accordingly, FUSED was con‐
figured with three serially connected sets incorporating 
MFX, MF90, and MF270 delay units, providing approxi‐
mate delays of 0, 8, and 17 d, respectively (Fig. 4a). When 
connected in series, these delays accumulated sequentially, 
yielding expected antigen release on Days 0, 8, and 25.

As shown in Fig. 4c, all five FUSED devices fabricated 
in this study exhibited three distinct pulsatile drug release 
events occurring on Days 0, 9.2±0.44, and 27.2±1.64, re‐
spectively. The corresponding intervals between releases 
were (9.2±0.44) and (18.0±1.22) d, which closely matched 
the delays predicted for the MF90 and MF270 units, respec‐
tively. Variability in pulsatile release timing was minimal, 

Fig. 4  In vitro performance of sets incorporating four different microfuse configurations. (a) Onset days of drug release were measured from 
five independent sets for each microfuse type. (b) Drug release profile obtained from the MFX set immediately after actuation. Error bars repre‐
sent the standard deviation (n=5). Onset days of drug release (c) and intervals between successive release events (d) from five FUSED devices 
assembled by serially connecting MFX, MF90, and MF270 sets
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with all values falling within ±2 d of the median. The sec‐
ond and third release times observed for the three-set 
FUSED devices (Figs. 4c and 4d) were slightly longer than 
those measured using individual sets (Fig. 4a). This differ‐
ence is likely attributable to additional resistance to water 
diffusion through the upstream sets, even after their micro‐
fuse channels have opened. Such effects can be accommo‐
dated in future FUSED designs by proportionally reducing 
the length of the corresponding microfuse channels.

Prior to the in vivo experiments, the cytotoxicity of 
FUSED devices was evaluated by exposing L929 fibroblast 
cells to the extraction medium in which the devices had 
been immersed [35, 36]. No cytotoxic effects were ob‐
served, confirming the biocompatibility of the devices 
(Fig. S3 in the supplementary information).

3.3　In vivo performance

To assess the in vivo performance of multiple pulsatile drug 
deliveries, FUSED devices with each shot unit loaded with 
OVA (10 µg) were subcutaneously implanted in rats (Fig. S2 
in the supplementary information). At predetermined time 
points, actuation of each shot unit was monitored via needle 
displacement using micro-CT imaging (Quantum GX2, 
PerkinElmer). Upward movement of the needle indicated 
rupture of the sealing membrane and the onset of drug re‐
lease. As shown in Fig. 5a, immediately after implantation 
(Day 0), the needles in all three sets remained in their initial 
positions beneath the sealing membrane. On Day 1, upward 
displacement of the needle was observed in Set 1, which 
contained the MFX delay unit, whereas the needles in Sets 
2 and 3 remained stationary. Subsequent needle movements 
occurred on Days 7 and 25 for Sets 2 and 3, respectively. 
These in vivo actuation time points closely corresponded to 
the pulsatile release events observed in vitro (Fig. 4), al‐
though the delays were slightly shorter for the three-set 
FUSED device. This discrepancy may reflect differences in 
microfuse dissolution kinetics between PBS used in vitro 
and subcutaneous body fluid in vivo.

The in vivo pharmacodynamic efficacy of OVA delivery 
via FUSED was further assessed by measuring OVA-specific 
IgG titers [42, 43]. Responses were compared with those in 
rats receiving multiple subcutaneous injections of the same 
OVA dose on Days 1, 7, and 25. As shown in Fig. 5b, a 
single implantation of FUSED elicited robust OVA-specific 
IgG responses, with magnitudes comparable to those 
observed in rats receiving three scheduled subcutaneous 
injections.

In contrast, implantation of a blank FUSED device with‐
out OVA did not elicit any anti-OVA immune response. 
Collectively, these results demonstrate that FUSED can 
effectively replicate a multidose injection regimen through 
a single implantation, underscoring its potential for 

preprogrammed, scheduled drug delivery and vaccination.
To evaluate biocompatibility, tissues surrounding the im‐

planted FUSED devices were harvested after completion of 
drug delivery and analyzed by H&E staining. As shown in 
Fig. 6, FUSED implantation induced a mild inflammatory 
response, accompanied by a fibrotic tissue layer surround‐
ing the device. These responses were consistent with pre‐
viously reported observations for similar implantable de‐
vices [35, 44]. No additional abnormalities were detected, 
in line with the established biocompatibility of the materials 
used in FUSED [32, 45].

Fig. 5  In vivo performance of FUSED devices. (a) Representative 
micro-CT images of FUSED devices at scheduled time points follow‐
ing subcutaneous implantation in rats (n=3). Changes in needle position 
for each set indicate the timing of actuation. (b) Immune responses 
were assessed by measurement of OVA-specific IgG titers in three 
different animal groups: OVA injection (n=3), OVA-loaded FUSED 
(n=5), and blank FUSED (n=3). Error bars represent the standard de‐
viation. ****p<0.0001 indicates a significant difference between 
OVA-loaded FUSED and blank FUSED; NS indicates no significant 
difference between OVA-loaded FUSED and OVA injection
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4　Discussion and conclusions

Certain diseases and conditions require multiple pulsatile 
drug administrations, typically achieved through repeated 
injections at fixed intervals [6, 7]. This approach presents 
substantial challenges related to patient adherence and ac‐
cessibility, particularly due to the need for precise timing 
and reliable administration. A single device capable of de‐
livering multiple drug pulses at predetermined time points 
would therefore offer considerable clinical advantages. Im‐
plantable systems enabling autonomous, time-programmed 
pulsatile drug release represent an attractive solution; how‐
ever, many previously developed devices have exhibited un‐
intended drug leakage between doses or increasingly pro‐
longed release profiles as the intervals between successive 
administrations lengthened [23, 24, 26, 46].

In this study, we introduced an implantable device—
referred to as FUSED—that addresses these limitations 
through precise temporal control of drug release. In 
FUSED, microfuse length governs the time period of water 
infiltration, after which infiltrating water initiates an effer‐
vescent reaction that activates the actuator and ruptures the 
sealing membrane, resulting in rapid bolus release (Figs. 2 
and 3). The rate of water infiltration is controlled by the dis‐
solution of the water-soluble polymer PEG through micro‐
fuses of defined lengths. By serially connecting multiple de‐
lay units, we demonstrated the feasibility of delivering mul‐
tiple drug doses with timing accuracy within ±2 d of the in‐
tended median. Further optimization of microfuse dimen‐
sions or the use of alternative polymers with higher or 
lower resistance to water diffusion could provide broader 
flexibility in modulating the delay between successive drug 
administrations [47‒50].

The tunable microfuse allows customization of the 
FUSED system for applications requiring multiple bolus 
drug administrations over extended intervals, including 
treatments for psychological, immunological, and metabolic 

disorders. For example, to match the administration sched‐
ule of the Bacillus Calmette–Guérin vaccine, used in mela‐
noma treatment and given once weekly for 3 weeks [51], a 
FUSED configuration comprising three sets with MF90 de‐
lay units may be suitable. Similarly, therapeutics such as ali‐
rocumab, tocilizumab, and risperidone, which require mul‐
tiple doses at 1‒2-week intervals, could be delivered using 
MF90 or MF270 delay units to align with optimized dosing 
schedules [52‒54]. By enabling diverse combinations of 
dosing intervals, the modular design of FUSED supports tai‐
lored therapeutic regimens across multiple disease targets. 
This delivery flexibility enhances adaptability and advances 
personalized medicine [55].

The actuator design presented herein enables abrupt rup‐
ture of the sealing membrane, facilitating rapid and discrete 
pulsatile drug release. This behavior is driven by an effer‐
vescent reaction in combination with a specifically engi‐
neered inflatable membrane that serves as a mechanical trig‐
ger. In this system, infiltrating water functions like a burn‐
ing spark traveling along a fuse; upon reaching the efferves‐
cent formulation, CO2 gas is generated and accumulates 
within the air chamber, gradually exerting pressure on the 
inflatable membrane and storing mechanical strain energy. 
Once the accumulated strain energy exceeded a critical 
threshold, the relaxed, concave inflatable membrane rapidly 
transitioned to a convex configuration, releasing the stored 
energy [56, 57]. This rapid mechanical transition generated 
sufficient kinetic energy to propel the attached needle up‐
ward, instantly rupturing the sealing membrane. Subsequent 
inflation of the membrane allowed body fluid to enter the 
drug reservoir, initiating rapid pulsatile drug release [58], 
which was completed within 1 h (Fig. 4b). This release 
behavior contrasts with that of previously reported systems 
designed for multiple drug deliveries at programmed 
intervals, which typically exhibited sustained-release pro‐
files with prolonged release durations between adminis‐
trations [23, 24, 26, 35, 46, 59]. Rapid drug release follow‐
ing membrane rupture is also expected to occur in vivo; 
however, additional studies are required to confirm this be‐
havior under physiological conditions. Notably, actuation of 
the inflatable membrane was governed solely by the pres‐
sure difference between the drug reservoir and the air cham‐
ber within the device, preventing external forces from trig‐
gering unintended needle deployment.

Since body fluid serves as the dissolution medium for 
both actuation and drug release, this design enables the use 
of dry formulations, thereby enhancing the long-term stabil‐
ity required for a broad range of therapeutics [60, 61]. Con‐
sequently, the rapid release kinetics achieved with FUSED 
is expected to preserve the intrinsic pharmacokinetic profile 
of administered drugs, supporting adaptability across di‐
verse disease indications [60, 61]. In addition, the ability of 
FUSED to load dry formulations enables the incorporation 

Fig. 6  Representative hematoxylin and eosin (H&E)-stained histolog‐
ical images of tissues surrounding the FUSED 45 d after implanta‐
tion. Tissue samples were collected adjacent to the sealing mem‐
brane from rats implanted with FUSED devices and examined using 
an optical microscope at 40× (a) and 200× (b) magnification. Aster‐
isks (*) indicate the location of the FUSED. Scale bars: 100 μm
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of sustained-release drug metrics, enabling more precise tai‐
loring of release kinetics to meet therapeutic requirements. 
For instance, by loading a 3-week sustained-release formu‐
lation of progestin and estrogen incorporating a 1-week 
drug-free interval through a delay unit, the FUSED device 
could replicate the pharmacokinetic profile of bihormonal 
contraception. Such a configuration would preserve the 
scheduled hormone-free window and may reduce menstrual 
cycle disruptions commonly associated with continuous hor‐
mone dosing [62, 63].

Although the current FUSED prototype demonstrated ef‐
fective multipulsatile drug delivery (Fig. 5), several en‐
hancements are required to further advance its clinical trans‐
lation. The current FUSED design has dimensions compa‐
rable to those of clinically approved implantable de‐
vices [64, 65]; however, further miniaturization—particu‐
larly a reduction in device diameter—along with improved 
reproducibility of the microfuses would enhance its clinical 
translatability. These improvements could be achieved through 
advanced manufacturing approaches, including microinjec‐
tion molding, hot embossing with wafer-level alignment, 
and MEMS lithography on polymer substrates, which offer 
increased fabrication precision and reproducibility [66‒68]. 
Furthermore, established microfluidic fabrication techniques, 
such as solvent bonding, thermal fusion, and automated as‐
sembly, could be adopted to improve hermetic sealing and 
enhance dimensional stability [66, 69‒71]. Moreover, all 
constituent materials could be substituted with biodegrad‐
able polymers [69, 72] or metals [73] to maintain biocom‐
patibility while eliminating the need for device retrieval.

Effective treatment with multidose regimens requires pre‐
cise control of dosing intervals and rapid drug administra‐
tion at each scheduled time point, ideally via pulsatile re‐
lease. In this study, we demonstrated a subcutaneous im‐
plantable device, FUSED, capable of delivering multiple 
pulsatile drug doses through a single administration. FUSED 
integrates a series of paired delay and shot units, with each 
delay unit containing a microfuse that functions as a pro‐
grammable timer—the microfuse length determining the de‐
lay before body fluid infiltration. Once fluid reaches the 
shot unit, it activates an effervescent actuator that gener‐
ates CO2 gas, triggering rapid drug release at the intended 
time point. Although this study evaluated a model vac‐
cine in a relatively small cohort, FUSED elicited immune 
responses comparable to those achieved with multiple sched‐
uled injections. These results suggest that FUSED may 
provide a promising alternative to conventional drug de‐
livery approaches.

In conclusion, FUSED represents a promising long-acting 
pulsatile drug delivery system with the potential to replace 
multiple bolus injections and improve patient adherence, ul‐
timately contributing to the prevention of millions of fatal 
infections. Moreover, this study establishes a foundation for 

the development of implantable, programmable drug delivery 
systems with broad applications in vaccination and other 
therapeutic areas.
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