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Introduction
Given the precise temporal coordination of natural biological processes, administering therapeutic agents at specific times can be used to enhance efficacy in a range of applications. To achieve such controlled drug delivery, various stimulus-responsive techniques (e.g., ultrasound, temperature changes, and electromagnetic radiation) have been developed. However, many of these current methods exhibit limitations, such as premature leakage prior to stimulus activation or delayed and prolonged responsiveness to stimuli. Our research introduces a soft robotic pressure-actuated drug delivery pump aimed at improving therapeutic efficacy through precisely-timed drug administration.
Methods
This device utilizes silicone – a low-modulus material – for both the therapeutic reservoir and the actuation chamber to create a biocompatible and conformable interface, facilitating controlled drug release and offering the potential to be adapted as an implantable drug delivery system. Two ports in the actuation chamber allow the therapeutic reservoir to be refilled. We actuated the pressure reservoir of the device in the range of 28.5 – 59.8 mmHg and tested: the pressure-dependent release from the device; repeated release; baseline release, and the ability to deliver a wide-range of therapeutics. 
Results
Importantly, the system demonstrated a reliable On/Off mechanism – confirmed by actuating to ∼80% of opening pressure over 5 days – which addresses a key limitation in many existing technologies. In vitro, the device was used to deliver a range of therapeutics and had non-significant differences versus manual delivery of therapeutics in relevant assays: antibiotics (doxycycline; reduced E. coli viability by 49.6% vs. 49.8%); adeno-associated virus (AAV; transduced 73.5% vs. 76.2% of cells); dexamethasone (2D fibroblast scratch wound closure 50.9% vs. 51.0%); and successful delivery of viable cells (viability of 83% vs. 100%). We additionally developed a finite element model to model the pressure/volume release trend, and demonstrated the effect of membrane stiffness on release.
Discussion
Our results demonstrate that the device can consistently administer therapeutics and molecules of various sizes and functions while maintaining their bioactivity, showcasing its potential for repeated, precisely-timed therapeutic delivery.
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1 INTRODUCTION
Biological processes including wound healing, nerve repair, and fracture repair, all follow their own timed healing sequence (Peña and Martin, 2024; Dahlin, 2008; ElHawary et al., 2021). These processes are guided by growth factor signaling and cellular responses, and can be enhanced by delivering exogenous therapeutics (Bi et al., 2008; Ekenseair et al., 2013). When carefully timed, these therapeutics can be used to correct the aberrant natural signaling that causes delayed healing. For example, in the wound healing cascade, when timed steps are delayed due to external factors–such as stress, infection, disease–it can result in chronic wounds (Falanga et al., 2022). For these applications, and many others, timed drug delivery systems are being developed to overcome the limitations of conventional delivery methods (Adepu and Ramakrishna, 2021). These delivery systems have been shown to optimize therapeutic effects, enhance bioavailability, and help reduce the need for larger doses, minimizing side effects associated with off-target drug interactions (Zhao et al., 2020). In particular, stimulus-responsive drug delivery methods have been developed to further enhance control by incorporating triggering mechanisms for timed-control of delivery. These approaches leverage external stimuli, such as ultrasound, temperature, and pH to trigger the release of drugs at set times, dosages and locations (Bordbar-Khiabani and Gasik, 2022; Kohli et al., 2010). However, many of these systems rely on affinity or steric hindrance between the drug and carrier system and, thus, complete drug containment without any low level diffusion prior to release is a challenge (Song et al., 2020; Kubota et al., 2021; Kearney and Mooney, 2013). A second challenge is the ability to reload or restimulate these systems for multiple or longer-term therapy administrations, as temperature, pH, and ultrasound can cause material degradation and instability over time, impacting the long-term durability of these systems (Hibbins et al., 2017; George and Abraham, 2007).
A more recent approach in biomedical engineering involves soft robotic systems. The field of soft robotics integrates low-modulus materials into a system to create a biocompatible interaction with the human body (Lee et al., 2020; Barata et al., 2013). Soft robotics can be precisely controlled and manipulated, allowing for controlled drug release rates, dosage levels, and repeated administration at user-defined times (Whyte et al., 2022; Wallace et al., 2025; Park et al., 2024). Additionally, unlike traditional rigid robotic systems, the ability of soft robots to be positioned in a dynamic environment allows this technology to have the capability to achieve targeted delivery in a wider range of anatomical locations such as the stomach, heart, and peritoneum (Eshaghi et al., 2021; Cianchetti et al., 2018). To date, soft robotics have been explored as ingestible, semi-implantable, or implantable drug delivery systems (Srinivasan et al., 2022; Zhou and Alici, 2022; Heunis et al., 2023; Yim and Sitti, 2012; Beatty et al., 2023; Iacovacci et al., 2021). Each robotic system aims to induce controlled and targeted delivery by being retained at the tissue site, providing tissue specific delivery (Zhou and Alici, 2022; Zhang et al., 2015).
There exists a wide range of therapeutics that would be more effective if they were delivered at the correct time (Mirvakili and Langer, 2021; Brudno and Mooney, 2015). To demonstrate the flexibility of our system, here, we chose to explore a diverse selection of molecules that can potentially benefit wound healing by being delivered at the appropriate time and maintain bioactivity. These include doxycycline, adeno-associated virus (AAV), and dexamethasone. Doxycycline, a small molecule tetracycline antibiotic, is used to treat infections, which are a common challenge in wound healing, particularly in chronic wounds. Doxycycline has also been reported to have additional wound healing benefits, such as anti-scarring (Moore et al., 2020). Additionally, gene therapy is an increasingly explored approach to treat difficult to heal wounds (Shaabani et al., 2022; Karimzadeh et al., 2024). While several viruses are being researched, AAV has emerged as one of the preferred vectors for viral delivery to skin as it is non-integrating and has proven efficacious in pre-clinical models (Agrawal et al., 2004; Ain et al., 2021). Finally, our lab has become increasingly interested in the role of circadian rhythms in wound healing. Circadian rhythms are the natural endogenous 24 h cycles that our bodies and cells experience daily; these rhythms are known to play central roles in many biological processes, including skin wound healing (Jacob et al., 2020; Hoyle et al., 2017). To study these rhythms in vitro, cells need to be carefully synchronized or entrained to a rhythmic signal. Dexamethasone–a glucocorticoid–can be used to synchronize circadian rhythms of cells in in vitro cultures (Pagani et al., 2010; Izumo et al., 2006; Yang et al., 2022).; when dexamethasone is applied to 2D wound scratch assays, the improved wound closure is attributed to circadian rhythm synchronization (Ngo et al., 2019; Beta et al., 2022; Tu et al., 2020; Nakazato et al., 2023).
Here, we focused on a non-implantable device for delivery to wounds due to our longer-term interest in chronic wound healing models. Previously, we reported on a similar soft robotic drug delivery device for local epicardial drug delivery, achieving a reliable On/Off drug release system in response to epicardial ECG using pressure actuation demonstrating the ability of our device to be made implantable (Mendez KL. et al., 2024; Mendez K. et al., 2024). The previous device was manufactured using lost wax casting to generate an actuation element and a drug chamber (Mendez KL. et al., 2024). Following unidirectional actuation and expansion, drug is precisely ejected through a single pore. We demonstrated that by adjusting manufacturing parameters (e.g., elastomer stiffness, pore size, membrane pre-stretch) and/or actuation parameters (e.g., actuation volume, number of cycles), we could tune the amount of drug released (Mendez KL. et al., 2024). Fatigue testing of these devices up to 10,000 cycles at 62.1 kPa did not show any drop off in mechanical reaction, and when subsequently tested for burst pressure, the devices reached a pressure of ∼275 kPa (Mendez KL. et al., 2024).
In this iteration, we adapted the system to connect the drug chamber to a refillable port. The overall objective of our study was to investigate the refillable silicone pump’s ability to release consistent dosages only in response to pressure-input. We additionally tested whether the device could release a range of therapeutics without adversely affecting their efficacy. We show that the pump can deliver a wide range of drugs from small molecules to cells, while still maintaining their bioactivity.
2 MATERIALS AND METHODS
2.1 Characterization of silicone refillable device
2.1.1 Device manufacturing
Devices were manufactured as previously described (Mendez KL. et al., 2024). Briefly, lost wax casting was used to manufacture the actuation element, composed of high stiffness (Smooth-Sil 950; modulus = 1,800 kPa, tensile strength = 5 MPa) in the pressure reservoir, and low stiffness silicone (Ecoflex 00-20; modulus = 55 kPa, tensile strength 1.1 MPa) in the drug reservoir to enable unidirectional actuation expansion. The self-sealing drug reservoir membrane had a single pore created using an 18G hypodermic needle, and two ports to allow for evacuation of the chamber and drug filling.
2.1.2 Device setup, connection and actuation
For each of our release studies, we used the same device setup. The device consists of two reservoirs: an actuation reservoir and a therapy reservoir. The actuation reservoir (Figure 1) is linked to a syringe for pressure modulation (‘pressure inlet’ tube in Figure 1), with the syringe attached to a syringe pump (New Era Pump Systems Inc. #1000) and pressure gauge (Pasco, model PS-3202). The therapy reservoir has two ports: one port (therapy evacuation line) is used to remove air from the chamber to create volume for filling, and the second port (therapy filling line) is used to fill the therapy reservoir chamber. Following loading, the reservoir is sealed off using luer lock valves. This setup facilitates the drug loading, control, and subsequent release of the drug from the device by adding air to the pressure reservoir through the pressure inlet at select volumes, which were measured as pressures (28.5–59.8 mmHg; 200–600 µL actuation volumes; 400 µL = 58 mmHg actuation pressure).
[image: Diagram of a drug delivery device showing components: self-sealing pore, drug reservoir, drug filling port, drug evacuation port, pressure reservoir, and pressure inlet. Three photos below show the device next to a coin (B), with filled drug reservoir (C), and drug pouch protruding (D).]FIGURE 1 | Overview of pump. (A) Schematic identifying the two reservoirs and their connections. Photographs of the device (B) post-manufacturing, (C) drug loaded, and (D) following drug release.To characterize the device, we utilized a known concentration of food dye solution to establish a standard curve to determine volume release in response to pressure. Following a 150 µL volume loading of the therapy reservoir, a syringe pump was used to increase the pressure of the actuation reservoir. These pressures were read by an in-line pressure gauge which identified the pressure range (28.5–59.8 mmHg) for release, and this range was used to trigger release into 1 mL of water. To confirm the absence of leakage between release, we initiated release from the pump at 28.5 mmHg, returned the pressure to 0 mmHg, and then triggered the device once more at 28.5 mmHg. Next, we actuated the device at 28.5 mmHg, 50 mmHg, and 59.8 mmHg (returning to 0 mmHg in between each actuation) to yield three approximately equal partial releases from a single 150 µL fill of the therapy reservoir. To assess the consistency of release across multiple repeat actuations and refillings, we conducted a release assay of 12 consecutive releases at a pressure of 59.8 mmHg.
2.1.3 Robustness testing
To analyze the robustness of the device after repeated cyclical actuation we performed a release/refill test (n = 12 cycles; 1,000 μL actuation with water), subjected the device to 100 complete actuations (1,000 μL) with water, and then repeated the release/refill testing (n = 12 cycles; 1,000 μL actuation with water). Before the test, air was evacuated from both chambers using a syringe. The drug chamber was filled with a fluid containing dye as a drug analog. A stopcock was used to fill the chamber with fluid until it reached pressure equilibrium. Water was used for the actuation chamber. The actuation pressure was applied, drug analog released, and then a stopcock was used to open the system to a reservoir of drug analog for refill. A scale (Sartorius LA120S) was used to measure the release volume. This was repeated 12 times with drug analog in the drug chamber (pre actuation), then 100 times without drug analog (cycling the actuation chamber), and another 12 times with drug analog (post actuation). Care was taken to ensure the membrane was in a neutral position at the start of each experiment.
2.1.4 Baseline release testing
To assess baseline leakage from device we suspended devices containing 10 mg/mL acid red one solution in 20 mL of deionized (DI) water. The devices remained in the solution for 19 h before the first sampling. Then, we sampled 200 μL before and after daily actuation for 5 days, replacing the same volume of DI water after each sample. Devices were actuated in a separate vial to a target pressure of 25 mmHg using air, ∼80% of the device’s opening pressure, and the media sampled. Samples were read on a plate reader at an absorbance of 506 nm and a standard curve was used to calculate the released volume. Two devices were excluded from the experiment due to artifact dye (from luer lock and needle) in the test sample.
2.2 Finite element model for pressure-volume characterization, and device parameter tuning
We conducted a finite element analysis to simulate the device actuation at various pressures, and calculate the corresponding drug release volume, demonstrating refill from a larger reservoir. Abaqus (Dassault Systemes) was used for the analysis with C3D4, four node linear tetrahedron elements (total number of elements was 239,548. The global element size was 0.3 with a refined mesh around the pore (5 seeded elements). The geometry is shown in Figure 3A, and we used a hyperelastic constitutive model. In a series of simulations, we applied an actuation pressure of 40, 50, 60, 70, and 90 mmHg at the deflecting membrane at the base of the drug chamber, causing it to deflect. The simulation failed at 120 mmHg. At the experimentally defined critical opening pressure (see 3.1), we simulated drug release by decreasing the fluid viscous coefficient in a pressure dependent manner (from 1E8 to 400), so that fluid could escape from the pore at a predefined pressure. The interaction property viscous coefficient was set to 450 between the reservoir and the device. Upon fluid release the pressure in the chamber decreases, the pressure load is removed and the membrane deflects back to baseline, drawing fluid in from the reservoir to refill the chamber. To simulate different stiffnesses, the first coefficient of the hyperelastic model was halved, and doubled, and the simulation was repeated.
2.3 Bioactivity studies
2.3.1 Small molecule antibiotic release
Competent Escherichia coli (E. coli) were combined with Luria Broth (LB broth) and allowed to grow in a shaker at 200 rpm and 37 °C for 24 h. Following incubation, e suspension was dispensed into individual wells of 24 well plates and biofilms were allowed to form over 24 h. To determine the ability of our device to release antibiotic, three experimental groups were established: a no treatment group (negative control); a positive control group, where doxycycline (30 μL at a concentration of 1 μg/mL) was manually administered; and a Pump Release group where doxycycline was released from the pump (approximately 30 μL at a concentration of 1 μg/mL doxycycline). Two hours post-antibiotic exposure, Alamar blue (Gibco) was added to the samples to enable the quantification of live cells via fluorescent intensity. Films were imaged in bright field.
2.3.2 Bioactivity of adeno associated virus
HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (High Glucose, L-Glutamine, Sodium Pyruvate) supplemented with 10% Fetal Bovine Serum and 1% Penicillin- Streptomycin. eGFP-AAV (e-GFP = enhanced Green Flourescent Protein) — an adeno associated viral vector that transduces cells to express the green fluorescent protein (VectorBuilder) was used as a model viral vector. When HEK293T cells were cultured and grown to reach a density of 90,000 cells per well, a multiplicity of infection of 1 (MOI 1, i.e., 1 AAV infects each cell on average) was introduced per well using either direct addition or released from the pump. Forty-eight hours following viral administration, the expression of eGFP within the cells was quantified using flow cytometry (LSRFortessa three laser), enabling the assessment of cell transduction. Subsequent analysis of the flow cytometry data was conducted using FlowJo software and sample gating is presented in Supplementary Figure S1.
2.3.3 Dexamethasone delivery in a wound scratch assay
BJ fibroblasts (ATCC, CRL-2522, primary cells) were cultured in Eagle’s Minimum Essential Medium (ATCC) supplemented with 10% Fetal Bovine Serum and 1% Penicillin- Streptomycin. On day 1, fibroblast cells were cultured and seeded at 90 k cells per well in a 6-well plate. On day 5, ∼50 µL dexamethasone stock was released from the pump or delivered manually to give a final concentration of 100 nM dexamethasone in treatment groups. The dexamethasone pulse was left in the wells for 60 min to induce circadian synchronization (Pagani et al., 2010; Izumo et al., 2006; Yang et al., 2022; Ngo et al., 2019; Beta et al., 2022; Tu et al., 2020; Nakazato et al., 2023). Following an 18-h incubation, a vertical scratch was performed with a 200 µL pipette tip. Images were taken immediately after scratch and 12 h later to assess fibroblast regrowth, and the wound area quantified using ImageJ software.
2.4 Biocompatibility test
2.4.1 Silicone pump interfaced with BJ fibroblasts
To assess the biocompatibility of the device, we conducted a viability test on fibroblast cells. Initially, 90 k fibroblast cells were seeded on day 1 in a 6-well plate. On day 3, sterilized pumps were introduced to float over the media. After 24 h, the viability of the cells was quantified using trypan blue (Gibco) with a cell counter (Accuris Instruments Quadcount).
2.4.2 Fibroblast release test from silicone pump
A total of 90 k fibroblast cells were loaded into the pump and released into media-filled wells in a 6-well plate, estimating release of approximately 30 k cells per well. Images were captured every 12 h over a span of 48 h to monitor growth progression. At 48 h, the quantity and viability of cells was measured using trypan blue (Gibco) and a cell counter (Accuris Instruments Quadcount).
2.5 Statistical analysis
The data were graphed as mean ± standard deviation using GraphPad (Prism 10.0) unless otherwise described. For studies with three groups (e.g., no treatment, Positive Control, Treatment with Pump), one-way ANOVA with Holm-Sidak’s multiple comparisons test was used. If cells were treated in two independent groups (e.g., cell viability), an unpaired t-test was used. In graphs, significance is labelled as: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001.
3 RESULTS
3.1 Characterization of silicone refillable device
The device was manufactured to simulate a unidirectional actuation expansion, which can be observed in photographs of the device (Figure 2A). With each increasing pressure trigger, the drug loaded chamber enlarges and when a critical opening threshold is reached drug release occurs. With 150 µL volume therapeutic loading, it was established that the release is initially triggered at 28.5 mmHg, with complete release occurring between 28.5 mmHg and 59.8 mmHg, leaving residue of ∼50 µL in the drug chamber. When the pump was pressure triggered at 28.5 mmHg with a singular 150 µL fill, there was an average volume release of 27.4 µL ± 3.4 µL (Figure 2B). There was no visual evidence of opening of the pump or release at 0 mmHg or when the device was re-actuated back at 28.5 mmHg; the readings at these values were within the fluctuations of the blank values for our plate reader (1.50 µL and 0.37 µL for 0 and 28.5 mmHg, respectively) (Figure 2B). This demonstrated that the pump would not release without a pressure increase beyond the original trigger point. To demonstrate the ability to release volumes within the range of pressures identified for full release (28.5 mmHg–59.8 mmHg), we tuned the pressures to get approximately equal releases at increasing pressures. At 28.5 mmHg, 50 mmHg, and 59.8 mmHg, the volumes released were 31.3 ± 5.7 µL, 31.7 ± 6.3 µL, and 21.4 ± 5.5 µL (when analyzed with One-way ANOVA these differences were not statistically significant) (Figure 2C). Finally, to assess the device’s repeated-release consistency, we measured the release volume at 59.8 mmHg stimulation for up to 12 consecutive releases, with refilling between each pump. This resulted in an average release volume of 82 µL ± 14 µL (when analyzed with One-way ANOVA the differences between repeated actuations were not statistically significant) (Figure 2D). We believe that the variations among test groups is due to fluctuating residual volume within the device over repeated cycles. Drug filling could be more consistently controlled by more accurately controlling filling pressure, as opposed to volume as done here. Thus, as part of the subsequent robustness testing, we used a pressure-controlled strategy to ensure residual volume was accounted for.
[image: Diagram and charts illustrating a device's volume release based on different pressures and durations. (A) Diagram shows device actuation at 28.5, 50.0, and 59.8 mmHg pressures, with images of relaxed and actuated states. (B) Bar chart displays volume released at 28.5 mmHg, showing significant release compared to 0 mmHg. (C) Bar chart compares volumes released at all three pressures. (D) Bar chart shows volume consistency across twelve repetitions. (E) Bar chart for three devices shows volumes pre- and post-actuation. (F) Line chart shows stable baseline volume release over five days.]FIGURE 2 | Characterization and optimization of silicone pump. (A) Images of device in the relaxed and actuated state. Schematic shows the increasing actuation at defined pressures. (B) Volume released when the device is triggered at a set pressure (28.5 mmHg), returned to zero pressure, and re-actuated at 28.5 mmHg without refilling. Between actuation values and following re-actuation, no leakage from the device is observed. (C) Volume released at three increasing pressures (the pressure is reduced to zero between actuations) from one single 150 µL fill of the device. (no significant difference observed). (D) Repetition of release at 58.9 mmHg with refilling between demonstrates consistent release up to 12 repeats. (E) Release volumes from device pre- and post-cyclical actuation (100 cycles). The release/refill testing was run for 12 cycles before and after cyclical actuation (no significant differences observed between pre- and post-actuation groups for any device). (F) Baseline release volume pre- and post-actuation to 25 mmHg (∼80% actuation pressure) for 5 days; for reference the blue shaded area demonstrates the volume released during actuation. While a small amount of release was observed on day 1, all subsequent days had zero values. No significant differences were observed between pre- and post-actuation. Data is presented as mean ± standard deviation, **** = p < 0.0001.3.2 Robustness and baseline release testing
The results (Figure 2E) show that the device (n = 3) could release the same volume for 12 cycles, was robust to multiple cycles of actuation (n = 100), and could release the same volume after cyclical actuation for a further 12 cycles (averages pre–and post–actuation for each device = 73.7 and 81.7 µL; 62.8 and 71.5 µL; 88 and 86 μL; no significant differences between pre- and post-actuation readings). With this strategy to account for equilibrating pressure during refilling, the standard deviations appeared to be reduced for the devices (±6.7, 4.7, 7.0 µL for each device).
When devices were actuated to ∼80% of their opening pressure for five consecutive days, we observed 2 µL of release during the first 19 h of incubation, and 1.7 µL of release following the first actuation (Figure 2F). We note that these readings were just above the sensitivity of our plate reader. Subsequently, release readings were all zero for each reading pre- and post-activation up to the 5 days tested, suggesting a very robust On/Off mechanism for our device.
3.3 Finite element model for pressure-volume characterization, and device parameter tuning
The pressure-volume characterization (Figure 3) shows the pressure/volume release trend. Higher actuation pressures resulted in a higher release volume, with a linear trend (Figure 3C). Increasing the stiffness of the membrane–while maintaining a constant actuation pressure–results in less drug released (Figure 3D). Dimensional and material parameters can be easily varied for optimizing design of the device for a given application. Having established the device’s ability to repeatedly dose a consistent/controlled volume from the device, we next wanted to test the device in vitro in a range of specific biological assays that could have applications in wound healing.
[image: Diagram showing a drug delivery system. (A) Schematic of a device with a reservoir and drug chamber. Pressure is applied to a membrane's base to simulate actuation pressure. (B) Cross-section of finite element model illustrating membrane deflection and fluid drawing mechanisms under pressure. (C) Graph plotting volume released versus pressure, showing a positive correlation. (D) Bar chart comparing volume released with different Ecoflex stiffness multipliers.]FIGURE 3 | Finite element model of device. (A) Set up of geometry and pressure load application. (B) Deformed structural model during pressure application. (C) Pressure-volume relationship from six simulations at indicated pressure. (D) Simulated volume released for changing stiffness, implemented by halving and doubling the first coefficient in the hyperelastic model.3.4 Bioactivity of antibiotic released from pump
As infection is a common challenge in wound healing, we next wanted to determine the ability of the device to deliver a small molecule antibiotic, doxycycline. Doxycycline was released onto E. coli biofilms resulting in decreased viability for both treatment groups (Figure 4A). The manual doxycycline and pump doxycycline groups reduced viability near-identically (49.8% and 49.6%; no significant difference), demonstrating the pump’s ability to deliver a bioactive dose that matches its manually delivered counterpart (Figure 4B). The device reliably delivered the desired antibiotic dose resulting in expected bacterial death matched to controls.
[image: Panel (A) shows three grayscale images labeled "Control," "Manual," and "Pump" demonstrating doxycycline release. The Control image appears more dispersed, while the Manual and Pump images show more uniform patterns. Panel (B) presents a bar graph comparing fluorescent intensity across Control, Manual Release, and Pump Release groups. The Control shows the highest intensity, significantly differing from the other two, indicated by asterisks. The y-axis is labeled "Fluorescent Intensity [AU]" and ranges from zero to twenty-five thousand.]FIGURE 4 | Antibiotics successfully retained bioactivity. (A) Microscope images of E. coli with no antibiotic release, manual release of antibiotic, and pump release of antibiotic (left to right) demonstrating reduction of bacterial load with doxycycline treatment (scale bar = 750 μm). (B) Percent viability of E. coli (as measured by Alamar blue) following treatment demonstrating the efficacy of pump-released antibiotics. Data is presented as mean ± standard deviation, *** = p < 0.001.3.5 Bioactivity of adeno associated virus released from pump
Next, the ability to release a biologically active virus was performed with AAV-GFP. AAV-GFP is often used as a model system to demonstrate transduction potential of a system prior to including therapeutic genes. Here we successfully transduced HEK293T cells with AAV-eGFP (MOI = 1) by both standard manual addition of virus and using pump release of the virus (Figure 5A). When quantified using flow cytometry, the manual control transduced 76.2% ± 11.4% of cells, while the pump transduced 73.5% ± 2.5% (Figure 5B). While both groups were significant versus negative control, there was no significant difference between the manual and pump administration, demonstrating the ability of the pump to successfully release AAV.
[image: Panel A displays microscopy images of cells under three conditions: Control, Manual Released AAV, and Pump Released AAV. Each condition shows DAPI-stained nuclei in blue, eGFP expression in green, and a merged image displaying both. Panel B shows a bar graph comparing the percentage of transduced cells: Control with 0%, Manual Released AAV, and Pump Released AAV with approximately 80% each, with significant differences indicated by asterisks. Scale bar in images is 200 micrometers.]FIGURE 5 | Pump-released virus successfully transduces cells. (A) Representative images demonstrate that groups treated with AAV-eGFP (50 µL AAV-eGFP at MOI = 1) directly added or released from the device transduce HEK293T cells to express eGFP (DAPI, cell nuclei; GFP, green channel; merged, overlay of both channels; scale bar = 200 µm). (B) Quantification of GFP+ cells using flow cytometry demonstrates equal efficacy for manual and pump AAV-eGFP treatment (data is presented as mean ± standard deviation, **** = p < 0.0001).3.6 Bioactivity of circadian synchronizing molecule released from device
While each individual cell in a culture has a circadian rhythm, they are not in synch with other cells in the dish; hence, effects of circadian rhythms are averaged out across the culture in standard conditions. As circadian rhythms play key roles in many biological processes, inducing synchronized rhythms in culture is key to understanding biological processes in more representative models. One drug that can accomplish this is dexamethasone (Dex), a synthetic glucocorticoid that acts like cortisol and facilitates the synchronization of cellular circadian rhythms. Dex has shown to help align biological activities across several cell types, enhancing coordinated responses that are effective in wound healing (Beta et al., 2022; Tu et al., 2020). As the precise timing of Dex delivery is critical, using the pump we demonstrated that a single pulse of Dex was able to enhance wound healing in a 2D BJ Fibroblast scratch assay (Figure 6A). Whereas unsynchronized cells closed wounds by 27.0%, both manual delivery of dexamethasone and pump delivery of dexamethasone significantly enhanced healing versus non-Dex treated controls (51.0% ± 11.2% and 50.9% ± 7.2%, respectively) (Figure 6B). While potential direct effects of dexamethasone cannot be ruled out here, our finding is consistent with others that attributed enhanced wound closure following dexamethasone pulsing to circadian rhythm synchronization (Ngo et al., 2019; Beta et al., 2022; Tu et al., 2020; Nakazato et al., 2023).
[image: Panel (A) shows four microscopic images of wound healing in cell cultures over eighteen hours, comparing initial scratch, untreated, manual dexamethasone (Dex), and pump Dex methods. Panel (B) presents a bar graph indicating wound closure percentages, with manual and pump Dex showing significantly higher closure than the control. Asterisks denote statistical significance.]FIGURE 6 | Pump delivery of dexamethasone to fibroblasts enhances wound healing in a 2-D scratch assay. (A) Images of 2-D scratch assay of fibroblasts immediately post-wounding (t = 0 h) and at 18 h with (manual dex, pump dex) and without (untreated) dexamethasone treatment (scale bar = 750 μm). (B) Quantification of wound closure at 18 h, demonstrating the advantage of dexamethasone addition (mean ± standard deviation; * = p < 0.05).3.7 Biocompatibility of silicone device
Finally, we wanted to examine the device’s ability to deliver cells at defined time points, as well as the biocompatibility of the silicone device. We determined whether cells could be loaded into the device and released by the pumping mechanism by releasing 90 k fibroblasts equally into three well plates (30 k per well). Note that the residual volume in the pump resulted in an estimated ∼20 k cells per well with cells left in the device; for control wells the 90 k cells were distributed evenly across three wells (30 k per well). Visually, images demonstrated cell attachment following release and normal cell growth for 48 h post-release (Figure 7A). When the viability was measured at 48 h post-release, we found the control wells had an average of 46 k cells and the pump released wells had an average of 36 k cells. We attribute this to the lower number of initially seeded cells due to the dead volume (i.e., the volume that stays in the tubing/within the device after complete activation) in our device. Overall, the control wells showed 100% viability, whereas cells in the pump showed non-significant reduction in viability of 83.3% ± 14.4% (Figure 7B).
[image: (A) Six panels showing microscopy images of cells at hours 12, 24, and 36 for both control and pump conditions. (B) Bar graph comparing cell viability after pump release, showing similar percentages for control and pump-released cells. (C) Bar graph displaying cell viability in cultures with and without the pump, also indicating similar viability percentages. Scale bars are present for size reference.]FIGURE 7 | Biocompatibility Test with fibroblasts. (A) Representative images demonstrate cell growth after 12, 24 and 48 h for the control and treatment group after cells were loaded into and released from the pump (Scale bar = 400 μm). (B) Cell viability of the cells measured at 48 h demonstrated BJ Fibroblasts released from the pump remained viable compared to control (n.s. by Student’s t-test). (C) When pumps were suspended in media adjacent to cells for 24 h, cell viability was not affected (n.s. by Student’s t-test).Next, to test the biocompatibility of the device, we placed sterilized pumps in the media of wells containing BJ fibroblast cells for 24 h and subsequently examined their viability. Groups had near identical–and non-significantly different–cell viabilities (control = 93 ± 2%; pump = 91% ± 9%) (Figure 7C). Collectively, these results show that the device is not cytotoxic in the conditions tested, and that the device can release viable cells.
4 DISCUSSION
In this work we present a silicone soft robotic drug delivery device that has a reliable On-Off mechanism with user-defined triggering; controllable dosage release in terms of volume and timing; and the potential for longer-term treatments due to its ability to be refilled and biocompatibility. In addition, we demonstrated the capacity to deliver a range of therapeutics from the device, from small molecule drugs to viruses and cells. We also demonstrated its biocompatibility in vitro. While there are many systems developed for triggered drug delivery using a variety of stimuli, such as light, magnetic simulation, and ultrasound, the majority of these systems depend on affinity between the drug and carrier, and necessitate slow diffusion/degradation rates to limit release during the non-stimulated phase (Kearney and Mooney, 2013; Brudno and Mooney, 2015). As a result, most of these systems have a low, but non-zero, leakage or baseline release during the Off phase, and a less extreme difference between the On versus Off phase. Here, the mechanical control over release–whereby the hole in the silicone drug release chamber is sealed except in the presence of pressure exceeding its critical opening threshold–ensures there is no release until activation. We confirmed this in short term studies and over the course of 5 days when actuating to 80% of the opening pressure. Importantly, we demonstrate that this mechanism is independent of the therapeutic being delivered.
Our device separates the actuation reservoir from the therapy reservoir, which allows for refilling of the drug delivery chamber and separate pneumatic activation. There have been several other approaches and attempts for the use of soft robotics for drug delivery (e.g., Mendez KL. et al., 2024; Yang et al., 2024; Mair et al., 2021; Whyte et al., 2018). Other strategies for soft robotic delivery use non-pneumatic approaches by triggering release by magnetic stimulation or temperature changes. For example, a small microrobot with individual chambers used oscillating magnetic fields and orientation to pull on valves on the individual chambers to release drugs (Yang et al., 2024). Shape-memory polymers have also been used in soft robotic devices to entrap drug cargo and subsequently deform to expose the cargo in response to a temperature change (Heunis et al., 2023). In a previous iteration of the device in the present work, the ability to release drugs at specific timepoints to the surface of the heart, and in response to ECG signals was demonstrated (Mendez KL. et al., 2024; Mendez K. et al., 2024). Other examples of refillable soft-robotic systems use inlet and outlet drug ports in a rigid template with a magnetically-responsive deflective covering that pumps the drug out (So et al., 2014); a refilling port attached to a rate-controlling membrane system for sustained release (Williams et al., 2025); and an implanted programmable microinfusion system that can be refilled with ingested capsules that magnetically reload the robot (Iacovacci et al., 2021). While our system shares some functional similarities with these devices in terms of functionality, it offers a simple manufacturing approach combined with precise triggering. In the present version of the device, refilling ports were added to the device to allow for longer term delivery and/or loading and storage of labile drugs for shorter time periods prior to precise delivery. While the pneumatic approach requires tethering to the activation mechanism, here it allows for precise timing of delivery, and access to refilling.
Under the fabrication conditions used in this study, the device exhibits release in response to trigger pressures within the range of 28.5 mmHg–59.8 mmHg, which can be used in a single pulse full dose release (activating at 59.8 mmHg) or by doing step increases in that range (e.g., we demonstrated 28.5, 50, 59.8 mmHg steps here). Furthermore, the pump demonstrated no signs of leakage between testing intervals, or when it was activated to ∼80% opening pressure for 5 days, proving the effectiveness of its pressure-sensitive valve mechanism. Additionally, consistent volume release was observed over 12 consecutive repeats, demonstrating the device’s potential for temporally sensitive, or repeat-dosing applications. Based on our observations during experimentation, it was clear that an inconsistent residual volume is left in the device. Here, we used volume as the refill measure, since this relates to standard clinical practice (i.e., therapeutic delivery with syringe needles). However, this results in more variation among repeated release due to the fluctuating residual volume within the device over repeated cycles. In a second set of studies (Figure 2E) we implemented a strategy to equilibrate the pressure prior to actuation to account for fluctuations in residual volume. This reduced standard deviations to ∼6 µL suggesting that controlling pressure can increase dosage repeatability of the device. While there was variability in this repeated-triggering study, in future iterations of the device the loading pressure (as opposed to volume) can be controlled which should compensate for fluctuations in residual drug volume in the chamber after release. This ability to reload and trigger repeatedly from the device is a key new feature that is important for long term drug delivery needs.
In an effort to screen the device’s potential for broad applicability, we focused on testing a diverse range of therapeutics all of which have potential use in wound healing. The device successfully released: doxycycline (a small molecule antibiotic), AAV-eGFP (a virus capable of transducing skin cells), dexamethasone (a small molecule glucocorticoid capable of inducing circadian rhythms), and fibroblast cells. Importantly, in all the in vitro assays for these therapeutics, the dose released from the device performed equivalently to the manually delivered doses. Doxycycline is a known antibiotic that is used in wound treatment, and can even be suitable in combination treatments for some drug resistant E. Coli strains (Lai et al., 2016). It has previously been explored for wound healing in drug delivery strategies (Hu et al., 2023) and may additionally have direct (i.e., non-antibacterial) effects on wound healing, such as anti-oxidant, anti-inflammatory, and anti-scarring (Moore et al., 2020; Saliy et al., 2024). While we did not explore all these effects on wound healing here, we successfully demonstrated its antibacterial effects in vitro when released from our pump device.
From a direct signaling perspective, gene therapy is being increasingly explored as a treatment for challenging chronic wounds, and AAV has emerged as a preferred viral vector due its efficacy and non-integrating property (Shaabani et al., 2022; Karimzadeh et al., 2024; Agrawal et al., 2004; Ain et al., 2021). As a proof-of-concept, we delivered AAV encoding for green fluorescent protein, and demonstrated the ability of pump-released AAV to transduce cells equally effectively to manual delivery of the virus.
Next, we delivered dexamethasone successfully from the device, and showed the ability of fibroblast cells to close 2D scratch assays more effectively than non-treated groups. Our lab has become increasingly interested in circadian and biological rhythms, and their role in tissue regeneration (Srinivasan et al., 2022), and one of the key therapeutics used to synchronize circadian rhythms of cells in in vitro cultures is dexamethasone (Pagani et al., 2010; Izumo et al., 2006; Yang et al., 2022). For use in circadian medicine, precise timing of drug treatment is necessary, motivating the testing of the device in a potential circadian application. We note that dexamethasone is also known to have direct effects on fibroblasts, including enhanced proliferation (Li et al., 1998). While future work will fully delineate whether it is a direct effect of dexamethasone, or the induction of a circadian rhythm in these cells, addition of dexamethasone to cultures using the pump accelerated 2D wound closure. This was consistent with others that attributed enhanced wound closure following dexamethasone pulsing to circadian rhythm synchronization (Ngo et al., 2019; Beta et al., 2022; Tu et al., 2020; Nakazato et al., 2023).
Finally, we were able to successfully load fibroblasts into the pump and release them into culture. As fibroblasts are critical cells in wound healing, various modified fibroblasts have been tested in wound healing (e.g. Maione et al., 2015; Shams et al., 2022). The ability to release fibroblasts, and for fibroblast viability to be unaffected by the device’s preseroutnce points to the favorable biocompatibility properties of the device. Overall, these studies demonstrate the potential for this device to be used for precisely timed delivery of a wide range of therapeutics to skin wounds, and highlights its potential–with some modifications for implantation–for other therapeutic applications, such as cardiac, gastrointestinal, peritoneal, and subcutaneous delivery.
To fully realize the potential of this device, further studies and modifications are necessary. First, the long-term stability of various therapeutics, especially those with sensitive storage conditions or shorter shelf-lives (e.g., therapeutics that are normally stored at 4 °C). While this can partially be addressed by the reloading feature of this device, modifications to the therapeutics themselves can be considered, such as carrier materials or excipients. A portable pump system is also necessary for practical translation. As this iteration of the device is planned for use in skin wound healing, it will be superficially placed over the wound, with minimal contact with the wound environment. As there is some dynamic motion, the device would need a rigid housing or backing to protect it during its use. This would be designed to prevent pressure spikes that would cause accidental overdose or leakage of the device. The current actuation pressure of the device (28.5 mmHg) could be further tuned if needed to ensure a sufficient safety margin. Additionally, the refillable feature of this device means the device does not need to be loaded with large volumes all at once, helping to mitigate the concern of other non-refillable drug delivery devices. Notably, in a previous iteration of the device, we did implant a similar but non-refillable version in both rats and pigs, where it was used to read electrocardiograms and deliver an antiarrhythmic agent (amiodarone) in rats, and a chronotropic agent (epinephrine) in pigs (Mendez KL. et al., 2024). While these were relatively short-term studies, no immune response, device biofouling, or interference with cardiac activity due to implantation was observed. We have also implanted other silicon devices for longer periods (up to 14 days) and–while a standard foreign body response with a fibrous capsule was observed–there was no infection, tissue necrosis, or toxic leaching (Horvath et al., 2018). Finally, further detailed drug studies and in vivo testing are necessary. For example, an additional question that needs to be addressed is whether the loaded therapeutics can permeate the skin. In most wound scenarios the skin is significantly more permeable in the initial stages, however, select therapeutics may need co-delivery with permeability enhancers to achieve full efficacy (Junker et al., 2013; Hmingthansanga et al., 2022).
Here, we investigated the capabilities of a refillable silicone pump for precisely timed on/off drug delivery. We successfully validated the delivery mechanisms of this soft robotic device, demonstrating its versatility with various small molecules and biologics, as well as its biocompatibility for potential implantable applications. Overall, the pump facilitates repeatable therapeutic administration, while ensuring bioactivity, biocompatibility, and precise dosing across varying in vitro models.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
NT: Formal Analysis, Writing – review and editing, Writing – original draft, Methodology, Data curation, Investigation, Visualization, Validation. JA: Writing – original draft, Writing – review and editing, Visualization, Formal Analysis, Conceptualization, Validation, Methodology, Data curation, Investigation. MW: Validation, Formal Analysis, Writing – review and editing, Data curation, Visualization. GH: Data curation, Formal analysis, Visualization, Writing – review and editing. UF: Data curation, Formal analysis, Visualization, Writing – review and editing. YF: Data curation, Formal analysis, Visualization, Writing – review and editing. KM: Formal Analysis, Data curation, Visualization, Methodology, Conceptualization, Writing – review and editing, Writing – original draft, Validation. ER: Project administration, Resources, Writing – review and editing, Conceptualization, Supervision, Funding acquisition, Methodology. CK: Supervision, Methodology, Project administration, Writing – review and editing, Resources, Conceptualization, Funding acquisition.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. Research reported in this publication was supported by the National Institute of General Medical Sciences of the National Institutes of Health under award number R35GM147272 (90% of research costs). The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
ACKNOWLEDGMENTS
The authors would like to thank the University of Massachusetts Amherst Flow Cytometry Core for their help. Biorender was used to create schematics.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1649771/full#supplementary-material
REFERENCES
	Adepu, S., and Ramakrishna, S. (2021). Controlled drug delivery systems: current status and future directions. Molecules 26 (19), 5905. doi:10.3390/molecules26195905

	Agrawal, N., You, H., Liu, Y., Chiriva-Internati, M., Bremner, J., Garg, T., et al. (2004). Generation of recombinant skin in vitro by adeno-associated virus type 2 vector transduction. Tissue Eng. 10 (11–12), 1707–1715. doi:10.1089/ten.2004.10.1707

	Ain, Q. U., Campos, E. V. R., Huynh, A., Witzigmann, D., and Hedtrich, S. (2021). Gene delivery to the skin – how far have we come?Trends Biotechnol. 39 (5), 474–487. doi:10.1016/j.tibtech.2020.07.012

	Barata, P., Santos, G., Oliveira, R., and Lopes, C. (2013). Physical and chemical stimuli-responsive drug delivery systems: targeted delivery and main routes of administration. Curr. Pharm. Des. 19, 7169–7184. doi:10.2174/13816128113199990698

	Beatty, R., Mendez, K. L., Schreiber, L. H. J., Tarpey, R., Whyte, W., Fan, Y., et al. (2023). Soft robot–mediated autonomous adaptation to fibrotic capsule formation for improved drug delivery. Sci. Robot. 8 (81), eabq4821. doi:10.1126/scirobotics.abq4821

	Beta, R. A. A., Arsenopoulou, Z. V., Kanoura, A., Dalkidis, D., Avraamidou, R., and Balatsos, N. A. A. (2022). Core clock regulators in dexamethasone-treated HEK 293T cells at 4 h intervals. BMC Res. Notes 15 (1), 23. doi:10.1186/s13104-021-05871-7

	Biondi, M., Ungaro, F., Quaglia, F., and Netti, P. A. (2008). Controlled drug delivery in tissue engineering. Adv. Drug Deliv. Rev. 60 (2), 229–242. doi:10.1016/j.addr.2007.08.038

	Bordbar-Khiabani, A., and Gasik, M. (2022). Smart hydrogels for advanced drug delivery systems. Int. J. Mol. Sci. 23 (7), 3665. doi:10.3390/ijms23073665

	Brudno, Y., and Mooney, D. J. (2015). On-demand drug delivery from local depots. J. Control. Release 219, 8–17. doi:10.1016/j.jconrel.2015.09.011

	Cianchetti, M., Laschi, C., Menciassi, A., and Dario, P. (2018). Biomedical applications of soft robotics. Nat. Rev. Mater 3 (6), 143–153. doi:10.1038/s41578-018-0022-y

	Dahlin, L. B. (2008). Techniques of peripheral nerve repair. Scand. J. Surg. SJS Off. Organ Finn. Surg. Soc. Scand. Surg. Soc. 97 (4), 310–316. doi:10.1177/145749690809700407

	Ekenseair, A. K., Kasper, F. K., and Mikos, A. G. (2013). Perspectives on the interface of drug delivery and tissue engineering. Adv. Drug Deliv. Rev. 65 (1), 89–92. doi:10.1016/j.addr.2012.08.017

	ElHawary, H., Baradaran, A., Abi-Rafeh, J., Vorstenbosch, J., Xu, L., and Efanov, J. I. (2021). Bone healing and inflammation: principles of fracture and repair. Semin. Plast. Surg. 35 (3), 198–203. doi:10.1055/s-0041-1732334

	Eshaghi, M., Ghasemi, M., and Khorshidi, K. (2021). Design, manufacturing and applications of small-scale magnetic soft robots. Extreme Mech. Lett. 44, 101268. doi:10.1016/j.eml.2021.101268

	Falanga, V., Isseroff, R. R., Soulika, A. M., Romanelli, M., Margolis, D., Kapp, S., et al. (2022). Chronic wounds. Nat. Rev. Dis. Primer. 8 (1), 50–21. doi:10.1038/s41572-022-00377-3

	George, M., and Abraham, T. E. (2007). pH sensitive alginate–guar gum hydrogel for the controlled delivery of protein drugs. Int. J. Pharm. 335 (1), 123–129. doi:10.1016/j.ijpharm.2006.11.009

	Heunis, C. M., Wang, Z., de Vente, G., Misra, S., and Venkiteswaran, V. K. (2023). A magnetic bio-inspired soft carrier as a temperature-controlled gastrointestinal drug delivery system. Macromol. Biosci. 23 (7), 2200559. doi:10.1002/mabi.202200559

	Hibbins, A. R., Kumar, P., Choonara, Y. E., Kondiah, P. P. D., Marimuthu, T., Du Toit, L. C., et al. (2017). Design of a versatile pH-responsive hydrogel for potential oral delivery of gastric-sensitive bioactives. Polymers 9 (10), 474. doi:10.3390/polym9100474

	Hmingthansanga, V., Singh, N., Banerjee, S., Manickam, S., Velayutham, R., and Natesan, S. (2022). Improved topical drug delivery: role of permeation enhancers and advanced approaches. Pharmaceutics 14 (12), 2818. doi:10.3390/pharmaceutics14122818

	Horvath, M. A., Varela, C. E., Dolan, E. B., Whyte, W., Monahan, D. S., Payne, C. J., et al. (2018). Towards alternative approaches for coupling of a soft robotic sleeve to the heart. Ann. Biomed. Eng. 46 (10), 1534–1547. doi:10.1007/s10439-018-2046-2

	Hoyle, N. P., Seinkmane, E., Putker, M., Feeney, K. A., Krogager, T. P., Chesham, J. E., et al. (2017). Circadian actin dynamics drive rhythmic fibroblast mobilization during wound healing. Sci. Transl. Med. 9 (415), eaal2774. doi:10.1126/scitranslmed.aal2774

	Hu, Y., Yu, B., Jia, Y., Lei, M., Li, Z., Liu, H., et al. (2023). Hyaluronate- and gelatin-based hydrogels encapsulating doxycycline as a wound dressing for burn injury therapy. Acta Biomater. 164, 151–158. doi:10.1016/j.actbio.2023.04.021

	Iacovacci, V., Tamadon, I., Kauffmann, E. F., Pane, S., Simoni, V., Marziale, L., et al. (2021). A fully implantable device for intraperitoneal drug delivery refilled by ingestible capsules. Sci. Robot. 6 (57), eabh3328. doi:10.1126/scirobotics.abh3328

	Izumo, M., Sato, T. R., Straume, M., and Johnson, C. H. (2006). Quantitative analyses of circadian gene expression in mammalian cell cultures. PLOS Comput. Biol. 2 (10), e136. doi:10.1371/journal.pcbi.0020136

	Jacob, H., Curtis, A. M., and Kearney, C. J. (2020). Therapeutics on the clock: circadian medicine in the treatment of chronic inflammatory diseases. Biochem. Pharmacol. 182, 114254. doi:10.1016/j.bcp.2020.114254

	Junker, J. P. E., Kamel, R. A., Caterson, E. J., and Eriksson, E. (2013). Clinical impact upon wound healing and inflammation in moist, wet, and dry environments. Adv. Wound Care. 2 (7), 348–356. doi:10.1089/wound.2012.0412

	Karimzadeh, F., Fard, E. S., Nadi, A., Malekzadeh, R., Elahian, F., and Mirzaei, S. A. (2024). Advances in skin gene therapy: utilizing innovative dressing scaffolds for wound healing, a comprehensive review. J. Mater Chem. B 12 (25), 6033–6062. doi:10.1039/d4tb00966e

	Kearney, C. J., and Mooney, D. J. (2013). Macroscale delivery systems for molecular and cellular payloads. Nat. Mater 12 (11), 1004–1017. doi:10.1038/nmat3758

	Kohli, K., Chopra, S., Dhar, D., Arora, S., and Khar, R. K. (2010). Self-emulsifying drug delivery systems: an approach to enhance oral bioavailability. Drug Discov. Today 15 (21–22), 958–965. doi:10.1016/j.drudis.2010.08.007

	Kubota, T., Kurashina, Y., Zhao, J., Ando, K., and Onoe, H. (2021). Ultrasound-triggered on-demand drug delivery using hydrogel microbeads with release enhancer. Mater Des. 203, 109580. doi:10.1016/j.matdes.2021.109580

	Lai, C. C., Chen, C. C., Huang, H. L., Chuang, Y. C., and Tang, H. J. (2016). The role of doxycycline in the therapy of multidrug-resistant E. coli – an in vitro study. Sci. Rep. 6 (1), 31964. doi:10.1038/srep31964

	Lee, Y., Song, W. J., and Sun, J. Y. (2020). Hydrogel soft robotics. Mater Today Phys. 15, 100258. doi:10.1016/j.mtphys.2020.100258

	Li, S., Mawal-Dewan, M., Cristofalo, V. J., and Sell, C. (1998). Enhanced proliferation of human fibroblasts, in the presence of dexamethasone, is accompanied by changes in p21Waf1/Cip1/Sdi1 and the insulin-like growth factor type 1 receptor. J. Cell Physiol. 177 (3), 396–401. doi:10.1002/(sici)1097-4652(199812)177:3<396::aid-jcp3>3.0.co;2-k

	Maione, A. G., Brudno, Y., Stojadinovic, O., Park, L. K., Smith, A., Tellechea, A., et al. (2015). Three-dimensional human tissue models that incorporate diabetic foot ulcer-derived fibroblasts mimic in vivo features of chronic wounds. Tissue Eng. Part C Methods 21 (5), 499–508. doi:10.1089/ten.tec.2014.0414

	Mair, L. O., Adam, G., Chowdhury, S., Davis, A., Arifin, D. R., Vassoler, F. M., et al. (2021). Soft capsule magnetic millirobots for region-specific drug delivery in the central nervous system. Front. Robot. AI , 8. doi:10.3389/frobt.2021.702566

	Mendez, K. L., Varela, C. E., Bonnemain, J., Deng, J., Yuk, H., Ayers, B., et al. (2024a). SmartSleeve: a sutureless, soft robotic epicardial device that enables switchable on-off drug delivery in response to epicardial ECG sensing. Device . doi:10.1016/j.device.2024.100419

	Mendez, K., Whyte, W., Freedman, B. R., Fan, Y., Varela, C. E., Singh, M., et al. (2024b). Mechanoresponsive drug release from a flexible, tissue-adherent, hybrid hydrogel actuator. Adv. Mater. 36 (43), 2303301. doi:10.1002/adma.202303301

	Mirvakili, S. M., and Langer, R. (2021). Wireless on-demand drug delivery. Nat. Electron 4 (7), 464–477. doi:10.1038/s41928-021-00614-9

	Moore, A. L., desJardins-Park, H. E., Duoto, B. A., Mascharak, S., Murphy, M. P., Irizarry, D. M., et al. (2020). Doxycycline reduces scar thickness and improves collagen architecture. Ann. Surg. 272 (1), 183–193. doi:10.1097/sla.0000000000003172

	Nakazato, R., Matsuda, Y., Ijaz, F., and Ikegami, K. (2023). Circadian oscillation in primary cilium length by clock genes regulates fibroblast cell migration. EMBO Rep. 24 (12), e56870. doi:10.15252/embr.202356870

	Ngo, J., Sasaki, H., and Nishimura, I. (2019). Circadian behaviors of oral and skin fibroblasts. J. Calif. Dent. Assoc. 47 (12), 801–809. doi:10.1080/19424396.2019.12220865

	Pagani, L., Semenova, E. A., Moriggi, E., Revell, V. L., Hack, L. M., Lockley, S. W., et al. (2010). The physiological period length of the human circadian clock in vivo is directly proportional to period in human fibroblasts. PLoS ONE 5 (10), e13376. doi:10.1371/journal.pone.0013376

	Park, C., Singh, M., Saeed, M. Y., Nguyen, C. T., and Roche, E. T. (2024). Biorobotic hybrid heart as a benchtop cardiac mitral valve simulator. Device 2 (1), 100217. doi:10.1016/j.device.2023.100217

	Peña, O. A., and Martin, P. (2024). Cellular and molecular mechanisms of skin wound healing. Nat. Rev. Mol. Cell Biol. 25 (8), 599–616. doi:10.1038/s41580-024-00715-1

	Saliy, O., Popova, M., Tarasenko, H., and Getalo, O. (2024). Development strategy of novel drug formulations for the delivery of doxycycline in the treatment of wounds of various etiologies. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 195, 106636. doi:10.1016/j.ejps.2023.106636

	Shaabani, E., Sharifiaghdam, M., Faridi-Majidi, R., De Smedt, S. C., Braeckmans, K., and Fraire, J. C. (2022). Gene therapy to enhance angiogenesis in chronic wounds. Mol. Ther. - Nucleic Acids 29, 871–899. doi:10.1016/j.omtn.2022.08.020

	Shams, F., Moravvej, H., Hosseinzadeh, S., Mostafavi, E., Bayat, H., Kazemi, B., et al. (2022). Overexpression of VEGF in dermal fibroblast cells accelerates the angiogenesis and wound healing function: in vitro and in vivo studies. Sci. Rep. 12 (1), 18529. doi:10.1038/s41598-022-23304-8

	So, H., Seo, Y. H., and Pisano, A. P. (2014). Refillable and magnetically actuated drug delivery system using pear-shaped viscoelastic membrane. Biomicrofluidics 8 (4), 044119. doi:10.1063/1.4893912

	Song, X., Zhang, Z., Zhu, J., Wen, Y., Zhao, F., Lei, L., et al. (2020). Thermoresponsive hydrogel induced by dual supramolecular assemblies and its controlled release property for enhanced anticancer drug delivery. Biomacromolecules 21 (4), 1516–1527. doi:10.1021/acs.biomac.0c00077

	Srinivasan, S. S., Alshareef, A., Hwang, A. V., Kang, Z., Kuosmanen, J., Ishida, K., et al. (2022). RoboCap: robotic mucus-clearing capsule for enhanced drug delivery in the gastrointestinal tract. Sci. Robot. 7 (70), eabp9066. doi:10.1126/scirobotics.abp9066

	Tu, H., Zhang, D., Barksdale, A. N., Wadman, M. C., Muelleman, R. L., and Li, Y. L. (2020). Dexamethasone improves wound healing by decreased inflammation and increased vasculogenesis in mouse skin frostbite model. Wilderness Environ. Med. 31 (4), 407–417. doi:10.1016/j.wem.2020.07.003

	Wallace, E. J., O’Dwyer, J., Dolan, E. B., Burke, L. P., Wylie, R., Bellavia, G., et al. (2025). Actuation-mediated compression of a mechanoresponsive hydrogel by soft robotics to control release of therapeutic proteins. Adv. Sci. 12, 2401744. doi:10.1002/advs.202401744

	Whyte, W., Roche, E. T., Varela, C. E., Mendez, K., Islam, S., O’Neill, H., et al. (2018). Sustained release of targeted cardiac therapy with a replenishable implanted epicardial reservoir. Nat. Biomed. Eng. 2 (6), 416–428. doi:10.1038/s41551-018-0247-5

	Whyte, W., Goswami, D., Wang, S. X., Fan, Y., Ward, N. A., Levey, R. E., et al. (2022). Dynamic actuation enhances transport and extends therapeutic lifespan in an implantable drug delivery platform. Nat. Commun. 13 (1), 4496. doi:10.1038/s41467-022-32147-w

	Williams, D., Rothberg, D., Kay, W., Nehring, L., Falconer, R., Epperson, R. T., et al. (2025). In vivo efficacy of a refillable intrawound drug delivery device in a sheep model of biofilm-compromised open fracture-related infection. Biofilm 9, 100262. doi:10.1016/j.bioflm.2025.100262

	Yang, D., Oike, H., Furuse, M., and Yasuo, S. (2022). Effect of regular and irregular stimulation cycles of dexamethasone on circadian clock in NIH3T3 cells. Chronobiol Int. 39 (1), 97–105. doi:10.1080/07420528.2021.1977654

	Yang, Z., Xu, C., Lee, J. X., and Lum, G. Z. (2024). Magnetic miniature soft robot with reprogrammable drug-dispensing functionalities: toward advanced targeted combination therapy. Adv. Mater. 36 (48), 2408750. doi:10.1002/adma.202408750

	Yim, S., and Sitti, M. (2012). Shape-programmable soft capsule robots for semi-implantable drug delivery. IEEE Trans. Robot. 28 (5), 1198–1202. doi:10.1109/tro.2012.2197309

	Zhang, S., Bellinger, A. M., Glettig, D. L., Barman, R., Lee, Y. A. L., Zhu, J., et al. (2015). A pH-responsive supramolecular polymer gel as an enteric elastomer for use in gastric devices. Nat. Mater 14 (10), 1065–1071. doi:10.1038/nmat4355

	Zhao, Z., Ukidve, A., Kim, J., and Mitragotri, S. (2020). Targeting strategies for tissue-specific drug delivery. Cell 181 (1), 151–167. doi:10.1016/j.cell.2020.02.001

	Zhou, H., and Alici, G. (2022). A magnetically actuated novel robotic capsule for site-specific drug delivery inside the gastrointestinal tract. IEEE Trans. Syst. Man. Cybern. Syst. 52 (6), 4010–4020. doi:10.1109/tsmc.2021.3088952


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Thotathil, Amante, Wingell, Hutter, Fallon, Fan, Mendez, Roche and Kearney. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-13-1649771-g005.jpg
(B)

(A)

%k % %k %k

Merged

eGFP

DAPI

£,
* f 1 060
: b %
* 60 a\
* L % Ty
| O,Q S, «0\»
_|_|_|_|_|_ «\o g’ k4
[V] &‘\
o o o o o o %\»
e © © < ~ %,
4%

[%] s1120 pasnpsuel}

AVV Pesesjod AVY Peses|oy
|enuepy dwng

Jo3uon






OPS/images/fbioe-13-1649771-g006.jpg
(A)

Manual Dex (t=18 hr)

2
; e,{ 750 pm
Pump Dex (t=18 hr)

(B)

Wound Closure [%)]

o]
o

[=2]
o

H
o

N
o






OPS/images/fbioe-13-1649771-g003.jpg
(A)

Drug Chamber

Pressure load is applied to
base of membrane (red portion)
to simulate actuation pressure

(B)

At P>0, the membrane deflects
and the viscous coefficient
is set to change in a pressure-

¢—dependent manner to simulate release

R Fruid i dhown i o reserea

(©) (D)

100
2 3
g 80 §.30
§ 60 §
) o 20
40 4
2 2
3 20 310
S S
0
40 60 80 100 0.5x 1x 2x
Pressure [mmHg] Ecoflex 0020

Stiffness Multiplier





OPS/images/fbioe-13-1649771-g004.jpg
(A)

Manual

Pump

(B)

Fluorescent Intensity [AU]

%k %k k

3k %k %k






OPS/images/fbioe-13-1649771-g007.jpg
4,
() \«\.o
%
A
o 2
(=3 (=4 o o
n o Te]
- -
_ [%] AnnqeIA 1190
)
0.0
s,
00
I E Y
“ 9
%,
o o o =3 L
0 o 2]

[%] @sedajay dwingd 19y
Aunqera 1199

(B)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Refillable silicone pump with precise switching for timed therapeutic delivery		Introduction

		Methods

		Results

		Discussion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Characterization of silicone refillable device		2.1.1 Device manufacturing

		2.1.2 Device setup, connection and actuation

		2.1.3 Robustness testing

		2.1.4 Baseline release testing





		2.2 Finite element model for pressure-volume characterization, and device parameter tuning

		2.3 Bioactivity studies		2.3.1 Small molecule antibiotic release

		2.3.2 Bioactivity of adeno associated virus

		2.3.3 Dexamethasone delivery in a wound scratch assay





		2.4 Biocompatibility test		2.4.1 Silicone pump interfaced with BJ fibroblasts

		2.4.2 Fibroblast release test from silicone pump





		2.5 Statistical analysis





		3 RESULTS		3.1 Characterization of silicone refillable device

		3.2 Robustness and baseline release testing

		3.3 Finite element model for pressure-volume characterization, and device parameter tuning

		3.4 Bioactivity of antibiotic released from pump

		3.5 Bioactivity of adeno associated virus released from pump

		3.6 Bioactivity of circadian synchronizing molecule released from device

		3.7 Biocompatibility of silicone device





		4 DISCUSSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Refillable silicone pump with
precise switching for timed
therapeutic delivery





OPS/images/fbioe-13-1649771-g001.jpg
(A)

Self-Sealing Pore
\ Drug Reservoir

< Drug Evacuation .

(B) (C) (D)

* o o






OPS/images/fbioe-13-1649771-g002.jpg
59.8 mmHg
50.0 mmHg
28.5 mmHg
Relaxed
(B) (C)
40 sk kK 40
pry 0
= =
- 304 7 5 30
(] [
(7] 7]
3 3
< 20 < 20
14 14
[] (]
E 10 € 10
o o
> >
0 0
285 0 28.5 28.5 50 59.8
Pressure [mmHg] Pressure [mmHg]
— —_— L

—1- ~
o
(E)
100

Volume Released [uL]
N B [<2] [«
o o o o

o

Device 1 Device 2

©  Pre-Actuation
® Post-Actuation

! \eme—ee \Sm—1

Device 3

(F

|
=
A
— //'%
P

Relaxed Actuated

(D

~

Volume Released [uL]

~

Volume Released [pL]

100

80

60

40

20

[3)]
o

12 3 4 5 6 7 8 9 1011 12
Repetitions

§ 3 & , x12

Day
© Baseline Release Pre-Actuation
® Baseline Release Post-Actuation









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





