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Precise timing and dosing of potent small-molecule drugs carries significant potential for 

effective pharmaceutical management of disorders that exhibit time-varying therapeutic 

windows such as epilepsy. This study demonstrates the use of alumina-coated nanoporous 

gold (np-Au) thin film electrodes for iontophoretic release of fluorescein as a small-molecule 

drug surrogate with picogram dosing and a few seconds temporal resolution. A custom 

microfluidic platform was engineered to trigger molecular release from an integrated np-Au 

chip and monitor the resulting time-varying fluorescein concentration. Following a systematic 

study of the influence of applied voltage on loading capacity and release kinetics, a 

LabVIEW-based closed-loop control interface was employed to demonstrate voltage-gated 

fluorescein release with pre-programmed arbitrary concentrations waveforms. 
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1. Introduction 
 

Timing and dose of therapeutic administration is critical for successful management of 

disorders and study of basic biological phenomena influenced by soluble factor signals. While 

pharmaceutical administration in bolus form is still common, advances in time-released drugs 

is already improving therapeutic outcomes for numerous diseases such as glaucoma,[1] 

Parkinson's disease,[2] and inflammatory bowel disease.[3] For all pharmaceutical-based 

treatment, an important figure of merit is to keep the available drug amount in the body within 

a therapeutic window; where below the lower limit, the drug is not effective and above the 

upper limit, the drug is toxic. This becomes especially important for potent drugs (e.g., 

digoxin,[4] phenytoin,[5] and lithium[6]), where the therapeutic window is very narrow. For 

such drugs, there is continuous monitoring of possible side effects and symptomatic benefits. 

In tandem, several drug delivery technologies focused on controlling the release with the goal 

of keeping the available drug dose within the therapeutic window. These include macro-scale 

infusion pumps[7] and miniaturized microelectromechanical systems (MEMS)-based pumps 

that are under development.[8] For both technologies, the pharmaceuticals are typically 

delivered within a vehicle solution (typically saline), which may increase the local pressure at 

the delivery area if it is delivered into tissue rather than blood. On the other hand, delivery of 

therapeutics directly into the tissue has significant advantages for some cases, such as blood-

brain-barrier reducing therapeutic efficiency if the delivery route is via blood.[9] In order to 

take advantage of direct delivery into tissue but reduce the volume injected, more potent drugs 

or higher concentrations can be injected into the tissue. This naturally requires tighter control 

of the delivered dose. In addition, the need for a vehicle solution and associated complications 

can be completely circumvented by directly delivering the pharmaceuticals. In part to address 

these challenges, molecular release platforms have been developed, where drug molecules are 

delivered via release from non-degrading porous materials[10] or via dissolution from 

degrading polymeric materials.[11] In these systems, the influence of decreasing concentration 
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gradient, which reduces the drug release rate hence the released amount over time, was 

mitigated by employing zero-order (concentration-independent) release from pores with 

comparable size to the hydrodynamic radius of drug molecules and by controlling the 

dissolution rate of the polymeric carriers. While these technologies under development have 

shown significant promise, there is an added challenge for some cases, where the therapeutic 

window is time-varying, that is, at any given time the necessary dose changes. For example, 

in a transient disorder like epilepsy, a seizure needs to be suppressed either pharmaceutically 

or electrically as there is need, and the on-demand intervention should be ceased when there is 

no symptom. While there have been promising advances for the latter (electrical) approach[12] 

and only a handful demonstrations of triggered molecular release,[13] the ability to delivery 

molecules on demand at arbitrary doses is at its infancy. 

Taken together, desirable features for the next generation pharmaceutical delivery platforms 

require the ability to (i) deliver molecules without infusing large carrier volumes, (ii) 

administer arbitrary doses, (iii) hold small form factor; and (iv) be scalable and amenable to 

multiplexing. In this paper, we employ nanoporous gold (np-Au) as a novel material to 

address these challenges. Np-Au is produced by dissolving silver from a silver-rich gold alloy 

in heated nitric acid, where gold atoms go under surface diffusion to create a bicontinuous 

open-pore structure.[14] A wide range of attractive features, including high surface area-to-

volume ratio,[15] tunable morphology[16] and surface chemistry,[17] biocompatibility,[18] 

electrical conductivity,[16a] and compatibility with conventional microfabrication 

techniques,[19] have led to interest from the sensing and catalysis community. These features, 

also desirable for precise control of molecular release, enable high small-molecule loading 

capacity and release kinetics, paved the way for np-Au’s use in molecular release 

applications.[20] Here, we report on alumina-coated np-Au thin films integrated into a 
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microfluidic test platform for achieving closed-loop control of small-molecule release with 

arbitrary time-varying waveforms. 

 

2. Results and Discussion 

2.1. Rationale for Using Alumina-Coated Np-Au Films 

The np-Au thin films were 450 nm-thick and exhibited a homogenous porosity with an 

average pore size of 50 nm. When the np-Au thin films were loaded with fluorescein (a small-

molecule drug surrogate[21]), this geometry yielded a loading capacity of 0.75 µg/cm2 (mass 

per unit footprint of np-Au thin film pattern). The primary mechanism of loading is non-

specific adsorption of fluorescein onto np-Au ligaments via van der Waals interactions.[17a] 

The challenge is that when np-Au is immersed in a physiologically-relevant solution, like 

phosphate-buffered saline (PBS), the high affinity of halide ions to gold results in replacement 

of surface-adsorbed fluorescein and burst release.[20a, 22] We have previously mitigated this 

problem by immobilizing 6-mercapto-1-hexanol onto the np-Au, which effectively reduced 

the direct interaction of halide with gold.[17a] However, hydroxyl groups, also reduced the 

loading capacity of fluorescein, plausibly due to hydroxyl groups being less polarizable 

compared to the gold atoms, thereby leading to a reduced van der Waals interaction. A 

strategy to overcome the reduced loading capacity while still preventing the halide sensitivity 

might be to leverage the electrical conductivity of hexanol-decorated np-Au is to apply a 

positive electric voltage with respect to a counter/reference electrode. This, in turn, would 

electrostatically attract the fluorescein molecules to the surface. Unfortunately, self-assembled 

monolayers (SAMs) are not entirely impermeable to small ions and charge carries and suffer 

from poor dielectric break-down voltages. This, in turn, results in applied voltages leading to 

undesirable faradaic electrochemical reactions that are responsible for producing undesirable 

reactive species (Figure 1). The faradaic peaks observed at 0.25 V, -0.01 V, 0.19 V and –0.06 
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V with respect to a Ag/AgCl reference electrode, both visible for bare gold and hexanol-

coated gold, are due to gold oxidation/reduction, as reported by us and others.[21, 23] Finally, in 

order to resolve both the halide-sensitivity and faradaic reactions problem, we chose a solid 

dielectric material, aluminum oxide (alumina) deposited with the atomic layer deposition 

technique. Alumina deposition leads to conformal coating of high aspect-ratio np-Au thin 

films[24] and remains biocompatible in neural cell cultures.[18a] The alumina layer is 

approximately 2.5 nm-thick based on the deposition recipe and corresponding growth rate 

described by Biener et al.[24]. The cyclic voltammogram of alumina-coated np-Au indeed 

revealed no faradic peaks, suggesting a pinhole-free surface coverage (Figure 1).  

To verify if alumina is sensitive to halide ions, we incubated alumina-coated and uncoated np-

Au in 10 mM fluorescein solution prepared in deionized (DI) water for 16 hours under open-

circuit voltage. The fluorescein-loaded alumina-coated and uncoated np-Au were then 

immersed in DI water and phosphate buffered saline (PBS) solution separately to monitor the 

release kinetics. As shown in Figure 2, compared to DI water, PBS significantly increased 

both the loading capacity and release kinetics of uncoated np-Au. While for alumina-coated 

np-Au, the release in both PBS and DI water were negligible, which demonstrated that the 

alumina layer insensitive to halide and functioned successfully to prevent the uncontrollable 

burst release. Alumina (isoelectric point of 8.6) acquires a slightly positive surface charge in 

PBS (pH of 7.2),[25] while fluorescein molecules are negatively charged due to its isoelectric 

point lower than pH of PBS (~7,4).[26] The loading capacity for alumina-coated np-Au was 

expected to have increased due to the electrostatic interactions between fluorescein molecules 

and the alumina surface. However, the loading capacity was surprisingly minimal for the 

alumina-coated np-Au when loaded under open-circuit voltage. We attribute the hydroxyl 

moieties formed on the alumina surface that resemble to the hexanol-modified surface 

described above. Taken together, the alumina coating reduced both chloride and fluorescein 
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interactions with the surface.  

An advantage of alumina is that it is a dielectric material that can be easily polarized under an 

applied voltage displaying a negatively- or positively-charged surface, mimicking an 

electrolytic capacitor in charged state.[27] Therefore, a positive voltage on the alumina-coated 

np-Au film should attract fluorescein molecules (loading state) while the application of a 

negative voltage should repel the loaded fluorescein molecules (release state). In turn, this 

should allow voltage-gated iontophoretic release of fluorescein molecules from the np-Au thin 

film. It should be noted that for the rest of paper, alumina-coated np-Au is used in all voltage-

gated release experiment. 

2.2. Voltage-Gated Iontophoretic Release Platform 

An iontophoretic release study platform was engineered in order to establish a robust 

electrical connection to the np-Au electrode and monitor molecular release from np-Au in 

real-time. The platform has three main components (Figure 3A): (i) a 3D printed microfluidic 

chip holder made in polylactic acid (PLA); (ii) a microfluidic device used for electrically-

controlled release experiment; and (iii) a laser-cut printed circuit board (PCB) for the 

electrical connection. The alumina-coated np-Au electrode was mounted at the base of the 

microfluidic device, where the released fluorescein molecules are carried with the infused 

liquid past below the microscope objective for acquiring the fluorescence intensity. A spring-

loaded copper pin soldered at the tip of the PCB arm contacted the alumina-coated np-Au 

electrode surface through a via in the microfluidic device. The slight pressure exerted by the 

copper pin is enough to break the alumina coating and establishing electrical connectivity. An 

additional via was created to make a secondary contact to the alumina-coated np-Au electrode 

for verifying electrical connectivity. The ability to vary the contact pressure between the pin 

and the electrode allowed for achieving a robust electrical connection (Figure S2). A 

microfluidic chip holder was designed to mechanically support the np-Au electrode opposing 



  

7 
 

the force exerted by the pin, thereby preventing possible leakage.  

Initially, a three-electrode configuration was used to have precise control of the applied 

voltage on the np-Au electrode. The alumina-coated np-Au electrode served as the working 

electrode and the voltage was applied through the PCB arm. A flow-through Ag/AgCl 

reference electrode was connected to the outlet of the microfluidic device, and a platinum 

wire counter electrode was immersed inside the glass reservoir filled with PBS (Figure 3B). 

This integrated setup allowed for both microfluidic control (flow rate) and electrical control 

(iontophoretic release).  

2.3. Influence of Applied Voltage on Molecular Loading 

As mentioned earlier, the loading capacity of alumina-coated np-Au under open-circuit 

voltage is negligible (Figure 2); therefore, it is necessary to stabilize surface-molecule 

interactions, where the electrical conductivity of np-Au gives the opportunity to impose 

electrostatic interactions. In order to establish the loading capacity and release kinetics, we 

applied a positive voltage on the np-Au electrode while it is immersed in concentrated 

fluorescein solution. The inward concentration gradient, coupled with the iontophoretic 

movement of fluorescein due to the applied voltage, resulted in loading of np-Au with 

fluorescein. In order to study the subsequent release profile, a small negative voltage (-0.5 V) 

was applied to accelerate the release. Following the completion of the release (judged by 

steady-state release profile, Figure 4), the same alumina-coated np-Au chip was loaded 

following the same protocol yet at different voltages (i.e., +0.2 V, +0.4 V and +0.9 V with 

respect to Ag/AgCl). The cumulative release profile reached a higher steady-state value 

(representative of the loading capacity) for samples loaded at a higher voltage (Figure 4). This 

is not surprising, since a larger number of molecules are expected to migrate into np-Au, as 

the applied electric field overcomes the outward concentration gradient as more molecules are 

loaded. In addition, by sustaining the applied voltage during the rinsing step ensured that the 
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loaded species were not washed away, which is an important capability to prevent passive 

drug release in a biological implant. The loading capacity was directly proportional to the 

applied loading voltage. Surprisingly, the corresponding half-life (duration to release 50% of 

the loaded fluorescein) was inversely proportional to the applied loading voltage (Figure 4 

inset), that is, a larger number of loaded molecules resulted in a faster release (Figure S4).  

It is worthwhile elaborating on the release mechanisms, as it differs from the release from np-

Au that is loaded via purely concentration gradient-driven influx of fluorescein without any 

applied voltage. For the open-circuit voltage loading, the resulting loading capacity was 1.12 

µg/cm2. We have reported that majority of the loading capacity for bare np-Au is due to 

surface-adsorption of fluorescein molecules as opposed to volumetric containment of 

fluorescein solution within the pores.[17a, 21] Based on this notion, the loading capacity is 

largely due to a monolayer of fluorescein molecules physio-adsorbed with a packing density 

of 10 molecules/nm2 assuming hexagonal packing and a fluorescein hydrodynamic radius of 

0.58 nm (calculated by Stokes−Einstein equation).[21] For a similar np-Au sample but with 2.5 

nm-thick alumina coating, the surface area enhancement factor (surface area with respect to 

that for a planar gold electrode) reduced slightly from 18.9 to 17.9. Despite this, the loading 

capacity for alumina-coated np-Au (loaded under a positive voltage) yielded much higher 

loading capacities. Specifically, for 0.2 V, 0.4 V, and 0.9 V, the resulting loading capacities 

were 2.11 µg/cm2, 2.95 µg/cm2, 4.56 µg/cm2 respectively, compared to 1.12 µg/cm2 for bare 

np-Au. This suggests that the applied voltage results in multi-layer packing of fluorescein 

over the np-Au surfaces. It is probable that the multi-layer packing of negatively-charged 

fluorescein molecules is responsible for the reduced half-life for higher loading capacities 

(Figure S3). For fluorescein loading under applied positive voltage, negatively-charged 

fluorescein molecules are attracted to the surface and electrically screen the induced surface 

charge on the alumina shell (Figure 5A). With higher applied voltages, more fluorescein 
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molecules are attracted to the surface to conserve the charge balance, leading to a thicker 

multi-layer stacking (Figure 5B). This process of increasing the fluorescein concentration at 

the surface stores energy both through entropic means (organizing molecules in small 

volume) and through electrostatic means (keeping negatively-charged molecules in close 

proximity). When the applied voltage is removed, the electrostatic repulsion accelerates the 

fluorescein dispersion (Figure 5D), likely increasing the mobility of the particles compared to 

the dispersion of neutral particles (which is driven by random Brownian motion, that is, 

diffusion) (Figure 5C). This putative mechanism is likely the reason for the observed inverse 

proportionality between release half-life and applied loading voltage.   

2.4. Influence of Applied Voltage on Release Kinetics 

Following the influence of applied voltage on small-molecule loading, we studied its 

influence on molecular release from np-Au. The alumina-coated np-Au loaded with 

fluorescein for one hour under +1 V, was pulsed with different negative voltages (i.e., open-

circuit, -0.1 V, -0.2 V, -0.4 V and -0.6 V each with a 30 s-duration). In between each pulse, 

+1 V was applied to halt passive (concentration gradient-driven) fluorescein release. The 

same triggered-release protocol was performed for two additional cycles without reloading the 

np-Au samples with fluorescein (Figure 6). The first immediate observation is that with 

increasing magnitude of the negative applied voltage, the fluorescein release rate increases 

within each cycle. In order to quantify this observation, we calculated the relative amount of 

fluorescein released during each pulse with respect to the total amount of fluorescein released 

during each cycle, as illustrated with individual data points for the corresponding cycle 

(Figure 6 inset). Furthermore, we determined the average release rate by dividing the 

cumulative amount for each voltage in each cycle by the applied voltage duration (Figure 6 

blue dashes). When the relative released amount (percentage release) per each applied voltage 

is averaged across the different cycles (indicated with columns in Figure 6 inset), it is seen 
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that the percent release is independent of the amount of fluorescein present within the np-Au 

electrode at any given time. While this is an interesting result, in practice it is necessary to 

control the absolute released amount (e.g., delivered drug dose). It is clear that the same 

applied voltages lead to very different release rates (consequently absolute release amounts) 

as the fluorescein depot in np-Au is depleted. This highlights the need for a closed-loop 

control, where the applied voltage can be varied to maintain a specific released dose setpoint, 

which will be discussed next.  

2.5. Closed-Loop Control of Molecular Release 

In the studies described until now, a three-electrode configuration was used to have precise 

control of the applied voltage on the np-Au electrode to fully characterize the system. In order 

to reduce the complexity of the platform and simplify the electronic control circuitry, we 

switched to a two-electrode configuration for performing the closed-loop controlled release. 

In order to maintain defined molecular release profiles, a LabVIEW interface was created to 

continuously monitor time-varying fluorescence intensity due to released fluorescein traveling 

down the microfluidic channel (Figure 7). Briefly, in this control system, based on the 

difference (error) between actual released amount (measured signal) and intended release 

(setpoint), a proportional-integral-derivative (PID) module in LabVIEW determines the 

electrical voltage (control signal) to reduce the error signal (Figure S4, S5, and S6). 

Specifically, the controller prescribed a positive voltage to suppress the molecular release if 

the actual released amount overshot above the setpoint. Conversely, the controller prescribed 

a negative voltage to increase the released amount if the actual released amount undershot the 

setpoint. This control scheme allows for molecular release profiles in any arbitrary shape. 

In order to challenge the closed-loop control system, we picked a complex non-monotonous 

staircase waveform as the time-varying setpoint. The instantaneous release profile (non-

cumulative amount) of fluorescein molecules under closed-loop control is shown in Figure 8, 
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where the measured fluorescence intensity (blue line; surrogate for released fluorescein 

amount) is overlaid on the setpoint waveform (red line). The orange line indicates the 

computed control signal (applied voltage) to release fluorescein with adherence to the setpoint 

waveform. Due to the high initial fluorescein depot in np-Au (hence the larger concentration 

gradient for fluorescein outflux), the control is less accurate and the fluorescein release is 

more erratic. This is also in part due to the time delay (2.6 s) between the fluorescein release 

location (np-Au) and the downstream fluorescein observation region (microscope objective), 

which can be mitigated by a different design.  

In order to assess the responsiveness of np-Au electrode in triggering molecular release due to 

the applied voltage signal, we conducted a cross-correlation analysis between the measured 

fluorescence intensity (blue line) and the applied voltage (orange line), focusing on the initial 

28.2 second segment (Figure S7). We introduced a 2.6 s offset (∆t) to the data to compensate 

for the convective transport duration between the np-Au surface and the observation region 

underneath the microscope objective. The cross-correlation coefficient was as high as 0.6, 

indicating that the on-demand release of fluorescein follows the fine voltage spikes. The lack 

of a perfect correlation may be due to the different features in the fluorescence intensity and 

applied voltage waveforms. It is striking that fluorescence intensity (triggered fluorescein 

release) follows the applied voltage fluctuations with a periodicity of approximately two 

seconds (Figure S7). This is an important observation that suggests that given an effective 

control system is used with advanced control algorithms,[28] in principal molecular release 

with high temporal resolution can be achieved. 

 

3. Conclusion 

We have demonstrated a closed-loop controlled platform that achieves real-time monitoring 

of molecular release under applied voltages. The conformal anodic alumina coating on np-Au 
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electrode mitigated sensitivity to halides in physiological buffer and allowed for applying 

higher loading voltage without producing undesirable faradaic reactions. The higher loading 

voltages exhibited a higher loading capacity and consequently a faster release kinetics due to 

electrostatic repulsion between tightly-packed negatively-charged fluorescein molecules. By 

interfacing this voltage-gated molecular release platform to LabVIEW platform, we have 

achieved molecular release in an arbitrary time-varying concentration profiles with dosing as 

low as below 120 pg/min. In addition, a cross-correlation analysis of the fluorescein release in 

response to applied voltage fluctuations revealed that the voltage-gated molecular release can 

be achieved with a high spatial resolution. The microfabrication-compatibility of np-Au 

should allow for creating multiple electrodes for the delivering different drug molecules at 

arbitrary locations and waveforms. In addition, an array of drug-delivery electrodes can be 

activated in different group sizes to attain delivery of very small or large doses, exhibiting 

unparalleled dynamic range of dosing. Future work focuses on methods to replenish drug 

depot and in situ monitoring of molecular release (e.g., via electrochemical means) for an 

integrated closed-loop control in small form factor. Taken together, we expect the platform to 

create new opportunities for multifunctional biointerfaces (e.g., neural electrodes) that can 

deliver soluble factors (e.g., neuromodulators) at physiologically-relevant time scales and 

doses.[29] 

 
4. Experimental Section 

Materials and instrumentation: Sulfuric acid (96%) and hydrogen peroxide (30%) were 

purchased from J. T. Baker. Nitric acid (70%) and fluorescein sodium were obtained from 

Sigma-Aldrich. Thin glass coverslips (0.15 mm-thick) and glass slides (1 mm-thick) were 

obtained from Electron Microscopy Sciences. Epoxy adhesive was obtained from DEVCON. 

Polydimethylsiloxane (PDMS) was purchased from Dow Corning. Gold, silver, and chrome 

targets (99.95% pure) were obtained from Kurt J. Lesker. PalmSens potentiostat was used for 
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the three-electrode configuration to study how voltage influences the loading capacity and 

release kinetics. A data acquisition instrument (National Instrument USB-6001) and Basler 

acA1920-40um USB 3.0 camera were interfaced with LabVIEW to apply voltage (in two-

electrode configuration) and capture the real-time release during the closed-loop controlled 

release experiment. 

Fabrication of standard np-Au films and alumina-coated np-Au films: Np-Au films were 

patterned on piranha-cleaned (1:4 volume ratio of hydrogen peroxide and sulfuric acid) 

coverslips by sequentially sputter-depositing a 160 nm-thick chrome adhesive layer, an 80 

nm-thick gold seed layer, and a 600 nm-thick silver-gold alloy layer. After deposition, the 

samples were dealloyed by immersion in heated (55°C) undiluted nitric acid to produce the 

np-Au films. The dealloyed chips were rinsed with copious amounts of DI water. The 

alumina-coated np-Au films were produced by coating standard np-Au films with conformal, 

2.5 nm-thick aluminum oxide (alumina) by atomic layer deposition. 

Fluorescein loading and releasing under open-circuit voltage: The alumina-coated and 

uncoated np-Au chips were placed in individual 0.2 mL centrifuge tubes filled with 10 mM 

fluorescein solution prepared in deionized (DI) water at room temperature for 16 hours. The 

loaded alumina-coated and bare np-Au chips were rinsed in DI water to remove the residual 

fluorescein molecules from the glass coverslip and dried under nitrogen gas flow. The 

fluorescein-loaded chip was mounted onto the microfluidic platform over the bottom fluid 

access window at the microfluidic channel floor to disperse the released molecules into the 

elution medium inside the channel. The elution medium was introduced from the inlet glass 

reservoir filled with DI water or PBS to the outlet connected to a syringe pump that withdrew 

at 1 μL/min volumetric rate.  

Fluorescein loading and release under applied voltage: The alumina-coated np-Au film was 
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mounted onto the bottom surface of microfluidic platform over the fluid access window and 

sealed by applying epoxy along the perimeter of the chip. Three-electrode configuration was 

assembled through the microfluidic device holder. Fluorescein was loaded into the film by 

applying a positive voltage on the alumina-coated np-Au electrode while the microfluidic 

channel was infused with 10 mM fluorescein solution prepared in PBS. After one hour of 

loading under applied voltage, the microfluidic channel was rinsed with fresh PBS while 

maintaining the applied positive voltage to retain the fluorescein molecules inside the np-Au 

network. Finally, the loading capacity of fluorescein-loaded alumina-coated np-Au was 

determined when the fluorescein molecules were fully released. A negative voltage was 

applied on the fluorescein-loaded np-Au electrode to speed up the releasing process. 

Following the fluorescein release, the same alumina-coated np-Au film was loaded again 

following the same protocol stated above. 

Release measurement: For fluorescein release under electrical voltage and open-circuit 

voltage, the fluorescein molecules migrated out of the np-Au films and dispersed into the 

flowing elution medium towards the observation region below the microscope objective, 

where a short time-lapse video (20 frames that lasted for 6 seconds) was recorded with an 

inverted fluorescence microscope. Each video sample was then uploaded to ImageJ[30] and the 

intensity of every frame inside the sample was extracted into a grey value with a timestamp. A 

calibration curve finally converted the intensity value to the fluorescein concentration. In the 

closed-loop controlled release experiment, LabVIEW program was used to continuously 

capture the time-varying fluorescence intensity. A live video of the microfluidic channel 

under fluorescence microscope was displayed and each real-time frame of the video was 

analyzed and extracted to determine the intensity from a user-defined region-of-interest in the 

channel. 
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Figure 1. Cyclic voltammograms of uncoated np-Au, hexanol-modified np-Au, and alumina-

coated np-Au. While the alumina-coated np-Au exhibited a purely capacitive voltammogram, 

the bare and hexanol-modified np-Au both led to undesirable faradaic reactions. 
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Figure 2. Cumulative release profiles from alumina-coated and uncoated np-Au in DI water 

and PBS. The region within dashed line box indicates the negligible release from alumina-

coated np-Au in PBS and DI water. The half-life shown for the release of np-Au in PBS and 

DI water is based on the entire release duration of approximately ten hours (data for the entire 

release duration is shown in Figure S1). 



  

20 
 

 

 

Figure 3. A) Release measurement setup with three components: I) 3D-printed microfluidic 

chip holder; II) laser-cut printed circuit board; III) microfluidic device. B) The three-electrode 

setup.  



  

21 
 

 

 

Figure 4. The cumulative release profiles for alumina-coated np-Au under different loading 

voltage (0.2 V, 0.4 V and 0.9 V) and same release voltage (-0.5 V). Inset shows the half-life 

of the release from three loading voltages.  
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Figure 5. Schematic illustration of loading and releasing processes. Under positive loading 

voltage, A) negatively-charged fluorescein molecules are attracted and electrically screened 

on the alumina surface. B) With higher applied voltages, more fluorescein molecules are 

attracted to the surface to conserve the charge balance, leading to the thicker multi-layer 

stacking on the alumina surface. When the voltage is removed, D) the electrostatic repulsion 

accelerates the fluorescein dispersion by increasing the mobility of the particles compared to 

C) the dispersion of neutral particles (which is driven by random Brownian motion - 

diffusion) that are loaded under open circuit voltage.  
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Figure 6. The instantaneous release profile (red) of fluorescein under negative voltage during 

three repeated cycles. In each cycle, different release voltages (0 V, -0.1 V, -0.2 V, -0.4 V and 

-0.6 V) were applied sequentially for the same duration (30 s) and a positive voltage of +1 V 

was applied in between. The average release rates during each release voltages are shown as 

blue dashes corresponding to the cycles above them. Inset shows the percent amount of 

fluorescein released under each voltage with respect to the total released amount in each cycle. 

The blue column indicates the averaged relative fluorescein release across the three cycles.  
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Figure 7. Schematic representation of the closed-loop controlled molecular release system. 

Serving as the indicator of fluorescein concentration, the fluorescence intensity is acquired by 

the fluorescence microscope and compared with the intended release amount (set-point). The 

difference e(t) is fed to a proportional-integral-derivative (PID) controller, which computes 

the output voltage u(t). The voltage is subsequently applied on the np-Au electrode for 

triggering or suppressing the release. The released fluorescein travels down the microfluidic 

channel through the microscope observation area for fluorescence quantification. The 

convective transport time from np-Au to below the objective constitutes the response delay, 

∆t, of the controller. 
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Figure 8. The instantaneous release profile of fluorescein (blue) under closed-loop control via 

applied voltage (orange) to achieve the arbitrary release profile defined by the staircase-like 

setpoint (red). 
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Alumina-coated nanoporous gold (np-Au) electrodes allow for voltage-gated closed-loop 
control of small-molecule release. Via leveraging electrical conductivity, microfabrication 
compatibility, and high effective surface area of np-Au, arbitrary waveforms of release dose 
are attained, paving the way to the effective management of disorders with time-varying 
therapeutic windows. 
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