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ABSTRACT 

Wearable devices based on microneedle (MN) technology have recently emerged as tools for 

in situ transdermal sensing or delivery in interstitial fluid (ISF). Particularly, MN-based 

electrochemical sensors allow the continuous monitoring of analytes in a minimally invasive 

manner through ISF. Exogenous small molecules found in ISF such as therapeutic drugs are 

ideal candidates for MN sensors due to their correlation with blood levels and their relevance 

for the optimal management of personalized therapies. Herein, a hollow MN array patch is 

modified with conductive pastes and functionalized with crosslinked chitosan to develop a MN-

based voltammetric sensor for continuous monitoring of methotrexate (MTX). Interestingly, 

the chitosan coating avoids biofouling while enabling the adsorption of MTX at the electrode’s 

surface for sensitive analysis. The MN sensor exhibits excellent analytical performance in vitro 

with protein-enriched artificial ISF and ex vivo under a Franz diffusion cell configuration. The 

MN sensor shows a linear range from 25 to 400 µM, which fits within the therapeutic range of 

high-dose MTX treatment for cancer patients, and an excellent continuous operation for more 

than two days. Moreover, an iontophoretic hollow MN array patch is developed with the 

integration of both anode and cathode in the single MN array patch. The ex vivo 

characterization demonstrates the transdermal on-demand drug delivery of MTX. Overall, the 

combination of both MN patches represents impactful progress in closed-loop systems for 

therapeutic drug management in disorders such as cancer, rheumatoid arthritis, or psoriasis. 
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Wearable electrochemical devices have revolutionized how chemical data is collected and 

analyzed on the spot.1,2 The most successful example is the continuous glucose monitoring 

system used by many diabetic patients, highlighting its improvement in disease management. 

Such a system is based on an integrated electrochemical sensor embedded in a tiny needle 

that pierces the outer layer of the skin to reach interstitial fluid (ISF) for glucose sensing.3 

However, the insertion and the length of the needle make the process cumbersome and 

painful, respectively. To overcome these issues, microneedle (MN) array patches have been 

modified with conductive materials to be used as electrochemical sensors,4–6 being the 

majority of the state-of-the-art for glucose monitoring.7 

Wearable MN-based electrochemical sensors have been produced under different 

configurations: (i) a conductive solid MN array to attain an electrode;8,9 (ii) a hollow MN array 

(HMA) filled with conductive pastes to attain an electrochemical cell;10,11 (iii) a HMA used for 

the extraction of ISF toward an electrochemical sensor at the back side of the HMA;12 or (iv) 

a polymeric MN array with the capability to uptake ISF that contains an inserted miniaturized 

electrode/sensor.13  

MN-based transdermal diagnostics is, therefore, an appealing technology to monitor analytes 

in ISF due to its minimal invasiveness and huge availability of the skin ISF in comparison to 

blood. However, the partitioning of analytes in dermal ISF needs to be considered when 

designing MN-based sensors.14 The selection of the analyte needs to be previously evaluated, 

considering its size, charge, percentage of analyte bound to proteins, and presence in ISF.14 

Ideally, small molecules (e.g. glucose, ions, urea, drugs or cytokines) up to 3 kDa can easily 

diffuse through blood capillaries to ISF, becoming thus available for the MN sensors at similar 

levels to the blood. Hence, there is a rising interest in drug monitoring through ISF due to the 

opportunities that electrochemical sensors offer in drug detection, particularly fitting the 

therapeutic range, sensitivity and limit of detection (LOD).15,16 Unfortunately, larger 

macromolecules are found at lower levels in ISF than in blood which makes it challenging for 

MN sensors with the need for extremely low LOD.14 

MNs arrays have been used for drug monitoring.15,17 Mainly, three strategies are approached 

for drug monitoring: (i) the use of direct electrochemical oxidation at the surface of the HMA 

electrode for apomorphine11 or levodopa18; (ii) the functionalization of solid MNs with aptamers 

for different antibiotics;9,19 and (iii) the use of swellable MNs mounted on interdigitated 

electrodes for levodopa detection.20 
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The integration of electrochemical sensors with MN patches for on-demand drug delivery21 is 

bringing an advent in closed-loop systems for optimal drug delivery.22,23 These closed-loop 

systems are mainly built on electrochemical devices,15 offering an opportunity to develop 

wearable self-powered devices.2 For example, a fully integrated closed-loop system based on 

mesoporous MNs-iontophoresis was reported for self-sufficient diabetes treatment.24 

Similarly, MNs were functionalized as biosensors and combined with an electroosmotic pump 

to deliver insulin.25 Recently, an ultrasonic insulin pump was integrated with a MN sensor for 

on-demand delivery.26 These systems could deliver an appropriate insulin dose depending on 

the glucose level of the patient, empowering future personalized medicine. Principally, closed-

loop systems are designed for diabetes management. However, many other disorders could 

benefit from this technology.27 

Methotrexate (MTX) is a widely used drug for the treatment of cancer, rheumatoid arthritis, 

and psoriasis, among others.28,29 For example, MTX has been transdermally delivered using 

dissolving MNs for the treatment of psoriasis.30 In cancer treatment, the levels of MTX of a 

patient under high-dose MTX expand from high (mM range) to low concentration (µM range). 

The levels determine the toxicity to the body e.g. if the MTX blood concentration is >10 µM at 

24 h post-administration, the patient needs to be rescued with leucovorin.29,31 Therefore, the 

ability to rapidly detect MTX (toxic) levels in the human body is essential for the safety of the 

patient while providing optimal treatment. Indeed, the continuous monitoring of MTX has been 

recently achieved by aptamer-based sensors.32 Importantly, MTX is electroactive at 

physiological pH on carbon-based electrodes.33,34 This opens the possibility to use MN-based 

electrochemical sensors for its detection in ISF. However, the challenges remain in the 

engineering of the MN sensor, the stability for continuous operation, and the ability to reduce 

biofouling for undiluted analysis in biofluids.  

Herein, the first MN-based electrochemical sensor for transdermal MTX monitoring is 

presented. First, hollow MNs are modified with conductive pastes, and subsequently, the 

working electrode is functionalized with chitosan (CHI) crosslinked with glutaraldehyde (GA) 

to provide the sensor with anti-biofouling and preconcentration capabilities (Figure 1A). This 

CHI-GA coating enables the operation within the therapeutic range of high-dose MTX 

treatment. The coating facilitates the adsorption of MTX at the electrode’s surface while 

avoiding protein diffusion to the electrode. The analytical characterization of the functionalized 

microneedle (f-MN) sensor has been executed in vitro under protein-enriched artificial 

interstitial fluid (AISF) and ex vivo by piercing the f-MN sensor in porcine skin employing a 

Franz diffusion cell setup. Finally, a MN-based drug delivery system for MTX is designed 

utilizing an iontophoretic hollow microneedle array system (IHMAS) (Figure 1B). The device 

has been successfully characterized under the ex vivo setup. These MN patches generate the 

preliminary steps toward a closed-loop system for MTX treatment. Overall, the current work 
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presents a leap forward in the field of MN devices for decentralized and digitized healthcare 

while providing technology for patient-centered remote monitoring. 

 

Figure 1. Wearable microneedle array patch for the continuous electrochemical monitoring 

and drug delivery of MTX: (A) Schematics of the functionalized microneedle sensor for 

transdermal monitoring of MTX. (B) Illustration of the iontophoretic microneedle array system 

for transdermal on-demand drug delivery of MTX. 

 

EXPERIMENTAL SECTION 

Fabrication of the MN patch for drug monitoring. The HMA consists of 5 x 5 pyramidal-

shaped MNs with 1 mm height, 0.75 mm width, 2 mm tip-to-tip interspacing, and 100 µm hole 

diameter (Figure S1A and dimensions Table S1). Detailed information on the evaluation of the 

piercing capability of the HMA and images of the piercing tests are described in the supporting 

information (SI) and Figure S2 and Figure S3, respectively. 

The MN sensing patch was fabricated by filling the holes with the appropriate conductive paste 

to form a three-electrode electrochemical cell (Figure S4A and S4B). Thus, the MN sensor 

incorporates a working electrode (WE) and counter electrode (CE) based on graphite paste, and 

a reference electrode (RE) based on silver/silver chloride (Ag/AgCl) paste. Further information 

on the materials is described in the SI. Once the hole of each MN is filled by using a spatula, the 

excess of the corresponding paste was carefully removed from the hole using a scalpel following 

the angle of the MN. This is a critical step to avoid any paste above the MN as the polymeric 

material of the MN needs to protect the electrode (Figure S5). Thereafter, conductive pastes 

were cured at 80 °C for 30 min in an oven. Electrical contacts were established using a screen-

printed planar connector on a PET substrate at the backside of each of the conductive pastes 

to realize the MN sensor (Figure S4C and S4D). Glue is used to isolate the edges of the MN 

sensor and avoid the solution to leak into the connections. Finally, the crosslinked CHI solution 

(prepared from a 1.5% CHI in 2% acetic acid diluted to a 0.15% CHI aqueous solution and mixed 
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with GA solution to obtain a 5% GA) was deposited on the MNs WE (70 µL) and let dry in the 

oven at 40 °C for 30 min. Figures S4E and S4F depict the CHI layer on top of the MN WE.  

Details on the fabrication of the HMN patch for drug delivery, preparation of the drug-loaded 

hydrogel, in vitro drug delivery study, ex vivo drug permeation study, and statistical analysis 

are described in SI and in Figure S6. Details on the characterization of the sensor and the in 

vitro and ex vivo (Figure S7) analytical characterization of the MN sensor are described in the 

SI. 

 

RESULTS AND DISCUSSION 

Development of the MN patch for drug monitoring.  

The HMA was modified with conductive pastes (details in the experimental section) to develop 

a MN-based electrochemical sensor (Figure S4). The WE consists of 12 MNs, the RE consists 

of five MNs and the CE consists of eight MNs (Figure S1). The distribution of the electrodes 

followed the same configuration used in screen-printed electrodes.35 The WE was subsequently 

functionalized with the crosslinked CHI/GA solution by dropping the solution on top of the WE 

and letting it dry. This functionalization provides anti-biofouling and adsorption capabilities to the 

WE, allowing the continuous monitoring of MTX in biofluids. First, a regular SPE was employed 

as a model electrode to study the morphology under scanning electron microscopy (SEM) of the 

deposited CHI layer with and without crosslinker. Figures S8A and S8B depict the surface of a 

bare graphite electrode in the SPE, showing its rough structure with graphite flakes as previously 

reported.36 Figures S8C and S8D show the surface of the graphite electrode with the deposited 

CHI layer (no crosslinking). The SEM images display similar shapes as per the bare graphite 

electrode, meaning that the CHI coating remained highly porous on the electrode. In contrast, 

crosslinked CHI coating exhibited a very smooth layer on top of the graphite, proving the 

crosslinking activity on the coating (Figures S8E and S8F). 

The morphology and distribution of the crosslinked CHI/GA coating on the MN-based electrodes 

were also characterized by SEM. Figures S8G, S8H and S8I depict the modified MN RE at 

different magnifications. Figure S8I shows the silver particles embedded in the polymeric paste. 

Figures S8J, S8K and S8L display the crosslinked CHI/GA deposited on the MN WE. The 

images show the formation of a smooth coating on the electrodes. To evaluate the thickness of 

the coating, a MN sensor with a scratched crosslinked CHI/GA layer was analyzed (Figures 
S5G-S5I). Figures S8M and S8N depict a piece of the crosslinked coating at the base of the 

MN sensor exhibiting a thickness of 9.0 ± 0.6 µm (N = 3). Figures S8O and S8P display the 

thickness of 4.8 ± 0.1 µm (N = 3) at the MN body. It is suggested that the thickness at the body 

is less than at the base as a higher amount of solution is accumulated at the base of the MN 

during the evaporation of the solvent. Finally, Figures S8Q, S8R and S8S show the SEM images 

of the MN CE, exhibiting a morphology similar to the graphite bare electrode. 
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The deposition of the CHI and crosslinked CHI/GA coatings were characterized with ATR-FTIR. 

The coatings were first deposited on planar SPEs to allow direct analysis with the ATR module. 

Figure S9 shows the FTIR spectra of CHI and crosslinked CHI/GA coating confirming the 

reaction of the amino groups with GA. Both the NH2 stretching bands at 3349 and 3283 cm-1, 

which are observed in the CHI spectrum, could not be observed in the spectrum of the 

crosslinked coating.37 Moreover, a characteristic peak at 1150 cm-1 associated with C-O-C 

bridges was shifted to a prominent 1110 cm-1 peak.38 

Synergic effect of the crosslinked chitosan coating for methotrexate sensing.  
The modification of electrodes with nanomaterials has proved to be an effective solution to 

improve the sensitivity and reach a low limit of detection.39 However, the use of these 

modifications on biofluids for continuous monitoring is hindered by protein adsorption. Therefore, 

the use of crosslinked CHI/GA is an effective manner to provide continuous monitoring of MTX 

in biofluids. To evaluate the synergic effect of the crosslinked chitosan coating for MTX sensing, 

SPEs were modified with a CHI and crosslinked CHI/GA. A preliminary optimization of the 

crosslinking ratio of the CHI membrane was performed. An optimal ratio of 0.1 (i.e. composition 

of 0.15% CHI and 1.5 % GA) was obtained showing an increment of 3.9-fold in comparison to a 

bare SPE for 50 µM MTX in PBS (Table S2). Figures S10A-S10C depict the electrochemical 

oxidation of MTX on bare, CHI- and CHI/GA-coated SPEs in PBS after 10 min adsorption time. 

The anodic signal was dramatically enhanced at the crosslinked CHI/GA coated electrode for 

the oxidation of 100 and 300 µM MTX in PBS pH 7.4, exhibiting an increment in peak current 

(Ip) of 4.2 ± 0.2 fold and 3.0 ± 0.2 fold in comparison to the bare and CHI-coated SPEs, 

respectively. Importantly, the CHI/GA-coated SPE displayed a 7.9 ± 1.6 fold and 2.85 ± 1.0 fold 

increment in the Ip when the electrodes were interrogated in PBS with BSA (Figures S10D-
S10F). This suggests that the CHI layer provides the anti-biofouling capability to the sensor, but 

CHI/GA is necessary for highly sensitive detection due to the MTX adsorption in the coating. 

Moreover, the oxidation potential of the CHI/GA-coated SPEs in BSA-enriched solution 

decreased from 0.92 V at bare SPE to 0.85 V at CHI-coated and 0.78 V at CHI/GA-coated SPEs.  

The adsorption hypothesis was verified by executing a scan rate study to evaluate the mass 

transport behavior at the CHI/GA electrode. Figure S11A shows the cyclic voltammograms of 

500 µM MTX at different scan rates (i.e. 0.025 – 0.75 V s-1). Subsequently, the anodic 

contribution (Ip) was plotted against the scan rate (Figure S11B). A linear relationship was 

obtained corresponding to an adsorption-controlled process. Besides, the Ip was represented 

against the square root of the scan rate showing a non-linear behavior (Figure S11C). Finally, 

the logarithm of the Ip and scan rate was displayed exhibiting a slope of 0.76 which is higher 

than the theoretical value of the diffusion-controlled process (i.e. 0.5) (Figure S11D). Hence, the 

CHI-GA coating endows the MTX sensor with an adsorption-controlled behavior. Subsequently, 

the influence of the adsorption time on the electrochemical response was assessed on a 
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modified MN sensor. Figure S12A displays the SWV of 500 µM MTX at different adsorption 

times (i.e. 0 - 20 min). Figure S12B shows the Ip (left peak at 0.75 V) through time proving the 

adsorption of MTX. Ten minutes were selected for further experiments as a compromise 

between time and sensitivity. The oxidation peak at the lowest potential (Ip=0.75 V) was selected 

as the main analytical signal. 

Overall, the use of a crosslinked CHI/GA coating on an electrode indeed produces a synergic 

effect for the detection of MTX: (i) the coating acts as an anti-biofouling layer, thus small 

molecules such as MTX diffuse toward the electrode’s surface while blocking the entrance of 

macromolecules such as protein which is the main cause of biofouling;40 (ii) it allows the 

adsorption of MTX at the surface of the electrode causing an increment in the sensitivity; and in 

turn (iii) the decrease in the oxidation potential. 

In vitro analytical characterization of the MN sensing patch. 

To evidence the role of CHI/GA on the electrochemical performance of the sensor, we first 

evaluate the analytical features of the bare MN electrochemical sensor without the crosslinked 

CHI/GA coating (Figure S13). Although the linear range expanded from 25 µM to 300 µM which 

fits with the MTX levels during chemotherapy,29,31,41 the bare MN sensor exhibited poor 

performance after piercing in porcine skin (Figure S14). Porcine skin has fatty components and 

proteins that might be adsorbed on the graphite paste of the working electrode, therefore, 

blocking the surface available for the oxidation of MTX. For this reason, the use of an anti-

biofouling layer is necessary for the analysis of MTX in biofluids. Full in vitro analytical 

characterization of the bare MN sensor is described in the SI.  

The deposition of the crosslinked CHI/GA layer proved to enhance the MTX detection in SPE. 

Therefore, the same coating was deposited on the MN sensors, and subsequently, the 

analytical performance was characterized (Figure 2). The CHI/GA allows the adsorption of 

MTX into the layer close to the electrode’s surface and prevents macromolecules such as 

proteins, the main cause of biofouling, to be adsorbed at the surface (Figure 2A). Figure 2B 

illustrates the deposited coating on the MN sensor covering the entire surface of the WE. The 

analytical characterization of the f-MN sensor was first evaluated in PBS pH 7.4 at room 

temperature (i.e. 21 °C) by interrogating the MN sensor after 10 min adsorption time (Figure 

2C). Figure 2D displays the calibration curve exhibiting a slope of 3.6 nA µM-1 within a dynamic 

range from 25 to 500 µM and a LOD of 10.0 µM which fits the therapeutic range of interest. As 

the f-MN sensor aims to be piercing the skin, the same f-MN sensor was assessed under 34 °C 

as the average skin temperature.42 Figure 2E shows the SWV upon increasing concentrations 

of MTX with the representation of the Ip for the calibration curve in Figure 2F. At 34 °C, the 

slope substantially increased to 4.5 nA µM-1 while maintaining a similar dynamic range and LOD 

(12.1 µM). It has been reported that an increment in temperature provides higher mass transfer 
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in the Nernst layer43 as well as it has been empirically shown its effect on the increment in peak 

current and the shift toward more negative potentials employing SWV.44 Therefore, the f-MN 

sensor demonstrates analytical capabilities to be used at skin temperature. However, the 

following experiments were performed at room temperature for easy handling of the setup. The 

selectivity test was executed by adding 100 µM of the interferent (or 200 µM for glycine) to 100 

µM MTX before the electrochemical interrogation. Figure 2G depicts the SWV and Figure 2H 

shows the Ip obtaining a RSD of 7.8% between all measurements. Thus, the f-MN sensor did 

not exhibit interferences on the MTX signal with regularly encountered electroactive molecules 

in biofluids. As one of the features of the CHI/GA is the anti-biofouling capacity, PBS with BSA 

as biofouling agent was employed for the testing. Figure 2I shows the SWVs of the f-MN sensor 

in the BSA in solution and the corresponding calibration curve is illustrated in Figure 2J. A slope 

of 2.3 nA µM-1 and LOD of 19.9 µM showed an effect of the protein on the analytical 

performance, although the CHI/GA still allowed for MTX detection in the therapeutic range. The 

repeatability of the f-MN sensor was assessed for 25, 100 and 300 µM in PBS-BSA (Figure 2K 
and zoom in Figure 2L). The results showed excellent repeatability (i.e. RSD25µM = 4.8%, 

RSD100µM = 5.5%, and RSD300µM = 4.3%). 
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Figure 2. In vitro analytical characterization of the functionalized MN-based electrochemical 

sensor with the crosslinked CHI/GA coating in PBS pH 7.4. (A) Diagram of the anti-biofouling 

mechanism employing the crosslinked CHI/GA coating. (B) SEM image of the CHI/GA layer. 

(C) SWVs of increasing concentrations of MTX at 21 °C and (D) Corresponding calibration 

curve. (E) SWVs of increasing concentrations of MTX at 34 °C and (D) Corresponding 

calibration curve. (G) SWV from the selectivity test by using 100 µM MTX and interferent and 

(H) Corresponding peak current from the anodic event. All previous experiments were 

performed in PBS pH 7.4. Test under biofouling agent (20.6 g L-1 of BSA): (I) SWVs of 

increasing concentrations of MTX at 21 °C and (J) Corresponding calibration curve. 

Repeatability test (N = 3) with (K) 100 µM, 200 µM and (L) 25 µM MTX. 

 

To emulate the ability of the f-MN sensor for continuous monitoring of MTX, the performance of 

the f-MN sensor was investigated in AISF. Figure 3A depicts the SWVs of the f-MN sensor upon 

increasing concentrations of MTX. Figure 3B shows the calibration curve with a slope of 2.4 nA 

µM-1, LOD of 10.2 µM within a linear range from 25 to 200 µM. It is important to mention that 

different f-MN sensors were used for the tests in buffer and AISF, thus differences in the 

sensitivity of the systems can be obtained. As the manufacturing process is performed in-house, 

variations in the fabrication process can lead to different electrochemical performances. 

Subsequently, the f-MN sensor was tested in AISF with BSA (Figure 3C). The slope of 1.8 nA 

µM-1 and LOD of 12.3 µM showed a decrease in the analytical performance similar to the 

behavior studied using PBS and PBS-BSA solutions. Despite this performance, the f-MN sensor 

allowed the monitoring of MTX within the range of interest (Figure 3D).  

An important feature of a transdermal device aiming for continuous monitoring is the ability to 

detect fluctuations in the target analyte. Hence, a reversibility test in AISF with BSA was attained 

during eight cycles of increasing and decreasing concentrations of MTX (50 µM – 100 µM – 200 

µM cycle) (Figure 3E). Subsequently, a calibration curve was constructed by plotting the Ip 

gathered from the reversibility test. Figure 3F displays a slope of 1.8 nA µM-1 which is the same 

value as for the previous calibration curve before the reversibility test, proving the stability of the 

f-MN sensor. Moreover, excellent repeatability of each concentration was obtained (RSD50µM = 

10.9%, N = 5; RSD100µM = 7.5%, N = 8; and RSD300µM = 3.5%, N = 4).  

Long-term stability is essential for wearable devices that aim to continuously monitor targets 

once are inserted or applied to the body. Therefore, the evaluation of the performance of the 

f-MN sensor in the AISF enriched with BSA was further studied during long-term analysis. 

First, the stability of the electrochemical readout was assessed continuously every 10 min 

without any MTX for 16 h (Figure 3G). This experiment provided information on the potential 

degradation of the CHI/GA layer and the rise of background peaks that could lead to false 

positives. Importantly, Figure S15A displays the SWVs of the blank without the emergence of 
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any background peak. Thereafter, the f-MN sensor was analyzed under 50 µM MTX for 5 h, 

exhibiting a repeatable peak current with a RSD of 11.1% (Figure 3H). The f-MN sensor was 

subsequently analyzed under 100 µM MTX for 13 h, exhibiting a repeatable peak current with 

a RSD of 4.7% (Figure 3I). Finally, the f-MN sensor was interrogated with 200 µM MTX for 13 

h, exhibiting a RSD of 4.0% on the peak current (Figure 3H). Moreover, the SWVs exhibited a 

constant oxidation potential of the MTX signal between 0.72 V and 0.74 V (Figure S15B – 
S15D). Figure S15E represents the data distribution of the Ip at each concentration. Finally, the 

average Ip obtained during the stability tests was used to construct a calibration plot (Figure 
3K). The calibration curve exhibited a slope of 1.8 nA µM-1 which is the same slope as the 

previous experiments, proving the stability of the f-MN sensor after more than three days of 

operation (i.e. two days during the stability test and one day for the reversibility test). Overall, 

the f-MN sensor proved to be a highly stable sensor for the monitoring and detection of 

fluctuations of MTX in protein-enriched media. 

 

Figure 3. Analytical performance of the f-MN sensor in artificial interstitial fluid (AISF): (A) 

SWVs and (B) Corresponding calibration curve in AISF. (C) SWV and (D) Corresponding 

calibration curves in AISF containing BSA (20.6 g L-1). (E) Reversibility test from 50 to 200 µM 

(8 cycles) and (F) Corresponding calibration curve in AISF containing BSA. Stability test in 

AISF containing BSA for (G) 0 µM, (H) 50 µM, (I) 100 µM, (J) 200 µM and (K) Corresponding 
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calibration curve using the Ip values from the stability tests. The interval time between 

electrochemical experiments was set to 10 min. 

 

Ex vivo analytical characterization of the MN sensing patch. 

The ex vivo test is an essential step in the characterization of MN-based devices. Franz 

diffusion cells are well-established setups used in ex vivo tests to emulate a real scenario 

while controlling the concentration of the analyte at the receptor compartment (Figure S7). 

Importantly, the setup mimics physiological conditions by employing porcine skin and a 

heating system. Traditionally, Franz diffusion cells have been employed in drug delivery 

studies.45,46 However, this approach has also been recently used for the characterization of 

sensors.47 In the latter case, the concentration at the receptor compartment can be varied by 

spiking the analyte through the sampling port to increase the concentration at the inner side 

of the skin or the concentration can be diluted by the extraction of the solution and introducing 

fresh solution (without the analyte) to the Franz cell. Figure 4A illustrates the Franz diffusion 

cell setup where the f-MN sensor is situated in the donor compartment (previously pierced into 

the porcine skin). Through the skin, the f-MN sensor can detect MTX that is present in the 

solution in the receptor compartment. Figure S16A depicts an image of the electrochemical 

setup in the Franz cell. Figure S16B shows a zoom on a Franz cell with the f-MN sensor 

inserted into the skin. Before adding the sensor to the Franz cell, the f-MN sensor is pierced 

into the skin previously attached to the donor compartment (Figure S16C), and subsequently 

deposited on the receptor compartment. Once the f-MN sensor was established on the Franz 

cell and connected to the potentiostat, a calibration curve was executed. Figure 4B displays 

the SWVs from the increasing concentrations of MTX in the receptor compartment. In real 

applications, the drug levels in a patient under MTX treatment expand from high concentration 

(mM range) due to the administration of a high-dose MTX to low µM levels due to the 

metabolization of the drug. These levels determine the toxicity of MTX to the body with an 

immediate rescue with leucovorin.29,31 Therefore, the interest is to rapidly detect toxic levels of 

MTX by monitoring the clearance of MTX from the human body, meaning the monitoring of MTX 

levels in the ISF from high concentration to low concentration.48 Hence, the f-MN sensor was 

interrogated with SWV under decreasing concentrations of MTX, ranging from 400 µM to 25 µM 

MTX in the Franz cell setup (Figure 4C). The calibration curves from the increasing and 

decreasing concentrations of MTX exhibited a slope of 1.75 nA µM-1 and 1.76 nA µM-1 with LODs 

of 22.5 µM and 9.3 µM, respectively, proving the analytical capability of the f-MN sensor to 

monitor the decrease of MTX levels in the receptor compartment through the skin. Finally, 

Figure S16D displays the status of the pierced skin after the ex vivo test, showing the holes 

from the MNs. Overall, the f-MN sensor was able to monitor increasing, and importantly, 
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decreasing concentrations of MTX through the skin which validates its potential use to monitor 

MTX clearance in patients. 

 

 

Figure 4. Ex vivo analytical characterization of the f-MN sensor in a Franz diffusion cell using 

porcine skin. (A) Schematics of the ex vivo setup. (B) SWVs of increasing concentrations of 

MTX in the cell. (C) SWVs of decreasing concentrations of MTX in the cell. (D) Corresponding 

calibration curves for increasing and decreasing MTX concentration. The interval time 

between electrochemical experiments was set to 10 min. 

 

Transdermal on-demand drug delivery of methotrexate 

The transdermal drug delivery was attained by using an IHMAS previously developed by the 

authors for model drugs such as methylene blue, fluorescein sodium, lidocaine hydrochloride, 

and BSA-FITC.46 Following a similar IHMAS, the delivery of negatively charged MTX was 

tested by loading the reservoir of the patch with a MTX-containing hydrogel (Figure S6).  

The concept was first tested in an in vitro setup using agarose gel. The IHMAS in the cathodic 

configuration (use of AgCl electrode) was pierced into the agarose gel and subsequently, 1 

mA cm-2 was applied for an hour.46 The negatively charged MTX is loaded on a hydrogel and 

in contact with the cathode. When the current is applied to the system, the electric field and 

the reduction of the AgCl to Ag releases Cl-, which promotes the migration of MTX- outwards 

to the solution in the receptor compartment. Figure S17 shows the 5-fold enhanced delivery 

of MTX when the iontophoretic current was applied (i.e. the control delivered 66.6 ± 8.1 µg 

mL-1 versus the IHMAS delivered 317.2 ± 31.6 µg mL-1), proving the working principle on MTX. 

In comparison to other drugs, MTX was passively delivered at a much higher amount which is 
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potentially related to the high loading of MTX in the hydrogel (5% in comparison to 0.5% in 

our previous work). In addition, MTX was highly delivered during the iontophoretic current due 

to the migration effect. 

Porcine skin was used for the ex vivo test to emulate transdermal drug delivery. Figure 5A 

illustrates the experimental setup of the IHMAS on a Franz diffusion cell to prove the tailored 

delivery upon the application of current. Figure S18A shows an image of the Franz cell setup 

with IHMAS (cathode) piercing the skin. In this case, the entire IHMAS works as the cathode 

(AgCl electrode) for the iontophoresis. The anode consisted of a Ag wire introduced through 

the sampling port to the solution. The evaluation of the iontophoretic effect was tested on the 

IHMAS by passive delivery as the control (no current) and active delivery (1 mA cm-2). Figure 

5B displays the drug delivery profiles, exhibiting a dramatic enhancement over a 6 h period 

when current is applied. The IHMAS presented a constant and linear delivery of MTX during 

the 6 h with a 26-fold significant increment in the permeation of MTX at 6 h in comparison to 

the control (118.6 ± 24.2 µg mL-1 versus 4.5 ± 1.4 µg mL-1, N = 5, p-value < 0.05). Figure 

S18B depicts the skin after the 6 h tests and the MTX-loaded hydrogel. The skin employed 

during the iontophoresis condition exhibited stronger yellowish color than the control, although 

the yellowish color was also present in the control (Figure S18C). This is due to the passive 

diffusion of the highly concentrated MTX from the hydrogel. Nevertheless, the power of the 

iontophoresis was clearly enhancing the delivery through the skin (less permeable and less 

hydrophilic than agarose gel) in comparison to the in vitro test (i.e. 26-fold versus 5-fold 

enhancement) as it is shown in Figure 5B. Therefore, the iontophoretic effect drastically 

increases the transdermal delivery of charged MTX through the skin. 

The IHMAS concept was subsequently translated into a fully integrated two-electrode system 

(anode and cathode in the same HMA patch). In this new design, a septum separated the 

anode compartment from the cathode compartment, and the cap incorporated the Ag 

electrode (anode) and the AgCl electrode (cathode). This design enables iontophoresis in a 

fully miniaturized system. Figure 5C illustrates the MN device pierced into the skin of a Franz 

cell. In this case, the MTX-loaded hydrogel is situated in the cathode compartment, and a 

blank hydrogel is in the anode compartment to ensure the electrochemical connection 

between the electrodes. The dimensions of the design of the one-electrode and two-electrode 

IHMAS are described in Figure S6. The drug delivery profiles during the ex vivo test exhibited 

an increment of the MTX permeation when applying 1 mA cm-2 through the system (Figure 

5D). At 4 h, the IHMAS delivered significantly 3.8-fold higher amount than the control (i.e. 67.7 

± 22.7 µg mL-1 versus 17.9 ± 5.0 µg mL-1, N = 5, p-value < 0.05). The incorporation of the two-

electrode IHMAS increased the error in the delivery of MTX. It is suggested that fewer hollow 

MNs are employed to pierce the skin in the two-electrode configuration (i.e. from 25 MNs in a 

single patch to 10 MNs), thus the error in the delivery might be increased if a few MNs are not 
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properly inserted into the skin. This effect needs to be considered for future designs of drug 

delivery patches.  

 

Figure 5. Ex vivo permeation test using the iontophoretic hollow microneedle array system 

(IHMAS). (A) Schematics of the ex vivo setup for the IHMAS as the cathode on a Franz 

diffusion cell. (B) Enhanced permeation of methotrexate while applying 1 mA cm-2 of 

iontophoretic current on the IHMAS (N = 5). Proof of concept of the two-electrode integrated 

IHMAS. (C) Schematics of the ex vivo test for the integrated IHMAS on a Franz diffusion cell. 

The drug-loaded hydrogel is situated in the cathode compartment and a blank hydrogel is in 

the anode compartment. (D) Skin permeation of methotrexate employing the integrated 

IHMAS over 4 h in a Franz cell setup (N = 3). 

 

CONCLUSIONS 

We have demonstrated, for the first time, the development of MN-based electrochemical 

sensors for the transdermal monitoring and delivery of MTX. The functionalization of the MN 

sensor with a CHI/GA coating conferred a synergic effect of anti-biofouling and adsorption 

capabilities for the continuous operation of the f-MN sensor. First, a HMA was modified with 

conductive pastes to create a three-electrode electrochemical system in a single patch. 

Thereafter, the MN sensor was analytically characterized with and without the CHI/GA to 

unravel its unique properties for the detection of MTX in protein-enriched AISF. This is a critical 

step for the evaluation of the f-MN sensor in real ISF. The full in vitro analysis exhibited 

remarkable results within the linear range of high-dose MTX administration levels in cancer 

patients. The reversibility and long-term stability of the readout exhibited an outstanding 

performance which is essential for wearable devices. The f-MN sensor was assessed under 
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an ex vivo configuration in porcine skin, proving the ability to transdermally monitor decreasing 

concentrations of MTX, an essential feature to track MTX clearance in patients. Finally, the 

development of an on-demand iontophoretic system based on the same HMA patch shows 

the versatility of the MN technology. Significantly, the IHMAS and f-MN sensors show the first 

steps toward a closed-loop sensing and delivery system for the self-sufficient management of 

MTX therapy in cancer patients. The next steps involve the decrease of the LOD to expand 

the closed-loop system to other disorders such as rheumatoid arthritis where autonomous 

therapeutic drug monitoring can facilitate the lifestyle of these patients. The incorporation of 

algorithms with closed-loop systems that can allow the monitoring of the therapeutic drug and 

the on-demand administration when the levels of the drug are low would provide a deep impact 

on how therapies are handled. Overall, the MN technology presented here demonstrates the 

value of MN patches to enhance personalized medicine and depicts the potential to 

revolutionize healthcare from localized episodic to decentralized continuous treatments. 
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