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Abstract 

The growth in fluidic devices, such as organ-on-chip (OOC) technology, comes with a need 

for growth in sensing capabilities of key biomolecules to help elucidate changes during the time 

course of experiments. We developed an on-line, easy-to-assemble, 3D-printed electrochemical 

sensor module that is magnetically sealed for ease of assembly. The sensor module includes a plug-

and-play format for electrochemical sensors made in finger-tight fittings to allow for a wide 

selection of experimental set-ups and target molecules. Here, we report the feasibility of the sensor 

module as well as demonstrate its use for electrochemical sensing with integrated thermoplastic 

electrodes (TPEs). The sensor module withstood over 300 kPa of backpressure and demonstrated 

reliable performance with TPEs when using cyclic voltammetry (CV) and amperometry under 

flow conditions. CVs using the ferri/ferrocyanide (K3/4[Fe(CN)6]) redox system demonstrate that 

the sensor module does not hinder the expected linear response with respect to analyte 

concentration. Further CVs and amperometry demonstrated the use of the sensor module under 

flow conditions. Such success in device design and usability is promising for future work using 

the on-line sensor module with a variety of applications.   

 

Introduction 
Fluidic and microfluidic devices have greatly expanded the toolbox for analytical 

measurements in countless fields. These devices have been used broadly for applications including 

single molecule detection,1 immunoassays,2 environmental analysis,3 and organ-on-chip (OOC) 

devices.4 In many devices, fractions collectors or off-chip assays are used, which lack the 

capability to measure changes in analytes with high time resolution and can require large working 

volumes. For devices that have integrated sensors, in many previously reported devices, if the 

sensor fails, both the device and the sensor require refabrication.5 This process can be expensive 

and time-consuming, particularly for OOC devices, in which integrated sensors are desirable for 

monitoring of tissue-specific biochemical processes.6  

Electrochemical sensors are well suited for integration into fluidic devices because they 

are highly sensitive and selective, cost-effective, can be readily fabricated at micro scales, and 

exhibit fast response times.7 While some OOC devices feature on-chip electrochemical or optical 
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biosensors to monitor changes in environmental parameters (e.g. O2, pH, CO2)
8-11 and metabolic 

products (e.g. glucose, lactate)12, 13 in real-time, they often lack reusability and simple integration. 

Sensor module designs featuring plug-and-play architectures are especially advantageous because 

individual sensors can be swapped when failures in occur, and microfluidic platforms can be 

reused in separate experiments requiring different sensors.5 Examples of plug-and-play sensor 

modules include 3D-printed microfluidic devices that accommodate electrochemical sensors 

housed in finger-tight fittings14 or custom holders,15, 16 as well as a 3D-printed flow cells that 

accommodate off-the-shelf optical components.6   

An attractive method for microfluidic device fabrication is 3D printing because it enables 

rapid prototyping of different designs in one step, and in some cases, multi-material parts with 

varying mechanical properties.16, 17 Channel clogging, a common issue when printing internal 

microchannels, can be circumvented by 3D printing open-faced microfluidic devices and 

reversibly or irreversibly sealing the printed parts to various substrates.18-21 Reversibly sealed 

microfluidic devices are especially desirable for OOC applications because they can be 

disassembled, sterilized, and reused for subsequent experiments.22 Different methods have been 

used to reversibly seal microfluidic devices, such as adhesive bonds,23, 24 vacuum suction,25, 26 and 

mechanical clamps fastened with screws27, 28 or magnets.29-31 Previous reports of magnetically 

sealed devices require careful assembly, have comparatively low burst pressures, or have open 

channels which can easily disturb the chemical conditions of the fluid while measuring.29-31 These 

devices also often rely on PDMS for the channel which can be easily deformed, messy to assemble, 

and difficult to clean for reuse.29-31  

Here, we report a plug-and-play sensor module for use in fluidic systems that makes use 

of magnetic closures to create a sealed device that can operate at relatively high pressures. The 

microfluidic platform consists of two 3D-printed layers separated by a silicone gasket with defined 

microfluidic channels. Magnets installed in each 3D printed layer provide high-pressure reversible 

seals and allow for rapid, self-aligning assembly and disassembly which is highly user friendly 

The top 3D-printed layer contains threaded ports that accommodate both electrochemical and 

optical sensors housed in commercial PEEK fingertight fittings.32 Importantly, this design reduces 

fabrication costs since both the microfluidic platform and sensors can be cleaned and reused 

between experiments. The sensor module’s plug-and-play architecture, easy and reversible 

assembly, and ability to withstand high fluid pressures enables it to be used for a wide variety of 

applications. 

 

Experimental 
 

Reagents 

Solutions were prepared using 18.2 M Ω・cm water purified using a Milli-Q system 

(Millipore Sigma, USA). Graphite (Grade 3569) was purchased from Asbury Graphite Mills, INC. 

(Asbury, NJ). Polycaprolactone (PCL) was purchased from ThermoMorph® (Toledo, OH). 

Dichloromethane and potassium nitrate (cryst./certified ACS) were purchased from Fisher 

Chemical (Waltham, MA). Potassium ferricyanide(III) was purchased from Sigma-Aldrich (Saint 

Louis, MO). Ferrocenylmethyl trimethylammonium (FcTMA+) was synthesized in house using a 

previously reported method.33 

 

 

 



Device Design and Fabrication 

Devices (Figure 1) were designed in SolidWorks CAD software (Dassault Systems, 

Waltham, MA) and the top and bottom layers were 3D-printed with a Form 3 SLA printer 

(Formlabs, Somerville, MA) using Clear V4 resin. After printing, the devices were soaked in 

isopropyl alcohol for 20 minutes to remove uncured resin and subsequently post-cured according 

to Formlabs recommendations. All 3D-printed devices were coated with a silicone-modified 

conformal coating (MG Chemicals, Surrey, BC) to provide a smooth surface finish and improve 

optical transparency. N42 Neodymium bar magnets (K&J Magnets Inc., Pipersville, PA) were 

installed in slots on the inner surface of each 3D-printed layer using cyanoacrylate glue (Krazy 

Glue, Elmers Products, High Point, NC), providing 11.5 lbf of total clamping force.  The device 

was intentionally designed such that opposing magnets are nearly in contact after device assembly 

to maximize the attractive force between magnets. Two distinct microfluidic platforms with 

different middle layers were designed to demonstrate the versatility of magnetic connections 

(Figure 1). 

In the first design (Figure 1A), the middle layer consists of a 20A durometer silicone 

gasket (McMaster-Carr, Elmhurst, IL) cut with an Epilog Zing laser cutter to define the 

microfluidic channel (1 mm width, 200 μm height, 33 mm length). To ensure a consistent channel 

height, the gasket was compressed by a set percent (25%) of its original thickness. The allowable 

percent compression was estimated by first converting the maximum clamping force provided by 

the magnets to a clamping pressure using the following equation:  

𝑃𝑐𝑙𝑎𝑚𝑝 =
𝐹𝑐𝑙𝑎𝑚𝑝

𝑆𝐴𝑔𝑎𝑠𝑘𝑒𝑡
      (1)   

Pclamp was subsequently compared to a compression-deflection curve for 20A durometer silicone 

gaskets, which defines the pressure needed to compress a material by a given percent. The top 3D-

printed layer contains threaded inlet/outlet ports and two sensor ports that accommodate 10-32 and 

1⁄4-28 fingertight fittings (IDEX Health and Science, LLC, Oak Harbor, WA), respectively. The 

bottom 3D printed layer features notches aligned with the sensor ports to prevent installed sensors 

from occluding the microfluidic channel. Rubber O-rings (McMaster-Carr, Los Angeles, CA) were 

installed at the base of the inlet/outlet ports to ensure leak-free connections.  

 

Figure 1. (A) CAD rendering of the magnetically assembled sensor module with the microfluidic channel defined by 

a laser cut gasket. (B) CAD rendering of alternative device design with microfluidic channel defined by PDMS. 1-

6 indicate the fluid inlet, fluid outlet, electrochemical sensors, gasket, PDMS chip, and magnets, respectively. 

 



 The second design (Figure 1B) uses a middle layer comprised of a PDMS chip with an 

open- faced microfluidic channel (500 μm width, 200 μm height, 33 mm length). The PDMS chip 

was fabricated using a 3D-printed mold combined with conventional soft lithographic 

techniques.34 Briefly, Sylgard 184 silicone elastomer base and Sylgard 184 elastomer curing agent 

were thoroughly mixed at a 10:1 ratio and degassed in a vacuum desiccator. The mixture was then 

cast over the 3D-printed mold and cured for 24 h in an 80°C oven. A 10:1 elastomer base to curing 

agent ratio was chosen because higher ratios (e.g., 15:1) resulted in significant channel 

deformation under compression. Steel connectors (18G) were inserted into biopsy-punched holes 

at the inlet and outlet to establish fluidic connections.  
 

 Leakage Tests 

The sealing performance of each device design was evaluated with two magnet 

arrangements. Magnets were either installed along the devices’ sides parallel to the channel axis 

(Figure 2, arrangement 1) or around the devices’ periphery (Figure 2, arrangement 2) providing 

more equal spacing. A 60 mL syringe filled with DI water and food dye was loaded on an NE-300 

syringe pump (New Era Pump Systems Inc., Farmingdale, NY) and connected to an assembled 

device using commercial fittings and tubing.  Next, an F-238 NanoTight Capillary sleeve (IDEX 

Health and Science, LLC, Oak Harbor, WA) was connected to the device’s outlet to provide 

additional fluidic resistance.  The fluid was pumped through the device for 30 seconds in 0.5 

mL/min increments until leakage was observed. This process was repeated for all devices and 

magnet arrangements.  

Volumetric flow rates (Q) were converted to pressure values (ΔP) using the following 

equation:   

∆𝑃 =  𝑄𝑅𝑡𝑜𝑡𝑎𝑙               (2)  

Rtotal is the combined fluidic resistance provided by the microfluidic channel and capillary sleeve. 

The individual resistance contributions from the microfluidic channel and capillary sleeve were 

calculated from equations 3 and 4, respectively:  
  

𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
12𝜇𝐿

𝑤ℎ3(1−0.63
ℎ

𝑤
)
    (3) 

 

𝑅𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 =
8𝜇𝐿

𝜋𝑑4     (4) 

Here, μ is the dynamic viscosity, L is the channel length, w is the channel width, h is the channel 

height, and d is the capillary inner diameter.   

 

Electrode Fabrication 

Electrochemical sensors were made by heat-pressing a previously reported thermoplastic 

electrode (TPE) material35-37 into 1⁄4-28 PEEK fingertight fittings. To fabricate the electrode 

material, polycaprolactone (PCL) pellets were first dissolved in dichloromethane followed by the 

addition of graphite at a 3:1 (w/w) graphite to PCL ratio. Once homogenized, the mixture was 

poured onto a silicon wafer to allow the solvent to evaporate. The dried material was then molded 

into fingertight fittings using a hydraulic heat press set to 75°C. Next, the ends of the fingertight 

fittings were sanded to remove excess material and exfoliate the carbon. Each electrode’s 

resistance was measured with a two-point probe (Fluke 187 multimeter, accuracy of 0.01 Ω) for 



quality control purposes. Electrical connections were established using electrical wire and silver 

paint, and epoxy was applied over the connections for mechanical reinforcement. Prior to 

electrochemical experiments, fingertight fittings were wrapped with Teflon tape to prevent 

leakage.  

 

Electrochemical Experiments 

 The electrodes’ electrochemical performance was characterized via flow injection analysis 

coupled with cyclic voltammetry (CV). A NE-300 syringe pump (New Era Pump Systems Inc., 

Farmingdale, NY) was used for sample injection while a CHI660b potentiostat (CH Instruments, 

Inc., Austin, TX) and a CHI832 bipotentiostat (CH Instruments, Inc., Austin, TX) were used for 

electrochemical measurements. For CV experiments, two fingertight fitting TPEs were screwed 

into the sensor module’s ports as described above to be used as working and counter electrodes. A 

saturated calomel reference electrode was placed in the downstream waste beaker filled with 1.0 

M potassium nitrate (KNO3). For all CVs, the potential was scanned from 0 mV to 600 mV versus 

an SCE reference with a step of 10 mV and a scan rate of 100 mV/s. 

For flow experiments, a solution containing 5 mM potassium ferricyanide(III) 

(K₃[Fe(CN)₆]) in 1 M KNO3 was used for all flow rates. The syringe pump was started, and 

measurements were taken after approximately 5-10 seconds to ensure stable flow without bubbles. 

Four flow rates were tested in triplicate, from 0.1 mL/min to 0.5 mL/min in random order. For the 

static experiments, 12 concentrations of ferri/ferrocyanide (K3/4[Fe(CN)6]) in 1M KNO3 were 

tested in triplicate, from 0 mM to 20 mM in random order using the same fingertight fitting TPE 

as the working electrode each time. For each measurement, the syringe pump was run for 

approximately 5-10 seconds to fill and purge the sensor module. CVs were run for each 

concentration under static conditions.  

For flow amperometry experiments, two fingertight fitting TPEs working electrodes were 

screwed into the sensor module’s ports to be used simultaneously with reference and counter 

electrodes downstream in a waste beaker filled with 1.0 M potassium nitrate (KNO3). Potential 

was held at +200 mV for the first working electrode and +400 mV for the second and current of 

each was measured in real time. Flow was set to 100 µL/min injections of 1 mM FcTMA+ in 0.1 

M KCl were added sequentially.  

 The sensor module was simply cleaned between experiments by disassembling and rinsing 

with DI water. 

Results and Discussion  
 

Device Design and Seal Integrity 

The placement of the magnets in the sensor module are arranged in a manner in such a way 

that once the gasket is placed, the module simply self-aligns. The result is that the sensor module 

can be assembled correctly in under 5 seconds while still maintaining high quality seals. The ability 

of the sensor module to withstand backpressures was tested. The sensor module exhibited excellent 

sealing capabilities across all device designs/magnet arrangements and withstood backpressures 

over 300 kPa from flow rates over 10 mL/min (Figure 2). The burst pressure was significantly 

higher for devices designed with a gasket material compared to devices designed with a PDMS 

chip (Figure 2). Various magnet arrangements were tested to determine if they provided more 

reliable seals. Higher burst pressures were observed in devices with magnets distributed equally 

around the perimeter (Figure 2, magnet arrangement 2), although the difference was not 



significant for gasketed devices. Magnet arrangement 2 provided more clamping force near the 

devices’ inlets and outlets where leakages typically occurred. 

Several groups have reported magnetic clamping systems for cell culture applications with 

resulting burst pressures as high as 58 kPa.29-31, 38 Rafat et al. and Occhetta et al. reported devices 

with even higher burst pressures (145 kPa, 150 kPa).31, 39 However, all these devices were designed 

to clamp PDMS chips alone, whereas the reported sensor module can clamp multiple materials. 

All of the designs/magnet arrangements tested here are suitable for OOC applications because the 

flow rates in OOC devices are typically an order of magnitude lower than the flow rates used for 

the leakage tests. Further, regardless of the magnet placement, the sensor module withstood higher 

backpressures compared to most previously reported microfluidic devices reversibly sealed with 

magnetic connections.30, 31, 38 

 

 
Figure 2. Comparison of the average flow rates and corresponding burst pressures between different magnet 

arrangements. Burst pressures were not significantly different between “Gasket: 1” and “Gasket: 2”. n=4 for all device 

designs and magnet arrangements.
 

 

Electrochemical sensing in the sensor module 

Thermoplastic electrodes (TPEs) in fingertight fittings were successfully integrated into 

the sensor module device. The ability to add two TPEs to the sensor module allowed for the 

working and counter electrodes to be adjacent to each other in the device with a reference electrode 

downstream. This configuration was used to test TPE performance in the sensor module under 

flow conditions with a ferri/ferrocyanide sample (Figure 3A). The average peak current for 5 mM 

[Fe(CN)₆]3-/4 is statistically similar regardless of flow rate for the rates tested (p = 0.873 by one-

way ANOVA), supporting that the speed of flow does not significantly impact the peak current 

observed at the flow rates tested. Data collection was performed with the same two TPEs for the 

entirety of the experiment with randomized selection of flow rate to reduce possible impacts of 

electrode surface degradation. However, there is considerable variation in the triplicate sets of 

measurements at each flow rate (average %RSD = 14%).  It is unlikely that the electrodes were 



degraded because the same electrodes were used on subsequent days for the concentration 

experiments without the showing the inconsistencies (average %RSD = 4.6%).  

 Under flow, CVs usually give a sigmoidal shape rather than a peak due to a constant influx 

of reactants to the electrode surface,40 however, peaks are observed in the voltammograms from 

the sensor module under flow conditions (Figure 3B). The static solution behavior could be due 

to a small volume of solution becoming trapped at the electrode surface because the electrode is 

slightly recessed from the flow channel. The small volume then would act more similarly to a static 

solution for CVs. Future studies will work to alleviate this problem by optimizing the fingertight 

fitting electrode design.  

 
Figure 3. (A) Cyclic voltammetry for 5 mM [Fe(CN)₆]3-/4- in 1 M KNO3 at varying flow rates. (B) 

Peak currents via cyclic voltammetry from varying flow rate of 5 mM [Fe(CN)₆]3-/4-/[Fe(CN)₆]4- in 1 M KNO3 from 0 

mL/min to 0.5 mL/min. Error bars represent the standard deviation of triplicate measurements. 

 

The quantification capability of TPEs in the sensor module was tested via cyclic 

voltammetry with a redox molecule ferri/ferrocyanide under stopped flow conditions (Figure 4A). 

The peak current of the CVs produced a linear response with increasing concentration 

demonstrating that the sensors can be used for quantitative detection (Figure 4B). CVs were taken 

for proof of concept, but a more sensitive electrochemical technique such as amperometry or 

square wave voltammetry could also be used.   

The ability of the sensor module to accommodate multiple electrochemical sensors 

simultaneously was shown by integrating two TPE working electrodes with a reference and 

counter electrode downstream.   Ferrocenylmethyl trimethylammonium (FcTMA+), a redox 

molecule with fast kinetics for electrode characterization, was injected and measured 

amperometrically in flow. FcTMA+ was oxidized at the upstream working electrode (WE1 in 

Figure 5A) with a potential of +400 mV and then reduced at the downstream working electrode 

(WE2 in Figure 5A) with a potential of +200 mV. The resulting amperograms (Figure 5B) show 

that the working electrodes function independently and concurrently. The first sample injection 

resulted in peak oxidation and reduction currents of 0.52 µA and -0.20 µA, respectively. 

Subsequent sample injections resulted in consistent peak oxidation and reduction currents of 0.65 

± 0.01 µA and -0.240 ± 0.006 µA, respectively. The consistency in peak currents after the initial 

peaks show that the sensor module provides reliable measurements in flow. Successful use of TPEs 

with FcTMA+ and ferri/ferrocyanide opens the door for possibility of applying previously reported 



TPE’s with covalent surface modifications, for TPE-based biosensors that could be integrated into 

the sensor module.36, 41 

 

Figure 4. (A) Overlay of cyclic voltammograms for concentrations 0-2.0 mM of [Fe(CN)₆]3-/4- in 1 M KNO3 using 

TPEs in the sensor module. (B) Linear fit for peak current as a function of concentration of [Fe(CN)₆]3-/4-. Error bars 

represent the standard deviation of n=3. 

   

Figure 5. (A) A representative sensor module with two working electrodes in line with the microfluidic channel. (B) 

Amperogram showing the repeated oxidation (blue peaks) and reduction (red peaks) of FcTMA+. 

Conclusion 
Herein, the feasibility of a highly user-friendly, magnetically sealed sensor module was 

established for on-line electrochemical sensing with fluidic devices. Burst pressures were assessed 

to determine optimal magnet placement prior to testing of fingertight fitting TPEs in the sensor 

module. Successful detection of ferri/ferrocyanide and FcTMA+ in flow through the sensor module 

provides a proof of concept for integrating electrochemical sensors for multiple biologically 

relevant analytes such as glucose and lactate. This novel sensing module provides a tool for 

customizable, plug-and-play format for biosensing when coupled with fluidic systems, such as 

OOCs.  
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