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Abstract

Developing in vitro cell culture models that accurately mimic in vivo processes in a manner that 

also enables near real-time analysis of neurotransmitters is an important research area. New 

technologies being developed such as 3D scaffolds for cell culture and 3D printed microfluidics 

provide an opportunity for such advancements. In this work, PC12 cells were used as a model 

system and they were immobilized onto a 3D scaffold of polystyrene (PS) fibers. These fibers 

were created by electrospinning onto PS sheets, which were laser cut and, after cell seeding, 

inserted into a 3D printed microfluidic device. The 3D printed device was designed with threads 

for connecting commercial fittings (to integrate automated pumps and a 4-port injection system) 

and a steel pin for simple coupling with PDMS/polystyrene analytical devices. A straight PDMS 

channel was used for simple (and continuous) flow-based detection by sealing onto a PS base 

containing an embedded gold array working electrode and a platinum pseudo-reference. 

Electrochemical detection of stimulated catecholamine release was demonstrated. The insert-based 

system was then integrated with a bilayer valving PDMS device (for microchip electrophoresis) 

sealed onto a PS base (with electrodes for electrochemical detection). This base was embedded 

with a Pd decoupler (for grounding the separation voltage and adsorbing hydrogen) and a 33 µm 

carbon fiber working electrode for in-channel detection. PC12 cells were stimulated in the 3D cell 

culture device, and the valving/electrophoresis microchip was able to separate and detect 

dopamine and norepinephrine release. This work demonstrates the ability to integrate 3D cell 

scaffolds with microchip-based analysis for detection of multiple analytes released from cells.

Introduction

Microchip devices have been used for the study of various biological systems for several 

decades.1–4 Fabrication methods such as lithography5 and chemical etching6 can prove to be 

impractical for commercial applications or for easily transferring technology to other labs. 

Use of 3D printing technologies is becoming popular for both public interest reasons and for 

those doing microfluidics.7–11 The development of commercially available 3D printed 

plastics and metals has helped bring the cost of 3D printing down to a price point that has 

made it useful for microfluidic researchers. Examples of this work includes work done by 

Chen et. al. which used 3D printing for the design of a flow device using membrane inserts 
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to analyze components in stored blood.12 Other work used the ability of printers to print 

flexible materials that allowed them to design a 3D printed O-ring for an ultrafiltration 

system for the measurement of binding constants.13 3D printers have been used to fabricate 

many other microfluidic tools including valves,14,15 immunoassay devices,16 and 

bioreactors17. The build resolution is approaching the limits of fully realized 3D printed 

microfluidic devices such as electrophoresis chips.18

Another active research area in microfluidics is on-chip cell culture. The majority of cell 

culture in research today is done using 2-dimensional (2D) cell culture modes.19,20 In vitro 
cell culture eliminates the obstacles that come with performing experiments on live 

specimens. However, 2D culture does not accurately mimic the environment experienced in 

the body. Three-dimensional (3D) culture modes are now used by many researchers to 

overcome this with substrates such as hydrogels being commonly used.21 Work done by 

Derda et. al used gels in a paper scaffold to analyze tumor cell migration.22 Lamichhane et. 

al. analyzed the effects of using polytetrafluoroethylene (PTFE) fiber implants with a static 

culture method, showing reduced adhesion, activation, and foreign giant body cell formation 

of macrophages compared to other culture methods.23 Montanez-Sauri et. al. used an 

automated high-throughput system to seed and co-culture human mammary fibroblasts and 

human breast carcinoma cells for analysis.24 Another method for fabricating 3D scaffolds 

for cells is electrospinning. Electrospinning is based on the same principles as electrospray, 

but the substrate is a high molecular weight polymer which forms long strands of fibers 

instead of droplets. An advantage of this technique is that a wide variety of substrates can be 

used and the fiber size and scaffold thickness can be tuned.25 Research, thus far, has mostly 

focused on characterization and imaging of cells on fibers.26–29 Very little work has been 

done to incorporate electrospun fibers with flow-based models or incorporate them with 

other methods of analysis besides optical detection.

A variety of techniques can be used to analyze (detect) molecules in microfluidic devices, 

such as molecules released from cells.30 Microchip electrophoresis is a commonly used 

analysis method, however it can have limits, specifically when looking at the release of 

analytes from cell cultures and active biological systems. The effectiveness of the technique 

can suffer due to the combination of high-ionic strength buffers with the voltage used for 

separations.31,32 Combining microchip electrophoresis with electrochemical detection 

schemes becomes difficult due to the need to decouple the separation voltage from the 

electrochemical detector.33 One way to address this challenge is to separate the separation 

buffers from the sample buffers through the use of a “Quake” valve and use of a Pd 

decoupler to ground the separation and provide a field free region downstream for integrated 

electrodes.34–36 Polydimethylsiloxane (PDMS)-based pneumatic microvalves in bilayer 

devices have been used to maintain the isolation of the flow of cell release from 

electrophoresis on chip, and integrated micropumps can be used to form discrete injection 

plugs.37–39 This design has been combined with cells using varying methods including 

capillary sampling from a petri dish,38 sample collection in reservoir,40 and microdialysis 

sampling.41

In this work, we describe a microfluidic system that utilizes 3D printing and 3D culture 

scaffolds that can also be integrated with microchip-based analysis technologies. 3D 
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substrates were fabricated using electrospun PS fibers. These fibers were spun onto sheets of 

PS that were laser cut to secure the fibers into inserts that can be handled as needed. 3D 

printed housings were designed to fit the inserts providing a continuous perfusion flow 

device. Automated micropumps and a 4-port valve was used to automate the process of cell 

buffer and stimulant introduction through the cell device. The cell culture devices were 

easily interfaced with a microchip-based analysis by dripping the perfusate into a reservoir 

and applying negative pressure to the microfluidic device. A continuous flow analysis device 

consisted of a simple straight channel PDMS device sealed onto a PS base with a gold array 

working electrode and a Pt pseudo-reference embedded in a PS base for the detection of 

catecholamine release from stimulated PC12 cells. In order to separate and detect different 

catecholamines released, a bilayer valving device and electrophoresis with electrochemical 

detection was used. The valving device is sealed onto a base embedded with a carbon fiber 

working electrode and a Pd decoupler. PC12 cells were stimulated with elevated levels of K+ 

and catecholamines (dopamine and norepinephrine) and quantitated with the separation/

detection device. This approach affords facile methods to integrate 3D cell culture with 

close-to-real-time analysis of multiple molecules released from cells.

Experimental

Chemicals and materials

The following chemicals and materials were used for the reported studies: Sylgard 184 

(Ellsworth Adhesives, Germantown, WI, USA); Nano SU-8 developer, SU-8 50 photoresist 

(Microchem, Newton, MA, USA); AZ 4620 positive resist and AZ 400 developer (AZ 

Resist, Somerville, NJ, USA); 5 minute epoxy (Permatex, Harford, CT, USA); dopamine, 

norepinephrine, potassium chloride, sodium chloride, magnesium chloride, sodium 

phosphate, TES sodium salt, HEPES, collagen, fluorescein, hexamethyldisilazane, 50% 

glutaraldehyde solution, DAPI (4′,6-diamidino-2-phenylindole) (Sigma Aldrich, St. Louis, 

MO, USA), ActinRed 555 ReadyProbes reagent (Thermo Fisher); Medium (Kaighn’s 

Modification of Ham’s F-12 Medium), horse serum (ATCC, Manassas, VA, USA); 

Penicillin-Streptomycin (Lonza, Walkersville, MD, USA); Fetal Bovine Serum (Atlanta 

Biologicals, Atlanta, GA, USA); Hoechst 33258, Pentahydrate (bis-Benzimide) (Thermo 

Fisher Scientific, Waltham, MA, USA); 0.500 mm Pt wire, and 1 mm palladium wire (Alfa 

Aesar, Ward Hill, MA, USA); soldering wire and heat shrink tubes (Radioshack); EL30P1.5 

High Voltage Power Supply (Glassman High Voltage, Inc., High Bridge, NJ, USA); 

MJ30P400 High Voltage Power Supply (Glassman High Voltage, Inc., High Bridge, NJ, 

USA); isopropanol (Fisher Scientific, Springfield, NJ, USA); colloidal silver (Ted Pella, 

Redding, CA, USA); 15 gauge bent 12.7 mm probe (Virtual Industries, Colorado Springs, 

CO, USA); a 0.150 mm i.d. capillary (Polymicro Technologies, Phoenix, AZ, USA); 0.033 

mm carbon fiber (Avco Specialty Materials, Textron, Lowell, MA, USA); PS powder (0.250 

mm particle size, Goodfellow, Oakdale, PA, USA); Stratasys Idea Series Mojo 3D Printer 

and Stratasys Polyjet Eden 260V Polyjet Printer (Eden Prairie, MN, USA); with ivory P430 

ABS model material and SR-30 soluble support material (Stratasys, Ltd., Edina, MN, USA); 

Autodesk Inventor Professional 2015 (San Rafael, CA, USA); MagicPlot Student 2016 

(Saint Petersburg, Russia); a 300 µm ID steel pin (New England Small Tube, Litchfield, NH, 

USA).
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Fabrication of PDMS chips

The molds for the straight channel PDMS devices were fabricated with negative 

photoresists, and bilayer PDMS microchips were fabricated as described previously using 

both negative and positive resists.5,37 The straight channel (100 × 100 µm) chips were 

fabricated using only a negative resist to form the PDMS microchannels. PDMS (20:1 base 

elastomer : initiator) was poured over master to make a monolayer PDMS microchip. The 

straight channel is reversibly sealed over the pseudo-reference and the working electrode 

prior to use. For the bilayer device, negative resist was used for replicant molding of the 

valving and pump layer, while the positive resist was used for molding the flow layer. The 

valving layer (5:1 base elastomer:initiator) was partially cured at 75 °C for 8 minutes, after 

which PDMS (20:1 base elastomer:initiator) was spin coated onto the flow layer master for 1 

minute at 2000 rpm. Both layers were aligned and bonded together after an additional 19 

minutes of cure time at 75 °C. Channel dimensions of the photoresist structures were 

measured using a profilometer (Dektak3 ST, Veeco Instruments, Woodbury, NY, USA).

Fabrication of polystyrene bases

The PS devices were made using methods that have been previously described.38,42 An 

aluminum dish (7 cm diameter) was used to mold the PS powder (0.250 mm particle size, 

Goodfellow, Oakdale, PA, USA) or milled petri dishes. A 23-gauge needle was used to 

punch the holes in the aluminum dish for threading the electrodes. The distance between the 

decoupler and electrode (1 mm) was measured using a caliper. The electrode and decoupler 

(pseudo-reference for the flow device) were each attached to a piece of copper connecting 

wire and 5-minute epoxy was used to adhere them together in order to make threading them 

through the dish easier. Polystyrene powder was poured into the dish and heated on a hot 

plate (285 °C) for 1 hour. The base was allowed to cool, and a layer of 5-minute epoxy was 

coated over the capillary for protection. PS was removed from the aluminum dish and 

shaped by wet polishing using a range (200–1200) of grits (Buehler, Lake Bluff, IL, USA) to 

achieve a fine polish. As previously described,40 a 3D printed clip was used to maintain a 

consistent seal of the PDMS chip. The clip was printed and designed to fit on the base where 

the PDMS chip would be sealed putting pressure on the chip at the valve and pump 

interface.

Fabrication of Inserts and 3D printed housings

The 3D printed devices used in these studies are shown in Figure 1. Inserts were fabricated 

by electrospinning polystyrene onto polystyrene sheets. Polystyrene beads (192 kDa) were 

dissolved in a mixture of THF and DMF (40%/60%) and placed on a shaker for 24 hours. 

The solution was pumped through a syringe pump at 13.3 µL/min. The syringe was inserted 

into a hole in a plexiglass box. A high voltage of +25 kV was applied to the needle tip 

during flow. The voltage in the box was grounded to a piece of aluminum foil placed behind 

a polystyrene sheet. The foil was secured between the sheet and a piece of cardboard with 

scotch tape. Fibers were generated and collected on the PS sheet for ~45 mins. The sheet 

was removed from the foil and laser cut (Glowforge, Seattle, WA, USA) based on a CAD 

design into 1.8 mm x 26 mm inserts.
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3D printed housings were printed using a Polyjet printer (Objet Eden 260 V 3D Printer) with 

Full Cure 720 and 705. The piece was design with 2 slots to accommodate the PS inserts 

with a 350 µm gap. The 350 µm gap was set due to printer limitations. The housing is 

designed with female threads to fit commercial IDEX F-120x fittings. The outlet of the 

housing had a steel pin attached and sealed with epoxy for simple integration with the 

PDMS chip. Cell counts were done using a Hoechst reagent and read in a 96-well plate 

using FlexStation 3 Multiwell Plate Reader (Molecular Devices, San Jose, CA, USA).43

PC12 Cell Culture

PC 12 cells (ATCC, Manassas, VA, USA) were cultured at 37° C and 5% CO2 in PS T-25 

flasks (Fisher Scientific, Springfield, NJ, USA). The T-25 flasks and all surfaces including 

fibers for cell adhesion were pretreated with 0.435 mg/mL collagen. The PC 12 cells were 

grown with media (F-12K supplemented with 1% penicillin–streptomycin solution, 2.5% 

fetal bovine serum, and 15% horse serum, all from ATCC) being replaced every 1–2 days. 

Cells were grown to 90% confluency (as determined by optical microscopy) and either 

passage into new T-25 flasks or used for experiments. Culturing cells on fibers was done in a 

3D printed well plate (ABS printed on a FDM printer, MOJO Desktop 3D Printer, Stratsys) 

designed to fit the inserts in order to hold them at the bottom of the well during treatment 

and immobilization. Fibers were treated with the collagen solution for 1 hour prior to 

immobilizing on them. The cells were allowed to immobilize overnight prior to use. A 90% 

confluent T-25 flask of PC12 cells was scraped and spun down at 2000 rpm for 5 minutes. 

The cell pellet was suspended in 2.4 mL, and 300 µL of the cell suspension was placed in 

each of the wells. The cells were immobilized overnight prior to use. As in a previous study 

with different cell lines, prior to analysis the scaffolds were removed from the well and 

inserted into the flow device. The previous study also characterized (with microscopy) the 

flow areas around the insert once in the device.44

For pre-loaded cell experiments cells were placed in solution with 1 mM dopamine or 1 mM 

dopamine and norepinephrine for 1 hour in physiological buffer prior to stimulation.45 Cells 

were stimulated with a buffer containing elevated K+ made up of the following: 80 mM KCl, 

50 mM NaCl, 0.7 mM MgCl2, 1 mM NaH2PO4, 2 mM CaCl2 and 10 mM HEPES and 

rinsed with physiological saline: 4.2 mM KCl, 150 mM NaCl, 0.7 mM MgCl2, 1 mM 

NaH2PO4, 2 mM CaCl2 and 10 mM HEPES. Cell counts were done by immersing inserts in 

1 mL of deionized (DI) water to lyse the cells for 1 h. The lysate was used with the Hoechst 

fluorescence assay as a measure of cell count. The Hoechst solution (10 mg/mL, Sigma-

Aldrich, MO, USA) was diluted in TNE buffer (50 mM Tris-HCl, 100 mM NaCl, 0.1 mM 

EDTA, pH = 7.4) to 20 μg/mL. 200 μL of the cell lysate was pipetted into a 96-well pate, 

followed by addition of 50 μL of the prepared Hoechst assay. Fluorescence was detected at 

460 nm (with 350 nm excitation) by a plate reader (MolecularDevices, CA, USA). A 

hemocytometer was used for cell counts for standards with 10,000–100,000 cells being used.

Cell Imaging

Fluorescent images of cells on fibers and flat sheets were done by treating the cells with 

acridine orange (100 µg/mL) (Figure 2A). Cells were fixed for 30 mins in a 2.5% 

glutaraldehyde solution in PBS and Scanning electron microscopy (SEM) images were taken 
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(Figure 2C–E). For these studies, cells were treated with a glutaraldehyde solution (2.5% in 

PBS) for 30 minutes to fix the cells on the fibers. For the confocal imaging (Figure 2B), cells 

were again treated with a 2.5% glutaraldehyde solution to fix the cells in place for 30 mins. 

Cells were then treated with a staining solution of DAPI (4′,6-diamidino-2-phenylindole) 

(300 nM in PBS) containing 2 drops of ActinRed555 for 30 minutes after which time the 

cells were suspended in PBS buffer until imaging. Confocal images where taken at the Saint 

Louis University Research Microscopy and Histology Core Facility.

Flow studies with electrochemical detection

Automated syringe pumps and a 4-port valve (LabSmith, Livermore, CA, USA) were used 

for flow and sample introduction into the 3D printed cell device. The system consisted of 2–

100 µL micro-syringes with one filled with cell buffer and one filled with either standard or 

K+ stimulant. The pumps syringes were connected to an automated 4-port with 150 µm ID 

fused silica capillary. The pumps and valve were controlled with µProcess Software 

(LabSmith, Livermore, CA, USA). Buffer was flown through the 3D printed insert device at 

5.00 µL/min. A PDMS straight channel chip was sealed onto a polystyrene base across a 

gold array working electrode made from gold gauze (Gold gauze, 100 mesh woven from 

0.064 mm diameter wire, Alfa-Aesar, Tewksbury, MA, USA) and a 500 µm diameter Pt wire 

(Alfa-Aesar, Tewksbury, MA, USA) pseudo-reference. A withdraw pump was used to pull at 

−5.00 µL/min. Prior to every run, the flow device was primed with cell buffer to ensure 

minimal air bubbles in the device. For integrating the two different fluidic systems, the steel 

pin on the 3D printed culture device was placed just above a reservoir on the inlet of the 

PDMS chip. The reservoir had an overall volume of 1 μL. The reservoir was filled with 2 μL 

of buffer so that a small, 1 μL droplet sat on top of the reservoir. Flow from the steel pin 

directly interfaced with this droplet. The pumps were run at the same rates to maintain a 

constant volume between the cell device and the analysis device. Amperometric detection 

was performed at +0.9 V (vs a Pt pseudo-reference) with a CH Instruments potentiostat 

(Austin, TX, USA).

Microchip Electrophoresis with electrochemical detection

The layout of the electrophoresis chip is the same design as previous valving devices.38,40 

For these experiments, the field strength was 330 V cm−1, and amperometric detection (at a 

33 μm carbon fiber working electrode) was done at +0.9 V (vs a Pt pseudo-reference). For 

presentation purposes, the CH Instruments potentiostat software (least squares smoothing 

function) was used to treat the data shown in Figure 5 (to smooth the noise). Electrophoresis 

was performed using a 1 mm Pd decoupler for grounding of voltages and adsorption of H2 

produced during hydrolysis. The sample was continuously withdrawn through the sample 

portion of the chip before injecting the plug and separating the analytes. 100 µM fluorescein 

was added to the stimulant for visualization of the injection plug. For buffer flow and sample 

injection, the system was run in the same manner as the flow experiments with the flow 

going through the valving and pump setup. For injections, the normally open valve in the 

flow channel was closed, and the normally closed valve was opened. The peristaltic pumps 

were run for 5 second injections, and then the valves were returned to their normal state. The 

run voltages were then initiated and dopamine and norepinephrine were electrophoretically 

separated and amperometrically detected.
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Results/Discussion

Fabrication of Cell Module

In order to improve sample integration of cell release with PDMS-PS devices utilizing 

electrochemical detection, a 3D printed flow device was fabricated. This device can be fitted 

with commercial fittings for integration with pumping methods (tubing, connectors etc). The 

designs for these devices was done using CAD (Figure 1A) and printed with a Stratasys 

polyjet printer as shown in Figure 1B. In order to better mimic the in vivo environment that 

cells experience, it is important to use substrates that can form 3-dimensional structures for 

cells to immobilize. One method for doing this is electrospinning. Electrospinning forms 

fibrous strands of polymer utilizing the same principles as electrospray. In this study, high 

molecular weight polystyrene was dissolved in a DMF/THF (60%/40%) mixture and stirred 

overnight. Fibers were sprayed onto PS sheets and then laser cut to a size that would fit into 

the slots designed into the 3D printed housing. The laser cutting forms a ridge on the side of 

the insert that makes a tight fit into the 3D printed piece and sinters the fibers melding them 

to the sheet.44 This makes the fibers stable on the PS and allows for manipulation methods 

required to insert and remove them from the housing. An example of laser cut inserts is 

shown in Figure 1C. Immobilization of cells onto the fibers was done using a 3D printed 

well plate. The well plate is an ABS print (with an FDM printer). The fibers were coated 

with collagen in a well plate for 1 hr prior to immobilizing cells, and the cells were 

immobilized overnight.

To perform flow experiments on the 3D scaffolds, 2 inserts were fitted facing each other into 

printed slots (Figure 1D–E) and solution introduced. An automated micropump and 4-port 

valve system was utilized to make reproducible injections of standard and K+ stimulant. The 

integration of the entire cell culture setup with the analysis devices was done using a droplet 

reservoir. A steel pin was fixed to the outlet of the 3D printed device and when flow was 

introduced droplet formed at the end of the pin. The device was placed just over a 1 μL 

volume reservoir at the microchannel inlet. This reservoir was filled with 2 μL of buffer so 

that a small, 1 μL droplet sat on top of the reservoir. Flow from the steel pin directly 

interfaced with this droplet and a negative pressure was used to continuously withdraw the 

perfusate through the microfluidic device. By matching the positive and negative pressures, 

the reservoir volume remained constant. Directly inserting the steel pin or tubing from the 

3D printed device into the PDMS microchip led to issues with bubble trapping or led to 

constant bubble generation. This droplet approach resulted in a more robust method for 

interfacing flow from the 3D culture device to the analysis chip.

For electrochemical detection of analytes, PDMS-PS hybrid devices that have been 

previously characterized were used.38,46 For flow studies, a straight channel (100 × 100 µm) 

PDMS device was used with holes punched for the inlet and outlet of the device. A bilayer 

valving device was used for the electrophoresis studies. Both chips were sealed onto PS 

bases containing embedded electrodes. For the flow devices, the bases contained a gold 

array working electrode and a Pt pseudo-reference. For the electrophoresis studies, a carbon 

fiber working electrode was used in conjunction with a Pd decoupler to allow for in-channel 

detection.38 The pseudo-reference, in that case, is placed in the waste reservoir.
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The 3D printed cell device was integrated with an automated micro syringe pump and 4-port 

valve system by connecting them with a commercially available fitting. The device can be 

integrated with any 4- or 6- port system in this method. The system used in this study was 

chosen due to the ease of automation of the runs utilizing a 4-port timing-based injection. 

The software was programmed to make 5 µL injections of the stimulant through the cell 

device. In order to maintain a consistent volume at the outlet of the cell device and the inlet 

of the analysis device, the withdraw pump pulling through the chip and infusion pumps 

pushing through the cell device were ran at the same rate.

PC12 Cell Culture on Fibers

PC12 cells have been used as a model for neuroscience for several decades.47–50 They 

provide an in vitro method to study neurochemistry. They were chosen for this study due to 

their being well-established and the fact that they can release multiple analytes upon 

stimulation (dopamine and norepinephrine); therefore, they are a good model system for 

characterizing the ability to detect multiple analytes in a microfluidic device. Typical cell 

culture today involves two-dimensional culture which has been shown not to accurately 

represent the environment cells experience in vivo.51 In order to better mimic the 

extracellular structure in the body, 3-D cell culture methods can be used. In this study, PS 

fibers were generated through electrospinning. The fibers were sprayed onto PS sheets 

which resulted in fiber sizes of 1.9 ± 0.4 µm (n=15) and a wide range of pore sizes with an 

average of 85 ± 36 µm2 (n=12). The fiber layer (thickness of scaffold) was measured with 

imaging and found to be 113 ± 12 µm (n=5). Fibers were treated with a collagen solution 

prior to immobilization. Figure 2A shows a micrograph of acridine orange stained PC12 

cells on PS fibers.

In order to get a grasp on how well the cells permeate into the fibers, confocal (Figure 2B 

and C) and SEM imaging (Figure 2D–F) was done. PC12 cells are notorious for settling in 

clumps of cells. The cells settled onto the fibers in a couple different scenarios. As shown in 

Figure 2F and the top portion of 2B, cells would bunch up on top of the fibers forming a 

layer of cells on top. Other groups of cells would permeate into the fibers and attach as 

shown in Figure 2D, E, and the lower layer of B and C. Both of these cell layers were 

present on the inserts used. In order to ensure cells would permeate the fibers, cells were run 

through a 23-gauge needle using a syringe prior to immobilization. Breaking up the cells 

helped to prevent clumping and achieve more of the cell dispersion in fibers as shown in 

Figure 2D.

For comparison purposes, cells were immobilized onto flat polystyrene sheets without any 

fibers. Figure S-1A and B in the supplemental information shows micrographs of PC12 cells 

stained with acridine orange along with SEM images of cells cultured onto flat sheets in 

Figure S-1C. The cells form a monolayer appearing to clump up more than those on the 

fibers. The cells are relatively stable on the flat sheets, but due to the clumping and the small 

surface area of the inserts there was vacancies on the flat sheets without cells with the cell 

suspensions that were used.
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PC12 Flow Studies

In order to test the effectiveness of the system for detecting cell release, a flow system was 

designed to detect the flow through the 3D printed housing containing cell inserts. In 

conjunction with a commercial automated syringe pump and 4-port system, a hybrid PDMS-

PS device was used for the detection of catecholamine release. As previously stated, a steel 

pin is secured at the outlet of the 3D printed device. The pin is placed in the droplet 

protruding from the inlet of the PDMS microchannel and the withdraw and infusion pump 

are run simultaneously at −5.00 µL/min and 5.00 µL/min respectively (to keep a steady state 

reservoir level). A diagram of the setup is shown in Figure 3A along with a picture of the 

setup in Figure 3B showing how the cell device was integrated with the PDMS chip. A gold 

array was used as the detection electrode followed by a Pt pseudo-reference electrode 

approximately 150 µm downstream. Automated injections were made by programming the 

software to actuate the valve and do a 5 µL injection of the sample. Standards were ran by 

doing 5 µL injections of varying concentrations. Figure S-2 shows representation 

amperograms that are obtained with this setup. A 50 µM standard is shown in Figure S-2A 

with a blank injection of K+ stimulant without cells shown in Figure S-2B. Samples under 

600 nM were indistinguishable from noise, therefore the system had an effective LOD of 

600 nM (calibration curve for dopamine in Figure S-3)

PC12 cells were monitored for cell release by immobilizing cells on inserts and doing 

injections of stimulant over them through the 3D printed housing. Cell counts were done on 

the number of cells using a Hoechst assay. Cell counts for each device (which contains 2 

inserts) varied but had an average of 150,000 ± 20,000 cells/device. Inserts were kept in 

physiological buffer for 1 hour prior to running. The inserts were placed into their respective 

slots, and the device was primed with buffer to remove any air pockets. Analysis time took 

approximately 10 minutes after filling, priming the device, and stimulated release. For PC12 

stimulated on fibers, approximately 1.6 ± 0.4 µM of catecholamine release was detected 

(n=5) with an example shown in Figure S-2C. In order to get a more significant 

concentration of release from the PC12 cells, they were preloaded with 1 mM dopamine for 

1 hour prior to analysis.45 The cells were rinsed and primed in the device with physiological 

buffer prior to analysis. When stimulated, 11.0 ± 2 µM of catecholamine release was 

detected (n=5) from the PC12 cells as shown in Figure S-2D. Both PC12 cells and pre-

loaded PC12 cells were treated with reserpine for inhibition of release,52 stimulation of 

those inserts with K+ did not lead to any detectable release (below the limit of detection for 

the system). Figure 5A–C shows comparisons of the amount of catecholamine release 

detected for both sets of cells. Based on cell counts with a Hoechst Assay, the cells were 

found to release 28 ± 8 pM/cell compared to 72 ± 10 pM/cell for the pre-loaded cells.

Integration of 3D Scaffolds with Microchip-based Electrophoresis with Electrochemical 
Detection

The system that was used with the flow-based detection was combined with a separation 

step to allow for the detection of multiple catecholamines released from PC12 cells. This is 

important for neurochemical studies since dopamine and norepinephrine have similar 

voltammograms53 and are difficult to distinguish without a separation. A picture of the setup 

for electrophoresis is shown in Figure 5A, and a close-up image of the integration of the cell 
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device with the electrophoresis chip is shown in Figure 5B. Figure S-4 is a schematic that 

shows more details on microchip channels and the valve integration/operation. As with the 

simple channel device, flow from the cell culture system is directed through the steel pin 

into a reservoir on the valving device. The same withdraw and infusion flow rates are used to 

continuously introduce sample to the injection portion of the device (valves). The normally 

closed valve separating the sample and electrophoresis portion of the chip is opened and the 

normally open valve is closed to allow a series of pneumatic pumps to inject the sample. The 

valves are then returned to their normal position, and the sample is electrophoretically 

separated. For in-channel detection, a 1 mm Pd decoupler is used to ground the 

electrophoresis voltages and adsorb H2. A 33 µm carbon fiber electrode was used as the 

detection electrode because of optimization done in prior work.38 The buffer used for all 

separations was 25 mM TES and 25 mM SDS (pH=7.4), and the field strength was 330 V 

cm−1. Figure 5C shows a 100 µM injection of dopamine and norepinephrine in K+ stimulant. 

The norepinephrine and dopamine are clearly baseline resolved with the separation 

parameters.

In order to show that the cells can be integrated with the PDMS-PS bilayer valving device, 

cells were preloaded as in the previous flow studies38,40 with 1 mM dopamine and 

norepinephrine for 1 hr prior to the analysis to have a significant detectable amount of both. 

Cells were then stimulated as done in the flow studies described above. A small amount of 

fluorescein was used in the stimulant to indicate when the release would be coming through 

the device and to also monitor plug size. Figure 5D shows an example of detected pre-

loaded cell release, and Figure 5E shows a comparison of the amounts of norepinephrine and 

dopamine released. A blank injection with no cells present can be seen in Figure S-5 (no 

peaks detected). There was 13 ± 5 µM of dopamine and 10 ± 3 µM of norepinephrine 

detected (n=4). On a per cell basis there was 77 ± 22 pM/cell for dopamine and 64 ± 11 pM/

cell of norepinephrine release detected for this system. This compares favorably to previous 

studies sampling from cell flasks of pre-loaded PC12 cells (reported concentrations between 

25–50 pM/cell).38,40

Conclusion

In this study, a 3D cell culture model utilizing fibers spun onto PS sheets was combined with 

3D printed flow housings for 3D culture of PC 12 cells. The cell culture system was 

integrated with an automated micropump injection system for introduction of buffer and K+ 

stimulant for the release of catecholamines from PC12 cells. Cell buffer and cell release 

through the cell housing was flowed into either a PDMS straight channel device or bilayer 

valving/electrophoresis device sealed onto PS bases containing embedded electrodes for 

electrochemical detection. PC12 cells and dopamine pre-loaded PC12 cells cultured on 

fibers were combined with the flow device for catecholamine detection. The bilayer PDMS 

valving chip was then used in combination with pre-loaded PC12 cells for the separation and 

detection of dopamine and norepinephrine release. This study shows that this insert based 

method of cell culture and analysis can be integrated with PDMS analysis devices. Future 

work can be done to integrate other cell systems and also utilize co-culture models with this 

setup; however, here we have shown this approach affords facile methods to integrate 3D 

cell culture with close-to-real-time analysis of multiple molecules released from cells.
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Figure 1. 
A.) CAD design of the 3D printed culture device. The device is printed together as an 

assembly of 2 parts consisting of the bottom portion with slots for the inserts tapered to a 

funnel and the top portion with threads to accommodate commercial fittings. B.) Picture 

showing the printed device. A pin is epoxied to the end of the device for simple integration 

with analysis devices. C.) The inserts made up of PS fibers electrospun onto PS sheets. The 

sheets are then laser cut into individual inserts securing the fibers to the sheet. D.) Cross-

sectional view of the slots for the inserts to fit in. E.) Cross-sectional view with the inserts 

inside the housing.
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Figure 2. 
A.) Micrograph showing an insert with PC12 cells immobilized onto the fibers (cells stained 

with acridine orange); B-C.) Confocal images taken of a section of the collage-coated PS 

inserts. B.) Micrograph showing clumped cells on top with cells in fibers below. C.) Same 

view of the cells with the clumped cells on top removed. D.-F) Scanning electron 

microscopy images showing PC12 fixed onto PS fibers. D.) Well split groups of cells 

permeate the fibers throughout. E.) Clumps of cells branching out to hold the substrate. F.) 

Cells bunching together on the surface of a thin sheet of fibers.
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Figure 3. 
A.) Schematic of the straight channel setup for the flow based electrochemical detection of 

PC12 catecholamine release. B.) Picture showing the integration of the flow device 

containing cells with the automated syringe pump and 4-port valve system and the analysis 

device.
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Figure 4. 
A and B.) Bar graphs comparing the detected release of catecholamines from both PC12 and 

PC12 cells pre-loaded with dopamine. The concentration of detected catecholamine release 

was 4 ± 1 µM and 11 ± 2 µM or PC12 and preloaded PC12 cells respectively (n=5). 

Reserpine inhibition resulted in catecholamine levels released below the lowest detectable 

concentration (n=3). C.) Shows a comparison of the concentration released between both 

sets of cells and per cell respectively.

Mehl and Martin Page 16

Anal Methods. Author manuscript; available in PMC 2020 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
A.) Picture of the electrophoresis setup. The cell device can be seen connected with a 

capillary to the automated syringe and valve system. The device is connected to the bilayer 

valving chip. B.) Picture showing the integration of the cell device with the electrophoresis 

chip. The steel pin can be seen integrated with the 1-µL droplet. C-E.) Electropherograms of 

C.) 100 µM norepinephrine and dopamine D.) Detected release of norepinephrine and 

dopamine from pre-loaded PC12 cells E.) The release of norepinephrine and dopamine from 

cells pre-loaded with 1 mM of both for 1 hr prior to the experiments. E.) A bar graph 

showing a comparison of the norepinephrine and dopamine detected from the pre-loaded 

PC12 cells (n=4).
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