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ABSTRACT 
In this work, we describe the rapid prototyping of a 

microfluidic device for the surfactant free encapsulation 
of human liver cells (HepG2 cell line) in gelatin 
microgels, for the purpose of 3D tissue mimics in high-
throughput cytotoxicity screening. Chips with rectangular 
channels of approximately 260 μm high by 350 μm wide 
produced a droplet size of 130±12 μm at a rate of 7.9±0.6 
drops per second. Integrated water heating and cooling 
systems were efficient at regulating channel temperature, 
preventing the coalescence of droplets within the device 
without any need for surfactants. HepG2 cell viability two 
hours after microgel generation was 96.5%.  
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INTRODUCTION 
Microfluidic droplet generation 

Cytotoxicity screening assays demand the uniform 
regimentation of biological systems, such as the isolation 
of single cells for treatment and observation, in order to 
maximise the performance of the assay. Encapsulated 
cells have been investigated for several biosensors, due to 
the ease of production, prolonged cell viability, extreme 
sensitivity and broad applications [1]. Many encapsulated 
cell systems work on the basic principle of the 
emulsification of a cell laden hydrogel into an oil phase to 
form water in oil droplets; separation out of the oil phase; 
stabilisation of the hydrogel; treatment of the cell laden 
hydrogels with a toxicant and observing a change to the 
cells. In an ideal system, hydrogel droplets are both 
monodisperse in size and cells per droplet. Bulk methods, 
such as mechanical stirring, is capable of producing the 
water-in-oil emulsions but at the cost of poorer 
monodispersity and cell dispersion. Droplet generation via 
microfluidic methods have been studied and developed 
over the past few decades [2]. Microfluidic droplet 
generation systems are generally renowned for being 
inherently advantageous over bulk droplet generation 
systems due to the reduced waste, lowered variance, 
higher throughput, and incorporation to lab-on-a-chip 
systems [3], [4]. For this piece of work, the 
monodispersity of droplets produced in a microfluidic 
system is of keen interest. 

Dispersity of droplet size within microfluidics is 
determined by several factors. Channel dimensions act as 
a limiting factor as a perfectly spherical droplet within a  

 
channel must be smaller than the channel. Surface tension 
differences between the oil and water phase plays a role in  
droplet size too. Surface roughness of the channels can  
also contribute due to the pinning of the meniscus at the 
junction. Chip materials also alter the dispersity of 
generated droplets, due to the surface energy presented 
[5]–[7]. 

Typical lithographic methods have led to 
commercially available droplet generation devices with 
well-defined features and treated surfaces. However, this 
has not halted the development of production for such 
devices by alternative means.  
 

3D Printing 
Methodologies for the soft lithographic fabrication of 
polydimethylsiloxane(PDMS)-glass devices involving 
three dimensional (3D) printed molds began with the 
implementation of inkjet three dimensional (3D) printing, 
where ink was deposited, layer by layer, to form a master 
[8]. Channels of varied sizes, channel structures and 
crossing without touching were demonstrated, showing 
how 3D printing had the potential to take microfluidics to 
a truly 3D structure with relative ease and low costs 
compared to established methods. Since then, several 
devices have been developed demonstrating these 
qualities [9]–[11] as well as additional advantages; such 
as inclusions into the print for functionality, such as a 
clear observation windows [12] and electrodes [13]. 
Droplet generation devices have been developed 
demonstrating the viability of 3D printed chips or molds. 
Whilst current 3D printing methods, in general, cannot 
produce higher resolution structures than leading 
lithography methods, 3D printing does outcompete such 
methods with regards to much lower start up and 
production costs, reduced waste and far more rapid 
prototyping cycles. 

 Figure 1: Schematic of fabrication. From left to right; 
polylatic acid filament is 3D printed directly onto a 
microscope slide fabricating the mold; PDMS casting of 
the mold, PDMS-Glass device fabrication; droplet 
generation; Centrifugation to extract droplets into a 
water phase, cross linking using genipin and cleaning; 
Calcein-AM and propidium iodide staining then 
microscopic observations, DIC and fluorescence. 
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Biomimetic hydrogels 
Biomimetic hydrogels have been developed to act as 

supporting/encapsulating material due to the higher 
viabilities and more representative in-vitro 
experimentation [14]. Gelatin has been a well-established 
biomimetic hydrogel that is affordable, biocompatible and 
easily modified. One such modification is the crosslinking 
of gelatin using genipin. Encapsulating a cell  within 
gelatin that is then crosslinked has been found to improve 
cell viability [15]. Additionally, the degree of crosslinking 
can also controlled; via the control of gelatin 
concentration, genipin concentration and crosslinking 
time. While there are other methods to crosslink gelatin 
[16]–[18], genipin based crosslinking is a less harmful to 
the encapsulated cells, leading to a production of more 
viable cell-laden microgels.  

In this work, we investigate the application of a 
filament fabricated mold for the creation of a PDMS-glass 
device to produce monodisperse cell-laden gelatin 
droplets in oil as the foundation of a developing lab-on-a-
chip cytotoxicity assay. The chip includes a water based 
separate heating and cooling systems in order to avoid the 
gelation at the droplet generation and stimulate physical 
gelation, but not chemical stabilised, as the droplet travels 
towards the outlet for crosslinking outside of the device. 

 

FABRICATION 
Instrumentation 

3D computer aided designs were created in Autodesk 
Fusion 360 (Autodesk, California, USA), exported as 
.STL files and sliced into GCode by Ultimaker Cura 
(Ultimaker, Utrecht, Netherlands) and printed using a 
fused filament 3D printer (Ultimaker2 Extended+, 
Ultimaker, Utrecht, Netherlands). All molds were printed 
with a 0.25 mm nozzle. A PICO low pressure plasma 
system (Diener Electronic Gmbh & Co. KG, Ebhausen, 
Germany) was used for the plasma treatment of PDMS. 
Droplet generation inputs were fed using Aladdin syringe 
pumps (World Precision Instruments, Florida, USA). The 
heating and cooling systems implemented Isematec 

 

 
Figure 2: a) Arial view of the CAD used in chip 
fabrication. Green is the droplet generation component, 
red are the heating channels and blue are the cooling 
channels. b) 3D printed mold. Droplet generation 
channels were approximately 260 μm wide and 350 μm 
high. Heating and cooling channels were approximately 1 
by 1 mm wide and high.  
 

Reglo peristaltic pumps (Cole-Parmer GmbH, 
Wertheim, Germany). Droplet generation observations 
utilised an Aigo GE5 microscope (Aigo Digital 
Technologies, Beijing, China). Cell observations utilised a 
Leica DMi8 (Leica Camera AG, Wetzlar, Germany).  
Materials 

All silicone tubing (ID x OD, 1/16 x 1/ 8 inch) was 
purchased from Sigma-Aldrich (produced by Saint-
Gobain, MI, USA). Polylactic acid (PLA) filament 2.85 
mm was purchased from Formfutura (Nijmegen, 
Netherlands). Polydimethylsiloxane as Slygard 184, and 
black Slygard 170 (Dow Chemical Co., Michigen, USA) 
was purchased from Sigma-Aldrich. UHU plus endfest 90 
min (UHU GmbH & Co. KG, Bühl, Germany) was 
purchased from a commercial supplier. All oil mentioned 
within the work is silicone oil (viscosity 350 cSt (25 °C), 
Sigma-Aldrich).  
Device fabrication 
 As depicted in Fig. 1, molds were fabricated by 
the direct 3D printing of PLA onto cleaned microscope 
slides. The print height of the first layer on the glass slide 
was adjusted by the height of the microscope slide used, 
typically 100 μm plus 10 um for nozzle clearance. The 
PDMS-glass mold was then sealed with hot glue and 
subsequently filled with PDMS. The PDMS was left to 
cure overnight at 40 °C. The PDMS was then removed 
from the mold and was cleaned with isopropanol and 
deionised water. Both PDMS and a cleaned microscope 
slide were treated with oxygen plasma, 350 W for 1 
minute and immediately brought into contact with each 
other. The PDMS-glass device was then placed under a 2 
kg mass and baked for 2 hours. Epoxy glue was applied to 
the PDMS-Glass edge to help secure and avoid the 
peeling off of the PDMS. Silicone tubing was then 
inserted into the inlets/outlets and sealed in place with 
black PDMS and left to cure at 40 °C for 1 hour or longer 
if not cured. Devices were sterilised with ethanol and 
dried before use. 
Print settings 

The print speed was 20 mm/s, layer height was 0.1 
mm, print temperature was 210 °C, bed temperature was 
set to 60 °C and the total print time was 149 minutes.  
Heating and cooling channels 

The heating channels had water, heated to 55 °C 
circulated through at the rate of 2 mL/min. Coolant, a 
water/glycerol mixture (50/50 ratio by mass), was 
supercooled in a salt and water ice bath (-10 °C) and 
circulated at the rate of 2 mL/min.  

 

 
Figure 3: Infrared image of the device during operation. 
Heating area has an average temperature of 37  whilst 
the cooling area is, on average, 15 . 

50 mm 

a) b) 
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Cell solution preparation, crosslinking and 
observations 

The gelatin/cell mixture was prepared by gently 
mixing 13% w/v gelatin type A in culture media 
(Dulbecco's Modified Eagle Medium (DMEM)/ 10% 
Fetal bovine serum (FBS)/ 1% Penicillin/ streptomycin) 
(Sigma-Aldrich) and HepG2, 1 x 106 cells/mL in the same 
medium. The gelatin/cell mixture and oil were pumped 
into device and collected and chilled until crosslinking. 

Before the microgel droplets were crosslinked, the 
sample was first washed by centrifuging the generated 
droplets out of the oil phase into a phosphate-buffered 
saline (PBS) at 2500 rpm for 1 minute, at room 
temperature. This washing was repeated twice. The 
crosslinking genipin, (≥98%, Sigma-Aldrich) solution was 
prepared by dissolution of genipin into PBS as 0.5% 
(weight/volume). 1 mL of crosslinking solution was 
added to the microgel/PBS mixture and was gently 
agitated at room temperature for 5 minutes. The PBS 
washing step was then repeated twice. Cell staining was 
performed using live/dead cell double staining kit (04511, 
Sigma-Aldrich). 5 µL propidium iodide (PI) and 10 µL of 
Calcein-AM were dissolved into 5 mL of PBS. The 
staining mixture was mixed with the crosslinked 
microgels and left for 15 minutes at 37 °C. Stained 
samples were placed onto glass slides and observed with 
fluorescence and differential interference contrast 
microscopy. Live cells were observed using 490/515 nm, 
excitation/emission, and dead cells were observed using 
535/617 nm, excitation/emission. 

 

RESULTS AND DISCUSSION 
Chip fabrication and channel quality 
3D printed molds showed larger diameters then originally 
drawn, as shown in Fig. 2a and b, by 10 micron in width 
and 100 micron in height. This variance can be explained 
by the filament spreading around the nozzle when ejected 
and the steps in the motor, for the width and height 
respectively. These variances can also be seen in the 
channel wall. Future experimentation could improve this 
variation by using a more refined 3D printer and post 
production smoothing with either acetone vapours or 
annealing cycles. 
Water heating and cooling efficiency 
As shown in Fig. 3, the chip was successfully heated and 
cooled in two controlled regions. No leakage into the 
droplet generation channel was observed. Droplets remain 
in the heated region for 8.3 seconds, travel through the 
region between the two temperature zones in 2.5 seconds 
and pass through the cooled region for 15.5 seconds. 
Droplets were chilled enough so any collision within the 
cooled region did not result in coalescence. Future devices 
will implement a similar water based heating and cooling 
system, as a prototyped Peltier based heating and cooling 
system required contact with the glass component, which 
is currently the interface being used for observations. 
Droplet monodispersity 

As seen by Fig. 4, droplets were formed in a dripping 
regime into the centre of the channel. Due to irregularities 
in the PDMS channels, the droplet pinning is off-center to 
the gelatin/cell inlet. However, due to the dripping regime 
and flow rates, the droplets produced are smaller than that 

of the channel width. When optimized, the mean diameter 
within the channel was found to be 130±12 μm, Fig. 5, at 
a rate of 7.9±0.6 drops per seconds. Droplets travel at 0.9 
mm/s down the outlet channel. Continued 
experimentation seeks to reduce the size of the droplets 
and improve the dispersity with better molds, heating and 
cooling temperatures and flow rates. 
Cell viability 
Fig. 6 shows the crosslinked cell-laden microgels. Cell 
viability was found to be 96.5%. Diameter variation is 
assumed to be caused by coalescence outside of the chip. 
Also, the droplets are elastically squeezed between the 
microscope slide and cover slip, thus the larger diameter 
and “contact ring” observed on every microgel. Future 
experimentation seeks to incorporate the droplet 
extraction and crosslinking within the same device, so that 
the temperature stabilisation can reduce coalescence. 

 
 

 
Figure 4. Droplet generation within the chip. Top and 
bottom channels are oil inlets, right channel is the 
gelatin/cell mixture inlet and the left channel is the outlet 
channel. 

 
Figure 5: Distribution of cell laden microgel generated at 
an oil flow rate, QOil , of 18 μL/min, while the water flow 
rate, QWater, was 4 μL/min. Mean diameter within the 
channel = 130 μm, SD = 12 μm, n = 100. 
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Figure 6. Cell viability based on DIC and fluorescence 
microscopy, Calcein-AM (Live/Green) and propidium 
iodide (Dead/Red) staining. Cell viability 2 hours after 
microgel generation was found to be 96.5%.  
 

CONCLUSIONS 
In this work, we described the rapid prototyping of a 
microfluidic device using additive manufacturing. The 
device had incorporated heating and cooling channels for 
the surfactant free encapsulation of HepG2 cells in gelatin 
microgels. Chips with rectangular channels, cross section 
dimensions of approximately 260 μm wide by 350 μm 
high, were 10 μm wider and 100 μm higher than designed. 
The device produced an average droplet size of 130±12 
μm at a rate of 7.9±0.6 drops per second. Integrated water 
heating and cooling systems were efficient at regulating 
channel temperature, preventing the coalescence of 
droplets within the device without any need for 
surfactants. HepG2 cell viability two hours after microgel 
generation was 96.5%. Further experimentations seek to 
develop a complete lab-on-a-chip cytotoxicity screening 
device incorporating these current architectures. 
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