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Abstract
In the last few years, 3D printing has emerged as a promising alternative for the fabrication ofmicrofluidic devices, overcoming
some of the limitations associated with conventional soft-lithography. Stereolithography (SLA), extrusion-based technology,
and inkjet 3D printing are three of the widely used 3D printing technologies owing to their accessibility and affordabil-
ity. Microfluidic devices can be 3D printed by employing a manufacturing approach from four fundamental manufacturing
approaches classified as (1) direct printing approach, (2)mold-based approach, (3)modular approach, and (4) hybrid approach.
To evaluate the feasibility of 3D printing technologies for fabricating microfluidic devices, a review focused on 3D printing
fundamental manufacturing approaches has been presented. Using a broad spectrum of additive manufacturing materials, 3D
printed microfluidic devices have been implemented in various fields, including biological, chemical, and material synthesis.
However, some crucial challenges are associated with the same, including low resolution, low optical transparency, cyto-
toxicity, high surface roughness, autofluorescence, non-compatibility with conventional sterilization methods, and low gas
permeability. The recent research progress in materials related to additive manufacturing has aided in overcoming some of
these challenges. Lastly, we outline possible implications of 3D printed microfluidics on the various fields of healthcare such
as in vitro disease modeling and organ modeling, novel drug development, personalized treatment for cancer, and cancer drug
screening by discussing the current state and future outlook of 3D printed ‘organs-on-chips,’ and 3D printed ‘tumor-on-chips.’
We conclude the review by highlighting future research directions in this field.
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Introduction

Microfluidic devices have played a key role in deciphering
numerous biological phenomena [1, 2]. Various microfluidic
designs are available,which can be used for recapitulating the
physiology of human organs in vitro [3–6]. Such organs-on-
chips can be used for disease modeling and drug testing [4,
7, 8]. Moreover, microfluidic devices have been used exten-
sively for studying cancermetastasis, tumor growth, and their
interaction with other cells [1, 9, 10]. Such ‘Tumor-on-chips’
have proved their potential in drug screening applications
[11, 12].
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Unfortunately, the majority of such microfluidic devices
remain limited to the research labs because of the tedious
fabrication technique. Presently, such microfluidic devices
are being fabricated by soft lithography and PDMS. Soft
lithography uses masters manufactured with high-resolution
photolithography, which has demonstrated the replication of
micro to nano-level features [13–16]. However, soft lithog-
raphy requires a cleanroom facility for masters fabrication,
significant prior experience, and time-consuming fabrication
steps, which hinder the application of PDMS microfluidic
devices in a clinical setting. Moreover, two of the major
parameters associated with soft-lithography: (1) expensive
cleanroom setup cost and (2) non-compatibility with mass
production make the per-unit cost of microfluidic devices on
the higher side, preventing their commercialization.

3D printing has come out as a promising alternative to
overcome the ‘fabrication barrier’ associated with microflu-
idic devices by enabling low-cost, rapid, one-step, and truly
3-dimensional fabrication of microfluidic devices [17–19].
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Fig. 1 Year-wise published
papers with the keywords ‘3D
printing’ AND ‘Microfluidics’
(PubMed)

Unlike soft lithography, 3D printing fabricates microfluidic
devices using a single machine, making it ‘one-step’ fab-
rication technology. Moreover, soft lithography is limited
to planar 2-dimensional complexities, whereas 3D printing
can quickly fabricate ‘truly 3-dimensional’ features such as
crossover (overhanging) features. The popularity of 3Dprint-
ing has been rising in the field of microfluidics because of
the unprecedented fabrication ability. As shown in Fig. 1,
the number of publications with the keywords ‘3D printing’
AND ‘Microfluidics’ has been increasing swiftly for the last
six years.

Stereolithography (SLA), extrusion-based technology,
and inkjet 3D printing are three of the widely used technolo-
gies owing to their accessibility and affordability. Therefore,
we have considered these three technologies in this review.
Four fundamental manufacturing approaches can be used to
fabricate microfluidic devices with the previously mentioned
3D printing technologies. Four fundamental manufacturing
approaches can be classified as (1) direct printing approach,
(2) mold-based approach, (3) modular approach, and (4)
hybrid approach. Moreover, they can be further classified
under each 3D printing technology, as shown in Fig. 2.

Previous articles have provided a detailed review of vari-
ous 3D printing technologies and their applications for fab-
ricating microfluidic devices [18, 20–22]. Moreover, Folch’s
laboratory focused particularly on FDM, SLA, and inkjet
3D printing technologies used for fabricating microfluidic
devices [17]. Weisgrab et al. focused on integrating active
elements such as sensors, valves, pumps, and actuators with
3D printed microfluidic devices [23]. Waldbaur et al. dis-

cussed ‘direct one-step fabrication’ methods, namely 3D
printing from a perspective of materials [24]. Chan et al.
focused on 3D printed diagnostic devices (point-of-care test-
ing) [25]. However, no review is currently available focused
on four fundamental 3D printing manufacturing approaches
and implications of 3D printed microfluidics on the var-
ious fields related to healthcare, such as in vitro disease
modeling and organ modeling, novel drug development, per-
sonalized treatment for cancer, and cancer drug screening.
In this review, we first define four fundamental manufactur-
ing approaches. Next, we discuss various applications of 3D
printing manufacturing approaches for fabricating microflu-
idic devices, followed by the critical challenges related to 3D
printing of microfluidic devices. Along with reported solu-
tions to some of these challenges, we highlight research gaps
associated with 3D printed microfluidics. Finally, we dis-
cuss possible implications of 3D printedmicrofluidic devices
on the various fields of healthcare. Particularly, we discuss
the role of multi-material 3D printing in the rapid develop-
ment of biologically relevant ‘organ-on-a-chip’ models in
the future. Such 3D printed organ-on-chips will be useful in
disease modeling, organ modeling, and novel drug develop-
ment. Besides, we discuss 3D printing’s role in presenting
various physical (matrix stiffness, topography, porosity) and
chemical cues (material chemistry, cell adhesive ligands,
and various growth factors) for guided differentiation of
stem cells in the microfluidic devices. Molecular pathways
involved in sensing matrix stiffness and chemical signals
have been outlined. Finally, we review the recent progress
in 3D printed ‘tumor-on-chips’ and 3D printing’s ability to
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Fig. 2 Classification of four
fundamental manufacturing
approaches under each 3D
printing technology

bring about a revolutionary change in healthcare by enabling
rapid testing of drug efficacy and personalized treatment for
cancer in the clinical settings. We conclude the review by
highlighting future research directions in the field of 3D
printed microfluidics.

Four fundamental manufacturing
approaches

Direct printing approach

The direct printing method has been used widely to fab-
ricate microfluidic devices [26–28]. Moreover, it is the
fastest method among the four approaches for fabricating
microfluidic devices. The direct printing method refers to
the ‘one-step’ fabrication approach wherein the microfluidic
devices are printed by incorporating microchannels, valves,
inlets, and outlets without any assembly or bonding step
(Fig. 3a). However, the device may undergo some post-
processing steps for improving optical transparency, overall
roughness, and biocompatibility.

Mold-based approach

Mold-based approach uses two kinds of molds: (1) sacri-
ficial molds and (2) non-sacrificial molds. The mold-based
method is an indirect 3D printing approach for fabricating

microfluidic devices based on three steps. The procedure
usually involves 3D printing of soft lithography molds and
subsequent replica molding out of photocurable or thermally
curable materials. If the molds are non-sacrificial, the last
step requires bonding replica molded devices with either
PDMS or glass slide using a conventional plasma treatment
method. On the contrary, in sacrificial molds, the last step is
mold removal by the dissolution of sacrificial materials. The
sacrificial molds can be used only for one time, whereas non-
sacrificial molds can be reused again. Mold-based method
has been employed to overcome some of the limitations
with a direct printing approach such as low optical trans-
parency, cytotoxicity, and gas impermeability. 3D printed
mold-based approach drastically reduces the time for fab-
ricating the devices as it does not require multiple steps for
fabricating the masters, unlike soft lithography. Figure 3b
shows the non-sacrificial mold-based approach illustrating
replica molding and bonding procedure.

Modular approach

Themodularmicrofluidic devices are also known as ‘Lego®-
like’ microfluidic devices. Similar to the Lego®models, this
approach uses discrete microfluidic units such as L junction,
T junction, mixer modules, straight channel modules, and
reaction chambers, which can be assembled to make fully
functional microfluidic devices (Fig. 3c) [29–31]. Unlike the
traditional fabrication approach, the modular approach pro-
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Fig. 3 Schematic illustration of four fundamental manufacturing
approaches (a) direct printing approach showing fabrication of
microfluidic devices with integrated inlets, outlets, and microchannels,
(b) Non-sacrificial mold-based approach: (i) replica molding process
with 3D printed molds (ii) sealing of channel with PDMS or glass

slide from the bottom, (c) modular approach with 3D printed microflu-
idic modules assembled similar to Lego® blocks concept, (d) hybrid
approach showing a 3D printed microchannel lower layer bonded with
the upper transparent layer

vides the advantage of rapidly modifying the microfluidic
chips by assembling individual units in a different configu-
ration without fabricating a new device. The early modular
approach was based on connecting different microfluidics
modules using tubes and connectors [32, 33]. With the ease
of manufacturing provided by 3D printing, now it is pos-
sible to fabricate microfluidic modules integrated with the
connectors to enable rapid and effortless assembly [29, 34,
35].

Hybrid approach

The hybrid approach combines 3D printed microfluidic
devices with other thermoplastic polymers or PDMS to
overcome some of the limitations of the direct printing
approach, namely low optical transparency and gas imper-
meability [36–38]. Moreover, a hybrid approach combines
the benefits of both the PDMS and hard polymers in one
microfluidic device, overcoming the limitations associated
with ‘all-polymer’ and ‘all-PDMS’ devices. For example,
polymers in hybrid microfluidic devices can minimize water
evaporation and non-specific protein absorption associated
with all-PDMS devices [39, 40]. Similarly, flexible materi-

als like PDMS in hybrid devices allow control of fluid flow
usingmicrovalves and the application ofmechanical stimula-
tion, which cannot be effectively achieved with all-polymer
microfluidic devices. Figure 3d shows the schematic illus-
tration of a hybrid approach with upper transparent material
with inlets and outlets being bonded to a lower 3D printed
channel device to fabricate a hybrid microfluidic device.

Extrusion-based 3D printing

Extrusion-based approach can be classified into two types
(1) filament based: fused deposition modeling (FDM), (2)
non-filament-based extrusion approach. FDMwas first intro-
duced in 1988 by S.Scott Crump, the co-founder of Stratasys
[41]. FDMprocesses filament form of the polymers, whereas
the non-filament-based extrusion method processes pellets,
powder, and various hydrogels.

FDM-based technique drives the thermoplastic polymer
filaments toward the extruder head, where the temperature is
maintained above the polymer’s melting point. The extruded
molten thermoplastic material rapidly solidifies at room tem-
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perature and gets deposited on the build platform layer by
layer.

In 2002, the first non-filament-based extrusion systemwas
introduced, known as ‘3D-Bioplotter’ [42]. Such systems
dispense materials by using a pneumatic system or motor
system through a nozzle. A motor-based extrusion system is
further classified in the screw-driven mechanism and piston-
driven mechanism. Usually, motor-driven systems are used
for printing higher viscosity materials with accurate control
over the extrusion amount of the material compared to the
non-motor based systems [42–44]. However, a higher num-
ber of moving parts in a motor-based extrusion system is
a disadvantage. Moreover, non-filament-based extruders are
equipped with the heating (and cooling) elements to print
with pellet and powder forms of materials and thermore-
sponsive materials.

Microfluidic devices fabricated by FDM: direct
printing approach

Two of the main features which make FDM an attractive
technology for the fabrication of microfluidic devices are
(1) wide range of biocompatible thermoplastic polymers
for 3D printing such as polyethylene terephthalate glycol
(PETg), polylactic acid (PLA), polycarbonate (PC), cyclic
olefin copolymer (COC), thermoplastic polyurethane (TPU),
polymethylmethacrylate (PMMA), polypropylene (PP), and
acrylonitrile butadiene styrene (ABS), (2) affordability and
accessibility of FDM printers and materials.

Bruce Gale’s group demonstrated 3D printed flexible
microfluidic devices from TPU with channel sizes ranging
from 50 to 400 μm [28]. They found TPU was compatible
with several organic solvents except for acetone and chlo-
roform. Moreover, TPU was found optically transparent as
well as biocompatible when mIMCD3 cells were cultured
on them. Direct printing with FDM includes a bridging layer
to seal the microchannels. Sagging of the polymers is often
observed in this bridging layer, leading to channel block-
age and impacting the channel visibility. Bruce Gale’s group
demonstrated practical solutions to prevent sagging of poly-
mers by changing the channels’ geometry from rectangular
or square to ellipsoid, triangular, and diamond shape to min-
imize the bridging gap.

Apart from TPU, hard thermoplastic materials such as
transparent PLA and PETg have been used to fabricate
transparent microfluidic devices for droplet formation, DNA
melting characterization, and mixing application [45]. Fig-
ure 4a shows a 3D printed serpentine mixer made from PETg
filament.

FDM 3D printing allows the integration of porous mem-
branes, glass coverslips, and liquid reagents during the
printing process, which opens a myriad of applications.

Leroy Cronin’s group has demonstrated the ability to
incorporate reagents while 3D printing the ‘reactionware’
devices using polypropylene material [46]. They have
also demonstrated the fabrication of intricate reactionware
devices for chemical synthesis (Fig. 4b), including gold
nanoparticles synthesis [47]. Po Ki Yuen demonstrated a
process for the embedding of porous cellular acetate mem-
brane in between two 3D printed open serpentine channels,
which can be used for continuous perfusion cell culture
(Fig. 4c(i–iv)) [48].Moreover, for better optical transparency,
he successfully embedded glass coverslips during the print-
ing process of a serpentine channel (Fig. 4d).

Gaal et al. integrated thin materials such as wires, glass,
and electrodes into the 3D printed microchannels made of
PLA [49]. They demonstrated the fabrication of an elec-
tronic tongue sensor by embedding flexible interdigitated
electrodes during the printing process.

Li et al. used multi-material FDM 3D printing to integrate
membrane made out of composite lay-felt filament in ABS
microfluidic device for colorimetric determination of nitrate
in the soil (Fig. 4e–f) [50]. Recently, PLA-based microflu-
idic devices were used for fabricating core–shell metallic
nanoparticles [51].

Salentijn et al. carried out extensive research on the char-
acterization of biocompatibility, solvent compatibility, and
autofluorescence of various FDM polymers available for 3D
printing [52]. They have studied the effect of shell number
and infill density on leakage of the devices. Although 100%
infill density is recommended to prevent fluid leakage dur-
ing high-pressure fluid flow, they reported 20% infill density
with four walls around channels prevented fluid leakage.

FDM 3D printing enables the fabrication of scaffolds
for more efficient enzyme immobilization with high spe-
cific surface area and surface activation groups. Such 3D
printed scaffolds were chemically modified and integrated
into microfluidic devices for continuous reactions [53].

Microfluidic devices fabricated by FDM:mold-based
approach

Both sacrificial and non-sacrificial molds can be fabricated
by fused deposition modeling. For making sacrificial molds,
polyvinyl alcohol (PVA) and acrylonitrile butadiene styrene
(ABS) have been used widely as they can be easily dis-
solved in water and acetone, respectively. Moreover, PLA-
andABS-based non-sacrificialmolds have also been reported
for fabricating microfluidic devices.

ABS-based sacrificial molds

Saggiomo et al. demonstrated the fabrication of vari-
ous microfluidic devices, such as intricate spiral channels
(Fig. 5a(i, iii)), channels with varying diameters (Fig. 5a(ii)),
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Fig. 4 Microfluidic devices fabricated using the FDM–direct printing
approach (a) a 3D printed serpentine mixer from PETg filament, (b) a
reactionware device for chemical synthesis fabricated by FDM, (c) pro-
cess of integrating cellular acetate membrane during 3D printing: (i) 3D
printing of lower half of the serpentine channel, (ii) the cellular acetate
membrane is glued to the printed channel by pausing the 3D printer,
(iii) 3D printing is resumed for printing the upper half of the serpentine
channel, and (iv) final serpentine channel with the embedded mem-
brane, (d) 3D printed serpentine channel with integrated coverslips,
(e) 3D printed device with the lay-felt membrane in the middle separat-
ing the two chambers, (f) device for colorimetric detection of nitrate in

the soil: soil mixed with zinc dust and CaSO4 is introduced in the right
channel, and Griess reagent is injected in the left channel. Panel (a) is
reprinted with permission from [45]. Copyright 2018 American Chem-
ical Society. A scale bar has been added based on channel size reported.
Panel (b) is reproduced from Ref. [47] with permission from The Royal
Society of Chemistry. A scale bar has been added based on overall
dimensions reported. Panels (c) and (d) are reprinted from [48], with
the permission of AIP Publishing. A scale bar has been added in (c) and
(d) based on channel size reported. Panels (e) and (f) are reprinted with
permission from [50]. Copyright 2018 American Chemical Society. A
scale bar has been added in (f) based on overall dimensions reported

and Hilbert cube (Fig. 5a(iv)) using ABS sacrificial molds
and PDMS replica molding [54]. Moreover, they have also
shown the integration of various electronic components dur-
ing PDMS replica molding, such as UV LED light for
fluorescence detection, nichrome resistancewire for selective
heating, copper wire allowing high-resolution NMR spec-
troscopy, andArduinomicrocontroller forRGBcolor sensing
application.

Tang et al. integrated laser-cut stainless steel pieces with
3D printer nozzles to fabricate microfluidic channels with
unconventional shapes such as semielliptical and triangular
cross sections [55]. Theypoured uncuredPDMSafter placing
the molds on a 5-mm-thick cured PDMS block to eliminate
the bonding procedure for sealing the channels.

PVA-based sacrificial molds

Hashimoto’s group demonstrated a method to fabricate
microfluidic channels from PVA sacrificial molds, as shown
in Fig. 5b(i–v) [56]. They fabricated T channels for form-
ing water in oil droplets, straight microchannels for the
dynamic culture of endothelial cells, microfluidic devices
with 3D interconnections using modular sacrificial molds,
and 3D herringbone chaotic mixer using PVA molds and
PDMS replica molding. Apart from the replica molding out
of PDMS, they have also shown replica molding from UV
curable hydrogels such as poly(ethylene glycol) diacrylate
(PEGDA) and heat-curable hydrogels such as gelatin. They
reported two significant limitations with the fabrication of
microfluidic devices from PVA 3D printed molds. First, the
molds may become flaccid with five minutes of exposure
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Fig. 5 Microfluidic devices fabricated with the FDM–mold-based
approach (a) microfluidic channels fabricated byABS sacrificialmolds:
(i) spiral microchannel (scale bar � 1 mm), (ii) microchannel with
variable diameters, (iii) spiral microchannel wrapped around a straight
microchannel (scale bar � 1 mm), (iv) Hilbert cube. (b) Step-by-
step procedure of fabricating microfluidic devices from PVA sacrificial
molds: (i) 3D printing of PVAmold, (ii) removal of mold from the print-
ing bed, (iii) placement of mold on cured polymer matrix with PTFE
tubes inserted in inlet and outlet sockets, (iv) casting with an uncured
polymer, (v) mold removal with water, (c) dual-sacrificial material
mold-based technique: (i) CADmodels of the serpentine microchannel
(left), pyramid network (middle), and dual helix channel (right), (ii)

printed microchannels with PVA and HIPS material, (iii) after remov-
ing the HIPS, revealing the PVA molds, (iv) after replica molding with
PDMS and removal of PVA. Scale bar for (c): 3 mm for left panel,
2.5 mm for middle panel, and 2 mm for the right panel. Panel (a) is
reproduced from [54] under the Creative Commons Attribution 4.0
International Public License (https://creativecommons.org/licenses/by/
4.0/). Panel (b) is reproduced from [56] with permission of John Wiley
and Sons. A scale bar has been added based on channel size reported.
Panel (c) is reproduced from [57] under the Creative Commons Attri-
bution 4.0 International Public License (https://creativecommons.org/
licenses/by/4.0)

to ambient air because of the hygroscopic nature of PVA.
Second, the excessive time requirement to dissolve PVA
molds with larger size and complexity. Due to hygroscopic
nature, it is recommended to keep the filament and the molds
in airtight containers with desiccant packs to protect them
from the moisture. The same group devised a method to
fabricatemicrofluidic devicemoldswith overhanging or heli-

cal features with dual material printing using high impact
polystyrene (HIPS) and PVA [57]. In this method, HIPS is
used as a support material for 3D printing overhanging fea-
tures out of PVA (Fig. 5c(i, ii)). HIPS is later removed by
submerging the molds in limonene to revel the PVA struc-
ture (Fig. 5c(iii)). Lastly, the PVA molds are used for replica
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molding out of PDMS and subsequently removed by disso-
lution in water (Fig. 5c(iv)).

Non-sacrificial molds

Salentijn et al. used 3D printed PLA non-sacrificial molds for
fabricating microfluidic channels out of PDMS [52]. These
microfluidic devices were sealed with another PDMS block
using plasma treatment. However, it was challenging to seal
PDMS devices with plasma treatment due to the high surface
roughness transferred to a PDMSbonding surface fromFDM
molds. To address the roughness problem, PoKiYuen printed
soft lithography molds on embedded glass coverslips, which
produced a smooth PDMS bonding surface and allowed suc-
cessful sealing with another PDMS block or glass coverslip
[48].

Shankles et al. used 3D printed ABS molds to fabricate
droplet generators, gradient generators, and 3D crossover
features designed in custom-made software. The software
gives a list of parameterized microfluidic features and has
an integrated slicer program to produce g codes [58]. In the
fabrication procedure, they have incorporated the polishing
of ABS surface with acetone at 50 °C, which significantly
reduced the surface roughness of the molds.

Microfluidic devices fabricated by FDM:modular
approach

Morgan et al. used transparent PLA filament to fabricate
droplet forming devices, dental pulp stem cells encapsu-
lation devices, and modular lego®-like devices [59]. They
have designed various fluidic modules such as T junction,
flow-focusing junction, and mixing module, which can be
assembled like Lego® blocks (Fig. 6a). Due to the O-ring
placed between male and female fluidic blocks, pressure up
to 2000 kPa could be sustained, which exceeded the pres-
sure tolerance of the devices fabricated by PDMS. They have
designed a modular system comprised of seven different flu-
idic elements for droplets production, as shown in Fig. 6b.

Tsuda et al. also used PLA to fabricate droplet genera-
tors, bacterial cells encapsulation devices, PDMSmembrane
integrated valves (flow selector device), andmodular devices
[60]. FDM modular devices with high surface roughness
and rigid thermoplastic polymers can cause leakage from
the interconnections. Tsuda et al. used chemical treatment
with dichloromethane (DCM) vapor for 15 min to reduce
surface roughness and prevent any leakage from the inter-
connections of the fluidic modules. In addition to chemical
treatment, the PTFE tape can be wrapped around male con-
nectors to prevent further leakage. They have fabricated a
leak-proof modular droplet generator device by assembling
two single input channel modules, a serpentine mixing mod-
ule, and a droplet generator module, as shown in Fig. 6c.

Nie et al. fabricated open-channel Lego®-like fluidic
blocks from PLA material [61]. The device operated on the
principle of capillary driven fluid flow, which reduced the
chances of leakage from the interconnections as no exter-
nal pumping was required. Moreover, the channels need not
be fabricated inside the microfluidic modules because of the
open and capillary driven system.They have designed several
fluidic modules, which can be assembled for gradient gener-
ation, dynamic perfusion-assisted bone scaffold degradation,
and dynamic culture of cells.

Microfluidic devices fabricated by non-filament
method: direct printing approach

Ching et al. developed a novel method involving 3D printing
of the outline of microchannels on flat PMMA substrates
[62]. The printed outline of the channels got sealed with
another PMMA substrate from the top with mechanical fas-
teners and spacers for controlling the overall width of the
channels (Fig. 7a(i–iii)). Using this approach, they fabri-
cated variousmicrofluidic devices such as a serpentinemixer,
droplet generator,Y channel, and air–liquid interface cell cul-
ture device. Some of these devices are shown in Fig. 7b(i–v).
They also demonstrated variable size droplet generator and
fluidic valves with localized deformation of the microchan-
nels. Moreover, integration with electrical components was
also shown by printing the channels directly on the printed
circuit boards (PCB).

Moreover, the non-filament direct printing approach has
also been used for fabricating liver-on-a-chip [39] and ner-
vous system-on-a-chip [63] from polycaprolactone (PCL).

Microfluidic devices fabricated by non-filament
method: mold-based approach

Non-filament-based method usually employs a sacrificial
mold-based approach for fabricating microfluidic devices.
Materials such aswax, sugar, pluronic, and agarose have been
successfully 3D printed for fabricating sacrificial molds, as
discussed below.

Wax-based sacrificial molds

Jennifer Lewis’ group used paraffin organic material for fab-
ricating sacrificial molds for interconnected 3D mixing units
[64]. The sacrificial paraffin ink was dissolved by heating
at 60° C, thereby exposing the interconnected microfluidic
network embedded in the epoxy resin.

Toohey et al. used a sacrificial inkmade of 60% petroleum
jelly and 40% microcrystalline wax to fabricate microvas-
cular networks embedded in the epoxy resin [65]. This
microvascular network was capable of self-healing the
cracks, mimicking the human skin.
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Fig. 6 Microfluidic devices fabricated with the FDM–modular
approach (a) male and female microfluidic modules, (b) a modular sys-
tem with seven different elements for droplet production, (c) a droplet
generator device assembled with two single input channel modules, one
serpentinemixermodule, and one flow-focusingmodule. Panels (a) and
(b) are reproduced from [59] under the Creative Commons Attribution

4.0 International Public License (https://creativecommons.org/licenses/
by/4.0/). A scale bar has been added in (a) based on overall dimensions
reported. Panel (c) is reproduced from [60] under theCreativeCommons
Attribution 4.0 International Public License (https://creativecommons.
org/licenses/by/4.0. A scale bar has been added based on channel size
reported

Fig. 7 Microfluidic devices fabricatedwith non-filamentmethod–direct
printing approach (a) process of printing the microfluidic device: (i) 3D
printing of outline of the microchannel on PMMA substrate, (ii) front
view of the printed microchannel, (iii) the microchannel is sealed with
upper PMMA substrate and mechanical fasteners (h � gap between to
PMMA substrates, Wf � Width of one filament, Wd � Width in CAD

drawing,Wc �Actual width of the channel). (b) Variousmicrochannels
formed with this method: (i) a straight microchannel, (ii) a serpentine
mixer, (iii) Y channel with serpentine mixing channel, (iv) a chamber,
(v) a flow-focusing droplet generator. Scale bar for (b) � 1 mm. Panels
(a) and (b) are reprinted from [62] Copyright 2019, with permission
from Elsevier
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Sugar-based sacrificial molds

He et al. compared the properties of different sugars, namely
proper printing temperature, properties during fusion, and
fabrication cost to select an ideal sugar for 3D printing
[66]. They selected maltitol sugar because of its stable
nature during the melting process and better flow proper-
ties during the extrusion. The procedure for the fabrication
of microchannels involves eight steps: (1) pouring of PDMS
on glass/polymer substrate to form the base layer, (2) print-
ing of sugarmicrochannels using hotmelt extruder at 150 °C,
(3) extrusion of PDMS as a support material to prevent sugar
structures from collapsing, (4) curing the PDMS at 100 °C
for 5 min, (5) printing of the next layer of sugar on the
support layer, (6) repetition of the whole process until the
desired structure is printed, (7) pouring and curing of PDMS
to embed the whole structure, and (8) heating the microchan-
nel structure in boiling water at 100° C for 10 min to dissolve
the sugar.

Miller et al. 3D printed carbohydrate glass consisting of
a mixture of glucose, sucrose, and dextran at 110° C to
form microvascular networks embedded in the cell encapsu-
lated photocurable hydrogel matrix [67]. The carbohydrate
mixture can be eventually washed away in a cell culture
medium to form a perfusable network. 3D printable mixture
of glucose, sucrose, and dextran demonstrated a mechani-
cally stiff nature at room temperature, excellent printability,
optical transparency, and compatibility with the photopoly-
mer matrix. They have derived a mathematical relationship
between the diameter of the filament and the nozzle travel
speed as mentioned below,

D(v) � A√
v

(1)

where D � diameter of filament, v � nozzle travel speed,
A � constant based on nozzle diameter, and extrusion flow
rate. According to the relationship, the diameter of printed
carbohydrate glass filament varies inversely with the square
root of the nozzle travel speed.

Gelber et al. 3D printed sugar alcohol (isomalt)-based sac-
rificial molds at 115° C embedded in the agarose [68]. The
molds quickly dissolved in agarose hydrogel to reveal a com-
binatorial mixer generator, as shown in Fig. 8a.

Pluronic-based sacrificial molds

Lewis’ group devised a novel omnidirectional 3D printing
strategy, which does not print in a conventional layer-by-
layer fashion [69]. In this method, a fugitive organic ink
was printed inside a thermally or photocurable resin matrix,
which physically supported the fugitive ink. They used
pluronic F127 as fugitive organic ink, which could be lique-

fied below 4 °C temperature to reveal interconnected, truly
three-dimensional microvascular networks.

In another study, Lewis’ group used the same pluronic
F127 as sacrificial material and cell-laden gelatin methacry-
late (GelMA) as a matrix material to fabricate vascularized
heterogeneous tissue constructs [70]. Figure 8b shows a
heterogeneous tissue construct printed with a GelMA ink
containing two different cells (green fluorescent protein-
expressing HNDFs and non-fluorescent 10T1/2s) and a
sacrificial pluronic ink, which was later endothelialized with
RFP HUVECs.

Agarose-based sacrificial molds

Bertassoni et al. 3D printed sacrificial agarose fibers at 4° C,
which were embedded into the photocurable hydrogel matrix
for fabricating vascularized networks, as shown in Fig. 8c(i)
[71]. As agarose fibers did not adhere to the matrix material,
theywere simply removedmanually after the curingofmatrix
material insteadof dissolving themat an elevated temperature
(Fig. 8c(ii)).

Stereolithography

Chuck Hull developed stereolithography (SLA) in 1986,
which typically uses a light source in the range of
380–405 nm wavelength to cure the photocurable resin for-
mulations. The equipment consists of anXYscanningmirror,
which deflects the light in a computer-generated pattern to
cure specific regions of the resin layer. Once the layer is
cured, the build platform moves away from the laser source
(in case of inverted configuration) by a certain amount (set by
layer height), leaving space for the next layer. More recently
developed DLP (Digital light processing) technology uses a
digital projector that projects awhole layer’s image and cures
it in one go, making the process faster than SLA [72].

Microfluidic devices fabricated
by stereolithography: direct printing approach

Folch’s group and Breadmore’s group were few of the
early researchers to demonstrate 3D printing of microfluidic
devices with stereolithography.

Folch’s laboratory used 3D systems’ Viper SL printer
and biocompatible WaterShed XC 11,122 resin to fabri-
cate microfluidic devices [26]. Breadmore’s group used a
Miicraft printer for fabricating a 3D mixer, 3D gradient gen-
erator, droplet extractor, ITP separation device, and tapwater
nitrate analysis device [27]. In stereolithography, removal
of the trapped uncured resin from the channels controls the
minimum achievable channel width. For example, Bread-
more’s group found that the channels with a width below
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Fig. 8 Microfluidic devices fabricatedwith non-filamentmethod–mold-
based approach (a) sugar-based sacrificial molds: (i) 3D printed isomalt
sacrificial template, (ii) a combinatorial mixer generator after casting
with agarose (b) pluronic-based sacrificial molds: (i) Schematic of the
heterogeneous tissue construct with semi-woven features, (ii) fluores-
cent image of the printed tissue construct (c) agarose-based sacrificial
molds: (i) 3D printed agarose sacrificial template (green) encapsulated

in GelMA matrix, (ii) removal of agarose fibers and subsequent perfu-
sion with fluorescent microbead suspension (pink). Scale bar for (c) �
3mm. Panel (a) is reproduced from Ref. [68] with permission from The
Royal Society of Chemistry. Panel (b) is reproduced from [70] with per-
mission of JohnWiley and Sons. Panel (c) is reproduced from Ref. [71]
with permission from The Royal Society of Chemistry

250 μm were clogged with uncured resin, making the min-
imum achievable channel width as 250 μm on the Miicraft
printer.

Due to the unknown composition of proprietary resins,
researchers are gradually moving toward in-house developed
resinsmade frompoly(ethylene glycol) diacrylate (PEG-DA)
for fabricating themicrofluidic deviceswith better resolution,
optical transparency, and biocompatibility.

Folch’s group used the ILIOS DLP 3D printer and
PEG-DA-250 resin with the Irgacure-819 photoinitiator to
fabricate transparent microfluidic devices [73]. They have
shown that transparent resins can be effectively cured with
385 nm UV light, producing finer channel geometries with
improvedZ resolution.Moreover, they found the biocompati-
bility of 3Dprinted Petri dishes comparablewith the standard
tissue culture plates.

In another study, Folch’s group used PEG-DA-258 resin
with Irgacure-819 photoinitiator and isopropyl thioxanthone
photosensitizer to improve the resolution and absorbance
properties of PEG-DA resin [74]. They successfully fabri-
cated 52 μm wide individual micromirror arrays, chaotic
F mixer (Fig. 9a), 25-μm-thick membrane valve rotary
mixer, and high-resolution capillary channels with 27 μm
width (Single pixel width of printer’s projector). Such high-
resolution capillary channels act as capillary burst valves and
effectively trap hydrogel inside the central channel, as shown
in Fig. 9b [75].

Gong et al. demonstrated the smallest 3D printed
microchannel having dimensions of 18×20μm using a cus-
tom DLP printer and optimized resin formulation containing
PEG-DA-258 [76].

Folch’s group has also optimized absorbance properties
of commercially available PDMS resin for 3D printing high-
resolution PDMS microfluidic devices with a DLP printer
[77]. They have demonstrated the fabrication of 500μmwide
channels from PDMS resin (Fig. 9c). Moreover, the optical
transparency and biocompatibility of 3D printed PDMSparts
were found to be the same as the molded PDMS (sylgard-
184) parts.

Au et al. demonstrated 3D printing ofmicrofluidic devices
integrating microvalves [78]. They fabricated a single-valve
device by printing a 100-μm membrane-like layer, which
can be deflected by air-pressure to control the fluid flow
(Fig. 9d(i–iii)). They also fabricated a microfluidic device
with four valves, which can stimulate cells with ATP solu-
tions (Fig. 9d(iv, v)). Moreover, Rogers et al. also demon-
strated the integration of valves with 3D printed microfluidic
devices made from PEG-DA resin [79].

Researchers have also demonstrated SLA-basedmicroflu-
idic droplet generators and nanoliposome generators [80,
81]. Recently, Chiado et al. have introduced active moi-
eties like –COOH with photocurable resin for 3D printing
microfluidic devices for the detection of cancer angiogenesis
biomarkers like vascular endothelial growth factor (VEGF)
and angiopoietin-2 (Ang-2) by a colorimetric immunoassay
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Fig. 9 Microfluidic devices fabricated with SLA- Direct printing
approach (a) 3D printed chaotic F-mixer (b) a microfluidic device with
27μmwide capillarymicrochannels trapping the blue dye in the central
channel (c) amicrofluidic devicewith 500μmwide channelsmade from
PDMS resin (d) integration of microvalves in 3D printed microfluidic
devices: (i) a 3D printed single-valve device, (ii) schematic of a valve in
the open (left) and closed (right) states, (iii) microvalve in the open (left)
and closed (right) states visualized with blue dye, (iv) Circuit diagram

of the four-valve device, (v) 3D printed four-valve device used for ATP
stimulation. Panel (a) is reproduced from [74] with permission of John
Wiley and Sons. Panel (b) is reproduced fromRef. [75] with permission
fromThe Royal Society of Chemistry. Panel (c) is reproduced from [77]
with permission of John Wiley and Sons. A scale bar has been added
based on channel size reported. Panel (d) is reproduced from Ref. [78]
with permission from The Royal Society of Chemistry

[82]. The carboxyl group captures biological elements with a
primary amine in its structure and can be used in biosensing
applications. Stereolithography has also been used for fab-
ricating bioreactors for osteochondral tissue culture [8, 83],
microfluidic devices for 3D cell culture [84], and devices for
multicellular spheroid culture [85].

Microfluidic devices fabricated
by stereolithography: mold-based approach

Stereolithography has been used widely for making non-
sacrificial soft-lithography molds for PDMS microfluidic
devices. The popularity of this approach is growing because
of a similar concept to soft-lithography with lesser and sim-
plified fabrication steps.

Fabrication of PDMS microfluidic devices out of SLA
molds consists of four steps: (1) 3D printing of molds, (2)
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post-processing of molds, (3) replica molding, and (4) bond-
ing. Post-processing is usually required to prevent PDMS
from adhering to the mold surface, facilitate curing of
PDMS, and remove residual resin monomers and catalysts
found on the surface of the molds [19]. Researchers have
optimized these post-processing steps, including washing
uncured resin, UV post-curing, heating, and silanization.
Although the overall post-processing steps remain the same,
treatment time and heating temperature often vary with each
proprietary resin.

Chan et al. suggested heating the molds at 130 °C to
remove any uncured resin residuals and silanization to inhibit
PDMS from adhering to the mold surface [19]. They have
demonstrated the replica molding of complex overhanging
features by optimizing peeling direction and post-processing
steps.

As acrylate-based resins do not allow PDMS curing, time-
consuming post-processing steps such as sonication with
ethanol and ink airbrushing are often required [86]. To over-
come limitations related to acrylate-based resins, Bazaz et al.
usedmethacrylate-based resins, which did not need any post-
fabrication steps [87].

Moreover, this approach has also been used to fabri-
cate microfluidic devices studying the interaction between
leukocytes and TNFα-activated endothelial cells [88] and
multi-depth droplet generators capable of controlling the
shape of droplets [89].

Microfluidic devices fabricated
by stereolithography: modular approach

Bhargava et al. fabricated various microfluidic modules such
as fluidic junctionmodules, mixermodule, and straight chan-
nel module using SLA 3D printer andWaterShed XC 11,122
resin [29]. Thesemodules were connected to generate micro-
droplets and to mix fluids with a tunable mixing ratio.

Recently, Ching et al. demonstrated SL printed 3D
microfluidic networks, discretized in various subunits to
overcome channel blockage due to trapped resin [90].

Vittayarukskul et al. used3Dprintedmolds formaking2×
2 Lego® blocks withmicrochannels, which can be stacked to
create 3Dmicrofluidic devices [35]. They reported a very low
burst pressure of 0.11–0.13 psi because of the high surface
roughness of the molds. On the contrary, Po ki Yuen reported
a robust interconnection systemwhich can sustain fluid pres-
sure up to 51.1 psi [34]. He introduced a SmartBuild system
consisting of a motherboard on which various microfluidic
components such asmixing chambers and reaction chambers
can be assembled.

Inkjet 3D printing

There are two types of inkjet 3D printing: (1) photopolymer-
based and (2) powder-based. Photopolymer-based inkjet
printing uses liquid acrylate-based photopolymers, which are
cured layer-by-layer with UV light. Unlike stereolithogra-
phy, this technology uses a computer-assisted array of inkjet
heads that dispense liquid photopolymers precisely [91].
Photopolymer-based inkjet printing is commercially known
by two different names, namely multijet and polyjet. Polyjet
is a proprietary technology of Stratasys commercialized by
Objet in 1999 [92]. On the other hand, multijet printing was
commercialized by 3D systems in 1996 [93]. Although the
working principle of both technologies is the same, the sup-
port material differentiates the two technologies. In the case
of polyjet, the support material is a combination of acrylic
monomer, polyethylene, propylene, and glycerin,which need
to be removed by high-pressure waterjet, whereas inmultijet,
the support material is wax, which can be melted away in the
oven after printing [92].

The powder-based inkjet 3D printing is also known as
the binder jetting process. In the binder jetting process, the
printing head delivers droplets of binding material on a pow-
der bed, which selectively binds the material to build an
object layer-by-layer. This technology mainly uses ceram-
ics and metallic powders, limiting its application to fabricate
polymer-based microfluidics.

Microfluidic devices fabricated by inkjet 3D printing:
direct printing approach

Inkjet technology has been used to fabricate complex mixing
devices such as caterpillar mixer (Fig. 10a(i)), Tesla mixer
(Fig. 10a(ii)), and HC mixer (Fig. 10a(iii)) [94]. Anderson
et al. used inkjet 3D printing to fabricatemicrofluidic devices
integrated with porous membranes to study drug transport
and the effect of the same on cultured cells [95].

Recently, inkjet 3D printing was used to fabricate
microfluidic devices to collect micro/nanoparticles from a
sample by free-flow electrophoresis. The device was also
capable of collecting exosomes from a biological sample
[96].

One of the significant benefits of this technology is ‘multi-
material printing,’ capable of fabricatingmicrofluidic devices
with a combination of rigid and flexible materials. Ji et al.
integrated flexible and rigid materials in an emulsion gen-
erator device (Fig. 10b(i, ii)) [97]. A flexible channel in
the emulsion generator can be deformed with a pneumatic
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Fig. 10 Microfluidic devices fabricated with inkjet–direct printing
approach (a) variousmixing devices fabricatedwith themultijet printer:
(i) 3Dprinted caterpillarmixer (left), dimensions of the channels (right),
(ii) 3D printed Tesla mixer (left), dimensions of the channels (right),
(iii) 3D printed HC mixer (left), dimensions of the channels (right).
(b) Multimaterial droplet generator fabricated with the polyjet printer:

(i) schematic of the device, (ii) 3D printed droplet generator. Panel
(a) is reproduced from [94] with permission of John Wiley and Sons.
A scale bar has been added based on channel size reported. Panel (b) is
reproduced from [97] under the Creative Commons Attribution 4.0
International Public License (https://creativecommons.org/licenses/by/
4.0/)

control unit to control droplet generation. Moreover, such
multi-material 3D printing can also be used to integrate
microvalves fabricated from a flexible material and other
structures from a rigid material in a microfluidic device [98].

Microfluidic devices fabricated by inkjet 3D printing:
mold-based approach

Both sacrificial and non-sacrificial molds can be fabricated
with the inkjet printing method.

Kamei et al. used 3D printed microchannel molds to fab-
ricate PDMS devices for culturing human embryonic stem
cells encapsulated in the hydrogels under a gradient of human
basic fibroblast growth factor [99].

Glick et al. introduced a multi-sided molding technique in
which both the upper and lower molds were used to transfer
features to PDMS [100]. This particular technique enabled
the fabrication of thin membrane valves, devices with fluid
flow in 3-dimensions, andmultilayer devices.Moreover, they
recommended the silanization process to inhibit PDMSadhe-
sion to the mold surface.

Brossard et al. used hexanediol inkmaterial and a custom-
made inkjet printer to fabricate sacrificialmolds formicroflu-
idic devices [101]. Hexanediol ink was printed on a substrate
kept at 5 °C, allowing the ink to freeze. Finally, the molds
were cast with PDMS and subsequently evaporated at an ele-
vated temperature. The minimum channel width of 50 μm
was achievable with this method.

Hwang et al. 3D printed molds for fabricating non-planar
PDMS microchannels [102]. They reported higher surface
roughness on the 3D printed masters printed with polyjet
compared to conventional SU-8 masters, which is a limita-
tion associated with the polyjet technology. Moreover, inkjet
printing has also been used for producing sacrificial wax
molds for PDMS replica molding [103].

Hybrid approach

Fabrication of hybrid devices has been demonstratedmajorly
with FDM and SLA 3D printing technologies. This section
discusses a few bonding techniques used to form hybrid
devices and how a hybrid approach can overcome some of
the limitations of a direct printing approach.
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Fig. 11 PLA/PMMA hybrid
microfluidic devices
(a) serpentine microchannel.
(b) mixing at different locations
in the hybrid 3D printed mixing
device. Panels (a) and (b) are
reprinted from [111] Copyright
2018, with permission from
Elsevier. A scale bar has been
added in (a) and (b) based on
overall dimensions and feature
size reported

FDM hybrid devices

Microchannels printed with FDM direct printing approach
are often found opaque under an optical microscope owing to
the rough layers printed on the channels. Therefore, an alter-
native approach can be used wherein the microfluidic device
can be printed with open microchannels (without any layers
on top of them), and transparent materials such as PMMA
and PDMS can be bonded on the top for better visibility
of 3D printed channels. Integration with PDMS improves
the visibility of the channels and allows better control of
the gaseous environment inside gas-impermeable polymers.
Here, we have elaborated on different methods to bond 3D
printable FDM polymers and transparent materials to fabri-
cate hybrid microfluidic devices.

Thermoplastic polymers such as polycarbonate (PC),
cyclic olefin copolymer (COC), polymethylmethacrylate
(PMMA), polystyrene (PS), and polyethylene terephthalate
(PET) can be irreversibly bonded with PDMS using (3-
aminopropyl)triethoxysilane (APTES) [60, 104–107]. Tang
et al. used an amine-epoxy bond formation strategy to bond
polymers with PDMS [108]. Moreover, Mehta et al. used
a chemical-free bonding method wherein plasma treatment
with a combination of oxygen and argon gases (2:1) was used
to bond polymers with PDMS [40].

Moreover, bonding between different thermoplastic poly-
mers can also be achieved by activating the surfaces of
polymers with UV/ozone treatment followed by heating
at glass transition temperature under pressure [109]. This
approach can be applied for bonding 3D printed microfluidic
devices with PMMA.

Ethanol-based solvent bonding technique can be used for
bonding PMMA with 3D printed polymers. In this method,
PMMA and 3D printed polymers (ABS and PLA) were
coated with ethanol and irradiated with UV light [110, 111].
UV light irradiation dissolved PMMA and generated acry-
late monomers, which eventually bonded the two polymers.

With thismethod, authors have fabricated a hybrid serpentine
channel (Fig. 11a), a mixing device (Fig. 11b), and a double
emulsion generator.

Owing to the similar chemical structure, PLA can be read-
ily bonded to PMMA by direct 3D printing of PLA on the
PMMA substrate. Such PLA-PMMA hybrid devices have
been used to determine total proteins, nitrite, nitric oxide,
and producing nano-particles [36, 112].

SLA hybrid devices

Microfluidic devices printed with SLA direct printing
approach suffer from low optical transparency, blockage of
the channels due to trapped uncured resin, and low gas per-
meability. The hybrid approach makes SLA microchannels’
cleaning procedure relatively faster and more reliable as the
channels are accessible from the top and are not embedded
inside the device.

Recently, Kecili et al. demonstrated the bonding of SLA
printed devices (Formlabs form 2) with glass slide using
PDMS or resin interlayer [113]. Moreover, SLA printed
open-faced microchannels can also be bonded with PDMS
using APTES or silicon spray [114]. These hybrid SLA
devices were used for gradient and droplet generation.

Cheon et al. tested five different bondingmethods, namely
double-sided tape, PDMS/tape composite, UV glue, (3-
aminopropyl) triethoxysilane (APTES), and sputter-coated
SiO2 for bonding 3D printed devices with PDMS [37]. They
found that the sputter coating produced the highest burst pres-
sure compared to other techniques.

Brennan et al. used an intermediate layer based bond-
ing method to bond PDMS membrane with watershed resin
parts to allow oxygen control for the cell culture [38]. In
addition to the intermediate layer based bonding method,
watershed resin parts can also be bonded with PDMS by acti-
vating PDMS with plasma treatment and heating the hybrid
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Table 1 Applications of four fundamental approaches

3D printing technology Approach used Material used Applications References

FDM Direct printing approach TPU Flexible and biocompatible
microfluidic devices

[28]

PLA, PETg Transparent microfluidic
devices such as mixing and
droplet formation devices,
core–shell metallic
nanoparticles generator,
devices with embedded glass
coverslips, porous
membranes, electrodes, and
wires

[45, 48, 49, 51]

PP Reactionware devices for
chemical synthesis and
nanoparticle synthesis

[46, 47]

ABS, Lay-felt composite
filament

Multi-material devices with
integrated membrane for
colorimetric detection of
nitrate in the soil

[50]

Mold-based approach Sacrificial molds form ABS Spiral channels, channels with
varying diameters, Hilbert
cube, devices integrated with
electronic components,
channels with
unconventional shapes such
as triangular and
semielliptical

[54, 55]

Sacrificial molds from PVA Droplet forming devices,
devices for dynamic cell
culture, chaotic mixing
devices

[56]

Sacrificial molds from PVA
and HIPS

Microfluidic devices with
over-hanging and helical
features

[57]

Non-sacrificial molds from
ABS

Droplet generators, gradient
generators, and devices with
3D crossover features

[58]

Modular approach PLA Droplet forming device, dental
pulp stem cells encapsulation
device, gradient generator,
devices for a dynamic
culture of cells and
degradation of bone scaffold

[59–61]

Hybrid approach PLA-PMMA and PLA-ABS Emulsion generator device,
mixing device

[110, 111]

PLA-PMMA Devices for determination of
total proteins, nitrite, nitric
oxide and for producing
nanoparticles

[36, 112]

Non-filament-based extrusion Direct Printing approach Silicone sealant Serpentine mixer, droplet
generator, Y channel,
air–liquid interface cell
culture device, devices
integrated with electronic
components

[62]
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Table 1 continued

3D printing technology Approach used Material used Applications References

PCL Liver-on-a-chip, nervous
system-on-a-chip

[39, 63]

Mold-based approach Wax Interconnected 3D mixing
units, self-healing
microvascular network

[64, 65]

Sugar Spiral, serpentine, 3D
microchannels, cell culture
device, devices with the
microvascular network,
combinatorial mixer
generator

[66–68]

Pluronic F127 Devices with
three-dimensional
microvascular networks,
vascularized heterogeneous
tissue constructs

[69, 70]

Agarose Tissue with vascularized
networks

[71]

SLA Direct printing approach Proprietary colorless resin 3D mixer, 3D gradient
generator, droplet extractor,
ITP separation device, and
tapwater nitrate analysis
device

[27]

PEG-DA Serpentine channel, chaotic
mixers, microvalves, cell
culture devices,
high-resolution capillary
channels

[73–76, 79]

PDMS Biocompatible microfluidic
devices with 500 μm
channels

[77]

WaterShed XC 11122 (DSM) Devices with integrated
microvalves, osteochondral
bioreactor

[78, 83]

Transparent resin (Formlabs) Microfluidic devices for 3D
cell culture inside hydrogel

[84]

Accura 60 (3D systems) Devices for spheroid culture [85]

E-shell 300 (EnvisionTEC) Osteochondral tissue culture
bioreactor

[8]

PIC100, HTM-140
(EnvisionTEC)

Droplet generators and
Nanoliposome generators

[80, 81]

Bisphenol A ethoxylate
diacrylate (BEDA)

Microfluidic device for early
cancer detection

[82]

Pro3dure GR-10 Tumor-on-a-chip [115]

Mold-based approach Proprietary resin 3D chaotic mixer, devices with
overhanging features,
devices integrated with
microvalves

[19]

Black resin (Formlabs) Device for studying the
interaction between
leukocytes and
TNFα-activated endothelial
cells

[88]

Clear resin (Formlabs) Multi-depth droplet generator
devices

[89]
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Table 1 continued

3D printing technology Approach used Material used Applications References

BV-007 (Miicraft) Lung-on-a-chip [116]

Grey resin (Formlabs) Spheroid forming device with
gradient of diameter

[117]

Accura extreme (3D systems) Spheroid forming device with
uniform diameter

[118]

Modular approach WaterShed XC 11122 (DSM) Droplet generators, mixing
devices, reaction chambers

[29, 34]

R5 Gray, ABS 3SP Flex Gray
(EnvisionTEC)

Lego® like PDMS blocks
stacked to form multilayer
microfluidic devices

[35]

Hybrid approach WaterShed XC 11122-PDMS Cell culture device with
oxygen control, device for
stimulation of cells with ATP
solutions

[38, 78]

Clear resin (Formlabs) -PDMS Gradient and droplet
generators

[114]

Inkjet Direct printing approach VisiJet M2R-CL (3D Systems) Caterpillar mixer, Tesla mixer,
HC mixer

[94]

Objet VeroWhitePlus
(Stratasys)

Device for studying drug
transport and the effect of
drugs on cells

[95]

Veroclear and TangoPlus
FLX930 (Stratasys)

Emulsion generator device [97]

VeroWhitePlus and TangoPlus
FLX930 (Stratasys)

Devices with integrated
microvalves

[98]

Verowhiteplus RGD835
(Stratasys)

Micro and nanoparticle
collection and analysis

[96]

Mold-based approach AR-M2 (Keyence) Hydrogel encapsulated cell
culture devices

[99]

VisiJet EX200 (3D systems) Multi-sided molds for
fabricating microfluidic
devices

[100]

Hexanediol Serpentine channels,
combinatorial mixer,
overhanging channels,
integration with electrodes

[101]

VeroWhitePlus (Stratasys) 3D microfluidic channels [102]

device above the glass transition temperature of watershed
resin [78].

As discussed above, there are few published proto-
cols already available for fabricating SLA hybrid devices.
However, proprietary resin composition necessitates further
experiments to find a suitable bonding protocol for each of
them.

Table 1 summarizes the applications of four fundamental
approaches for fabricating microfluidic devices.

Challenges with 3D printing of microfluidic
devices

3D printing is still considered a secondary manufacturing
technique formicrofluidic devices as there are few challenges
associatedwith the same that need to be addressed.One of the
challenges is a printing resolution, which is still inferior to
the conventional photolithography technique. Moreover, low
optical transparency, low gas permeability, and cytotoxicity
of the 3D printingmaterials are three of themajor roadblocks
which hinder the widespread use of 3D printing. In this sec-
tion, we have highlighted such limitations and discussed the
recent research progress in the 3D printing materials and

123



Bio-Design and Manufacturing (2021) 4:311–343 329

technologies, which improved the overall performance of 3D
printed microfluidic devices.

Printing resolution: frommillifluidic to microfluidic
range

Currently, the majority of the commercial 3D printers are
capable of printing channels within millifluidic (>1mm) and
sub-millifluidic range (>500 μm) but not in the microfluidic
range (<100 μm) (Table 2) [76]. Although many SLA man-
ufacturers claim an XY resolution of less than 100 μm, the
printable microchannels are often higher than 100 μm [26,
27, 119].

The smallest channel width is one of the parameters
to evaluate the 3D printer’s XY resolution for fabricating
microfluidic devices. XY resolution of the FDM 3D printer
is limited by nozzle diameter and the smallest movement of
X and Y stepper motors. Nelson et al. reported the smallest
channel size (40 μm) for FDM 3D printing (Table 2) [28].
They used a nozzle of 250 μm diameter on Prusa i3 MK3
3D printer (Prusa Research, Prague, Czech Republic). Along
with a smaller nozzle size, the distance of a nozzle from the
printing bed and printing temperature also plays a signifi-
cant role in determining the minimum channel size. Longer
printing times and frequent nozzle clogging are some of the
limitations associated with smaller nozzle diameters.

Table 2 showsmost of theminimumchannel sizes reported
for direct, modular, and hybrid approaches (in the case of
extrusion-based 3D printing) are comparatively higher than
the mold-based approach. This is because, in a mold-based
approach, the channels’ width can be directly controlled by
nozzle diameter, pneumatic pressure (extrusion flow), and
printing speed (Eq. 1 in microfluidic devices fabricated by
non-filament method: mold-based approach section). For
example, He et al. reported a 40 μm channel width by
controlling printing speed and using a nozzle diameter of
300 μm [66]. However, printing a 40 μm channel void is
challenging with 300 μm nozzle size in direct, hybrid, and
modular-based approaches. This is because of the limitations
of nozzle diameter, the smallestmovement of steppermotors,
the distance of nozzle from the printing bed, and printing tem-
perature. Besides, microchannels with 18μmdiameter could
be achieved using a nozzle of 30μmdiameter and controlling
the pressure of extrusion in a mold-based approach [69].

In conventional stereolithography, the XY resolution is
controlled by laser spot size, overall optical system, and cur-
ing mechanism. But in DLP-SLA printers, the XY resolution
is mainly controlled by minimum pixel size. Earlier, it was
challenging to fabricate channels less than100μmwith stere-
olithography. However, with the recent improvements in the
absorbance properties of PEG-DA resin, superior XY reso-
lution of the custom DLP apparatus (7.6 μm), and 385 nm
UV curing mechanism, researchers have successfully 3D

Table 2 Four fundamental approaches and the smallest channel width
reported

3D printing
technology

Approach used The smallest
channel width
reported (in
μm)

References

FDM Direct printing
approach

40 [28]

400 [45]

1000
800

[48]
[47]

600 [49]

260 [51]

800 [47]

Mold-based
approach

200 [54]

100 [55]

232 [56]

Modular
approach

500 [59]

400 [60]

118 [61]

Hybrid
approach

170 [36]

500 [111]

389 [112]

Non-filament-
based
extrusion

Direct printing
approach

635 [62]

1500 [39]

Mold-based
approach

200 [65]

40 [66]

150 [67]

18 [69]

100 [70]

150 [71]

SLA Direct printing
approach

250 [27]

27 [74, 75]

20 [76]

500 [77]

350 [79]

600 [83]

500 [84]

354 [115]

Mold-based
approach

300 [19]

208 [88]

150 [89]

Modular
approach

500 [29]

635 [34]

500 [35]

Hybrid
approach

228 [114]

Inkjet Direct printing
approach

130 [94]

239 [97]

400 [98]

Mold-based
approach

50 [101]

500 [102]
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printed the smallest microchannel with a cross section of
18×20 μm (Table 2) [76]. Similarly, Kim et al. reported
microchannels with a width of 27 μm using a commercial
high-resolution DLP printer Asiga Pico2 HD (Asiga, Syd-
ney, Australia) (XY resolution—27μm) [75].Moreover, low
resin absorbance is one of the major parameters affecting the
Z resolution of SLA and DLP printers. Because of the low
absorbance of transparent resins in the visible light spectrum,
the commercial printers with a 405 nm light source often cure
the microchannel voids, blocking the whole microchannel,
thereby providing a poor Z resolution [73]. To improve the Z
resolution, in-house formulated PEG-DA-based resins with
optimized absorbance properties, and a 385 nm UV curing
source has been used [74, 76, 120, 121].

In inkjet printing, droplet size is one of the parameters
that controls minimum channel size. Brossard et al. recently
reported the smallest channel size of 50 μm channels with
hexanediol ink and a custom-made inkjet system (Table
2) [101]. The custom-made inkjet printer could generate
droplets of 50 μm size with droplet spacing of 40 μm.

Optical transparency

FDM uses transparent materials such as PETg to fabricate
microfluidic devices. While printing with such transparent
filaments, air bubbles often get trapped inside the layers,
which scatter the light and make the devices opaque. Many
research groups have tried to optimize a fewFDMparameters
to improve the overall optical transparency of the microflu-
idic devices. These parameters include layer height, printing
speed, printing temperature, cooling rate, nozzle distance
from the build platform, and extrusion flow. Lowering print-
ing speed, layer height, and nozzle distance from the bed have
been found to increase the optical transparency of microflu-
idic devices [28, 45, 59, 122]. Moreover, integration with
transparent glass coverslips andPMMAsheets have also been
found to improve the visibility of the microchannels printed
with FDM [36, 48, 49, 112].

Moreover, 3D printers often use rough build surfaces
for improving the adhesion of the first layer. Such rough
build surfaces produce high surface roughness on the base
layer of microfluidic devices, making them opaque.Mechan-
ical sanding and polishing have been effective in reducing
the base layer roughness and enhancing the visibility of
the microchannels [84, 115]. Sometimes, the optical trans-
parency of SLA microchannels can be compromised due to
the poor absorbance of the resin and laser over-curing, which
can bemitigated by coatingmicrochannels with various min-
eral oils to match the refractive indices of the resins [26, 84].

Biocompatibility and post-processing

The biocompatibility of the resins is a critical parame-
ter for biological applications of 3D printed microfluidic
devices. There are many biocompatible resins available
from various manufacturers such as E-shell 300 series
(EnvisionTEC, Germany), WaterShed XC 11,122 (DSM,
Netherlands), MED625FLX (Stratasys, USA), Dental SG
(Formlabs, USA), and Pro3dure GR-10 (Pro3dure Medi-
cal GmbH, Germany). The proprietary formulation of these
resins often necessitates thorough biocompatibility evalua-
tion for the intended biological application [115]. One of
the research studies found growth inhibition of freshwa-
ter microalgae caused by SLA and inkjet resins, including
biocompatible WaterShed XC and VisiJet crystal resin (3D
systems, USA) [123]. On the contrary, FDM materials such
as PLA and ABS did not produce any toxic effects in the
same study. In another study, C2C12 cells remained viable
for five days and showed morphological alignment on 3D
printed FDM polymers [124].

Because of the questionable biocompatibility of the com-
mercial resins, researchers have started moving toward
in-house formulated biocompatible resins for 3D printing of
microfluidic devices [73, 74, 121].

Post-processing plays a significant role in preventing or
delaying the toxic effects of the resins. For example, PEG-DA
resin is biocompatible only after extensive post-processing
steps, including washing uncured resin and UV post-curing
[73, 74]. Without the post-processing steps, toxic monomers
and photoinitiators can leach over time, causing cytotoxic-
ity. Moreover, PDMS devices produced by 3D printed SLA
molds have also shown toxic leachates possibly transferred
from the resin used for fabricating the molds [125]. The
coating of microchannels with PDMS, cell culture media, or
polystyrene has been effective in slowing down the leaching
of such toxic substances from the resin [74, 125–127].

One of the commercial biocompatible resins, Pro3dure
GR-10, can be a promising candidate for fabricating
microfluidic devices for biological applications. In one study,
it did not show any cytotoxic effects up to 14 days and geno-
toxic effect for 30 days [128].Microfluidic devices fabricated
from Pro3dure GR-10 have also been used to culture biopsy
tumor tissues for at least three days in a microfluidic device
[115].

There is a need for introducing commercial novel biocom-
patible materials with relevant cytotoxicity data to encourage
the use of 3D printed microfluidics in the biological field.

Surface roughness and bonding

Roughness comes inherently with 3D printing due to the
layer-by-layer fabrication approach. The average surface
roughness of the FDM devices was found to be the high-
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est (Ra � 10.97 μm), compared to inkjet (Ra � 0.99 μm)
and SLA-based techniques (Ra � 0.35 μm) [129].

Higher surface roughness is one of themajor drawbacks of
FDM.There are few post-processingmethods available, such
as polishing, painting, vapor smoothing, solvent dipping,
and epoxy coating, to reduce the overall surface rough-
ness of FDM components [130]. Tsuda et al. demonstrated
dichloromethane vapor treatment to smooth 3D printed PET
and PLA surfaces [60]. Moreover, Lalehpour et al. carried
out an extensive analysis of the acetone vapor smoothing pro-
cess for ABS parts [131]. They found three cycles with 15 s
treatment of acetone vapor produced the best surface finish.
Although there are few reports on post-processing methods
for FDM components, systematic research studies and novel
ways to reduce roughness are still lacking.

Roughness on inkjet soft lithographymolds often prevents
the bonding of replica moldedmicrochannels with glass cov-
erslips or PDMS blocks. Glick et al. suggested to spin coat
liquid PDMS on the replica molded surface [100]. The liquid
PDMSworks as filler for small crevices present on the surface
and a bonding agent for bonding replica molded microfluidic
devices with glass coverslips or PDMS blocks.Moreover, for
making soft lithography molds with polyjet printing (Strata-
sys), the glossy finish option has been recommended over the
matte finish option [102]. In multijet printers (3D systems),
omniphobic lubricant infused coating has been beneficial to
mitigate surface roughness on the soft lithography molds
[132].

In stereolithographymolds, the printing orientation affects
the surface roughness significantly. For example, molds
printed parallel to the build surfacewere smoother thanmolds
printed at an angle [88].

Wettability

Wettability of PDMS can be controlled by plasma, corona,
or UV/ozone surface treatment methods [133, 134]. PDMS
channels can be made hydrophilic by such surface treat-
ment methods to introduce the reagents in the microchannels
using capillary effect without any need for external pump-
ing. The capillary filling is one of the desirable properties for
microfluidic device operations. FDM polymers can be made
hydrophilic using UV/ozone and plasma surface treatment
methods [17, 133]. Few reports suggested the possibility
to activate surfaces of SLA devices using oxygen plasma
and corona discharge treatment methods [37, 135]. However,
further investigations are required to characterize the effect
of such treatment methods on microchannels fabricated by
stereolithography and inkjet 3D printing.

Autofluorescence and optical microscopy

The autofluorescence of polymers can be a barrier for
fluorescencemicroscopy. Salentijn et al. investigated the aut-
ofluorescence of various FDM materials and found all the
polymers exhibited autofluorescence to some extent [52].
Moreover, they found the FDM polymers exhibited the
least autofluorescence at red wavelengths. Stereolithogra-
phy resins such as PEG-DA-based resin and WaterShed XC
resin showed a low level of autofluorescence [26, 74]. More-
over, Pro3ure-GR10 resin did not show any autofluorescence
[115]. Autofluorescence can lead to an erroneous analysis of
fluorescence images. Therefore, it is necessary to develop
novel 3D printing materials with low or negligible autofluo-
rescence.

Sterilization

Sterilization with short-wavelength UV light has been used
widely for PDMS microfluidic devices. However, FDM
polymers are not as transparent as PDMS to germicidal
UV-C light. Moreover, many of the FDM materials are non-
compatible with autoclave sterilization as the glass transition
temperatures of such polymers lie below 121 °C. Alternative
sterilization techniques for FDMparts include ethylene oxide
gas, hydrogen peroxide gas plasma, immersion in ethanol,
and gamma irradiation [136]. Some of the FDM materi-
als which are compatible with autoclave sterilization are
Nylon PA 12 (Forecast 3D, USA), PC-ISO (Stratasys, USA),
ULTEM-9085 (Stratasys, USA), PPSU (Stratasys, USA),
and Nylon 680 (Taulman 3D, USA) [136, 137].

SLA and inkjet materials also exhibit lower heat defor-
mation temperatures, thereby restricting the use of autoclave
sterilization method. However, a few resins are available that
can be autoclaved, such as Pro3ure GR-10 [138] and Dental
SG [139]. The general unavailability of 3D printing materi-
als compatible with autoclave often discourages researchers
from using 3D printing to fabricate microfluidic devices.
Therefore, novel materials compatible with autoclave ster-
ilization are needed to be developed.

Gas permeability

3D printed polymeric microfluidic devices often create a
hypoxic environment inside the channels within a few hours
because of their gas impermeability [40, 140]. Therefore, it
is challenging to maintain a proper gaseous environment for
cell growth inside such 3D printed microchannels. Using a
hybrid approach with integration with gas permeable PDMS
can be beneficial for long-term cell growth inside 3D printed
microchannels. Moreover, dynamic perfusion with a syringe
pump can also be effective in replenishing depleted oxy-
gen concentration inside such polymer microchannels [140].
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However, long-term dynamic perfusion may lead to air bub-
ble formation in the channels, causing cell death [141]. We
believe the development of novel gas permeable 3D printing
materials will be one of the major research areas in this field.

Table 3 summarizes the limitations associated with 3D
printing of microfluidic devices with possible solutions to
overcome them.

The state of 3D printed ‘organs-on-chips’
and ‘tumor-on-chips’: present and future

3D printed organs-on-chips: the current state

Complex tissues with multiple cell types can be effectively
mimicked using ‘organs-on-chips’ [3–6]. Many research
groups have demonstrated such models, which can bring
down the failure rate of the drugs in the clinical phase and
can be a promising alternative to in vivo animal drug testing
in the future. In this section, we have discussed some of the
remarkable 3D printed organ-on-a-chip models to highlight
the potential of existing 3D printing technology.

Organs-on-chips using extrusion-based 3D printing

Current in vivomodels often fail to predict the toxic effects of
novel drugs on humans. Hence, there is a need to develop 3-
dimensional, functional, and dynamic liver-on-a-chip mod-
els. Bhise et al. 3D printed hepatic spheroid-laden hydrogel
constructs inside themicrofluidic device anddemonstrated its
functionality for 30 days [142]. Moreover, acetaminophen’s
drug toxicity predicted by the developed platform was found
similar to in vivo data. Lee et al. 3D printed a liver-on-chip
platform using PCL and cell encapsulated hydrogels [39].
PCL was printed to make microfluidic channel structure, and
cell encapsulated hydrogels were printed to spatially pat-
tern Human hepatocellular carcinoma cell line (HepG2) and
human umbilical vein endothelial cells (HUVEC) in various
orientations.

Kolesky et al. used a sacrificial mold-based approach to
fabricate thick vascularized tissues containing endothelial
cells, fibroblasts, and stem cells [143]. They had cultured
and differentiated the stem cells by delivering growth fac-
tors through the printed vascular network. This particular
approach is suitable for developing physiologically relevant
vascular liver models where the cell-laden ink can be used
to print hepatocytes, and the supporting casting matrix can
contain the immune cells.

Gu et al. used an extrusion-based technique to develop
neural tissues from human neural stem cells laden hydrogels
[144]. They used novel polysaccharide-based bioink, which
provided stable and rapid cross-linking. This strategy can
be implemented on microfluidic devices to develop neural

disease models. Johnson et al. fabricated neuron-on-a-chip
platform, consisting of 3D printed microchannels for axonal
alignment and compartmented tri-chamber for cell isolation
and co-culture of neurons, glia, and epithelial cells [63].

Organs-on-chips using stereolithography

Ma et al. used stereolithography to mimic the hexagonal
architecture of the liver lobule [145]. This process uses two
different masks fed sequentially for patterning hepatic cells
and supporting cells (endothelial cells and stem cells).

Lin et al. 3D printed bioreactor to culture osteochondral
tissue andmodel osteoarthritis [8]. The bioreactor inserts iso-
lated chondral and osseous regions by anO-ring and supplied
chondrogenic and osteogenic differentiation media in upper
and lower chambers, respectively. Upon treatment with pro-
inflammatory cytokine (IL-1β), osteoarthritis like response
was observed in both the tissues.

Stereolithographic molds are being used widely for fab-
ricating organs-on-chips. Shrestha et al. used SLA molds to
fabricate lung-on-a-chip device [116]. The design involved
an upper PDMS layer containing a chamber for cultur-
ing Calu-3 cells and the lower PDMS layer containing a
microchannel to perfuse the media. Both layers were bonded
with a porous polycarbonate membrane aligned in the mid-
dle. The secretion of inflammatory cytokines upon treatment
with cigarette smoke extract validated the in vitro model.

Donald Ingber’s research group has extensively used SLA
molds for fabricating organ-on-a-chip such as liver-on-a-chip
[146], blood–brain barrier chip [147], bone marrow-on-a-
chip [148], and lung airway-on-a-chip [149]. The design
usually involves a two-layered PDMS device consisting of
two microchannels separated by PET or PDMS membrane.
The upper channel is used for culturing parenchymal cells,
and the lower channel acts as a stroma with endothelial cells,
fibroblasts, and immune cells.

3D printed organs-on-chips: the future

We think multi-material 3D printers with the capability to
spatially pattern various cells, dynamically mix two or more
materials, and print with hard and soft materials will open the
doors for the rapid development of physiologically relevant
organs-on-chips.

Many researchers have demonstrated extrusion-based
mixing heads, which can mix two or more materials in
varying ratios to fabricate functionally graded materials
with a smooth variation of physical and chemical properties
[150–152]. Such mixing heads will be useful in produc-
ing biological composites and developing organs-on-chips
with gradients of properties found in natural interface tissues
[153]. For example, a multi-material printer with the capabil-
ity to mix hard and soft materials can be used to fabricate the
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Table 3 Limitations associated with 3D printing of microfluidic devices with reported solutions

Approach Limitations Reported solutions

Direct printing approach FDM

Sagging of polymers in the bridging layer Use of non-rectangular cross sections such as elliptical,
circular, and triangular [28]

Low optical transparency Integration of glass cover slips and PMMA [36, 48, 49,
112], optimization of various FDM parameters [28, 45,
59, 122]

Leakage from the channels Use of 100% Infill density

Low XY resolution Use of fine nozzle diameter

High surface roughness Use of low layer heights, mechanical polishing, vapor
smoothing [60, 130, 131]

Hydrophobicity Plasma and UV/ozone treatments [17, 133]

SLA

Low optical transparency (laser over curing) and low Z
resolution

Optimization of absorbance properties of the transparent
resins and use of 385 nm UV curing source [73, 74],
Coating of microchannels with various mineral oils
[26, 84], Use of hybrid approach (Integration with
PDMS)

Poor biocompatibility Use of proper post-processing steps to get rid of uncured
resin monomers [73, 74] Coating of microchannels
with PDMS, wax, cell culture media, or Polystyrene
[74, 125–127]

Hydrophobicity Plasma and corona discharge treatments [37, 135]

Trapped uncured resin Use of a hybrid approach to remove resin from the
channels easily

High surface roughness Mechanical polishing [84, 115]

Some common problems:

Non-compatibility with autoclave sterilization Use of other sterilization methods such as ethylene
oxide gas, Hydrogen peroxide gas plasma, immersion
in ethanol, and gamma irradiation [136]

Low gas permeability Integration with PDMS [38, 78], dynamic perfusion
[140]

Mold-based approach FDM

High surface roughness Integration with glass coverslips, vapor smoothing, and
polishing [48, 58]

SLA

Uncured PDMS and PDMS adherence to the mold
surface

Post-processing steps including heating and silanization
[19], use of methacrylate-based resins [87]

High surface roughness Printing mold parallel to the build surface [88]

Inkjet

PDMS adherence to the mold surface Silanization [100]

High surface roughness Spin coating of PDMS on the mold [100], Use of glossy
finish option in polyjet printers [102], Use of
omniphobic lubricant infused coating [132]

Modular approach Fluid leakage Use of O-rings between two fluidic modules [59],
reduction of overall roughness [35, 60], use of
capillary driven open microchannel systems [61]

Hybrid approach Failed bonding Use of various methods to reduce the overall roughness,
as suggested above
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Fig. 12 3D printed organs-on-chips: The future (a) illustration of a
multi-material printer with dynamic mixing head for modulating the
stiffness of matrix, growth factor printing head, and head for surface
functionalization for guided stem cell differentiation. (b) RhoA/ROCK
molecular pathway (c)MAPKmolecular pathway (d) (i) cross section of
a microchannel having a thin membrane-like layer isolating cell culture
chamber andpneumatic control chamber printedwith stereolithography,
(ii) front view of the printed device, (iii) pneumatic pressure deform-
ing the 3D printed membrane structure to apply mechanical stimulation
to the cultured cells. (e) Heart-on-a-chip integrated with a soft robotic

system. (i) Schematic of caterpillar racing track based on the chemi-
cal stimulus, (ii) schematic of the PDMS microfluidic system with soft
robots, (iii) optical image of a microfluidic system with soft robots,
(iv,vi) under the chemical stimulus of potassium-ion solution. (v,vii)
under the chemical stimulus of potassium-ion and isoproterenol solu-
tion. The scale bars for (e): 2 cm in (iii) and 1 cm in (iv) and (v). Panel
(b) is adapted with permission from [163]. Copyright 2012 American
Chemical Society. Panel (c) is reproduced from Ref. [171] with per-
mission from The Royal Society of Chemistry. Panel (e) is reproduced
from [178] with permission of John Wiley and Sons
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cartilage-on-a-chip platform with a stiffness gradient found
in the cartilage tissue (Fig. 12a) [154].

Moreover, the ability to integrate hard and soft materials
in one microfluidic device can be utilized in developing 3D
printed blood vessels-on-a-chip, in which blood vessels can
be made with soft materials, and other microfluidic physical
structures can be made with hard materials.

Moreover, with multi-head bioprinters, now it is possible
to spatially pattern different cell-laden hydrogels mimicking
the heterogeneous tissues [155, 156]. As shown by Lee et al.,
multi-material based approaches enable faster fabrication of
more realistic organs-on-chips in one step [39].

Multi-material 3D printing will also support in vitro
guided differentiation of stem cells on a microfluidic chip by
incorporating various physical signals including matrix stiff-
ness, topography, porosity, and chemical signals including
material chemistry, cell adhesive ligands, and various growth
factors in a cell-laden biomaterial [157–159] (Fig. 12a). Such
biological cues can be incorporated in the form of a gradient
in a microfluidic device for multiphase tissue development
from stem cells like osteochondral tissue [8, 160].

Biomaterials with a range of stiffness values influence
stem cell differentiation into a specific lineage [158, 161].
Cells can sense the matrix stiffness by applying traction
force on the matrix, transmitted through the assembly of
focal adhesion proteins and integrins [158]. Few molecular
pathways behind sensing and responding to such mechan-
ical signals have been identified, including small GTPases
(guanosine triphosphatase), tyrosine kinases, and ion chan-
nels. Activation of Rho GTPases, especially RhoA, is one of
the most studied mechanotransduction pathways (Fig. 12b).
RhoA is responsible for regulating the activity of myosin
II in stress fibers and intracellular forces generated in cells
[162]. After alteration of RhoA from an inactive GDP-bound
state to an active GTP-bound state by regulatory guanine
nucleotide exchange factors (GEFs), RhoA phosphorylates
Rho-associated protein kinase (ROCK) [158]. ROCK phos-
phorylation leads to the activation of myosin light chain
(MLC). MLC activation leads to the assembly of myosin
II into bipolar filaments, which is responsible for cell con-
tractility [158, 163]. Moreover, RhoA also promotes actin
polymerization by binding to mDiA [164].

RhoA/ROCK pathway controls stem cell lineage commit-
ment in associationwith shape and cytoskeleton tension [165,
166]. The studybyMcBeath et al. found that regulatingRhoA
activity led stem cell differentiation to osteoblasts (by acti-
vating RhoA) or adipocytes (by inactivating RhoA) without
any differentiation factors [166]. However, RhoA-mediated
stem cell differentiation required spread cell shape for osteo-
genesis and round cell shape for adipogenesis. Interestingly,
they also found that activation of RhoA effector ROCK can
make stem cells differentiate to osteoblasts independent of
cell shape, which implies that ROCK-induced tension gen-

erating system is required for cell-shape mediated stem cell
differentiation to osteoblasts.

Apart from physical cues, biomaterial surface chemistry
plays a major role in the guided differentiation of cells.
Keselowsky et al. demonstrated surface chemistry-based
osteoblast differentiation andmineral deposition [167]. They
found that -NH2 and -OH groups upregulated osteoblast-
related gene expression compared to -COOH and -CH3

functional groups. Furthermore, surface chemistry-related
osteoblast differentiation was due to specific integrin recep-
tor binding to the absorbed fibronectin. They concluded that
specific integrin receptor binding modulates downstream
intracellular signaling pathways, including focal adhesion
assembly and site-specific focal adhesion kinase (FAK)phos-
phorylation. FAK is related to cellular adhesion and drives
osteoblast differentiation and mineralization. In another
study, stem cells encapsulated in PEG hydrogels function-
alized with phosphate- and t-butyl-groups led to osteogenic
and adipogenic differentiation, respectively, without any
growth factors [168]. Such tailoredmaterial chemistry can be
implemented on 3D printed microfluidic surfaces for guided
differentiation of stem cells under a dynamic environment
[169].

Moreover, 3D printed native extracellular matrix compo-
nents presents important chemical cues for guided stem cell
differentiation. For example, calcium phosphate-based scaf-
folds have been used widely for bone regeneration from stem
cells as they have chemical similarities to the inorganic com-
ponent of bone [170]. Calcium phosphate scaffolds promote
osteogenic differentiation of stem cells through the mitogen-
activated protein kinase (MAPK) pathway (Fig. 12c) [171].
Activation of specific integrins through absorbed fibronectin
and vitronectin on calcium phosphate scaffolds leads to
focal contact formation and cytoskeleton reorganization.
Integrin-mediated cell adhesion eventually triggers MAPK
(ERK1/2 and p38) pathway directing MSC differentiation
toward osteoblasts on calcium phosphate scaffolds. More-
over, endogenous factors like bone morphogenetic protein-2
(BMP-2) also partially control the osteogenic differentia-
tion of stem cells on calcium phosphate scaffolds through
BMP/Smad pathway [172]. Moreover, materials designed
to bind to certain growth factors secreted by stem cells can
amplify stem cell differentiation process to a specific lineage
[173].

Mechanical stimulation is an important parameter for
recapitulating some of the key aspects of tissues on a chip.
Many reports suggest that such mechanical signals are trans-
duced to biochemical signals, thereby controlling various
biological processes such as ECM production, cellular pro-
liferation, cell survival, and production of cytokines and
chemokines [174, 175]. The multi-material capability of
inkjet printers will be useful to incorporate mechanical stim-
ulation in organs-on-chips. For example, flexible materials
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can be used to fabricate a membrane actuated by pneumatic
mechanism, and hard materials can be used to fabricate
the physical structure of a microfluidic device [98]. Simi-
larly, Stereolithography can also be used for fabricating a
thin membrane-like layer upon which cells can be cultured
under mechanical strain applied by pneumatic control chan-
nel (Fig. 12d(i)). Figure 12d(ii, iii) shows the front view of
the device with cell-cultured on the top of the mechanically
actuated membrane.

3D printable materials such as polyurethane, hydrogels,
and silicones can be used for fabricating soft robots [176].
With their compliance, such soft-robots are being imple-
mented in many biomedical applications such as prosthesis
and rehabilitation devices, robotic surgery, drug delivery
robots, and artificial organ development [177]. Such soft
robotic actuators can be integrated with the heart to restore
its function. In a recent study, a soft robotic system was
integrated with cardiomyocytes in a microfluidic system
to fabricate heart-on-a-chip (Fig. 12e(i–iii)) [178]. This
cardiomyocyte driven system was capable of mimicking
caterpillar motion and receiving chemical stimulus from
isoproterenol drug. A higher concentration of isoproterenol
drug increased myocardial contractile force and accelerated
the crawling speed of soft robots in microfluidic tracks.
Furthermore, the microfluidic system with soft robots was
also stimulated with high potassium concentration (to sim-
ulate hyperkalemia disease), which stopped soft robotic
motion in microfluidic tracks (Fig. 12e(iv,vi)). The motion
was restored when a solution of potassium-ion and isopro-
terenol was introduced in the microfluidic gradient system
Fig. 12e(v,vii)). The most effective drug concentration can
bedecidedbyobserving the distance traveled by a soft robotic
system. Thus, such soft robot integrated organ-on-a-chip can
be an effective drug screening platform in the future.

With the introduction of novel biocompatible materi-
als and multi-material high-resolution printers, 3D printing
promises better recapitulation of various aspects of organs,
including tissue architecture, spatial patterning of various
cells, mechanical stimulation, vascularized networks, and
other physiochemical properties on a microfluidic platform.
Because of such advantages, we predict 3D printed organs-
on-chips will be future ‘hot-topic.’ It will provide a reliable
in vitro platform for organ modeling, disease modeling and
possibly provide an alternative for in vivo drug testing mod-
els.

3D printed tumor-on-chips: toward personalized
medicine

Conventional chemotherapy suggests a ‘one-size-fits-all’
approach for a particular cancer treatment [179]. However,
the results of these treatment regimens vary from patient to
patient with varying amounts of side-effects, often leading

to treatment failure. One of the aims of developing tumor-
on-a-chip platforms is to provide personalized treatment to
cancer patients and minimize such side effects. Using mini-
mal cellmaterial from the biopsy sample, tumor-on-chips can
help to decide themost effective treatment therapy. However,
the results of drug testing on such platforms often generate
large variations among the samples of the same patient due
to the heterogeneity of tumor tissues, necessitating testing on
multiple numbers of devices to predict statistically accurate
drug effects [138, 180, 181]. 3D printing can effectively fab-
ricate such platforms in bulk with less time consumption to
predict the anti-cancer drug response accurately. Currently,
spheroid-based and tumor tissue-based models have been
successfully 3D printed for drug testing.

Beckwith et al. 3D printed a tumor trapping microflu-
idic device from Pro3dure GR-10 resin (Fig. 13a) [115].
This platform was able to retain the tissue fragment alive
for at least 72 h and monitor the effect of immunotherapeu-
tic agents. They cultured lung tumor biopsy samples and
treated them with anti-PD-1, which led to the death of tumor
cells because of the resident T cells activity [138]. Figure 13b
shows a stained tumor tissue in the tumor trapping zone. Such
3D printed platforms can be rapidly 3D printed in clinical
settings to culture patient-specific tumors, allowing simul-
taneous samples testing with various drug combinations to
design effective and personalized immunotherapy treatment.

Yi et al. 3Dprinted glioblastoma-on-a-chip using endothe-
lial cells and patient-derived glioblastoma cells [182]. The
cells were encapsulated in decellularized porcine brain
ink. The model recapitulated three distinct oxygen gradient
regions with compartmentalized cancer-stroma structure and
brain-ECM environment found in the native glioblastoma
environment. Moreover, this model can be used to identify
potential drug combinations based on patient-derived cells.

Fang et al. cultured gradient-sized spheroids in agarose
wells fabricated by stereolithography mold and investigated
drug penetration dependency on spheroid size [117]. Fig-
ure 13c shows a 3D printed template for the fabrication of
agarose wells. The device works on the principle of surface
tension wherein a droplet of cell suspension forms a liquid
dome allowing variable numbers of cells to settle at the bot-
tom of the wells, thereby forming gradient-sized spheroids
(Fig. 13d). Similarly, stereolithographymolds have also been
used to fabricatemicrofluidic devices for generatinguniform-
sized spheroids [118]. Such platforms can culture a large
number of patient-derived spheroids and evaluate the drug
response for providing personalized treatment.

With the low-cost and rapid fabrication ability, 3Dprinting
will enhance the applicability of tumor-on-chips in clinical
settings and pave the way for providing personalized and
precision medicine to cancer patients.

With the ease of fabricating in vitro microfluidic plat-
forms, researchers will tend to use 3D printed microfluidic
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Fig. 13 3D printed tumor-on-chips (a) 3D printed tumor trapping
microfluidic device. (b) Trapped tumor fragment. (c) Micropillars on a
3D printed mold for fabricating agarose wells. (d) Working principle
of the spheroids forming chip with a gradient in size. Panels (a) and (b)
are reproduced from [115] under the Creative Commons Attribution 4.0

International Public License (https://creativecommons.org/licenses/by/
4.0/). A scale bar has been added with larger font size in (b). Panels
(c) and (d) are reproduced from Ref. [117] with permission from The
Royal Society of Chemistry

models over conventional non-microfluidic 2D/3D models
for disease modeling, organ modeling, cancer drug testing,
and cancer modeling.

Conclusion

There has been a growing interest inmanufacturingmicroflu-
idic devices using 3D printing because of the rapid and
simplified fabrication process. This is the first time a review
provided a detailed discussion on fundamental manufactur-
ing approaches in 3D printing used to fabricate microfluidic
devices. From the four fundamental approaches,we found the
mold-based approach is the most feasible way of implement-
ing 3D printing technologies for fabricating microfluidic
devices. It does not involve the direct use of unknown
3D printing materials and works on a similar principle as
soft lithography. 3D printed microfluidic devices have been
implemented in various fields, including chemical, biolog-
ical, and material synthesis. We have discussed some of
the crucial challenges related to 3D printing of microfluidic
devices and how the recent research progress in 3D printing

materials and fundamental approaches aided in overcoming
them. Lastly, we have outlined possible implications of 3D
printed microfluidics on the fields of healthcare such as dis-
ease modeling, novel drug development, organ modeling,
personalized treatment for cancer, and cancer drug screen-
ing by discussing the current state and future outlook of 3D
printed ‘organs-on-chips,’ and 3D printed ‘tumor-on-chips.’
We can expect rapid development of physiologically relevant
organs-on-chips by 3D printing, which will aid in disease
modeling, organ modeling and possibly provide an alterna-
tive for in vivo drug testing models.

Similarly, 3D printed ‘tumor-on-chips’ will be fabricated
readily in clinical settings to provide effective personal-
ized treatment to cancer patients. Although 3D printing has
advanced significantly in terms of resolution, the properties
of 3D printable materials are still inferior to PDMS, which
suggests a need for further research in the material aspects
of 3D printing. We believe multi-material organs-on-chips,
3D printed tumor-on-chips, development of commercial
low-cost and high-resolution printers, novel biocompatible
materials for 3Dprinting, optically transparentmaterialswith
high absorbance properties, materials with high gas perme-
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ability, materials with low autofluorescence, and materials
compatible with autoclave sterilization will be some of the
future research directions in the field of 3D printed microflu-
idics.
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