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Abstract

A review with 105 references that analyzes the emerging research area of 3D cell culture in
microfluidic platforms with integrated detection schemes. Over the last several decades a central
focus of cell culture has been the development of better /n7 vivo mimics. This has led to the
evolution from planar cell culture to cell culture on 3D scaffolds, and the incorporation of cell
scaffolds into microfluidic devices. Specifically, this review explores the incorporation of
suspension culture, hydrogels scaffolds, paper-based scaffolds, and fiber-based scaffolds into
microfluidic platforms. In order to decrease analysis time, simplify sample preparation, monitor
key signaling pathways involved in cell-to-cell communication or cell growth, and combat the
limitations of sample volume/ dilution seen in traditional assays, researchers have also started to
focus on integrating detection schemes into the cell culture devices. This review will highlight the
work that has been performed towards combining these techniques and will discuss potential
future directions. It is clear that microfluidic-based 3D cell culture coupled with quantitative
analysis can greatly improve our ability to mimic and understand /7 vivo systems.

Introduction

Cell culture, as it is known today, began in the late 1800’s with the harvesting of cells from
animal tissue and culturing or maintaining the tissue in natural media such as lymph fluid or
plasma.1=3 As interest in different cell lines grew, an understanding of what was necessary
for cell health and longevity also grew. This spurred the development of partially synthetic,
and then fully synthetic media for cell culture (1900’s - present).% 3 This has resulted in the
development of over 3600 available cell lines originating from over 150 different species
according to the American Type Culture Collection.® Using these widely available cell
types, researchers have been able to expand our understanding of formation and function of
tissues in the body, which has ultimately led to great advances in medicine and health.

The most popular method for maintaining and analyzing adherent cell lines over the last
century has been 2D or monolayer culture.”- 8 In 2D culture, cells are maintained on a flat
surface, most often a plastic culture flask or petri dish (Figure 1A). These surfaces can be
easily modified with proteins or other surface functionalities to aid in cell adhesion and
increase cell health.9-11 The cost of maintaining cells in these flasks is low and protocols
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have been developed that are robust and simple, reducing the likelihood of contamination.
One can image directly through these substrates making it easy to monitor cell viability and
morphology. It is also easy to add reagents and aliquot out samples to analyze the effect of
various conditions and stimulations. However, in recent years it has become abundantly clear
that while 2D culture is useful, it does not always accurately reflect the 3D environment that
cells experience in vivo.” 12

In 2D cell culture, the cells are limited to the surface of a single material, most often plastic
(usually polystyrene). This plastic has defined surface characteristics such as roughness,
stiffness, and limited binding sites. Due to the fact that the cell is forced to adhere within the
plane of the surface, the area of the cell that is exposed to the bulk solution is limited (Figure
1A).12 This causes several issues with the function of the cell. First, it limits the cell’s
exposure to chemical gradients by allowing solution access to only a fraction of the cell.’
Second, it can lead to a polarity shift within the cell, as the cell is forced to accommodate the
new confined geometry, effecting cell function.” 13 Third, the cell is exposed to a continuous
source of the surface matrix, in contrast to /7 vivo where cells have discrete attachments.12
Finally, the surface roughness is very low and the cells can proliferate and migrate without
restraint, which is not an accurate mimic of in vivo conditions for many cell lines.?

In the body, cells interact with a complex extracellular matrix (ECM), where the
complications listed above are optimized based on cell type and location within the body. In
an attempt to develop systems that better mimic /n vivo conditions, researchers are
increasingly looking to 3D cell culture.14-16 A 3D cell culture platform allows cells to grow
omni-directionally, unlike 2D cell culture that limits cells to a planar surface (Figure 1).12
Naturally, a cell has a finite number of adhesion sites distributed in all three dimensions. 3D
culture allows the cell to adopt a preferred orientation to optimize the cell polarity, and the
cell polarity can change in reaction to a stimulus.12 Cell proliferation and migration are
hindered due to the complex network of fibrils, but signaling molecules and chemical
gradients are not hindered and are accessible to the entirety of the cell. It has repeatedly been
shown that taking into account the ECM has beneficial effects on the tissue.15 17-19 3D cell
cultures have shown differences in drug response, morphology, and proliferation rates under
static culture conditions,”- 20-23 while under flow conditions, response and function is
enhanced to a greater extent.24 One way to introduce flow to cell culture systems is through
the use of microfluidic devices.

Microfluidic systems can be produced in a variety of ways. Polydimethylsiloxane (PDMS) is
the preferred material for making microfluidic devices due to its long history, ease of use,
gas permeability, and relative low cost.2> 26 However, these devices experience problems
with lab-to-lab reproducibility and can be time consuming to make. PDMS is also gas
permeable, which has advantages for oxygen diffusion into cell culture media but presents
problems for long term cell culture where media evaporation can lead to osmolality shifts
and possible complications with cell culture.25: 27 Additionally, the uncured monomer can
leach into the cell culture media or small molecules can diffuse into the material making
analyte analysis difficult.2% 28 To combat the complications presented by PDMS,
microfluidic devices have also been made out of thermo plastics and glass, although each
presents challenges in fabrication.2® More recent (last 10 years) advancements have been
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made in additive manufacturing, greatly reducing the time of fabrication and increasing lab-
to-lab reproducibility. Additive manufacturing, or 3D printing technology, involves
automated device assembly in a layer by layer fashion. Extrusion-based printing,
stereolithography, and Polyjet are three main techniques of 3D printing applicable to
microfluidics.39-32 Each of the above techniques can produce devices with channels that
reach physiologically relevant dimensions.30: 33 This is important for blood cells or
endothelial cells that experience shear induced stress /7 vivo. This can allow for more
mimetic cell-to-cell communication.

Microfluidic techniques, in conjunction with cell culture, will open avenues for direct
analysis of important signaling molecules. Optically transparent materials such as PDMS,
glass, or some 3D printed plastics enable direct imaging of fluorescently tagged proteins and
cells.25 28, 34-36 | addition, more complex UV-VIS absorbance or fluorescent quantification
can be performed for small molecules.24 33. 37 Recently, methods for coupling mass
spectrometers and electrochemical detectors to microfluidic systems have been developed.
38-40 These detection schemes have been facilitated by separation and isolation techniques
that are well established on microfluidic chips, including microchip electrophoresis and
solid phase extraction.40-42

The integration of conventional 2D cell cultures into microfluidic devices is well
characterized and common. However, the benefits of 3D cell culture vastly outweigh the
ease in which 2D cell culture can be integrated into microfluidic platforms. Recently, work
has shifted to incorporate 3D matrixes into microfluidic platforms, merging the advantages
of small volumes and minimal dilution of microfluidics with the /n vivo behavior of 3D cell
culture. This review will discuss the current techniques that have been used to incorporate
3D cell culture into microfluidic platforms. This review will highlight the benefits of each
3D cell culture technique as it relates to cell function, and the ability to develop microfluidic
systems to monitor complex cell-to-cell interactions with an emphasis on small molecule
detection and quantitation as part of the device function. Ultimately the goal of this review is
to provide background on current approaches to perform 3D cell culture in microfluidic
devices with a focus on the various methods used to detect key analytes involved in cell-to-
cell communication or cell growth.

Methods of 3D Cell Culture

Currently there are several different methods for 3D cell culture, with each method having
benefits and disadvantages. In general, the techniques can be split into four categories:
Suspension (Figure 1B), hydrogels (Figure 1C), paper-based culture (Figure 1D), and fiber
scaffolds (Figure 1E). Suspension techniques involve mostly free-floating clusters of cells,
while the last three require a network on which the cells can adhere and proliferate.

Suspension

The general class of suspension cell culture is the oldest form of 3D cell culture and has
been around since the development of cell culture.2 However, suspension cell culture has
been limited to mostly insect cell lines or mammalian cell lines that can be altered to grow
under suspension conditions (non-adherent cells).#3: 44 This is because more mammalian cell

Anal Methods. Author manuscript; available in PMC 2020 February 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castiaux et al.

Hydrogels

Page 4

lines are adherent cells that require a surface or scaffold to support its growth. The simplest
method of suspension cell culture requires a non-treated culture flask that is agitated to keep
cells suspended while they proliferate. Large scale suspension cell culture has primarily
been used for the expression of proteins for use as therapeutics or in other bio-reactor
applications.#3-45

A sub technique of suspension cell culture, which was developed in the late 1800’s, is
hanging drop cell culture.2 Within this droplet a single cell can be cultured into a cluster.
While primarily used in embryology, this technique has found applications with a wide
variety of mammalian cell lines.#6-48 This technique is time consuming, often requiring
many repetitive pipetting steps that greatly decrease throughput.

Coupling microfluidics with hanging drop cell culture methods can overcome some of these
limitations. Wu et al. developed a PDMS based device, shown in Figure 2A, to pump
solution through the hanging drops based on pressure differences in reservoirs connected to
the microfluidic chip.® In this application, the researchers were able to easily introduce the
cells into the droplets and then continuously flow fresh media through the droplets (Figure
2B). Using this device, embryoid bodies were cultured in a high-throughput manner without
the tedium of pipetting to supply fresh media.9

More complex examples developed by Frey et al. incorporated valves and mixing channels
into a 2D array of interconnected wells (Figure 3A).%0 This device allowed selective
introduction of cells down each column via the cell loading ports (Figure 3B) followed by
flow perpendicular to the loading direction to allow for cell-to-cell communication (Figure
3B). Using this device, the researchers were able to reproducibly culture spherical
microtissues of different cell types for more than 10 days, with no significant difference
between cell function using this technique and static spheroid culture. However, their
microfluidic technique did not require the labor and time intensive pipetting steps
traditionally used.50

Most mammalian cells /n vivo proliferate on a complex scaffold known as the extra cellular
matrix (ECM). In the body this is most often in the form of a hydrated protein matrix that
allows for cell adhesion as well as a template for 3D cell growth. One solution to better
mimicking this system was the development of hydrogels for cell culture.?: 52 Hydrogels
are composed of one or many different hydrophilic polymers having a polymerization
pattern that enables cells and molecules to move in and out of the pores (Figure 1B). These
hydrogel systems provide a 3D scaffold for cell growth and allow small molecules access to
more of the cell than planar substrates.

Hydrogels can be made from a wide range of synthetic (polyacrylamide, polyethylene
glycol, poly(acrylic acid)) and natural polymers (collagen, fibrin, hyaluronic acid).19 51-54
This range of available materials allows for fine tuning of properties important to cell health
and function. These properties include porosity, stiffness, and degradation of the matrix.
However, fine tuning these parameters can be time consuming and lead to hydrogel systems
that are complicated to produce and keep stable.19 54 Hydrogels have thermal and
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mechanical limitations that limit the working conditions and the longevity of the material. It
is possible to produce hydrogels on a large scale, but there can be issues in uniformity and
batch-to-batch consistency.19: °1 Cells can be introduced to hydrogel matrixes either during
or after polymerization depending on the cell line used or experimental factors being
explored.>®

The seminal work incorporating hydrogels into microfluidic devices was performed by
Beebe’s group and utilized passive pumping in microchannel arrays (Figure 4).55-57 Passive
pumping moves solutions based on pressure differences. By placing a fresh droplet of media
on the inlet reservoir, it will push fresh solution through the microchannel to the outlet
reservoir until the pressure of droplet remaining at the inlet equals that formed at the outlet.
56 This work utilized 3D collagen gels as the substrate for the co-culture of human breast
carcinoma cells (T47D) and normal human mammary fibroblasts.>® A direct comparison
between cells cultured in the microwell arrays and cells cultured in a standard 12-well
culture plate was performed. Through image analysis of the cells, the group was able to
determine that the cells could be cultured in microfluidic channels (2 uL) without effecting
cell behavior.%8

Beebe’s original studies involving collagen gels proved viable for cell culture in a system
that is also amenable to high throughput. Since the development in the late 2000°’s the
complexity of such systems has grown greatly. There are now techniques for obtaining
aligned collagen gels within microchannels a video publication by Burkel et al.>® A more
complex PDMS device was reported by Chung et al. in which a three channel system
separated by a porous collagen gel was employed to observe the migration of endothelial
cells under various conditions, including co-culture (Figure 5).6% By culturing the
endothelial cells in the center channel, they were able to use one side channel as a control
and introduce growth factors or other cells into the remaining side channel. Endothelial cell
health and migration was monitored by imaging on the PDMS-based device for 5 days.50

Another example of co-culture comes from Bischel et al. in which they explored the
interplay between osteotropic prostate cancer cells and bone marrow stromal cells cultured
in a hydrogel scaffold.1 Bone marrow stromal cells were cultured to the side of a
microfluidic channel, followed by filling of the channel with prostate cancer cells embedded
in collagen hydrogel (Figure 6).%1 Through imaging analysis, it was determined that co-
culture of the osteotropic prostate cancer cells with the bone marrow stromal cells increased
the invasive capacity of the cancer cells.51

More recently 3D printing has become prevalent in microfluidic fabrication. Concurrent
with this technology has been the development of 3D printed hydrogels. These new hydrogel
fabrication techniques include stereolithography methods and extrusion-based bio-plotter
methods.3%: 62-65 For now, most of the work has centered around the production of stand-
alone hydrogel systems. However, through multi-material printing capabilities 3D printed
hydrogel scaffolds could be directly incorporated into rigid structures during the print
process.
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Paper Cell Culture

While hydrogels require the synthesis of material as needed, paper-based cell culture
provides similar scaffolding that is less labor intensive. Paper-based cell culture relies on
commercially available paper scaffolds for 3D cell culture.56-69 The cellulose matrix of
paper allows a rigid scaffold that can be folded into complex geometries, as well as a porous
structure for cell growth in a 3D format.6-6° The porous structure also serves as a mimic to
monitor cell migration. Paper-based culture has distinct advantages over hydrogel
applications when considering the material’s rigidity and thermal stability,” which enable a
wide range of surface modifications including chemical treatment, plasma treatments, and
sterilization techniques. Additionally, well-established patterning techniques utilizing
hydrophobic wax allows defined microfluidic networks to be developed on a single sheet of
paper or between multiple, stacked paper sheets.”9-73 However, paper-based techniques do
have limitations when considered as an /n vivo mimic. The material is mostly cellulose-
based and requires modification of the paper material with ECM proteins.6” Additionally,
the fiber diameter for most paper-based systems is relatively large (> 1 um),”* compared to
the 500 nm size of most fibrils in the body.”®

Incorporation of paper based scaffolds into microfluidics using traditional lithography
techniques was reported by Martinez et al. in 2007.73 By the year 2009 the technique was
independently revamped by Lu et al. and Carrilho et al. for high throughput production using
wax printing technology.”%: 76 The use of wax printing to create hydrophobic barriers into
the paper microfluidic devices has grown in complexity and includes the addition of cell
culture.3% 69. 71, 72 There are very few cases of direct cell culture on paper based
microfluidic devices, although one such study by Tao et al. described a cell culture platform
with four areas for cell culture connected by two channels in a T-design (Figure 7).74 Cells
were seeded directly on the culture areas by pipetting and behaved the same as cells cultured
in standard hydrogel conditions. The use of paper in microfluidic devices is almost
exclusively coupled with hydrogel culture. Some of the earliest applications used stacked
paper to construct layered systems that were accessible to the cells. The layers are fluidically
connected via hydrogel systems impregnated with cells in the paper scaffold (Figure 8).56
Derda et al. was one of the first to report this method using MDA-MB-231 cells grown in 8
layers of paper.%8 These layers, 200 um thick each, represent the distance the cells are from
fresh media. Using the paper layers to separate cells from fresh media requires oxygen, fresh
nutrients, and cells secretions to diffuse in and out of the system through the microstructure
developed by the paper.88 Ultimately the group was able to separate the layers to analyze
cell proliferation as a function of depth in the system. Since the cells were still intact after
separating, they were also able to characterize cell recovery after exposure to optimal growth
conditions. Mosadegh et al. later developed a modified version to explore chemotaxis of
cancer cells and discovered that different cell types could be classified by their rate of
chemotaxis.”’

While the above work relied on the microfluidic structures of the paper, there are more
complex examples in which microfluidic structures were patterned on paper substrate.
Kenney et al. patterned channels onto Whatman 105 lens paper,’® which was then

sandwiched between either a PDMS layer and a cellulose acetate layer or between two
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cellulose acetate layers. This format allowed the researchers to selectively control gas
diffusion to the cell culture. Using this device, the chemotaxis of breast adenocarcinoma
cells was monitored under different oxygen gradients and it was determined that these cells
migrate based on available oxygen gradients.”® While the optical transparency of the device
enabled imaging of the cells, later iterations incorporated a pH-sensing thin film directly
under the cell culture scaffold.”® The thin film contained pH sensitive fluorescent dyes that
could be imaged through the acrylic holder allowing real-time monitoring of the pH.”®

Fiber Scaffolds

The final 3D cell culture method discussed in this review involves the use of fiber scaffolds.
It combines the freedom of material provided by hydrogels with the scaffold of paper-based
cell culture. There are several methods for producing nanofibers that include solution blow
spinning, melt spinning, and electrospinning.8%-85 Each of these techniques can produce
both natural (collagen, gelatin, silk fibroin) and synthetic fibers (polycaprolactone,
polyurethane, polystyrene). The fibers can be tuned to sizes ranging from 10’s of microns
down to 10 nano- meter diameters similar to the extracellular matrix.81: 84 Various materials
can be blended together to tune the structural properties of the material making the fiber mat
stronger or preventing degradation.

Fiber scaffolds have found a wide range of applications and can be used under static cell
culture or under flow conditions. They are stable over a wide range of temperatures.80: 86
Synthetic fibers are more stable in solution over long periods of time whereas natural fibers
tend to degrade rapidly.80: 86. 87 Fiber scaffolds have biological compatibility to the point of
being used in wound healing applications.17: 8. 89 However, production of electro-spun
fibers often requires toxic volatile organic solvents, which have the potential to leach into
cell cultures.?% Benign aqueous based solvents have been explored in limited applications
and has been shown to minimize effects on protein structure. %1 92

Early incorporation of fiber scaffolds incorporated into microfluidic devices was done with
PDMS based substrates. One of the earliest was reported in 2008 by Lee et al., who
fabricated a channel in a bottom layer of PDMS and then used a top layer of PDMS to
sandwich acrylic acid modified polyurethane fibers into the device (Figure 9).93 A loading
port open in the top layer enabled cells seeding form the top and culture. Using this device,
the importance of the functionality of the extracellular matrix was demonstrated as human
mesenchymal stem cell proliferation was faster on acrylic acid modified polyurethane
nanofibers than on standard fibers.9® Similarly, Wallin et al. developed an array device in
which they were able to pattern different fiber pads within a single microfluidic channel
giving them control over parameters such as fiber dimeter, alignment, or type (Figure 10).94
This fiber array was then coupled to a microfluidic mixer to control drug or media gradients
flowing over the cells cultured on the fiber pads. Neural stem cells could be imaged on
aligned fibers, while simultaneously applying a chemical gradient to determine that the cell
philapodia respond to a greater extent to the chemical gradient than the alignment of the
fibers.%*

More recently Chen et al. explored ways to incorporate fiber scaffolds into a 3D printed
microfluidic system,24 95 96 starting with an electrospinning approach to directly coat the
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inside of a channel with polycaprolactone fibers.% Since this device was 3D printed in a
hard plastic, printed threads could be included to host standard fittings making it easy to
connect tubing to the device. The channels of the 3D printed device were coated with either
fibers or protein to compare 2D vs 3D culture of macrophages.®° After allowing
macrophages growth for 24 hours, the cells were subjected to a circulating stimulation
solution (LPS) for 12 hours followed by measurement of cytokine secretion (VEGF and
IL-6). They determined that macrophages cultured on a 3D matrix secreted significantly
more cytokines than those on a 2D matrix on a per cell basis. This same group has also
reported a blow spinning set up that produced fiber scaffolds on an insert that could be fitted
into a 3D printed flow channel.%6 Chen et al. reported a second technique utilizing
electrospinning that used a removable insert covered in fibers (Figure 11).24 This device
used two inserts stacked on top of each other that were covered with fibers (polystyrene,
polycaprolactone, or silk) to make a fluidic channel (Figure 11B). This device enabled cell
culture outside of the device statically and then placed in the device for stimulation, then
removed again for additional analysis.?* This cell culture module was coupled to a PDMS-
based analytical module equipped with an optical fiber for analyzing nitrite via the Griess
reaction (discussed in the next section). Additionally, the researchers were able to image
large clusters a macrophage cells, another indicator of /n vivo like cell growth (Figure 11C).

Analysis in microfluidic-based 3D cell culture systems

Imaging

An often-ignored factor in microfluidic-based cell culture is the manner in which key
chemical messengers or signaling molecules can be detected to gain insights into
communication pathways. These types of measurements are especially important in actively
changing systems. The desire to integrate detection schemes also informs the fluidic design,
as in some cases channel volume and possible dilution needs to be controlled to achieve
reasonable detection limits. The following section outlines some of the approaches used for
detection of key molecules in microfluidic-based 3D culture.

The vast majority of analysis coupled with microfluidic cell culture has involved imaging-
based techniques. This includes simple cell counting methods to determine proliferation
rates through complex staining protocols coupled with confocal microscopy to evaluate cell
viability and cell morphology.50: 58. 77. 94,97, 98 The gverwhelming conclusion is that the
presence of these complex extracellular matrices affect growth rates, cell morphology, and
provides more /n vivo like cell performance.

One interesting application of imaging-based analysis comes from Bauer et al., where a 3D
collagen gel was placed in a microchannel, with breast carcinoma cells being grown under
either monoculture or co-culture (with human mammary fibroblasts) conditions. The total
cell area was measured and it was found that after 5 days of co-culture the carcinoma cell
clusters are larger in size than those seen in mono-culture conditions (Figure 12).58 The
same group was able to stain for F-actin and Tubulin, proteins important to cell mobility, to
monitor neutrophil polarization on 2D and 3D substrates within a microfluidic device.%9
They were able to show that on a 2D surface the cell displayed a polarized morphology with
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a single broad leading edge (Figure 13) while a 3D hydrogel environment forces the cell to
have multiple leading edge pseudopods that aid in mobility.9

Using a stacked paper based 3D culture platform Mosadegh et al. were able to use
fluorescent imaging to map lung cancer cell migration as it is effected by oxygen gradients.
7T GFP- expressing cells were imaged on each layer of the stack after 24 hours for the
following gas and media accessible conditions (Figure 14): gas/media access on top of the
stack with cells on the top layer; gas/media access on top of the stack with cells on the
bottom layer; gas/media top and bottom with cells in the middle layer; gas access on the top
and bottom layers with media being accessible only to the top layer and cells in the center
layer. Utilizing a PDMS layer at the bottom of the stack (to allow only gas exchange, Figure
14D) versus an opening at the bottom of the stack (to allow both gas and media exchange,
Figure 14C) and seeding the cells in the center of the stack, it was determined that the cells
migrated bidirectionally towards the ends of the stack. Since the migration profile was the
same in both cases, it was concluded that gas exchange, not media exchange, is the primary
factor in cell migration.’’

Offline Detection

Some work has been done coupling offline detection schemes to microfluidic 3D cell
culture. One issue with off-line analysis is the need to collect enough sample so that it can be
physically pipetted or transferred from the device. One analysis technique that is compatible
with small sample volumes is enzyme-linked immunosorbent assays (ELISA). Kim et al.
took this approach to quantify the secretion of albumin and alpha-fetoprotein from HepG2
cells, collecting 2.4 mL samples every 2 days for 14 days total.2%0 This time between sample
collection limited the temporal resolution but maximized the number of replicates that could
be made and the number of proteins that could be analyzed (up to 12). Other common

methods include the lysis of the cells and subsequent RNA analysis or quantitative PCR
analysis. 95 100-102

Another approach for offline analysis comes is the use of MALDI imaging mass
spectrometry as reported by LaBonia et al.103 In this instance, tumor spheroids were
cultured in a transwell insert above a fluidic channel. This allowed dosage of the spheroid
that could be removed later for analysis. Using MALDI-IMS the entire tumor cluster could
be mapped for both the drug and the active metabolite, allowing a more complete picture of
the effects of dosing on the spheroid system.

Online Detection

The advantages of on-line detection include the ability to continuously monitor the system
of interest (improving temporal resolution) and minimizing dilution effects that are often
seen in off-line detection schemes. The ability to integrate online detection depends greatly
on the scaffold material chosen. Paper-based analysis of small molecules and proteins is
becoming common place but has not been widely coupled to cell culture.” One such
example comes from Lei et al., who used a paper substrate for the cell co-culture then
fluidically connected the cell growth areas with a hydrogel channel layer.191 As part of their
analysis it was determined cell phosphorylation solutions using a commonly used
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colorimetric immunoassay could be pipetted directly on the cell culture areas. While this is
only one example of direct colorimetric analysis coupled to 3D cell culture, the area of paper
based colorimetric analysis is robust and well-reviewed.104

More recently advances have been made on inline detection of analytes relevant to 3D cell
culture in a more modular approach. In 2018 Chen et al. developed an insert-based 3D
printed device in which a fiber scaffold with cultured cells could be easily inserted and
removed.?* This device had a threaded component on either end such that tubing could be
easily attached. This allowed connection of the cell module to a flow-based absorbance
system (Figure 15A). Using the cell module attached to a mixing T, Griess reagent was
mixed in-line with the cell effluent. This mixed solution then flowed through a PDMS-
device that was fitted with two optical fibers on either side of the channel, one fiber being
connected to a tungsten lamp and the other leading to a photodiode array. The PDMS-based
absorbance module was able to detect the colorimetric product from the Griess reaction with
nitrite (a marker of the M1 macrophage phenotype). Using this set up they were able to
determine that stimulated macrophages cultured on a 3D matrix rather than a 2D matrix can
be promoted to the M1 state in a more /n vivo-like timescale.

By utilizing electrodes fabricated in threaded fittings, Erkal et al. were able to
electrochemically quantify oxygen and nitric oxide levels in a 3D printed fluidic device
(Figure 15B).39 The researchers were able to develop a fabrication technique in which
multiple electrode materials (Au, Ag/AgCl, Pd, Pt) could be embedded into a commercially
available PEEK fitting, which could be threaded into a fluidic device as desired. These
devices were used to show the feasibility of measuring dopamine and nitric oxide standards,
as well as oxygen in a flowing stream of red blood cells.3? Using similar electrode materials
but with a wall-jet electrode and the previously mentioned insert-based 3D fiber/cell culture
platform, Munshi et al. were able to quantify nitric oxide release from ATP-stimulated
endothelial cells.105

Mehl et al. later reported a similar fiber-based cell culture device that could be interfaced to
traditional PDMS-based analysis chips (Figure 15C).41 Ultimately, they were able to
interface a cell culture module with a microchip-based electrophoresis PDMS/valving chip
with integrated electrochemical detection for detection of both norepinephrine and dopamine
release from PC12 cells.*! This approach used 3 syringe pumps, 2 for the attrition of either
buffer or a stimulating solution on the cell culture side and 1 to withdraw solution through a
PDMS electrophoresis pump. The interface between the two devices was a small reservoir
droplet. By matching the flow rates of the pump, cell release solutions could be coupled to
an electrophoretic separation technique (with injections via on-chip valves). It was found
that two analytes released from PC 12 cells (dopamine and norepinephrine) could be
simultaneously separated and detected in near real-time (Figure 15C).41

Conclusions

We have presented an overview of the work being performed in the combined areas of 3D
cell culture, microfluidics, and integrated analysis. There are four main approaches when it
comes to 3D cell culture (suspension, hydrogel, paper, and fiber), all with applications that
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can be integrated with microfluidic techniques; however, joining of the two techniques has
been relatively slow in the community. Clear advantages have been demonstrated when
attempting to mimic in vivo environments and complex cell-to-cell interactions. It is clear
that microfluidic-based 3D cell culture coupled with analysis can greatly improve our ability
to mimic and understand in vivo systems.

Future directions can focus on better characterization of these complex cell-to-ECM and
cell-to-cell interactions. While the majority of the analysis has focus on cell morphology
such as alignment, migration, or proliferation rates this yields an incomplete picture. It has
been repeatedly shown that all of these parameters affect cell signaling pathways that are not
being fully explored. Another area for future exploration is the quantification of small
molecule uptake and release as well as protein expression. The limited work done thus far
often lacks temporal resolution so that measurements are on time scales relevant to cell
function. Real-time analysis is a must for understanding these complex reactions and the
microfluidic design needs to be informed by the method of detection integration. We expect
the intermingling of complex ECMs with microfluidic cell culture and analysis to be a
robust research area moving forward.
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2D Cell
Culture

3D
Cell
Culture

Figure 1:
Pictorial representation of cells on 2D and 3D substrates. (A) Represents how cells lay on a

planar substrate, where cells are polarized on one side and media contacts half of the cell
surface. (B) Hanging Drop Cell Culture cells grow in a cluster where only the outer layers of
cells have good contact to the culture medium. (C) Hydrogel Cell Culture cells make
discrete connections to hydrogel scaffold. The scaffold can be fibrous or more amorphous,
with the scaffold being hydrated. (D) Paper based cell culture fibrous scaffold material
where the fibers are typically much larger than the size of a cell. (E) Fiber based cell culture:
Fibers can be tuned to sizes ranging from 10’s of nanometers to 10’s of microns.
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Figure 2:
Microfluidic hanging drop cell culture chip. (A) Picture of a PDMS based microfluidic chip

for hanging drop cell culture. Scale bar is 1 cm. (B) Illustration of the hanging drop
microfluidic cell culture chip attached to reservoirs to supply fresh media to the cells. The
chip is placed in a 10 cm dish containing PBS to minimize evaporation of the droplets.
(Adapted from ref 49 with permission from MDPI)
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PDMS base hanging drop cell culture chip with valving. (A) Schematic representation of the
PDMS based hanging drop cell culture chip. The chip has valves between each column
allowing selective loading of cells down the channels. The valves can then be opened to

allow flow from separate perfusion channels (B) Schematic s
First cells are loaded from the top down the channels. The va

howing how the chip is utilized.
Ives are opened and flow is

initiated from the perfusion reservoirs (left to the right). Buffer can be mixed with a desired
compound and diluted inline to the wells, allowing a concentration gradient to develop down
the wells. (Adapted from ref 50 with permission from Springer Nature)
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Figure 4
Diagram showing the mechanism of passive pumping. Passive pumping depends on the

radius of each droplet. The pressure from a small droplet of radius R; will be larger than the
pressure from a large droplet of radius R, based on Laplace’s law. (Adapted from Ref 57
with permission from The Royal Society of Chemistry)
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Figureb5:
Microfluidic PDMS based platform for hydrogel based cell culture. (A) Completed chip

with three distinct fluidic channels connected by hydrogel structures in between the
channels. (B) Pictorial representation of the channel structure with flow channels in blue and
green, and hydrogel structures in black. Cells are loaded in the center channel and cell
migration is monitored in the gel structure based on stimulant in the side channels. (Adapted
from Ref 60 with permission from the Royal Society of Chemistry)
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Figure6:

PDMS-based microfluidic co-culture hydrogel platform. MC3T3-E1 cells are seeded in the
channel and the device is flipped 90° such that the cells adhere to the sidewall of the
channel. The channel is then filled with a collagen solution, after which the collagen solution
is replaced by culture media leaving a thin layer of collagen on the walls. This collagen is
polymerized into a hydrogel and prostate cancer cells are seeded in the channel. (Adapted
from Ref 61 with permission from Oxford University Press)
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Figure7:
Paper-based microfluidic cell culture system. (A) The paper chip is suspended above a dish

filled with medium. Strips of paper at the end of the chip allow connection to the medium
reservoir. (B) Wax patterning defines 4 cell culture areas and channels to each cell culture
area. (Adapted from Ref 74 with permission from Springer Nature)

Anal Methods. Author manuscript; available in PMC 2020 February 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Castiaux et al. Page 22

spot the cells

single T (> -
’\ layer (SL) | — . —_—
/ diffusion-unlimited S
C\D—J 3D culture - L1
Q__? . - mrrzze srzzzn cam> L2
U 3D culture with gradient < K
< > of nutrients and O, - L4
) - .
,CQj T high e - L5
e \ E § g?} L6
@ > stack @ @ /L_) L
the layers @ =’ L8
impermeable layer  low e bbs i
Figure8:

Stacked paper based 3D culture platform. Cells are spotted on paper (2-8 mm radius spots).
The layers can then either be stacked to mimic a nutrient system (limited by diffusion) or left
free to mimic a diffusion-unlimited 3D cell culture system. The stacked system can be
disassembled for analysis. (Adapted from Ref 66 with permission from the Proceedings of
the National Academy of Science)
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PDMS Upper Layer

Figure9:
PDMS-based device for the incorporation of electrospun fiber scaffolds. (Top) Design

representation of the chip. Red lines represent the path of fluid flow. (Bottom) Picture of the
microchip with fibers and solution loaded into the cell loading port and the channel.
(Adapted from ref 93 with permission from John Wiley and Sons)
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Figure 10:
Method for incorporating multiple electrospun scaffolds into a microfluidic channel. (Top)

1: First fiber scaffold (polyurethane) is electrospun onto the substrate. 2: The substrate is
covered with a mask and irradiated with deep ultraviolet light promoting crosslinking of the
fibers. 3: The non-crosslinked fibers are dissolved away in THF followed by a deionized
water rinse. 4: The substrate is dried. 5: Steps 1-4 are repeated for each additional fiber
condition of interest. 6: A PDMS cover is aligned and sealed onto the glass substrate. 7:
Completed device. (Bottom) False color fluorescence micrograph of 3T3 fibroblast cells
culture in the microfluidic channel on the electrospun fibers. Blue-DNA are stained with
DAP; red-actin filaments stained with Alexa Fluor555 phalloidin; Green is autofluorescence
of the fibers. (Adapted from ref 94 with permission from AIP Publishing)
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Figure 11:
Insert-based fiber scaffold for microfluidic system. (A) Fibers are electrospun on a

polystyrene film, followed by laser cutting of the insert to the desired dimensions. Cells can
then be statically cultured on inserts, which can be placed into a 3D printed microfluidic
device. The threaded connections allow for easy attachment to tubing, other cell culture
modules, or analysis modules. (B). SEM of the polystyrene inserts places in a 3D printed
cell culture module. (C) SEM of macrophage cells on a fibrous network (forming giant cell
clusters). (Adapted from ref 24 with permission from Springer Nature)
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Figure 12:
Using fluorescence microscopy, the total area of tumor cell clusters were measured and

compared under mono-culture and co-culture conditions. It was found that T47D cells co-
cultured with HMF are bigger in size than monocultured cells. (Adapted from ref 58 with
permission from Oxford University Press)
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2D 3D

Figure 13:
Neutrophil polarization in 2D and 3D culture. Neutrophils were stained for F-actin (red) and

tubulin (green) to determine the morphology of cells on a 2D fibrinogen coated channel vs a
channel with a hydrogel. It was determined that the 2D substrate lead to a polarized
morphology with a single broad leading edge, while the 3D hydrogel environment yielded
multiple pseudo-pods. (Adapted from ref 99 with permission from Springer Nature)
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Evidence of chemotaxis in a sub-population of A549-HGF-M cells (lung cancer cells). Cells
were cultured and stacked similar to the system seen in Figure 8 except a hard plastic shell
was placed around the stack to further limit the diffusion of nutrients and waste products.
(A) Cells were positioned at the top of the stack close to the source of oxygen and little
movement was seen. (B) cells were positioned at the bottom of the stack furthest away from
the oxygen and a large amount of chemotaxis was seen. (C) Cell were positioned in the
center of the stack and media was allowed to penetrate from both side of the stack.
Symmetric movement was seen. (D) The cells were placed in the center of the stack once
again but a PDMS gas permeable membrane was used to close off the bottom. Symmetric
movement was again seen confirming that chemotaxis is a result of available oxygen.
(Adapted from ref 77 with permission from Elsevier)
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Figure 15:

3D printed devices as a mechanism for cell culture and analysis. (A) A 3D printed cell
culture module with fiber scaffold inserts is connected to a PDMS-based optical flow cell.
Using this set up nitrate from macrophages was quantified. It was determined that
macrophages on 3D scaffolds better mimic the /n vivo M1 state. (Adapted from Ref 24 with
permission from Springer Nature) (B) A 3D printed electrochemical flow cell with threaded
inlet and outlet for easy capillary connections. Using these threaded electrodes the
researchers were able to confirm normoxic or hypoxic conditions in flowing red blood cells
while simultaneously measuring ATP release with the luciferin/ luciferase assay. (Adapted
from ref 39 with permission from The Royal Society of Chemistry) (C) A 3D printed cell
culture module is interfaced with PDMS chip by flow matching the solution being pushed
through the cell culture module and the fluid being pulled through the PDMS chip. Using
this technique, a 3D printed cell culture module could be coupled with a PDMS-based
electrophoresis chip with electrochemical detection to separate and quantify norepinephrine
and dopamine release from PC12 cells. (Adapted from ref 41 with permission from The

Royal Society of Chemistry)
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