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Abstract: Cells cultured in three-dimensional scaffolds express a phenotype closer to in vivo cells than
cells cultured in two-dimensional containers. Natural polymers are suitable materials to make three-
dimensional scaffolds to develop disease models for high-throughput drug screening owing to their
excellent biocompatibility. However, natural polymer solutions have a range of viscosities, and none
of the currently available liquid dispensers are capable of dispensing highly viscous polymer solutions.
Here, we report the development of an automated scaffold dispensing system for rapid, reliable, and
homogeneous creation of scaffolds in well-plate formats. We employ computer-controlled solenoid
valves to regulate air pressure impinging upon a syringe barrel filled with scaffold solution to be
dispensed. Automated dispensing of scaffold solution is achieved via a programmable software
interface that coordinates solution extrusion and the movement of a dispensing head. We show
that our pneumatically actuated dispensing system can evenly distribute high-viscosity, chitosan-
based polymer solutions into 96- and 384-well plates to yield highly uniform three-dimensional
scaffolds after lyophilization. We provide a proof-of-concept demonstration of high-throughput drug
screening by culturing glioblastoma cells in scaffolds and exposing them to temozolomide. This
work introduces a device that can hasten the creation of three-dimensional cell scaffolds and their
application to high-throughput testing.
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1. Introduction

In research investigations, biological cells are typically cultured in plastic Petri dishes
or flasks, a technique that forces cells to grow upon a rigid, two-dimensional (2D) surface.
2D cell culture methods do not always yield cells that exhibit behavior similar to their
counterpart cells living in native environments [1–5]. When cells cultured for study do
not recapitulate their in vivo phenotypes, results obtained from those cultured cells exhibit
little to no predictability and are often misleading, while animal models are expensive,
time consuming, and present ethical dilemmas [6]. To grow cells that express a more
physiologically relevant phenotype, three-dimensional (3D) scaffolds have been developed
to provide cells with an environment that mimics what the cells would observe in vivo.
In contrast to 2D cell culture techniques, 3D cell scaffolds may be engineered to display
properties that are similar to the extracellular matrices (ECMs) preferred by cells [7–11].
For example, chitosan and alginate, two natural, biocompatible materials were combined
in solution to form a polyelectrolyte complex followed by lyophilization to generate a 3D
porous chitosan-alginate (CA) scaffold [12,13]. These polymers share a structure similar
to that of glycosaminoglycans which are essential elements of some ECMs [14,15]. CA
scaffolds have been used for promoting cell penetration, cellular function, and tissue
growth, and for culturing cancer cells that yielded a more tumorigenic phenotype in
comparison to those cultured in 2D [16,17]. Similarly, a biodegradable and biocompatible
polymer, hyaluronic acid (HA), is one of the major glycosaminoglycan (GAG) components
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of the ECM found in the brain [18,19]. A chitosan-HA (CHA) scaffold was synthesized in
previous studies to mimic a glioblastoma tumor microenvironment to yield cultured brain
tumor cells [20].

While progress has been made as a result of the use of 3D scaffolds, a significant bottle-
neck exists in the production of 3D cell scaffolds. With respect to the large-scale techniques
of scaffold synthesis, which include particulate leaching [21–24], gas foaming [25–27], ther-
mally induced phase separation [16,28,29], and emulsion freeze drying [30,31], a general
procedure for scaffold production is as follows: (1) creation of solution by dissolving a poly-
mer in an appropriate solvent, (2) casting the polymer solution into a mold (typically the
wells of a microplate), and (3) removal of the solvent through evaporation or sublimation
to create so-called aerogels where the liquid phase of the solution is replaced by air [32,33].
The key chokepoint in this process is step two, wherein a polymer solution is cast into
a mold by hand. While a large infrastructure exists for conducting high-throughput bio-
logical assays using 2D cell culture systems and microplates [34], the currently existing
apparatuses of this infrastructure cannot handle solutions of such high viscosities as are
requisite of many of the polymer solutions that form 3D scaffolds. On the other hand,
pneumatically actuated dispensing systems are often employed in the electronics and
packaging industries to distribute solder pastes and high-viscosity glues, but these systems
are costly and do not meet the needs of researchers requiring full control of dispensing
parameters, nor are they designed to comport with the dimensions of microplates.

Here, we report a scaffold-solution dispensing platform that can quickly deposit
high-viscosity biomaterial solutions into microplates for generation of large quantities of
3D scaffolds ready for testing in high-throughput assays. We show that our pneumati-
cally actuated dispensing system, built with inexpensive off-the-shelf components and
a customized software interface, can easily dispense CA and CHA solutions of 2, 4, and
8 wt % into both 96- and 384-well microplates. The developed scaffolds are characterized
by scanning electron microscopy (SEM) and pore size analysis. Further, we provide a
proof-of-concept drug screening experiment by exposing glioma cells seeded onto scaffolds
to the chemotherapeutic drug temozolomide (TMZ). We envision this scaffold dispensing
device to lead to quicker discovery of drugs in vitro that have a more successful rate of
translation to the clinic than drugs evaluated in 2D cell culture systems.

2. Materials and Methods
2.1. Materials

All chemicals were purchased from Sigma–Aldrich (St. Louis, MO, USA) unless
otherwise specified. Chitosan (85% deacetylated, medium molecular weight), alginic acid
sodium salt (from brown seaweed, MW = 80–120 kDa), and hyaluronic acid sodium salt
(from Streptococcus equi) were used as received. Dulbecco’s modified Eagle media (DMEM),
penicillin streptomycin (Pen Strep), and Dulbecco’s phosphate-buffered saline (DPBS) were
purchased from Gibco (Gaithersburg, MD, USA). AlamarBlue reagent was purchased from
Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals (Atlanta, GA, USA).

2.2. Scaffold Dispenser Components and Fabrication

A commercial 3D printer (P802NA, Shenzhen Zonestar Innovation Technology Co,
Shenzhen, China) was cannibalized and modified by removing its 3D filament extruder
and replacing it with a custom-made pneumatic scaffold dispensing nozzle. The pneumatic
scaffold dispensing system consisted of an air pressure supply (provided through the
laboratory gas infrastructure), a pressure regulator (R25-02b, Parker Watts, Cleveland,
OH, USA), two 12 V DC solenoid valves (P0558, BACOENG), a solenoid control circuit,
a syringe barrel holder (custom-made from quarter-inch thick clear acrylic sheets), and
an 80 W heating pad (SHS0024, Tempco, Wood Dale, IL, USA) controlled by a thermostat
(HJ Garden XH-W3002). A 12 V DC supply (PMT-12V150W1aa, Delta Electronics, Taipei,
Taiwan) provided power to the solenoids. Control of the solenoids was achieved using low-
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voltage DC signals provided by an ATmega2560 MCU (Microchip Technologies, Chandler,
AZ, USA) to bias an n-channel MOSFET (IRF630, STMicroelectronics, Geneva, Switzerland)
that acts as a switch. A flyback diode (1N5400RLG, ON Semiconductor, Phoenix, AZ, USA)
was placed in parallel with each solenoid.

To position each well of the microplate to be filled underneath the scaffold dispensing
nozzle, a GUI was developed in the Python programming language (Python Software
Foundation, Wilmington, DE, USA). The GUI program controlled both the 3D printer’s
stepper motors and the scaffold dispenser’s solenoid valves to move the microplate and
provide pressure to drive out the scaffold solution through a nozzle.

2.3. Preparation of CA and CHA Scaffold Solutions

Three CA scaffold solutions (2, 4, and 8 wt %) were prepared by slowly dissolving 2, 4,
and 8 g of alginic acid sodium salt in 199 g of deionized water. The solution was mixed in a
planetary centrifugal mixer (Thinky ARM-300, Thinky USA, Laguna Hills, CA, USA) at
2000 rpm for 3 min to dissolve residual clumps of polymer. Chitosan powder (2, 4, and 8 g)
was introduced to the solution once the alginic acid sodium salt was fully dissolved. The
CA solution was mixed again in the planetary centrifugal mixer at 2000 rpm for 3 min to
evenly distribute the chitosan powder within the solution. Acetic acid was added dropwise
to make a 1 wt % acetic acid solution. The solution was mixed in the planetary centrifugal
mixer at 2000 rpm for 5 min. After dissolution of the chitosan powder, the polymer mixture
was blended twice for 5 min to homogenize the polymer solution. The mixture was cooled
in an ice bath after the blending steps to remove excess heat from within the solution.

Three CHA solutions (2, 4, and 8 wt %) were prepared by separately dissolving 2, 4,
and 8 g of chitosan powder and 1 g of HA sodium salt in a 1 wt % acetic acid solution. Both
solutions were left overnight at room temperature to ensure dissolution of the polymer.
Upon dissolution, the two mixtures were combined and placed in a planetary centrifugal
mixer (Thinky ARM-300, Thinky USA, Laguna Hills, CA, USA) at 2000 rpm for 5 min
before blending to homogenize the polymer solution. The CHA solution was blended twice
for 5 min and cooled in an ice bath for 10 min in between blending steps.

2.4. Scaffold Dispensing and Processing

CA and CHA scaffold solutions were cast into 96- or 384-well microplates via the
automated scaffold dispenser. Scaffold solutions were loaded into a 60 mL syringe barrel
(309654, BD, Franklin Lake, NJ, USA). The syringes were fitted with precision, 20 gauge,
Luer-locking dispensing tips (6699A4, McMaster-Carr, Los Angeles, CA, USA). The syringe
barrel was loaded into the scaffold dispensing device. The air pressure applied to the
syringe barrel was adjusted using a pressure regulator; the exact applied pressure (60 kPa
to 500 kPa) was uniquely adjusted for different percentages of scaffold (2, 4, and 8 wt %
polymer) to achieve 2 mm of scaffold in each well. After dispensing each well with scaffold
solution, microplates were centrifuged (Srovall Legend XT, Thermo Scientific, Waltham,
MA, USA) at 1500 rpm for 1 min to degas air bubbles and placed in a freezer overnight at
−20 ◦C for 24 h. Frozen scaffolds were lyophilized in a Labconco 6 freeze dryer for 1 to
3 days.

2.5. Scanning Electron Microscopy

SEM images were acquired using an FEI Sirion XL830 Dual Beam FIB/SEM (FEI
Company, Hillsboro, OR). Lyophilized specimens were cut in half, mounted on aluminum
pin stubs (16111, Ted Pella Inc., Redding, CA, USA) with carbon tape, and sputter coated
with Au/Pd for 1 min at 18 mA before imaging. Images were taken with a 5 kV accelerating
voltage, a spot size of 2, and 500× magnification.
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2.6. Macroscopic Imaging

Macroscopic images were acquired using a stereotactic microscope (AmScope, Irvine,
CA, USA). The lyophilized scaffolds were removed from their respective wells and imaged
on their sides.

2.7. Scaffold Pore Area Analysis

The areas of the pores composing each scaffold were measured from representative
SEM images using ImageJ software. Freehand selections were manually drawn around the
perimeters of pores, and at least 60 pores per scaffold were analyzed to determine a median
pore area for each scaffold. The distribution of pore areas within a scaffold represented as
mean plus or minus the standard deviation.

2.8. Evaluation of Scaffold Solution Viscosity

The rheological properties of 4 wt % CA and CHA polymer solutions were measured
with a stress-controlled rheometer (MCR 301, Anton Paar, Ostfildern, Germany). A parallel-
plate geometry was used with a plate diameter of 25 mm. Viscosity was measured at a
constant shear rate of 1 s−1 with a zero-stop gap of 1 mm at a constant temperature of 25 ◦C.
Measurements were taken in 10 s intervals for 200 s.

2.9. Cell Culture

U-118 MG human glioblastoma cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). Cells were maintained according to the supplier’s
protocol in fully supplemented DMEM with 10% FBS and 1% Pen Strep in a humidified
incubator with 5% CO2 at 37 ◦C.

2.10. In Vitro Drug Response Analysis

U-118 MG cells (10,000 cells/well) were cultured in 4 wt % CA scaffolds cast in
384-well microplates. Cells were treated with TMZ three days after cell seeding on scaf-
folds. Drug concentrations used for the trials were 156, 312, 625, 1250, 2500, and 5000 µM
with n = 12 wells per condition. Cell viability was investigated 3 days post-treatment with
the alamarBlue assay. Briefly, 50 µL of alamarBlue solution (10% alamarBlue reagent in
fully supplemented DMEM) was added to each well. Samples were incubated at 37 ◦C for
2 h, then, the alamarBlue solution was transferred to an opaque, black 96-well plate for fluo-
rescent signal measurements using a SpectraMax M5 microplate reader (Molecular Devices,
Union City, CA, USA) at an excitation wavelength of 560 nm and a fluorescence emission
read at 590 nm. Cell viability was reported as a percent of viable cells relative to control
cells treated with DPBS. The drug response profile was estimated using nonlinear least
square estimation of the three parameter Hill equation using the lmfit package in Python.

3. Results
3.1. Automated Scaffold Dispenser Design

The scaffold dispenser system consisted of a pneumatically actuated solution dispenser
mounted to a commodity 3D printer as shown schematically in Figure 1a. Due to the
high viscosities of the polymer solutions used to synthesize 3D scaffolds, any automated
scaffold dispensing system requires a source of force strong enough to distribute the
polymer solution from a large repository container to the miniature vessels of a microplate.
Furthermore, the force applied to these high-viscosity solutions needs to be reliably and
precisely controlled given the dimensions of the microplates involved in high-throughput
drug screening. For instance, the individual wells of a 96-well microplate have a volume
of 360 µL and a well diameter of 6.4 mm; similarly, the individual wells of a 384-well
microplate have a volume of 120 µL and a well diameter of 3.65 mm. The small working
areas of such microplates necessitate dispensing in an automated fashion with precision.
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Figure 1. Automated scaffold dispenser design and illustration. (a) Automated scaffold dispensing
apparatus based on a stepper-motor powered movable stage and a custom extruder capable of
distributing high-viscosity materials. (b) Pneumatic extruder design detail. An external source of
pressurized gas is used to depress the plunger of a syringe filled with scaffold solution; management
of the applied pressure is achieved with a pressure regulator and two computer-controlled solenoid
valves. (c) Solenoid valve control circuit.

To generate short bursts of pressure with sufficient magnitude to press a viscous mate-
rial through a small nozzle, we designed a pneumatically actuated fluid dispensing system
as shown schematically in Figure 1b. This design consisted of two inexpensive solenoid
valves, which are highly reliable fluid flow-control devices that may be readily actuated via
computer-generated digital commands and an analog switching circuit (Figure 1c). These
two solenoids modulated the pressure exerted on a 60 mL syringe barrel filled with scaffold
material. A plunger was inserted into the syringe barrel above the scaffold material to
aid uniform dispensing. The inlet of the syringe was connected to vinyl tubing that tees
off a short distance above the opening of the barrel. One arm of the tee led to a solenoid
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valve (solenoid 1) that opened and closed to a source of pressurized air of about 200 kPa
(although the optimal pressure for dispensing was dependent upon the scaffold solution
viscosity). The other arm of the tee led to a second solenoid valve (solenoid two) that
opened and closed to the atmosphere. When solenoid one was open while solenoid two
was closed, as demonstrated in Figure 1b, the plunger was depressed by the pressurized
air causing scaffold material to flow out of the tip of the syringe barrel. When solenoid
one was closed while solenoid two was opened, the pressurized air source was cut off
from reaching the top of the plunger and any excess pressure attempting to press down
on the plunger found a pathway to the atmosphere through the opening represented by
solenoid two. A computer program controlled the opening and closing of both solenoids
automatically by instructing the hardware to apply current through them.

To achieve automated dispensing of an entire microplate, we cannibalized 3D printer
parts for modification as shown schematically in Figure 1a. In place of the 3D printer’s
filament extruder, we attached a syringe barrel loaded with scaffold solution. A microplate
was placed upon the 3D printer’s stage and was situated underneath the scaffold material
extruder. The movable stage was actuated by stepper motors which moved the microplate
horizontally and vertically in precise step sizes so that one of the wells of the microplate
was always directly beneath the tip of the scaffold material extruder when the stage was
stationary. The same computer program that controlled the two solenoids was utilized to
control the movement of the stepper motors and dictate the location of the microplate to
consistently position the extruder above microplate wells.

3.2. Realized Scaffold Dispensing System

The actualized scaffold dispensing apparatus is shown in Figure 2a. An orange
heating jacket surrounding the syringe barrel is shown in Figure 2a. The temperature of
this 80 W heating pad was controlled via a thermostat residing in the pneumatic housing
unit (Figure 2b,c). The heating pad was mounted to an aluminum tube, and a syringe
barrel filled with scaffold solution was loaded inside the aluminum tube. When dispensing,
the scaffold solution could be heated to a constant temperature in order to decrease the
solution viscosity and facilitate distribution of high-viscosity fluids. The user could opt for
nonheated dispensing when the fluid under study had low viscosity or if dispensing at
medium viscosities. The amount of pressure applied during dispensing could be set using
an adjustable pressure regulator.

Control of the scaffold dispensing system was realized through a custom-designed
graphical user interface (GUI); a screenshot of the GUI is displayed in Figure 3. Through
this program, a user can connect to the 3D printer to control the location of the microplate
and scaffold extruder. If necessary, the user can separately connect to the microcontroller
unit (MCU) that controls the solenoids. The user can select the type of well plate they wish
to dispense into (e.g., 24, 48, 96, or 384). The number of steps the stepper motors required to
translate the microplate the exact distance needed to position the scaffold extruder tip over
the center of an adjacent well has been predetermined and hard coded into the software.
Similarly, the user can adjust the dwell time, which is the amount of time solenoid one
is open. Longer dwell times will apply air pressure to the scaffold solution for a greater
duration. The appropriate amount of dwell time corresponds to the volume of the wells
for a given microplate (i.e., larger well volume can accommodate more scaffold material,
so pressure must be applied for a longer period of time in order to dispense more scaffold
solution). Furthermore, the optimal dwell time is unique to a particular scaffold solution
mixture, with higher viscosity polymer solutions typically requiring longer dwell times.
However, the dwell time can be shortened by lowering the viscosity of the scaffold solution
to be dispensed by increasing the temperature of the heating jacket surrounding the syringe
barrel. Users may also input the number of rows and columns they wish to fill so that they
can either fill each well of a microplate or just a small subset of wells.
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quick connect fitting on the extreme left and is attached to the syringe barrel via the air out connection.
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3.3. High-Viscosity Scaffold Solutions

To demonstrate the ability of the scaffold dispenser to uniformly distribute scaffold
materials into microplates, two exemplary polymer solutions were chosen. Chitosan and
alginate are two widely used biocompatible materials that achieve excellent cell models
when they are used as the substrate for cell culture [35–39]. Chitosan, a derivative of chitin,
is a natural cationic polysaccharide derived from shrimp shells; alginate is a natural anionic
polysaccharide derived from brown algae. Both materials have been shown to be biodegrad-
able and induce a negligible immune response when exposed to living systems [40–43].
Additionally, both polymers share a structure that is similar to glycosaminoglycans, which
are essential components of some ECMs. When used as a 3D cell scaffold, chitosan promotes
cell adhesion, proliferation, and differentiation due to its hydrophilicity [44]. CA scaffolds
were synthesized in previous studies for stem cell renewal due to their proxy structures of
GAG and for tumor modeling due to their ability to mimic the tumor microenvironment
and improve the tumorigenic potential of cultured cells [45–48]. Another biocompatible
and biodegradable polymer is HA, a natural anionic polymer found in synovial fluid,
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cartilage, and skin; it is also one of the major glycosaminoglycan components in the brain’s
ECM [49–51]. CHA scaffolds were synthesized in previous studies to serve as a mimic of
the glioblastoma tumor microenvironment and to promote cartilage regeneration. Previous
studies using chitosan-based 3D scaffolds for cell culture have yielded promising results
that show the ability of these scaffolds to culture cancer cells that exhibit a more malignant
and drug resistant phenotype compared to cancer cells cultured in Petri dishes [17,20].

CA and CHA scaffolds were synthesized at polymer concentrations of 2, 4, and 8 wt %.
Figure 4 displays rheological assessments of 4 wt % CA and CHA scaffolds performed at
25 ◦C. For reference, water has a viscosity of about 8.9 × 10−4 Pa·s at 25 ◦C, but 4 wt %
CA and CHA exhibit a viscosity of at least four orders of magnitude greater at about
3.7 × 102 Pa·s for CA and 2.1 × 101 Pa·s for CHA. The large values of viscosity attendant
to the solutions used to generate 3D scaffolds are why hand-casting is such a laborious
and time-consuming process, and why specialized dispensing equipment is required for
handling such solutions.
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3.4. CA and CHA Scaffolds Automatically Dispensed into 96- and 384-Well Plates

Figure 5 displays photographs of 2 wt % CA scaffolds dispensed in both a 96-well
plate (left) and a 384-well plate (right). The dispensing time for this scaffold solution in the
96- and 384-well microplates was roughly 4 min and 15 min, respectively. Table 1 shows
the various parameters used during this experiment. The top row of images in Figure 5
depicts the microplates immediately after automated dispensing. After dispensing, the
height of the scaffold solution in the wells was not uniform; in order to address this issue,
each microplate was centrifuged for 1 min at 1500 rpm immediately after dispensing to
allow the scaffold solution to settle to the bottom of the well and form a homogeneous
shape from well-to-well, as shown in the middle and bottom rows of Figure 5.

Table 1. Parameters used for automated casting of CA and CHA scaffold material.

CA CHA

Well Plate 96 384 96 384

Weight Percent (%) 2 4 8 2 4 8 2 4 8 2 4 8
Pressure (kPa) 15 30 60 15 30 60 10 20 40 10 20 40

Dwell Time (ms) 120 120 120 120 120 120 100 100 100 100 100 100
Total Time (min) 4 4 4 15 15 15 4 4 4 15 15 15
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Figure 5. Dispensed scaffolds in 96- and 384-well plates. The images in the top row are side-on
views of the microplates before they were centrifuged. A close inspection shows that the heights
of the scaffolds were uneven among wells. The second row depicts side-on images of the scaffolds
after centrifuging where the scaffolds heights were uniform among wells. The bottom row shows
top-down views of fully populated 96- and 384-well microplates.

3.5. Characterization of Dispensed CA and CHA Scaffolds

Dispensed and lyophilized CA and CHA scaffolds were analyzed by SEM to examine
their pore size, morphology, interconnectivity, and uniformity. The main purpose of
imaging was to confirm the existence of pores within the microstructure of the scaffolds.
Scaffold porosity may be altered and optimized by tuning processing parameters such as
solution viscosity, polymer concentrations, freezing rates, freezing temperatures, and acetic
acid concentrations [52]. Despite a high degree of variability between the pore sizes of
the scaffolds, as shown in the SEM images of Figure 6 and the pore size measurements
reported in Figure 7, pores were successfully generated in 2, 4, and 8 wt % CA and CHA
scaffolds dispensed in both 96- and 384-well microplates. Dispensing of the scaffold
solutions was nontrivial because their viscosities change with varying shear rates (i.e., they
are non-Newtonian fluids). Rheological measurements of 4 wt % CA and CHA solutions
determined these polymer solutions to exhibit pseudoplastic thixotropic behavior where
their viscosities decrease over time under a constant shear rate (Figure 4). Since viscosity
is not independent of time when a constant force is applied, flow of the scaffold solution
out of its container during dispensing was not uniform. However, the changing viscosity
eventually reached a plateau during prolonged exposure to force. To reach this region of
relatively constant viscosity, several “dummy” extrusions of scaffold were applied prior to
dispensing into a microplate in order to obtain a scaffold solution of consistent viscosity,
thus achieving a uniform volume of solutions dispensed in each well of a microplate.
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The large amount of variability in pore size and morphology exhibited by the CA
and CHA scaffolds herein (Figures 6 and 7) may be attributed to insufficient blending
during synthesis of scaffold solutions, resulting in a heterogeneous dispensing solution
and subsequent creation of rough surfaces and nonuniform ice crystal growth during
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lyophilization. Additionally, the elongated pores evident in SEM images of a subset of
the created scaffolds may be a result of adding more than 1 wt % of acetic acid to the
scaffold solution, causing the solution viscosity to increase significantly and thereby result
in a degradation of the desired pore structure. The large increase of solution viscosity
due to higher amounts of acetic acid causes the diffusion rate of the scaffold polymer to
decrease. When mobility of a polymer is low during crystallization and recrystallization
of ice crystals, polymer dendrites cannot fully migrate to form the walls of the scaffold’s
pores. Consequently, large irregular pores are formed when solution viscosity is high.
Pore irregularity cannot be attributed to the scaffold dispensing technique itself because
compressed air would only introduce gas bubbles within the solution, which is degassed
during centrifugation.

Figure 8 displays the photographs of the dispensed 3D scaffolds after being removed
from the wells of their microplate reader containers and being hand cut into sections ~2 mm
thick using a razor blade. These images show that the 3D scaffolds conform to the shape of
their container and have an inherent supportive structure that allows them to retain the
shape of the mold in which they were cast.
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and 384-well plates. Scale bars represent 2 mm.

3.6. Drug Screening Proof-of-Concept

CA scaffolds (4 wt %) were dispensed in a 384-well microplate and used for in vitro
drug screening to evaluate the cytotoxicity of the standard-of-care chemotherapeutic TMZ
against glioma cells (U-118 MG). Cell viability of U-118 MG cells cultured on the CA



Micromachines 2022, 13, 1730 13 of 18

scaffolds was measured as a function of TMZ concentration, and results are shown in
Figure 9.
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Figure 9. In vitro drug screening proof-of-concept. Dose-dependent cytotoxicity of TMZ on
U-118 MG glioma cells cultured in 4 wt % CA scaffolds dispensed in a 384-well microplate. Cell
viability was evaluated using the alamarBlue assay 3 days after treatment with TMZ. Data points
(red circles) represent measured values whereas the dashed red line represents a best fit of the data to
the Hill equation.

4. Discussion

Two-dimensional culture systems are a commonly used, convenient, and inexpensive
commodities to grow and evaluate different types of cells in vitro for research endeavors;
however, 2D culture systems do not provide stimuli that cells routinely experience in vivo,
leading cells grown on 2D to not behave similarly to cells in vivo [53]. Three-dimensional
culture systems, such as aerogels, provide an environment more comparable to what cells
would experience if they were grown in vivo than 2D culture systems do. This allows cells
grown in 3D to exhibit more realistic responses to external stimuli (e.g., pharmacothera-
peutics, exogenous strains, and chemotactic agents) than those grown on 2D, and therefore
serve as better models of disease for research studies. Therapeutic drug development is
generally slow and expensive to undertake. In an effort to help with initial screening of
drug libraries, a high-throughput 3D system is highly desirable as it allows us to test drug
candidates against an accurate model of disease rather than weakened models that are
less likely to produce therapies that will translate into clinical use. Our high-throughput
dispensing system can easily dispense highly viscous polymer solutions, as we are able to
fill 96-well plate and 384-well plate microplate readers with aerogels in less than 5 min and
20 min, respectively.

We sought to populate microplate readers with aerogels because microplate readers
are widely used in the biomedical industry for cell culture and drug discovery, and many ex-
isting measurement devices capable of assaying cells in culture are based on the microplate
reader format. We demonstrated the utility of dispensing aerogels into microplate readers
for drug discovery with a proof-of-concept experiment wherein glioma cells cultured in
4 wt % CA scaffolds were exposed to the standard-of-care glioma pharmacologic agent
TMZ. We showed an expected decreased in cell viability for increased TMZ concentration,
thereby demonstrating that this system is amenable to high-throughput drug testing.

Other studies that describe dispensing of aerogel solutions for tissue engineering
purposes typically focus on creating custom geometries to execute unique and highly
specific experiments rather than for high-throughput studies. Tetik et al. created an
aerogel dispenser using inkjet printing technology combined with lyophilization to generate
3D scaffolds with custom geometries [54]. Unlike our system, where the emphasis is
on high-throughput dispensation into existing molds that are in common use for cell
culture techniques, their system prioritizes single-use, tailor-made aerogel architectures.
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Both approaches have their merits, but our system is more suitable to existing drug-
screening techniques and research studies requiring large sample sizes. Many other aerogel
dispensing devices have been reported in the literature, where researchers have sought
to create custom scaffold geometries rather than high quantities of rapidly dispensed
aerogels [55–60].

Three-dimensional scaffolds are excellent at providing more realistic in vitro environ-
ments and stimuli for disease modeling. Chitosan and silk fibroin scaffolds were fabricated
as 3D aerogels, and A549 lung cancer cells were shown to have a greater tendency to form
spheres in these scaffolds which better mimicked human small-lung cell cancer than the
same cells grown on 2D cell culture [61]. The cells were shown to have morphologies more
similar to those found in vivo and a stronger resistance to doxorubicin (DOX). Poly(lactic-
co-glycolic) acid and polycaprolactone (PCL) have been used to fabricate 3D scaffolds to
evaluate ER-positive luminal A type T47D breast cancer cells and their response to the
anticancer drug (Z)-4-Hydroxytamoxifen(4HT) [62]. Researchers found that the cells grown
in 3D scaffolds were less sensitive to 4HT than those grown in 2D, and MDA-MB-231 breast
cancer cells grown in 3D were more similar to cells found in vivo in terms of proliferation.
There is an abundance of literature evaluating cells grown in 3D aerogels and their response
to therapeutics, however, many of these studies only evaluate a few therapeutics or cell
lines at certain time points. To achieve a high-throughput system to evaluate multiple
therapeutics or cells lines, a robust and facile method to produce consistent scaffolds rapidly
is needed. Therefore, we designed a device capable of dispensing both low-viscosity and
high-viscosity solutions specifically for the creation of 3D scaffolds for cell culture. Results
described herein show our device’s ability to dispense 2, 4, and 8 wt % CA aerogels at
viscosities of 5.9 × 101, 3.7 × 102, and 6.6 × 102 Pa·s, respectively. Our device was also
able to dispense 2, 4, and 8 wt % CHA aerogels at viscosities of 3.7 × 10−1, 2.1 × 101, and
1.3 × 102 Pa·s, respectively. Although not described in this manuscript, we have also tested
our system’s ability to dispense low-viscosity solutions such as water into microplates
with control over the volume dispensed and speed of dispensing equivalent to or better
than that shown with dispensing CA and CHA solutions. Likewise, we have been able to
dispense other natural and synthetic polymers, not just CA and CHA, including gelatinized
starch and PCL, which were used for pilot studies during the device’s design.

Our 3D scaffold dispensing platform around microplate readers can be utilized for
biosensing applications. Biosensors are advantageous because they can provide real time,
accurate measurements of critical parameters such as pH and dissolved oxygen (DO).
Optical sensors used to measure pH and DO have been incorporated into the bottom of
well plates in microplate readers to evaluate cell states in 2D, and a good correlation was
found between proliferation and both pH and DO [63]; some minor modifications may be
needed to apply to 3D models. Capacitance has also been used to correlate GFP-MCF-7
human breast cancer cells’ response to DOX treatment in 3D hydrogel scaffolds [64]. The
capacitance was reduced after the therapeutic was administered, indicating the cell state
can be monitored with this sensor. Silver nanoparticles and antibodies have also been
incorporated in conjunction with PCL scaffolds as a separate capture substrate for surface
enhanced Raman spectroscopy (SERS) evaluation of secreted proteins from adipose-derived
mesenchymal stem cells [65], and the capture substrate was able to successfully detect
various proteins, including differentiation markers. By incorporating biosensors with
a high-throughput scaffold system, instantaneous monitoring of high-throughput drug
screening assays is possible.

5. Conclusions

We developed an efficient and cost-effective scaffold dispensing system capable of
quickly distributing high-viscosity solutions into miniature microplate formats with a high
degree of uniformity in the resulting volume and 3D structure of the dispensed scaffolds
from well to well. This device may be extended for use with viscous materials other
than those intended to serve as porous scaffolds for 3D cell culture such as foods and
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glues, and this platform may also be used with larger well plate formats such as a 24-well
plate. Precise control over the magnitude and dwell time of the air pressure applied to a
scaffold solution held within a syringe using software commands facilitates reliable and
rapid dispensing. Dispensing time was decreased to 4 min in 96-well microplates and
15 min for 384-well plates, compared to 25 min and 90 min required for hand casting
hydrogels in 96-well and 384-well microplates, respectively. Expedited and automated
scaffold dispensing may open new avenues for high-throughput assays that use 3D cell
culture techniques in lieu of 2D platforms. A proof-of-concept experiment was performed
in this study where glioma cells cultured in dispensed scaffolds residing in a 384-well
microplate were exposed to the chemotherapeutic TMZ, and these microplates were used
to rapidly assay cell death using a fluorescence-based evaluation method. With further
incorporation of biosensors, instantaneous monitoring of high-throughput drug screening
assays is possible. We envision that the 3D cell culture technique will help advance drug
discovery by locating more efficacious and safer therapeutics, and that the high-throughput
platform will accelerate clinical translation of potential drug candidates.
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