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Abstract

Bioreactors are used to dynamically condition engineered tissues to achieve the required degree of maturation before in vivo
implantation. Integrating sensors and imaging capabilities into bioreactors can help us understand how the culture environ-
ment influences tissue maturation and growth. Additionally, this enables the monitoring of tissue constructs and provides
critical information for quality control. This study aimed to develop a standardized, self-contained, uniaxial bioreactor mod-
ule for the clinical manufacturing of tissue constructs; this system would benefit from unidirectional mechanical or electrical
stimulation, or both. We achieved this goal by integrating stimulation and sensing components that provide an optimal cul-
ture environment and monitoring capabilities to improve tissue manufacturing. The uniaxial bioreactor module included inte-
grated, user-friendly mechanical and electrical stimulations with force measurement to enhance the preconditioning of the en-
gineered tissues. Also, a sensor loop and media exchange system were integrated to monitor the culture environment and cel-
lular metabolites over time, and the camera system above the tissue construct enabled the macroscopic visualization of tissue
maturation. Furthermore, the onboard media exchange system was programmed into the module to maintain aseptic culture
conditions in the long term. Subsequently, using native skeletal muscle tissue and tissue-engineered skeletal muscle con-
structs, the performance of the uniaxial bioreactor module was validated for its application in preconditioning and enhancing
tissue maturation.
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1 Introduction

Traditionally, bioreactors have been used for in vitro cell ex-
pansion in a controlled biochemical growth environment [1].
Meanwhile, tissue bioreactors utilize cells applied to a two-
dimensional (2D) or three-dimensional (3D) scaffold, re-
flecting the physical geometry and architecture of a native
tissue [2, 3]. A tissue bioreactor provides an anchoring
bracket for the engineered tissue, an environment conducive
to cell differentiation and tissue maturation, and mechanical
conditioning for the tissue. Generally, tissue engineering
constructs do not initially maintain a degree of durability or
function required for in vivo implantation; their maturation
within a tunable bioreactor ensures their subsequent suc-
cessful implantation [4].

For the effective manufacturing of engineered tissue con-
structs, the in vitro culture environment should closely
mimic the in vivo tissue environment, including appropriate

biochemical environment (soluble bioregulatory factors, pH,
pO2, etc.) and physical (electrical and mechanical force)
stimuli [5-8]. Therefore, an optimal bioreactor should have
material biocompatibility, mechanisms for physically stimu-
lating tissues, an appropriate biochemical environment, bio-
sensing capabilities, and sterility maintenance [4, 9, 10].

Functionalities can be added to a bioreactor by integrat-
ing additional components into it. Such integrated compo-
nents are made from biocompatible materials. Most biocom-
patible materials, such as polymer resins, are difficult to use
for prototyping in the laboratory; however, due to the ad-
vancement and reduced cost of additive manufacturing, bio-
reactor chambers or parts have been 3D-printed for research
use [11, 12]. In addition, many polymer resins have been
used and tested for their cytotoxicity [13—15].

In terms of choosing a model tissue for optimizing tissue
bioreactors, engineered muscles represent an excellent
choice [16]. Skeletal muscles, making up approximately
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40% of the human body mass, are the primary mechanism
for locomotion [17]. Although skeletal muscles can regener-
ate following mild or moderate injury, there is no effective
treatment for significant muscle loss [18]. Thus, skeletal
muscle is a major research focus of tissue engineering.

Bioreactors used for preconditioning and culturing engi-
neered skeletal muscles consist of uniaxial stretching sys-
tems that expand the muscle construct through controllable
static or cyclic stretching programs. The expansion is gener-
ally accomplished by affixing the muscle construct between
a stationary and a moveable mount. The muscle construct is
stretched using electro-mechanical devices, such as sole-
noids, stepper motors [19-25], electromagnets [26], pneu-
matic pumps [27], or syringe pumps [28]. Exercising tissue
constructs by applying tensile forces to them facilitates
myogenesis, enhances myotube formation [23], elevates
force production [29], and increases cell viability, prolifera-
tion, and alignment. Uniaxial bioreactors are used for the
engineering of soft tissues; they have a linear movement
that generates unidirectional forces, such as those generated
by muscles [19-21], ligaments, and tendons [30, 31]. Most
bioreactors use a single large motor to generate mechanical
forces; therefore, they cannot provide multiple strain ratios
for stimulating different constructs simultaneously. As a re-
sult, it has not been possible to conduct studies that com-
pare different strain ratios or rates across multiple con-
structs within a single bioreactor.

Another common component incorporated into skeletal
muscle tissue bioreactors is an electrical stimulator. Elec-
trode pairs immersed in the media within the cell culture
chamber provide the desired stimulation pattern in commer-
cial or improvised systems [21, 32, 33]. For that effect, sev-
eral electrode materials have been used to stimulate the tis-
sue constructs [34]. For example, carbon electrodes are an
excellent option for delivering electrical stimulation, as they
are non-toxic and cost-effective, have superior charge appli-
cation characteristics and high corrosion resistance, and do
not leach materials into the media during high-current elec-
trochemical stimulations over long periods [35]. Electrical
stimulation to the engineered constructs increases cell pro-
liferation, improves cell alignment in fibers, and increases
tissue contractility [36]. Electrical stimulation is also used
to assess the functionality of engineered muscle constructs
by stimulating them with high-frequency pulses to measure
the peak twitch contractile forces they generate. Twitch
forces, which are measured by a force transducer, are often
used to measure the contractility of engineered skeletal
muscles [37-40].

Additionally, a force-sensing component of the bioreac-
tor is essential for determining the maturation of muscle tis-
sue over time [41]. Previously, this was achieved with opti-
cal deflection measurement, followed by calculation of con-
tractile force output [42]. More recently, bioreactors have
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incorporated direct [20] or indirect methods [43, 44] to
quantify contractile forces. Since the force generated by the
engineered tissue is small (in micro-newtons) [38], the sys-
tem needs to be sufficiently sensitive to provide accurate
measurements of force generation with maximum noise-
free resolution. In addition, multifunctional bioreactors re-
quire validation of their integrated components to ensure
comprehensive and coordinated tissue maturation [45].

Tissue constructs mature within bioreactors over a period
of 10 to 28 d. Consequently, it is necessary to replace the
culture medium periodically to replenish the crucial nutri-
ents that support cellular growth, such as glucose, and to
eliminate the accumulated waste substances, including lac-
tate, to maintain a consistent pH. In a typical cell culture,
the medium is changed at fixed intervals to maintain consis-
tent culture conditions [46]. Since bioreactor systems are de-
signed to be semi-closed or fully closed systems to prevent
contamination of the engineered constructs, regular media
changes present a cumbersome challenge. Therefore, inte-
grating a real-time media monitoring system would be ben-
eficial for ensuring proper media changes when needed.

In this study, we described the development and valida-
tion of a multifunctional uniaxial bioreactor that can be in-
dependently configured for dynamic culturing protocols us-
ing mechanical and electrical stimulation. In addition, using
native skeletal and engineered muscle tissue constructs, we
demonstrated real-time feedback for actuator movement,
generation of electrical stimulation pulses, force generation
of the engineered construct, macro-imaging, and sensing of
the tissue environments.

We have designed, developed, or integrated several com-
ponents. First, we designed and developed a mechanical
subsystem with three linear actuators, which facilitated the
programming of separate strain ratios, allowing for three
different constructs to be cultured simultaneously. Second,
we designed and developed an electrical stimulation subsys-
tem that integrated carbon electrode pairs into each culture
lane to receive pulse input from any commercial stimulator.
Third, we integrated force sensors into each culture lane to
read mechanical stretch forces and isometric contraction
forces. Fourth, we integrated commercially available media
sensors for pH, dissolved oxygen, temperature, glucose, and
lactate. Fifth, we designed a system that had a translucent
port for imaging the tissue via an external monitoring cam-
era. Finally, we developed a fixed-volume media exchange
system, which could be triggered manually or timed via a
system clock and relays.

By combining these capabilities, we have created a user-
friendly and standardized culturing system that reduces the
risk of contamination by automating essential tasks through-
out the culturing period and utilizes several subsystems for
the effective culturing of tissue constructs that require uni-
axial durability or force generation, or both.
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2 Materials and methods
2.1 Bioreactor design and fabrication

2.1.1 3D-printed bioreactor housing

All components for the complete system assembly were de-
signed using the SolidWorks 3D CAD (Hawk Ridge Sys-
tems, Mountain View, USA), exported in the stereolithogra-
phy (SLA) format, 3D-printed with Biomed Clear Resin
(Formlabs, Somerville, USA; a commercial biocompatible
photopolymer resin) using a Formlabs SLA desktop 3D
printer (Form 3B, Formlabs, Somerville, USA), and washed/
cured according to the manufacturer’s guidelines.

The bioreactor culture box had three moveable shafts
connected to the actuators via three holes in the rear wall,
limiting the effective maximum volume to 600 mL. In addi-
tion, 250 mL of media were needed to submerge the tissues
in culturing experiments when anchored to tissue grippers.
A 9.5-mm-thick polycarbonate sheet with ultra-violet (UV)/
scratch resistance was cut into two trays to place the biore-
actor module and the sensor loop on the top using 3D-
printed snap-fit connectors. The module was designed to fit
inside a compact cell culture incubator (MCO-50AIC,
PHCbi, Wood Dale, IL, USA), which maintained a consis-
tent temperature at 37 °C and CO; content at 5%.

Due to the availability of digital communication ports,
Arduino ATmega2560 microcontrollers (Arduino, Monza,
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Italy) were used as the main microcontroller system. All wir-
ing was polyvinyl chloride (PVC)-insulated copper conductors.

2.1.2 Integration of the mechanical stimulator

Individual mechanical stimulation patterns in each lane of
the bioreactor were generated by placing three compact
standard NEMA 11 stepper motor chassis with ball-screw
mechanisms (I-mm pitch, 200 steps/revolution, and 1.8°
step angle) and 1 kg maximum load ratings (ASIN#
BO87NMCGPV, Amazon.com, Bellevue, WA, USA) inside
the 3D-printed actuator housing, loading with encoders on
the ends, and fixing to the base with M3 screws (Fig. 1a).

In addition, three commercially available evaluation boards
(EasyDiriver, Sparkfun Electronics, Niwot, CO, USA) with a
motor driver (A3967, Allegro Microsystems, Manchester,
NH, USA) were used to run the step-motors, provide digi-
tally programmable controls for the movement profile and
microstepping resolution, and provide a step pulsing proto-
col capable of microstepping up to 1600 steps per revolution.

Based on the motor ratings, the span screw on the boards
was used to tune the current limit to prevent the motors
from overheating. The motors, rated at 600 mA, were safely
paired with a driver chip of a maximum of 750 mA of cur-
rent through the motor.

A variable resolution absolute encoder (CUI Devices,
Lake Oswego, OR, USA), with up to 4096 pulses/mm, was
fixed to the 3D-printed element of each motor to measure
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Fig. 1 Mechanical stimulation system. (a) Three individually configurable stretch systems were designed using three stepper motors with ball-
screw guides. (b) Integration of a movement encoder. (¢) Two movement protocols and their respective strain rates over time for cyclic strain

and stepwise strain, as read by the encoder
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the movement in steps and to record and verify the strain,
strain rates, and protocol timings in real time during the cul-
turing period (Fig. 1b). Based on the resolution needed and
the microstepping mode used, the encoder’s internal resolu-
tion of pulses per revolution could be increased or decreased.

The motor software used various parameters, such as the
length of the tissue construct and the maximum percentage
strain, to generate the strain amplitude. Also, the system
provided a mechanical stretch of at least 10% to a tissue of
up to 4 cm in length with a maximum actuator speed locked
at 20 mm/s.

Two protocols were generated to validate the complete
system (Fig. 1c). The first protocol was a cyclic strain with
operational inputs, such as frequency (Hz), to define the
speed and train time to calculate the number of stretch
cycles internally rounded to the nearest integer and wait
time between two training cycles. The second protocol was
a stepwise strain with a tunable step size as a percentage of
the original length and adjustable rest time between the
steps to generate a stress—relaxation testing system [47]. Fi-
nally, a program was developed to increase or decrease the
distance between the anchors for correct pretensioning.

2.1.3 Integration of the electrical stimulator

To provide electrical stimulation for tissue maturation or
muscle contractile force generation, we designed three pairs
of positive and negative male mini-banana connectors

(a) Pulse delivery system
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attached to the lid to transmit electrical stimulus pulses indi-
vidually to parallel carbon plates inserted under the lid via
platinum wires (Fig. 2a). The same polarity electrodes were
placed next to each other to minimize the cross-interference
of the fields [48].

The two carbon plate electrodes were kept 3 cm apart
and immersed to a depth of 1.5 cm in the culture media
when placed inside the culture chamber. The carbon elec-
trodes were detachable and could be removed when not in
use. A four-channel electrical stimulator (DMT, Ann Arbor,
MI, USA), with banana cables connected to three pairs of
connectors on the lid, was used to stimulate the muscle tis-
sues. MyoPulse software (DMT, Ann Arbor, MI, USA) was
used to control the stimulator functions, including pulse
width, frequency, amplitude, and train parameter protocols,
and could be triggered to start the channels individually or
collectively using the microcontroller of the bioreactor. The
digital output of the microcontroller was used as a trigger
signal received through the rear panel of the stimulator.

The pulse characteristics were verified by connecting the
fourth channel of the stimulator to a digital oscilloscope (Pico-
Scope, Pico Technology, UK) (Fig. 2b). Continuity testing of
the electrode circuit demonstrated a closed circuit when
placed in the media, and the current output was read through
the voltage drop measured across a 0.01% accuracy resistor,
which varied linearly with the stimulator voltage [35].
Biphasic pulses were delivered through electrode pairs
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Fig. 2 Electrical stimulation system. (a) Three pairs of carbon sheet electrodes are held in spacers from the lid. The transfer of pulses from a
pulse generator to the submerged electrode is simplified with the use of gold-plated mini banana connector pairs on the lid, with pairs inserted

as marked by “+” and “-”. (b) Integration of a DMT four-channel stimulator with simultaneous verification of the set pulse train characteristics
using the fourth channel; long-term culture protocol as captured by the digital oscilloscope. MCU: microcontroller unit
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placed parallel to the constructs [49]. Due to the limitations
of the stimulator, a constant voltage output at a maximum
of 30 V, or a maximum field strength of +10 V/cm, could
be applied across each lane simultaneously.

2.1.4 Integration of the force sensor

Three stainless steel uniaxial force sensors (Customized
LCM100, FUTEK, USA) with waterproof and corrosion re-
sistance properties were integrated into the system (Fig. 3a).
The in-line compression and tension sensors had M3 male
thread mounts at both ends. The body was locked inside a
3D-printed shell to minimize fluid contact with the cable,
and one of the M3 threads was mounted to the removable
base plate inside the culture chamber. The tissue gripper
was screw-mounted to the other M3 thread at the end of the
sensor. Then, the output was fed to a digital gain amplifier
with a high signal-to-noise ratio (USB520, FUTEK, USA)
and to the calibration and measurement software (SENSIT,
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FUTEK, USA).

The USB520 amplifier allowed for a 15-point (or lower)
calibration program to fine-tune the output for small force
readings, along with natural zero compensation, before put-
ting the sensor in the shell. Then, two sets of calibrations
were performed for the small and large force ranges, sepa-
rately. For each, the base plate mounted with a force sensor
was temporarily held vertically within a custom vise to
hang standard weights of 1-5 g for stepwise calibration of
up to 100 g. For calibration of small force measurements,
small calibration steps were achieved by adding small vol-
umes of water with a micropipette (PIPETMAN G, Gilson
Incorporated, Middleton, WI, USA).

The force-sensing resolution was defined by a small-
range calibration at a 100 uN step. The calibration result
was saved as a profile in the internal memory of the digital
amplifier. This practice would ensure accurate readings
when the results were tested against known standard weights
and pipetted water droplets. The theoretical resolution of
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Fig. 3 Incorporation of force sensor. (a) A miniaturized submersible in-line sensor was used to measure the force in each lane. Setup with fresh
rat EDL muscle anchored at tendons inside the bioreactor (b) and average peak force and percentage of maximum peak force per muscle, re-
corded at incremental frequency of stimulation (c). Setup with a hydrated fibrin gel scaffold (d) and the corresponding 1st Piola-Kirchhoff stress
vs. strain graph of cellular and acellular scaffolds (e). EDL: extensor digitorum longus
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our setup was calculated from the maximum capacity or
range of the force sensor divided by the bit resolution of the
analog-to-digital converter (ADC), yielding 0.53 uN for a
24-bit ADC. We assumed a water density of 1 g/mL to cal-
culate the force. The force sensor amplifier could save four
separate calibration curves in the electrically erasable pro-
grammable read-only memory (EEPROM) that could be
easily accessed and selected through the software. After
each sensor was calibrated, the base plate was fixed on the
bottom of the bioreactor chamber.

2.1.5 Integration of the sensor loop system

Cellular metabolites and the general condition of the environ-
ment inside the bioreactor were monitored by developing a
sensor loop that contained several single-use flow-through
sensors, which were connected to the bioreactor through a
perfusion loop system using a peristaltic pump (P625; In-
stech Labs, Plymouth Meeting, PA, USA) (Fig. 4a). All tub-
ing used was flexible processed tubing (C-FLEX Clear Pro-
cess tubing; Masterflex, Vernon Hills, IL, USA) with a 1/16-
inch inner diameter, and a PharMed BPT tubing (PharMed
Pump Tubing/P625; Instech Labs, Plymouth Meeting, PA,
USA) was used as the pump tubing. The flow-through sensor
ports were coupled to the tubing using polypropylene hose
barbs, Luer-locks, and valved quick disconnect body and in-
sert pairs (Colder Products Company, St. Paul, MN, USA).
When the perfusion ports of the chamber were panel-
mounted for quick disconnection, the tubing side of the in-
serts had a 1/8-inch flow diameter. Lastly, four media sen-
sors (for glucose, lactate, dissolved oxygen (DO), pH, and
temperature monitoring) were connected in a perfusion loop.

- Glucose-and-lactate sensor: A biosensor transmitter
(SIX-OEM; IST-AG, Toggenburg, Switzerland) with an
adapter for single-use sensors was connected to the mi-
crocontroller via a universal asynchronous receiver
transmitter to register readings from the glucose-and-
lactate dual sensor (BLV.5, Jobst, IST-AG, Germany).

- pH and DO sensors: Two fiber optic cable lines were
connected to the pH and DO sensors (Scientific Biopro-
cessing, USA), and data were saved via the USB soft-
ware (ID.Data-Hub, Scientific Bioprocessing, USA) us-
ing a Python library for integration purposes. The pH
and DO sensors were pre-calibrated and came with a
calibration code that could be manually entered through
the software.

- Temperature sensor: A single-use temperature sensor
(Pendotech, Princeton, NJ, USA) was placed in line with
the pH and DO sensors. The temperature sensor was
connected to a simple voltage divider circuit to read the
change in resistance in the thermistor-based flow. Data
were saved via analog input to the microcontroller.
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The sensing system was assembled on a polycarbonate
tray with all the components mounted on dedicated 3D-
printed holders. The bioreactor perfusion system (Fig. 4a)
had the flow line and the normally open and normally
closed (NO & NC) lines of the three-way pinch valves,
which could switch between the sampling solutions for the
glucose-and-lactate sensor. One end of the system had tub-
ing with a quick disconnect connector linking it to the biore-
actor (Fig. 4b). The tray held Dulbecco’s phosphate-buffered
saline (PBS) buffer (DPBS; Cytiva, Marlborough, MA,
USA) and a glucose/lactate calibration solution, which could
be a commercial standard (2747 Standard; YSI, Yellow
Springs, OH, USA) or serum-supplemented media used in
the experiment. These were loaded into two different bags
(100 mL 2D Labtainer; Thermo Fisher Scientific, Waltham,
MA, USA) for intermittent washing and calibration of the
glucose-and-lactate sensor. Two Omnifit polyether ether ke-
tone (PEEK), 10 um polytetrafluoroethylene (PTFE) low-
flow bubble traps (Diba Industries Inc., Danbury, CT, USA)
were fitted to prevent bubbles from entering the system
from these bags. The sensor loop system was set to with-
draw a fixed-volume sample of 200 uL from a desired
source. A small peristaltic pump placed at the end of the
one-way sensor loop could be switched to collect a sample
from a PBS buffer solution bag, a glucose/lactate calibra-
tion solution bag, a bioreactor media bag, or an incubator
air supply via three three-way solenoid pinch valves, which
were labeled PV1 to PV3 and activated by a microcon-
troller using a standard relay circuit (Fig. 4a).

Heat generation during prolonged operations was avoided
by placing a hit-and-hold circuit CoolCube (Cole-Parmer,
Vernon Hills, IL, USA) before the valves. Different liquids
were isolated without mixing using PV1 at the beginning of
the sensor loop to pull in the incubator air to separate the
different fluids going to the sensor. The flow rate was set to
1.6 mL/min without exceeding the limit of the glucose-and-
lactate sensor, which had the smallest flow rate limit among
all the sensors in the loop.

These fluids were received by the glucose-and-lactate
sensor, placed at-line, followed immediately by an ultra-
sonic liquid-bubble sensor (AE301, Panasonic Industrial
Automation, Newark, NJ, USA) before reaching the peri-
staltic pump. To avoid timing errors in fluid sampling
caused by differences in tubing length between experi-
ments, the no-contact liquid-bubble sensor was used to help
automate fluid movement in the sensor loop by non-
invasively detecting the presence and absence of liquid in
the latched tubing. The tubing downstream from the pump
was connected to a plastic waste container.

Altogether, we designed the system for semi-continuous
monitoring to minimize the exposure of the glucose-and-
lactate sensor in highly concentrated glucose media, which
could degrade the sensor performance during long-term
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operations [50]. A buffer (PBS) wash system was added to
rinse the residual media from the sensor loop tubing. A cali-
bration solution containing fresh, complete media with known
glucose and lactate concentrations was sampled to calibrate
the sensors after a user-defined number of rounds. For accu-
racy in automatic calibration, the initial glucose-and-lactate

content in the complete media was measured using the
CEDEX Bioanalyzer (Roche Diagnostics, Switzerland). The
system autonomously selects the sample sources, i.c., the
bioreactor media, PBS washing buffer, or calibration solu-
tion, with air gaps to prevent liquid collapse. It recorded
glucose-and-lactate concentrations by pre-defining variables,

@ Springer



318

Bio-Design and Manufacturing (2025) 8:310-330

such as measurement intervals, counts before re-calibration,
known concentrations in the calibration solution, plateau
time, and data averaging duration before file recording.

Media withdrawal from the bioreactor for sensing was
optimized by making the liquid-bubble sensor’s ON and
OFF outputs function as triggers to start and stop the pump
and switch relays running the solenoid valves. Rather than
relying on the timer, the perfusion system could define func-
tions, such as “wait till ON” or “wait till OFF,” to automate
the movement of the sampled fluids. The appropriate stop-
page of each fluid at the required location and the measure-
ment and recording thereof within the perfusion loop were
programmed based on the maximum time for the individual
sensors to reach 95% of the final response value. This time
was examined by studying the reaction time by exposure to
different analyte solutions for each sensor.

The ability of this system to consistently provide accurate
repeated readings was tested by performing a three-day sen-
sor monitoring study with media without cells, and data were
collected every 3 s for 72 h (Fig. S1 in the supplementary
information). For calibration solutions, 10 mmol/L. glucose
and 5 mmol/L lactate solutions were used, and high-glucose
Dulbecco’s modified Eagle medium (DMEM; 25 mmol/L
glucose and 0 mmol/L lactate; Sigma-Aldrich, St. Louis,
MO, USA) was used in the bioreactor at 37 °C and 5% COs.

Although the calibration solution was sampled each time,
the calibration of the sensors was only performed at the be-
ginning of the experiment to check for changes in the raw
reading of the calibration solution over time, which indi-
cated potential sensor degradation. Every hour, the first ob-
served plateau represented the known glucose and lactate
concentrations in the calibration solution. The second pla-
teau measured glucose and lactate from the bioreactor me-
dia. The first sensor exposure was to air, which showed no
reading (yellow), followed by a PBS wash (blue), air (yel-
low), and the calibration solution (green). This cycle was
then repeated to test the bioreactor media (Fig. S1 in the
supplementary information). The data described above were
plotted by matching the peaks in the first 8 min of the
hourly exposures using a custom Python code. The peaks
matched at the zero-point were shown to overlap (Fig. S1 in
the supplementary information).

The amount of time the sensors took to return to baseline
between consecutive readings was determined using a pre-
determined concentration of solute, followed by air (ob-
served as sudden peak to saturation), PBS (fall to baseline),
and air before the same concentration of solute was again
added (Fig. S1 in the supplementary information).

Next, 2D-cultured C2C12 skeletal muscle cells were used
to further test the functionality of the sensor loop system by
measuring the culture-induced media changes.

The last component to be assembled was the media ex-
change system, which had two peristaltic pumps (KDM-OCM,
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Kamoer, China) for media aspiration and replacement, sepa-
rately (Fig. S2 in the supplementary information). The first
pump connected the bioreactor housing to a media waste
bag (2000 mL 2D Labtainer, Thermo Fisher Scientific) for
removing old media, and the second pump was for transfer-
ring media from the fresh media bag (250 mL 2D
Labtainer, Thermo Fisher Scientific) to the culture chamber.
The waste media bag and the media exchange pumps were
placed outside the incubator with the tubing passed through
the rear access hole of the incubator. Both pumps were con-
trolled using physical ON/OFF buttons, calibrated for flow
rates, and set to 100 mL/min for withdrawal and 40 mL/min
for refill. The refill rate was selected for a fast media ex-
change without disturbing the tissue-engineered construct.

2.1.6 Integration of the imaging system

The lid of the bioreactor system was designed with three
rectangular ports, and a glass microscope slide was secured
into each for imaging the construct in real time. The USB-
16MP (Arducam, China) low-light camera assembly con-
sisted of a 1/2.8-inch 16MP IMX298 image sensor secured
within a 3D-printed case. The entire assembly was placed
on top of the culture chamber lid facing the culture lanes, al-
lowing for imaging through the glass slide window. An ad-
justable light source was positioned below the bioreactor
tray for capturing images and videos.

2.2 Functional validation of the uniaxial
bioreactor system

2.2.1 Native rat muscle tissue model

Freshly excised rat extensor digitorum longus (EDL)
muscle was used in the system validation studies using a
strategy similar to force-sensing studies with an organ bath.
Fresh EDL muscles were harvested from Wistar rats weigh-
ing approximately 400 g following euthanasia and stored in
Ringer’s solution (0.125 mol/L. NaCl, 1.5 mmol/L. CaCl; di-
hydrate, 5 mmol/L KClI, and 0.8 mmol/L. NaPO4 dibasic) at
4 °C. In the force-sensing validation experiments, the ten-
dons at each end of the EDL muscle were aseptically se-
cured to tissue grippers in the culture chamber, with one
end affixed to the force sensor and the other attached to the
linear actuator. The muscles were cultured in high-glucose
DMEM with 2% horse serum. The muscles (n=5) were
electrically stimulated under isometric conditions at discrete
frequencies of 1, 20, 30, 60, 100, 140, and 160 Hz, and
peak forces for each frequency were plotted for each
muscle. For each group, 1 min of force measurement was
recorded, and data for the peak force were calculated from
the region of train stimulation by the averaged peak-to-peak
difference. To normalize the contractile forces to account
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for the natural variations among muscles and differences in
harvest to testing time between the muscles, we assumed
the peak force for that muscle to be 100% at whichever fre-
quency that might have occurred to visualize the trend of
the generated contractile force. We further collected video
records of muscle contractions, such as those at 1 Hz
(Video S1 in the supplementary information).

For tissue survival testing, newly excised rat EDL
muscles were loaded into two separate bioreactors for elec-
trical and mechanical stimulation, respectively. The EDL
tissue specimens were collected from the rats euthanized un-
der an existing Wake Forest University Institutional Animal
Care and Use Committee (IACUC) approved protocol
(A20-147). The mechanical stimulation protocol for the
muscles consisted of a 5-min stimulation and a 55-min rest
per hour over 3 d. Each stimulation period consisted of 10%
cyclic stretch for 20 s at a strain rate of 1 Hz and 1 s rest in
between each stretch, making an effective frequency of
0.5 Hz, similar to other studies done on skeletal muscle tis-
sues [51, 52]. The electrical stimulation protocol consisted
of 3 V/cm electrical pulses with a pulse width of 0.3 ms, a
frequency of 70 Hz, and a pulse train period of 400 ms; this
was repeated every 1.6 min for 3 d. Three pieces of freshly
excised EDL muscle tissue were used as the fresh control
group (Fresh). The static control (Control) muscles were
placed into the bioreactor culture chamber without anchor-
ing to the tissue grippers and left to float freely. After 3 d of
culture, all muscles were collected and fixed with 10% neu-
tral buffered formalin for processing and histological assay.
After fixation, the muscles were paraffin-embedded, sec-
tioned, and stained with hematoxylin and eosin (H&E) and
Masson’s trichrome. All sections were imaged using an
optical upright microscope (BX-63, Olympus Life Science
Solutions, Japan), and the images were quantified using Im-
ageJ (NIH, Bethesda, MD, USA).

2.2.2 Tissue-engineered muscle construct model

C2C12 myoblast cells (American Type Culture Collection,
Manassas, VA, USA) at Passage 6 or lower were used, cul-
tured in a growth medium (low-glucose DMEM and 10%
fetal bovine serum), to generate tissue-engineered skeletal
muscles. The engineered muscle mold was designed using
SolidWorks (Hawk Ridge Systems, Mountainview, CA,
USA) and manufactured using a Form 3B 3D printer (Form-
labs, Somerville, MA). The 3D-printed mold consisted of a
base piece with anchoring pillars, a middle well element, and
a top lid element (Fig. S3 in the supplementary information).

The engineered muscle was fabricated in the mold using
a gel-based casting method. Briefly, the base and middle
well pieces were assembled, and two 4 mmx8 mm polyeth-
ylene cutouts with pore sizes of 45-90 pm (SP Bel-Art Frit-
ware, Warminster, PA, USA) were inserted through the

pillars of the base element, followed by the addition of a
fibrin/cell mixture with a cell density of 5%10° cells/mL in
DMEM supplemented with 10 mg/mL fibrinogen, 10 U/mL
thrombin, 0.08 mg/mL aprotinin, and 50 ng/mL insulin
growth factor. The engineered muscle constructs were po-
lymerized after adding thrombin to the fibrinogen/cell mix-
ture in the molds inside a culture hood for 10 min before
equilibration inside the incubator for another 50 min. After
the gel was polymerized, 1 mL of growth medium was
added to the molds before covering them with the lid. The
gels were cultured for 2 d.

A total of nine pieces of C2C12-encapsulated engineered
muscle were produced and assigned to three separate
groups: the Control group (rn=3), the mechanical stimula-
tion (MS) group (n=3), and the electrical stimulation (ES)
group (n=3). The control samples were placed inside the
bioreactor but did not receive any stimulation. The stimula-
tion settings of the MS and ES groups were the same as
those for the three-day culturing experiment with rat EDL
muscles. All groups were cultured inside the bioreactors for
14 d in differentiation media.

2.2.3 Tissue evaluation

The tissue mechanical properties of the scaffolds, in the
presence or absence of cells, were determined using a step-
wise strain protocol with a maximum of 10% strain to avoid
plastic damage and tissue deformation. The 1st Piola-
Kirchhoff stress (1-PK stress) was calculated by assuming a
constant cross-section measurement from the initial mold
design. The cross-sectional area (CSA) could be input into
the system from the mold design, displaying 1-PK stresses
in real time. Video recording for this evaluation is avail-
able for cellular grafts (Video S2 in the supplementary
information).

The morphology of the tissue-engineered muscles was
evaluated after a 14-day differentiation period. Tissue trans-
parency was observed by placing the engineered muscles
on a liquid crystal display (LCD) panel (LightPad-Go;
Cricut, South Jordan, UT, USA) with the same backlit light
density. Then, the engineered muscles were loaded into the
base element of the mold with the two sets of pillars to ob-
serve their lengths after stimulation compared with their
original lengths.

After macrostructural evaluation, all engineered muscles
were processed for histology and immunostaining. Briefly,
the samples were fixed with 10% neutral buffered formalin
at room temperature for 1 h and washed with PBS. The cen-
tral region of each fixed sample, approximately 5 mm in
length, was excised for immunostaining. Then, the samples
were treated with 0.2% Triton-X in PBS for 5 min, rinsed
with PBS, and blocked with 1x protein block (AB126587;
Abcam, UK) for 20 min. Next, the samples were incubated
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with primary antibodies against myosin (MF20; Invitrogen
Antibodies, Carlsbad, CA, USA) and desmin (AB32362;
Abcam, UK), separately, at 4 °C overnight. On the next
day, the samples were washed with PBS and incubated with
a secondary goat anti-mouse IgG antibody conjugated with
Alexa Fluor 488 (A-11001; Invitrogen) or a goat anti-rabbit
IgG antibody conjugated with Alexa Fluor 568 (A-11036;
Invitrogen) at room temperature for 30 min. After a final
wash with PBS, the samples were mounted in an anti-fade
mounting medium with 4',6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Newark, CA, USA) and im-
aged using confocal microscopy. ImageJ was used to quan-
tify the myotube length and width and nuclei per myotube.
The fusion index was defined as the percentage of the nu-
clei fused into myotubes per total number of nuclei in a
field of view.

2.3 Statistical analysis

Students’ -test was used to establish the significance of dif-
ferences in the quantification results for the EDL and engi-
neered muscle experiments. A p-value of less than 0.05 was
considered significant.

3 Results

3.1 Bioreactor system assembly

Two sets of trays were designed for the bioreactor and sens-
ing modules of the full system (Fig. 5a) with their inputs/

outputs and controllers (Fig. 5b). The bioreactor tray,
which accommodated the bioreactor culture chamber,

was successfully integrated with the mechanical stimula-
tion system, force sensors, and electrical stimulation elec-
trodes. The sensor module tray included the pinch valves,
media sensors, biosensor transmitter, liquid-bubble sensor,
and fluid bags containing PBS and the calibration solution.
The materials used in all system parts were selected to be
microbe-resistant and non-leaching. In the end, the two trays
were found simple to assemble in a sterile hood and easy to
handle for assembly within the tissue culture incubator.

3.2 Mechanical and electrical stimulation

A mechanical stimulation subsystem was designed with
real-time feedback-capable movement that could be defined
via customized protocols. The system provided high-
resolution steps and an encoder to acquire accurate move-
ment data. The motor driver allowed for real-time access to
changing the microstep function and sleep and step profiles
without changing the physical setup.

Two stimulation profiles were generated to test the cyclic
stimulation and material properties. In addition, data were
collected every 10 min from the encoder, according to the
two tissue stimulation protocols (Fig. 1c). The feedback
curves for the culture and stepwise strain protocols showed
no observed error in the stepper’s movement, as defined in
our studies.

Carbon electrodes are an excellent option for electrical
stimulation delivery because they are biocompatible and do
not leak cytotoxic byproducts during high-level electrical
stimulation over long culturing periods [53, 54]. The
electrodes were placed parallel to the long axis on both
sides of the muscle tissue, creating an electrical field
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perpendicular to the construct [49]. The parallel plate elec-
trode configuration allowed for the generation of a straight
field line in 3D tissues, performing better than rod-shaped
electrodes. The capacitive field aligned the cells perpendicu-
larly to the field in the direction of the long axis. The volt-
age and current were tested using the system placed in the
media. The pulse protocol was used for the culturing and
excitation of the EDL muscle for contractile activity testing
(Fig. 2b). The availability of more than one stimulation
channel enabled the simultaneous study of multiple tissues
in the bioreactor. The ability of the microcontroller to start
the defined pulse protocol enabled studies that had in-phase
and out-of-phase co-stimulation from electrical stimulators,
such as those used in this study [55].

The calibration of the force sensor in the vertical orienta-
tion was performed inside an incubator at 37 °C. The maxi-
mum force measurement of the sensor was 1 kg-force or
around 9.8 N. Owing to noise, the low-force calibration pro-
file ensured a resolution of 50 uN. The force sensor inte-
grated into the bioreactor could withstand multiple cycles of
sterilization and long-term use submersed in the tissue cul-
ture media.

3.3 Automated sampling, calibration, and
sensor loop system

An automated sampling and sensor calibration system was
developed to monitor the metabolic activity of the cultured
tissues and the general culturing environment within the
bioreactor. The initial glucose and lactate contents, as mea-
sured by the Bioanalyzer, were 23.42 and 1.89 mmol/L, re-
spectively, which could be attributed to the addition of 10%
serum.

A 2-min period was determined to be required for reach-
ing a final, stable measurement from the beginning to the
time of reaching the plateau of interest (Fig. S1 in the
supplementary information). The time required was 20 s for
the temperature sensor and 10 min for the pH and DO sen-
sors. Thus, the sensor loop was designed to have a mini-
mum measurement cycle of 11 min. The system automati-
cally recalculated the calibration gains for the output by au-
tomatically sampling the calibration solution before each
measurement, thereby providing accurate readings even as
the performance of the sensors degraded over time.

By design, the sensor system could read temperatures be-
tween 20 and 45 °C due to the resistor configuration used to
increase sensitivity in the range of interest. In addition, the
measurement of glucose and lactate concentrations ranged
within 0-25 and 0-12.5 mmol/L, respectively. Moreover,
the range of the pH sensor was limited to 6-8, as cell cul-
tures were almost exclusively maintained within this range.
Additionally, the range of DO that could be monitored was
0%—21%. Lastly, the percentage error range of the sensor

hardware, as listed by their manufacturers, was within the
scope of our experiments.

Finally, the five sensors in the sensor loop system suc-
cessfully monitored the dynamic culture environment of the
2D-cultured C2C12 cells, validating the system’s intended
purpose of supporting clinical manufacturing quality con-
trol (Fig. 6). A media change was performed at 40 h; after-
ward, the glucose concentration and pH increased, the lac-
tate concentration decreased, and the temperature and DO
levels did not change.

3.4 Bioreactor system validation using native
rat muscle tissues

The pulse protocol was used for the culturing and stimula-
tion of EDL muscles for contractile activity investigation
(Fig. 2b). Since our system had a fixed width between the
electrodes, the force output for the five muscle samples
tested showed an incremental peak force relative to the in-
creasing frequency. The absolute forces at each frequency
and the normalized average percentage peak force of these
values for each frequency were measured (Table 1). For
most muscles, the peak force dropped after 100 Hz
(Fig. 3c). The resolution of the force readings was sufficient
to determine the twitch and tetanic contractions at different
stimulation frequencies (Fig. 3c and Table 1).

The mechanical and electrical stimulation systems func-
tioned properly as expected, with no contamination of the
bioreactor culture occurring for 3 d. The morphology of the
muscle tissues was examined after 3 d of culturing in the
bioreactor under free-floating (Control), MS, or ES condi-
tions. The gross morphology of the muscles in the Control
group had a reduced CSA and overall length compared with
that in the MS or ES group (Fig. S4 in the supplementary in-
formation), suggesting reduced atrophy in the stimulated
muscles. This result was confirmed by H&E and Masson’s
trichrome staining of these muscles (Fig. 7a). Unstimulated
muscles showed large, rounded myofibers, many of which
lacked nuclei and contained vacuoles, indicating myofiber
necrosis. The number of myofibers per field of view was
significantly lower in the Control group than that in freshly
excised muscles (Fresh) as well as in the MS and ES groups
(Fig. 7b). The CSA of the myofiber in the Control group
was also significantly larger than that in the Fresh, MS, and
ES groups (Fig. 7c). The nucleus count per field of view
(Fig. 7d) was significantly lower for all the other three ex-
perimental groups than the Fresh group, with the Control
group having the lowest nucleus count. Similar to the case
of CSA, the circumference of the Control group was signifi-
cantly larger than that of the Fresh, MS, and ES groups
(Fig. 7e). With the CSA and perimeter data, the circularity
of the myofibers could be calculated using the formula 4mXx
CSA/perimeterz. Myofibers from healthy skeletal muscle
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Table 1 Absolute force and average percentage peak force of the
EDL muscle tested for contractile activity (n=5)

Stimulation (Hz) Absolute force (gf) Average percentage peak

force (%)
1 1.16+1.06 15.5+14.10
20 3.10+2.13 32.1+7.80
30 6.33+2.13 59.9+12.80
60 9.72+7.71 92.8+7.30
100 9.82+7.39 96.2+5.70
140 7.33+5.01 75.3+£10.90
160 5.91+3.07 68.7+22.30

EDL: extensor digitorum longus; gf: gram-force

tissues are polygonal, and necrotic myofibers become more
rounded. Here, the data showed that the MS group better
maintained the normal geometry of the myofiber compared
to the Fresh group, whereas myofibers in the ES and
Control groups were more rounded (Fig. 7f). These data
suggested that mechanical stimulation might better pre-
serve muscle tissue viability under the bioreactor culture
conditions.

3.5 Bioreactor system validation with a
tissue-engineered muscle construct

The ability of the bioreactor system to enhance the differen-
tiation of tissue-engineered skeletal muscle constructs was
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also tested. After 14 d of culturing in the bioreactor system,
the electrical and mechanical stimulation systems func-
tioned normally without culture contamination. In addition,
all engineered muscle samples in all experimental groups re-
mained intact without any visible degradation.

All samples were evaluated macroscopically under a
backlit light panel for comparison of translucence; a con-
struct with higher optical density would suggest increased
cell proliferation within the construct. In addition, an appro-
priately matured construct would be stiffer and show less
sagging when held in a relaxed state under the same gravity
field [56]. Here, the muscles from the ES group were more
opaque under backlighting and shorter than those from the
Control or MS group (Fig. 8a). Also, muscle tissue shrink-
age and maturation after 14 d of culturing in differentiation
media were comparable to those observed in previous stud-
ies [57, 58]. The diameter of the muscle in the ES group
was smaller than that of the other groups (Fig. 8b). In addi-
tion, muscle constructs from both the MS and ES groups
were stiffer than those from the Control group (Fig. 8c).

Morphologically, engineered muscles exposed to electri-
cal stimulation had nuclei and elongated myotubes, indicat-
ing increased cell proliferation and differentiation (Fig. 9a).
The muscle constructs from both the ES and MS groups
had longer myotubes than those from the Control group
(Fig. 9b), but the width of the myotubes in the ES group
was thinner than that in other groups (Fig. 9¢). These data
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suggest that the myotubes in the muscle constructs exposed
to electrical stimulation had a thinner and more elongated
morphology than those in the Control or MS group.

On the other hand, the nucleus number per myotube, or
fusion index, may be determined using DAPI and myosin
heavy chain (MHC) staining. The immunostaining result of
samples stained with DAPI and MHC showed that both the
ES and MS groups had significantly higher nucleus count
per myotube than the Control group, with the ES group
having the highest nucleus count (Fig. 9d). Likewise, the
ES group had the highest fusion index compared to the

other groups (Fig. 9e), suggesting that electrical stimulation
might provide a better differentiation stimulus than mechani-
cal stimulation, although both stimulation protocols resulted
in a higher fusion index compared to the static control.

4 Discussion
The development of a novel uniaxial bioreactor was guided
by the objective of creating a user-friendly and multifunc-

tional system with high-throughput feedback capabilities for
the long-term tissue culture, tissue maturation, and support
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is n=3 for each group, *p<0.05. DAPI: 4',6-diamidino-2-phenylindole

of a functional cell phenotype. We achieved this by using a
medical-grade photopolymer resin to design a leak-proof
bioreactor chamber box assembly, into which the compo-
nents and actuation elements could be snap-fit. This ap-
proach offers advantages, such as less time needed for fabri-
cating new prototypes, accelerated implementation of new
components, and efficient testing of strategies to enhance
the overall structural integrity and utility of the bioreactor.
While other bioreactors have been developed with materials
such as polycarbonate [20], glass, plastics, or elastomers
like acrylonitrile butadiene styrene (ABS) or polydimethylsi-
loxane (PDMS) [32], manufacturing processes using these
materials are often costly, time-consuming, and have lim-
ited design flexibility. In contrast, additive manufacturing
allows for the production of specifically designed compo-
nents that would otherwise be challenging to manufacture.
Future improvements could include using 3D-printed actua-
tion elements made from stainless steel or more durable
resin, which would increase the performance and strength
of the moving parts. Lastly, a total of three tissue samples
can be simultaneously cultured dynamically with or without
other sensors described in this paper. Due to the volume ca-
pacity of the 3D printer utilized in this study, we decided on
a three-lane system.

Regarding mechanical stimulation, this bioreactor system
features independent cycle programming, parametric strain
protocol definition, software handling of microstepping, and
encoder feedback, enabling precise control and customization
of the mechanical stimulation. For our study, we opted not
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to use sine waves for strain cycles to keep the strain rates
constant [59], although our system is compatible with this
approach. Commercially available systems [60] are costly
and limited in the types of tissue geometry and scaffolding
biomaterials that they can accommodate.

The integration of a force sensor into the system enabled
the measurement of the contractile force (Fig. 3¢c), the non-
destructive quantification of the mechanical properties
(Fig. 3e), and the force feedback during the dynamic strain
conditioning (Fig. S5 and Video S3 in the supplementary in-
formation). Two experiments were performed to validate
the functionality of the force sensor. First, the rat EDL
muscle tissue was used to determine the isometric twitch
and tetanic contractile forces at different frequencies of elec-
trical stimulation. The force output during the stretch, the
3D morphology of the cross-sectional areas over time, and
the applied strain were determined at each time point for a
more comprehensive mechanical property characterization.
In the second validation experiment, the material properties
of the cellular and acellular engineered muscle scaffolds
were characterized, and the peak forces were measured
from the force feedback of strain cycles of different maxi-
mum strain percentages. In addition, including a force mea-
surement system expanded the capabilities of the bioreactor
to measure the forces exerted by the tissue during mechani-
cal or electrical stimulation, providing valuable insights into
tissue differentiation and maturation. Using freshly excised
EDL muscles, the system’s functionality upon fixed volt-
age field stimulation and force measurements of contractile
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responses was verified, and the contractile responses in five
muscle samples tested showed moderate variability relative
to muscle volume. However, the overall trend with increas-
ing frequencies showed a pattern of response similar to
those previously reported [37, 61, 62].

In addition, to determine the functionality of tissue-
engineered muscle constructs, force sensing can be utilized
for testing in situ scaffolds by combining it with a stepper
motor program to generate force—displacement curves. These
data, along with information on tissue geometry, can be
used to calculate the stress—strain/stiffness curve for the wet
testing of mechanical properties [63]. Also, force sensing
helps resolve the issue of achieving uniform pretension load-
ing of the scaffolds. This is done by monitoring the force
generation curves with a small incremental strain, starting
from a zero-force sagging position and moving the tissue
holder away while measuring the force [20]. Having a read-
out of the stretching force in real time can provide informa-
tion on changes in the material properties of the construct
after many stretch cycles. Force sensors within the bioreac-
tor can also assist in the comparison of an engineered con-
struct with native tissue, such as freshly excised muscles.

Additionally, an essential aspect of the pretensioning sys-
tem is relevant to both the dynamic [20] and isometric force
testing [61] of muscle tissues. Researchers have used a sys-
tem for adjusting the initial length or initial tension for each
muscle sample, where the tissue constructs must be placed
in the bioreactor to extend to their greatest lengths without
being stretched. The development of these pretensioning
systems arose due to the challenge of having a single motor
to actuate multiple tissues. Here, we have implemented a
simple “pretensioning” system directly into our system by
independent software control of the motors for each lane. A
desired pretensioning length was achieved non-invasively
by commanding each idle motor to step back or forward a
given length to adjust the tension prior to the acquisition of
force measurements (Fig. 3). For testing the material proper-
ties with or without cells, the motor was programmed to
stop at a specific time before the next step, considering the
stress relaxation. Due to the incorporated microstepping, we
could accurately define small stretching steps of 0.5% in
0.1 s for mechanical testing without motor artifacts interfer-
ing with force sensor readings, which was an issue in other
studies [63]. Finally, taking our engineered muscle casting
method into account, the known initial CSA of the muscle
construct and real-time stepping information within the
code can be used to directly generate output stress—strain
curves in real time.

Here, the validation tests have demonstrated that this sys-
tem can read forces accurately across wide ranges, can be
fine-tuned or calibrated for specific use cases, and can be
saved for end use in the reprogrammable read-only
memory. Previously, the direct sensing of the contractile

force was achieved using in-line [64] and bending beam
force sensors [20] with very high sensitivity [65]. Since tis-
sue sizes may vary depending on the user application, a sen-
sor with high corrosion and water resistance and reliable
measurements over wide ranges was developed. Here, we
have successfully demonstrated how the incorporated force
sensors can be utilized for different purposes (Fig. 3 and
Fig. S5 in the supplementary information). The force-
sensing capability of our bioreactor can also be used to pro-
gram an alarm system, which will be activated if the tissue
is detached from the holder or becomes misaligned, as indi-
cated by no or significantly lower change in force when the
same strain is re-applied in subsequent cycles. This func-
tionality can provide an additional safeguard for timely in-
tervention if any issues are detected during the experiment.
In the future, a more sensitive micronewton force sensor
can be easily incorporated to gather cell-level force data.

An electrical stimulator was incorporated into the biore-
actor system by considering factors such as electrode mate-
rial and geometry to develop a non-cytotoxic, non-
corrosive, and sterilizable system that would produce a
straight field stimulus generated over the desired fluid vol-
ume. The detachable electrode holders designed for the de-
vice could be easily reconfigured to adjust the shape of the
field. Given the importance of maintaining a uniform elec-
tric field throughout the tissue, integrated plate electrodes
were used instead of rod or point electrodes, ensuring a uni-
form unidirectional field distribution and supporting a more
uniform and consistent electrical stimulation across the tis-
sue. It is important to maintain a uniform electric field for
testing contractile activity and development of the stimu-
lated tissue [66—68]. Further, in-phase or out-of-phase elec-
trical and mechanical co-stimulation studies [55] can be eas-
ily performed in this system, as the initiation of the electri-
cal pulse can be triggered before, during, or after the corre-
sponding mechanical cycle. A variety of strain protocols
combining the two stimuli can be generated.

Monitoring the physiological conditions within the tissue
culture is critical [69-71]. DO, pH, glucose, lactate, and
temperature sensors provide real-time data on the essential
parameters that influence the structure and functionality of
a maturing tissue construct. Here, the reliability of the re-
peated measurements in this system was demonstrated by
performing peak matching. As a result, the slight timestamp
drift when using a low-frequency microcontroller for long-
term continuous testing can be avoided. Our data indicate
that our sampling system reliably automated the correct
fluid routing to the sensors (Fig. S1 in the supplementary
information). Sensor degradation over time was expected
for the glucose-and-lactate oxidase-based sensors due to the
reactions that generate the output current. The 72 sampling
cycles presented in the results showed negligible changes in
the readings from the calibration solution, confirming that
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the sensor system could be used for more extended cultur-
ing using independent re-calibration.

Finally, the sensor loop system displayed stable and sig-
nificant readings in the small-volume experiments using
C2C12 cells, validating the functionality of the bioreactor
for cell manufacturing (Fig. 6). The sensor loop system de-
scribed in this study will enhance the repeatability and reli-
ability of the experimental results in translational research
and contribute to the automation of quality control in clini-
cal manufacturing.

Regular media exchange has always been a challenge for
the long-term culturing of cells and tissues. Laboratory and
commercial media exchange systems typically use two
pumps for small [72] and large [73] culture volumes, re-
spectively (AMX, Agilent Biotek, Winooski, VT, USA).
Our system was designed to maintain a constant culture me-
dia volume by utilizing a commercially available single-
channel stepper motor-based peristaltic pump with a multi-
functional driver board. This setup provides easy control of
the pump speed, frequent flow rate calibrations, and easy in-
tegration with the larger bioreactor system. Additionally,
threshold sensor outputs can be programmed to trigger me-
dia exchanges automatically. The pump driving the sensor
loop and the media exchanger in our system are panel-
mounted, reducing the device footprint. The commercial
media exchange systems designed for research laboratory
use are generally much more costly than the system we
have developed.

Rat EDL muscles were used to validate both mechanical
and electrical conditioning within the bioreactor. Although
the excised muscle degraded rapidly, histological analysis
indicated that tissue morphology was maintained for 3 d of
bioreactor culturing (Fig. 7). Skeletal muscle explants for
ex vivo studies have been used to elucidate muscle anatomy,
physiology, and function [74]. It is challenging to keep ex-
cised muscles viable in a long-term culture because of limit-
ing factors, such as a lack of active perfusion through the
supporting vasculature [74, 75]. Muscle degradation can be
slowed down, as evidenced by the better-maintained muscle
morphology in the MS or ES group compared with the Con-
trol group in our EDL explant viability study. However,
degradation during the ex vivo culture of the muscle ex-
plant was still inevitable owing to its dense, compact struc-
ture and the lack of the original intact vasculature for active
perfusion. This finding demonstrates the ability of the biore-
actor system to preserve normal tissue structure and prevent
degradation by applying electrical or mechanical stimula-
tion, or both.

The bioreactor system was also validated for its ability
to stimulate the differentiation and maturation of skeletal
muscle tissue constructs over 14 d. C2C12 cells differentiate
and form myotubes when they have been cultured for
10-14 d [29, 76-82]. Here, myogenic C2C12 cells were
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embedded in fibrin and cast into a mold [29, 43, 46, 55, 77,
81, 83-86]. The stimulated constructs demonstrated in-
creased myotube formation compared with the Control
group (Fig. 9); this finding was similar to the results of
other research groups. For example, Aguilar-Agon et al. cul-
tured engineered muscle for 14 d, followed by 15% me-
chanical stimulation, and reported that mechanical stimula-
tion induced hypertrophy and improved the force production
of the engineered muscle with evidence of wider myotubes,
more nuclei per myotube, and a higher fusion index [29]. An-
other study [80] applied 10% static or dynamic strain during
differentiation for 7 d and concluded that myotube matura-
tion increased in the mechanically stimulated group, as evi-
denced by an increase in myotube-associated nuclei and
larger myotube diameter compared with the unstimulated
controls. According to Khodabukus et al., electrical stimula-
tion promoted human muscle hypertrophy, structural organi-
zation, myotube maturation, force generation, and meta-
bolic flux when applied from Day 7 to Day 14 during differ-
entiation [82]. Under electrical stimulation, the experimen-
tal group showed increased formation of myotubes that were
longer and wider than those in the Control group; these ef-
fects were further enhanced in the field created by the circu-
lar electrodes compared to the parallel electrodes [83]. The
difference in sagging of constructs in different groups
pointed to the difference in their post-culture length, which
was another important aspect to consider when using
stretched versus non-stretched fibrin gel constructs (Fig. 8a).
The ES group displayed the least change in myotube length
and could be a better choice for avoiding plastic deforma-
tions in tissue length [57].

Therefore, our novel uniaxial bioreactor has demon-
strated tremendous potential for conditioning engineered
muscle tissues. Compared to previously developed bioreac-
tors for this purpose, we have integrated mechanical, electri-
cal, and sensor capabilities to offer researchers a versatile
tool for investigating cellular responses, tissue develop-
ment, and contractile activity under controlled stimulations.
In terms of scaling up and developing throughput capabili-
ties in the future, this size of design can be easily upgraded
in terms of the size of the motors to provide larger torque or
a greater number of lanes, as needed for the target tissue
product’s manufacturing purposes.

Overall, this system has undergone rigorous qualification
processes, ensuring its robustness and reliability. However,
the currently developed prototypes have some limitations.
Due to the complexity of the design, more time is needed to
pre-clean and dry the 3D-printed parts and mate them to-
gether than in traditional methods. This process does not af-
fect the tissue loading time, as the culture box is prepared
with motor, encoder, and force sensor wires ending with
connectors in one bag (lid separate) that are sterilized
together at low-temperature ethylene oxide. It takes one
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person to assemble the culture box tray with constructs in a
total of less than 15 min, including rinsing with PBS,
anchoring the constructs, filling with media, closing the lid,
and transferring to the incubator as a complete tray. One
can then assemble the sensor tray, which takes another
10 min in the hood. The operation can start once the wires
coming out of the incubator are connected to their respec-
tive ports. For future development, we plan to combine the
wiring in an easy-to-apply multipin connector that makes
multicomponent connection easy and quick.

Another issue is that the developed media sensing system
did not capture the changes in long-term culturing due to
the high volume of the combined media. This issue was ad-
dressed using 2D culture to demonstrate the system’s func-
tionality to sense or manipulate the combined environment
of the three tissue samples. Similar to previously developed
tissue beds [20], the future iteration of the bioreactor can
have separate media channels per tissue sample, and the de-
scribed media sensing system can be programmed to cap-
ture fluids intermittently from each lane, one by one.

Other commercial bioreactors, such as those from Flex-
Cell® and StrexCell®, can stretch the scaffold in 1D or 2D
precisely but lack some of the advanced monitoring or
analysis capability integrated within our system. The utiliza-
tion of 3D printing technology, leak-proof assembly, cus-
tomizable mechanical and electrical stimulation, force-
sensing capabilities, sensor loops, and advanced features in
the measurement systems make this novel uniaxial bioreac-
tor an asset for tissue engineering and biomedical research.

Additionally, this design can serve as the foundation for
other types of complex tissue engineering bioreactors with
improved feedback and a higher degree of automation,
which can be rapidly developed and prototyped. The incu-
bated mounting tray system, perfusion port design, and en-
vironment monitoring and maintenance system have utili-
ties beyond uniaxial tissue culture. The culture box can fit
in other base plates, as used by the force sensor assembly, to
modify the internal tissue anchoring system without the need
for another box. This system can also support long-term bio-
logical experiments and offer hands-free operations that can
be managed through a computer without disturbing the incu-
bation or sterility of tissue samples. All these features are
critical for tissue maturation regardless of its type. Moreover,
the stimulation programs can be updated in real time either
manually or through sensor feedback. This is a critical step
in making the experiments more quality-controlled, repeat-
able, and translatable to fully autonomous culture systems.

5 Conclusions

The development of a multifunctional bioreactor with two
types of integrated stimulation systems and feedback from

physical and biological sensing enables the execution of
conditioning protocols to enhance the consistency, function-
ality, and durability of the engineered skeletal muscle. The
components and production methods used to develop this
bioreactor can be easily adapted for other tissue applications
that can benefit from unidirectional stimulation to fully ma-
ture multiple constructs or large volumetric tissues. The
feedback obtained from this device on the tissue maturation
status, along with the ability to take real-time in situ mea-
surements that indicate tissue differentiation, maturation,
and growth, provides new manufacturing strategies to ad-
vance the field of tissue engineering to clinical applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2400235.
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