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Tissue decellularization for generating extracellular matrices has become a staple of regenerative medicine in
the recent decades, extending from the research setting to clinical usage. Although methods and protocols for
tissue decellularization are abundant throughout the literature, they can be time intensive and typically require
specific overhead in terms of equipment. To reduce these barriers to entry, a functional and reproducible
prototype of a tissue infusion/perfusion device (TIPD) has been designed and fabricated using threedimensional printed parts in conjunction with commercially available components. This TIPD forms a system
composed of two peristaltic pumps, two 3-way valves, and a chamber in which tissue is contained, and is
controlled by user-customizable software. To increase repeatability among decellularization protocols, an automation function has been integrated into the software, which is able to specify fluid flow rates and define
specific valve locations enabling selection of solutions to be introduced into a scaffold over the course of a
decellularization process. The prototype has been tested for proof of concept through infusion and perfusion
decellularization of skeletal muscle and intact kidneys, respectively, and has shown successful removal of
cellular content while maintaining an intact ultrastructure. In an effort to increase the reproducibility of
experimental designs and to promote an open source hardware initiative in the field of tissue engineering, a
novel device was conceptualized and prototyped with printable part files made available for its fabrication in
tandem with instructions for assembly.
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Impact Statement

Repeatable methods for decellularization are essential for achieving consistent substrates between batches, laboratories, and
facilities. To meet this end, an automatable tissue infusion/perfusion device composed of three-dimensional printed parts
and commercially available components has been prototyped and tested. Materials and instructions for its assembly have
been made available in an effort to reduce variability among equipment as well as to provide a platform on which to iterate
open-source hardware in tissue engineering.
tissue, allogeneic and xenogeneic decellularized ECMs span
a plethora of therapeutic applications. Such applications include hernia repair,2,3 breast reconstruction,4,5 adipose regeneration,6 dental and orthopedic bone void repair,7,8 tendon
reconstruction,9 and wound care.10,11 Decellularized ECM
therapies continue to be investigated through clinical trials,
addressing a multitude of application anatomic sites, including the trachea, heart valves, eye, and bladder among

Introduction

E

xtracellular matrices (ECMs) resulting from
decellularized tissue have shown exceptional promise
for repair and regeneration of damaged tissue. To that end,
over 40 ECM-based products are registered, cleared, or approved for clinical use by the Food and Drug Administration
in the U.S. alone.1 Typically used for repair of homologous
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many others.12 Furthermore, complex structural ECM scaffolds generated from perfusion decellularization, such as
heart,13,14 lung,15 kidney,16 or face,17 are within the foreseeable pipeline for future clinical translation.
While methods for tissue decellularization are abundant
and reliable, these methods can also be laborious and time
intensive. A given process for rendering a decellularized ECM
typically contains multiple surfactants, disinfectants, and/or
antibiotics, along with rinsing solution exchanges; this process must be designed to yield a material that will promote cell
attachment and growth, is noncytotoxic, and will prospectively meet clinical standards.18 Perfusion decellularization
for whole organ engineering requires additional hardware that
spinner flask or agitation decellularization does not, as well as
similar, if not greater, requirements for solution exposure.19
Initial attempts at automating decellularization processes
have resulted in shorter decellularization periods with
greater efficiency in removing DNA material; however,
automation systems are often developed for a target tissue or
organ and typically include several large, piecemeal components that limit or rotation of the two chamber types
prevent mobility.20 In this study, a functional prototype of
an integrated tissue infusion/perfusion device (TIPD) has
been designed and fabricated using three-dimensional (3D)
printed parts coupled with commercially available components. This device has been tested for proof of concept
through infusion decellularization of porcine skeletal muscle
and perfusion decellularization of an intact rodent kidney. In
this study, the 3D-printable components, software, and circuitry files have been made available along with the instructions for the device’s assembly. From these, it is our
intention to decrease the burden of entry into infusion or
perfusion decellularization, increase the reproducibility of
experimental designs, and to promote an open-source
hardware (OSH) initiative in tissue engineering.

gration of 3D printable scaffolding coupled with the use of
off-the-shelf OSH components intended to maximize flexibility for parts replacement. For purposes of mobility, the
total volume of the device was to be kept under 1 cubic foot.
For fluidics, the integration of programmatic control at two
peristaltic pumps (to govern in-flow and out-flow, either
into/out of a scaffold or chamber) and control of fluid selection through some valve operation was necessitated. Finally, all components were to be unified into an automationcapable software platform.
3D printing parameters

Eighteen parts were designed for the assembly of the
TIPD, organized into part families in Tables 1–4, all of
which were designed in Solid Works CAD/CAM (Dassault
Systems, Waltham, MA). Before 3D printing, all part files
were converted into stereolithography (.stl) file format from
Solid Works, each of which is available for replicative
printing in Supplementary Data S1. All parts were sliced
and 3D printed using the fused filament fabrication (FFF)
technique through ideaMaker Slicing Engine and Raise3D
N2+ printer (Irvine, CA). PLA filament (1.75 mm diameter,
Raise3D) was extruded through a 0.4 mm nozzle at 205C
onto a heated bed with a BuildTak surface (Maplewood, NJ)
set to 65C. All parts were printed using a raft to facilitate
bed adhesion, with a 0.30 mm raft gap from each model.
Parts were printed at a speed of 50 mm/s with three shells,
variable infills at 45% or greater (tabularized below, based
on part), and with support structures at 10% infill where any
overhand angle greater that 40 received support. Approximate print times and estimated part masses presented in the
Tables 1–4 are based on these slicing and printing parameters, however, parameters will likely vary depending on the
printer and filament being used.
Machine design and assembly

Materials and Methods

There were several target considerations in designing the
TIPD: namely these design constraints included the inte-

CAD/CAM renderings of the TIPD assemblies are presented in Figure 1A and B. The TIPD was designed to include
two peristaltic pumps, two 3-way valves, and to accommodate

Table 1. Part Family: Device Scaffold
Part name

Thumbnail image (not to scale)

Quantity
needed

Approximate
print time

Estimated
mass [g]

Notes

Quarter Scaffold

4

9 h 45 min

57.1

1

Scaffold Side Post

2

3 h 32 min

19.2

None

Thumbnails and information relevant to the 3D printed components of the Quarter Scaffold Part Family, which provides the overall
support to the device. Note 1: In-print support material recommended.
3D, three-dimensional.
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Table 2. Part Family: Peristaltic Pump
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Part name

Thumbnail image (not to scale)

Quantity
needed

Approximate
print time

Estimated
mass [g]

Notes

12.2

1

Stepper Chassis

2

2 h 20 min

Stepper Fastener

2

30 min

3.9

2

Pump Carousel

2

1 h 50 min

6.5

2, 3, 4

10

1 h 10 min

3.0

3, 4

Post Collar

Carousel Cap

2

35 min

3.6

None

Carousel Stabilizer

2

1 h 40 min

6.4

1

Luer-Lok Collar

2

1 h 20 min

5.8

None

Thumbnails and information relevant to the 3D printed components of the Peristaltic Pump Part Family. Note 1: In-print support material
recommended; Note 2: 100% infill density recommended; Note 3: High-quality print recommended; Note 4: Part sanding and chemical
polishing recommended.

two styles of chambers. Figure 1C and D present the TIPDs
after printing and assembling the requisite components using
basic hardware. All through-holes and junctions have been
designed to accommodate M3 machine screws (McMasterCarr, Aurora, OH). Tubing, coupling, motors, and electronics
are presented in detail in Supplementary Table S1. For ease of
repeat assembly, the TIPD can be segmented into four-part
families, which include the Device Scaffold subassembly, the
Peristaltic Pump subassembly, the Valve Operation subassembly, and the Chamber Support subassembly.

The Device Scaffold subassembly provides structural support for the remaining three subassemblies. Table 1 presents
the components necessary to create the Device Scaffold. Four
Quarter Scaffold parts are organized such that a rectangular
scaffold is made, occupying a footprint of 5.5† (14.0 cm) wide
by 5† (12.7 cm) deep with a height of 8† (20.3 cm). The
Quarter Scaffold part has been designed with elongated
through-holes allowing variable placement of the Pump and
Valve subassemblies, designed to be affixed using M3 screws.
Each Quarter Scaffold also possesses bores in which magnets

Table 3. Part Family: Valve Operation
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Part name

Thumbnail image (not to scale)

Quantity
needed

Approximate
print time

Estimated
mass [g]

Notes

Valve Chassis

2

1 h 40 min

9.8

1

Valve Rotator

2

20 min

0.9

1

Thumbnails and information relevant to the 3D printed components of the Valve Operation Part Family. Note 1: In-print support material
recommended.

Table 4. Part Family: Chamber Support
Part name

Thumbnail image
(not to scale)

Quantity
needed

Approximate
print time

Estimated
mass [g]

Notes

Yaw Chassis Bracket

1

1 h 39 min

11.1

1

Servo Roll Chassis

1

2 h 40 min

19.6

1

Roll Chassis Buckle

1

21 min

3.3

1

Servo Spacer

2

34 min

2.9

None

Top-Chamber Chassis

1

7 h 26 min

70.0

1

Side-Chamber Chassis

1

2 h 34 min

15.8

1

Cylindrical Chamber Cap

2

12 h 37 min

87.3

2, 3

Thumbnails and information relevant to the 3D printed components of the Chamber Support Part Family. Note 1: In-print support
material recommended; Note 2: 100% infill density recommended; Note 3: High-quality print recommended.
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FIG. 1. (A, B) Solid Works
CAD/CAM renderings of the TIPD
with the side-mount and the topmount chamber designs, respectively. (C, D) Designs after 3D
printing and assembly of all components. For scale, a standard 1L
glass Pyrex bottle is shown in (D).
3D, three-dimensional; TIPD, tissue infusion/perfusion device.

can be press fit (optional). Figure 2 demonstrates the subassembly in isometric, top, and front views. Sixteen magnets can
be seen in this exploded view from each of the four Quarter
Scaffold parts of the subassembly. Near each magnet bore is a
through-hole for permanent fixation through machine screw.
Note that Figure 2 does not show the Scaffold Side Post;
however, this structure is utilized to support a servomotor
responsible for chamber motion, which is shown in the assemblies of Figure 1A and B.

The Peristaltic Pump subassembly creates the mechanism
for driving fluid flow from a reservoir into the scaffold.
Table 2 details the 3D printed part family for creating this
subassembly, which consists of a combination of 3D printed
parts as well as commercially available components. A
NEMA 17 bipolar stepper motor (Stepper Online, Nanjing
City, China) is used to generate the rotational movement of
the pump. The Pump Carousel is designed to be press-fit
onto the horn of the stepper motor, where a notch in the

FIG. 2. (A–C) Exploded renderings of the Quarter Scaffold of the TIPD in isometric, top, and front views. In each image,
sixteen 6 · 3 mm magnets are exploded from the Quarter Scaffolds, where four magnets per part are press-fit for ease of dis/
assembly.
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Pump Carousel will determine proper placement onto the
motor. The Pump Carousel accommodates five Post Collars,
which roll freely and create the peristaltic action when a
tube is pulled taut against the faces of the Post Collars. In an
effort to reduce friction during operation, Post Collars and
the Pump Carousel were printed using the highest quality
print setting available on the N2+ as definable in ideaMaker;
the posts of the Pump Carousel, as well as the outer surface
of the Post Collars, were sanded with fine-grit sandpaper
and then were chemically polished using ethyl acetate
(Millipore-Sigma, St. Louis, MO), smoothing the posts of
the Pump Carousel as well as the Post Collar surfaces.
Additionally, an M5 unthreaded spacer (McMaster-Carr)
inserts into each Post Collar, which further minimizes
friction against the posts of the Pump Carousel during
operation. Likewise, two M5 PTFE washers (McMasterCarr) rest at the top and bottom of each Post Collar,
separating it from the Carousel Cap and the base of the
Pump Carousel. The Carousel Cap secures the Post Collars
onto the Pump Carousel, and is assembled with a ball bearing
separated by a 3 mm-long unthreaded spacer, holstered by
the Carousel Stabilizer. Once all components within the
subassembly are assembled, they are affixed to a Quarter
Scaffold. Figure 3A presents these components in exploded
view. Once the pump is assembled, the Stepper Fastener,
Stepper Chassis, and the Carousel Stabilizer components are
used to affix the stepper motor with the assembled carousel
onto the Quarter Scaffold (refer to Fig. 1). The Luer-Lok
Collar is then affixed to a Quarter Scaffold, resting atop the
Carousel Stabilizer. A 10 cm tube with Luer-Lok couplers
may then be wrapped around the assembled carousel, held in
tension by the Luer-Lok Collar. The TIPD was designed to
integrate two sets of this subassembly yielding independent
peristaltic pumps capable of programmatically driving fluid
at a controlled rate.
The Valve Operation subassembly is designed specifically for interfacing with a 4-Way Stopcock (Qosina, Ronkonkoma, NY; Part No. 88218). The 3D printed part family
is presented in Table 3, and Figure 3B presents the exploded
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view of the subassembly. The Valve Chassis is responsible
for holding the stopcock above the servomotor, and has been
designed for adhesive fixation of an M3 hex nut, which
stabilizes the stopcock when light pressure is applied from a
thumbscrew. The Valve Rotator has been designed with a
through-hole that seats concentrically with respect to the
horn of a servomotor (DFRobot, Pudong, China) such that
the Valve Rotator can be screwed directly into the servomotor. This minimizes the potential slippage of the Valve
Rotator on the servomotor horn when turning the stopcock
via servomotor control. For assembly onto a Quarter Scaffold, the servomotor with the affixed Valve Rotator is placed
first, followed by the Valve Chassis. The top of the Valve
Rotator interfaces directly with the bottom of the stopcock
when seated within the Chassis.
The Chamber Support subassembly can be constructed in
one of two ways: a hanging-mount design (Fig. 1A, C) or a
top-mount design (Fig. 1B, D). Table 4 details the 3D printed
components needed for each assembly. The hanging-mount
design is constructed to hold a 2.25†-diameter tube (Supplementary Table S1), which is cut to a 4† (10.2 cm) length in
Figure 1 but can cut to an application-specific length. The
side-mount design couples a single servomotor with the SideChamber Chassis and allows oscillatory movement between
0 and 180. The top-mount design has been constructed for
use with a commercially available 750-mL container (Rubbermaid), and integrates additional complexity into its assembly allowing for movement in the roll and yaw directions.
Figure 3C–E present exploded views of the parts and hardware for creating the top-mount design. The Servo Roll
Chassis (shown in Fig. 3D) accommodates a servomotor,
governing the roll direction; this servomotor is horizontally
mounted onto Scaffold Side Posts and then the opposing,
cylindrical end of the Servo Roll Chassis is supported by
mounting the subassembly shown in Figure 3C onto the top
of the assembled Quarter Scaffolds. The Top-Chamber
Chassis is secured into the servomotor using an M3 screw.
The entire subassembly, including the 750-mL chamber, is
shown in Figure 3F.

FIG. 3. (A) Exploded view of the Peristaltic Pump subassembly with a stepper motor at the base, driving the rotation of
the pump once assembled. (B) Exploded view of the Valve Operation subassembly with a servomotor at the base, enabling
valve selection within the 180 rotation range of the motor. (C–E) Exploded views of the top-mount chamber assembly. (F)
The resulting subassembly of the top-mount chamber design.
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FIG. 4. (A, B) The nonpopulated PCB and PCB after soldering the requisite
components, respectively.
The six points of interest
called out in the images denote the various pinouts,
components, and modules
necessary for controlling the
device through Arduinoenabled microcontroller.
PCB, printed circuit board.
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Circuitry, electronics, and programmatic control

Logic-based control of the TIPDs electronic components is
based around an Arduino Mega2650 microcontroller (Ivrea,
Italy) and a custom-printed circuit board (PCB), which forms
an Arduino shield once assembled. Layout of the PCB was
designed in EasyEDA and fabricated by JLC PCB (Shenzhen,
China). A zipped folder containing the respective GERBER
files is provided in Supplementary Data S2, which can be
uploaded directly into the JLC PCB portal. Figure 4A and B
show the unpopulated PCB and the PCB after soldering all
components into place, respectively. From Figure 4, numeric
labels 1–6 indicate Components/Component Sets: Component
Set 1 denotes four sets of male pinouts for the servomotors
(chamber movement and valve operation). Component Set 2
denotes two sets of male pinouts for the stepper motors
(peristaltic pumps). Component Set 3 denotes two sets of
DRV8825 Stepper Motor Drivers (Pololu, Las Vegas, NV),
which are responsible for converting the logic received from
the microcontroller into the appropriate rotational pump
speed. Component 4 denotes a DC-DC step-down module
that is adjusted to 5 V output from 12 V input, which powers
both the stepper and servo motors. Component 5 is a 100 mF
capacitor, and is used for smoothing the current of the
stepper motors on startup. Finally, Component 6 denotes a
2.1 mm barrel jack, which accommodates a 12 V 5A power
supply that is responsible for powering the system independent of the microcontroller.
The Arduino integrated development environment (IDE)
was downloaded, which includes the requisite drivers for
running the microcontroller. All coding for the TIPD was
done through virtual instrument (VI) in LabVIEW 2018
(National Instruments, Austin, TX) with the Digilent LINX
package add-on from the Virtual instrument Package Manager ( JKI, Lafayette, CA). The LINX prebuilt hex was installed onto the Arduino before operation. Main and sub-VIs
were saved as an Executable (.exe) file extension and are
available in Supplementary Data S3. Note, for running the
Executable, NI-VISA RunTime Engine 18.5 must be installed such that LabVIEW is able to recognize use of a
COM port by the microcontroller. Additionally, either the
full version of LabVIEW or LabVIEW SP1 RunTime 19
must be installed. Windows OS was used throughout.

at -80C before decellularization. Muscle was thawed and
cut into contiguous segments of 1.25 – 0.05 g after which an
18G Precision Glide sharp-tip needle (BD, Franklin Lakes,
NJ) was inserted into the muscle such that the needle opened
at approximately the centroid of the segment.
Rodent kidneys from recently deceased Lewis rats were
obtained, where the vascular and ureter pedicle were cannulated using 20G Introcan IV catheters for the renal artery
and ureter and a 24G Introcan IV catheter (B. Braun,
Bethlehem, PA) for the renal vein. The kidney was flushed
with 10 mL heparinized saline before decellularization. For
infusion and perfusion decellularization, 100 mL 0.3% or
1% sodium dodecyl sulfate (SDS; Millipore-Sigma) was
pumped for *20 h, where the SDS was recirculated after
tissue contact (0.3% was only used for infusion decellularization). Next, 1000 mL deionized (DI) water was pumped
through the tissue and was not recirculated. To further ensure clearance of the SDS, 100 mL 1% Triton X-100
(Millipore-Sigma) was pumped and recirculated through the
tissue for 20 h, followed by an additional 1000 mL DI water
(nonrecirculated). The pump was set to 1/8-step for all
processes. Separately, muscle was decellularized in a spinner flask following previously established protocols.21,22
Briefly, the spinner flask was set to 400RPM and a ratio of
1:10 muscle mass to solution volume was exposed to 1%
SDS for 3 days. Residual SDS was removed using eight
exchanges of DI water, followed by an additional exposure
of 1% Triton X-100 overnight. Finally, the muscle was
exposed to eight additional exchanges of DI water.
Hematoxylin and eosin staining

After decellularization, soft tissues were fixed in 10%
neutral buffer formalin (Fisher Scientific, Waltham, MA),
paraffin-embedded, and mounted in 5 mm sections on polarized glass slides. Hematoxylin and Eosin (H&E) staining
was performed by removing paraffin at 60C for 60 min and
then rehydrating sections in serial washes of decreasing
ethanol concentrations. Wiegert’s H&E was applied as per
manufacturer’s instruction (Millipore-Sigma). Sections
were then dehydrated and mounted with slide glass. A
Keyence BZ-X was used for all histological imaging.
DNA quantification of muscle

Proof of concept through infusion and perfusion
decellularization

Porcine skeletal quadriceps muscle from male Yorkshire
pigs was obtained immediately after sacrifice, and was stored

Muscle was frozen to -80C and then freeze dried
(Labconco FreezeZone 2.5, Kansas City, MO). Dry samples of 25 – 5 mg were digested in proteinase-k and purified
following the manufacturer’s instructions (QIAamp; Qiagen,
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Germantown, MD). DNA was quantified using the QUANTit PicoGreen dsDNA Kit as per the manufacturer’s instructions (Fisher Scientific).
Statistical analyses

JMP Pro 14 was used for statistical analyses. DNA results
were evaluated using a one-way analysis of variance with
Tukey–Kramer post hoc after testing for normalcy of residuals through Shapiro–Wilk W-test and homoscedasticity
through Levene’s tests. Statistical significance was defined
as p < 0.05.
Results
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LabVIEW VI and automation capabilities

Figure 5A and B display the graphical user interface
(GUI) when running the VI in Control and Automation
modes, respectively. Nineteen points of interest are displayed in the Figure 5: (1) denotes the Communication Port
‘‘COM#’’ tethered to the PCB-shielded microcontroller, to
be defined before running the VI; (2) displays the current
time and date; (3) displays the total runtime of the VI; (4) is
a notifier that changes based on operating state of the TIPD;
(5) displays a resettable clock; (6) denotes a set of indicators
that control the movement of the chamber, being either yaw
movement if the top-mount chamber is affixed, or the oscillatory movement if the side-mount chamber is affixed; (7)
denotes a set of indicators that control the roll movement of
the top-mount chamber only (note: the chamber control
values dictate pulse widths sent from the microcontroller to
the servomotor and are arbitrary with respect to the physical
orientation of the servomotor horn); (8) indicates communication to the microcontroller when illuminated green; (9)
displays three selectable panels being the Main Control
panel (Fig. 5A), the Automation panel (Fig. 5B), and the
Settings panel, which allows additional user customization
of servomotor boundaries; (10) denotes a push button to stop
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one or both pumps if running; (11) displays an indicator
light, which illuminates when the pump is active, along with
a scale bar ranging from Off to Full that determines the spin
rate of the pump; (12) denotes a switch that reverses the pump
direction; (13) denotes controls for the 3-way valve, where
‘‘Timed’’ is a function controlling oscillation between the top
or side port being open; (14) denotes another set of the controls and indicators explained in (11–13) for the opposing
pump; (15) denotes the file selection window for running an
automation protocol from a comma-separated (.csv) file; an
Excel template for building custom automation protocols has
been provided in Supplementary Data S4; (16) displays the
Initiate Automation buttons, which will only become active
when a protocol is defined in the selection window and the
notifier as discussed in (4) is updated with the current step,
step time, and the overall protocol time as shown; (17) displays the Abort Automation button, which will only become
active when a protocol is running; (18) displays a table of the
entire protocol once initiated; finally, (19) like (9) presents
the selection tab but with the Automation panel active.
Through manual control or through automation, the TIPD is
capable of controlling fluid flow spanning the six-step motor
range. Figure 6A and B present the flow velocity by the step
size and the flow velocity by the revolutions per minute and
their fitted curves, respectively. As shown, the pumps are
capable of achieving flow rate of up to 1.25 mL/s (4.50 L/h).
Intermittent flow rates can be achieved by utilizing the
‘‘Active’’/‘‘Inactive’’ setting in the VI.
On harvest, vascular access to some tissue types cannot
be established and hence an infusion method may be utilized
to similarly replicate perfusion decellularization. Figure 6C–E
display setup for skeletal muscle infusion, infusion decellularization inside the side-mount chamber, and the resulting
scaffold, respectively. A time lapse of the 20-h SDS portion
of the infusion decellularization as well as a video of dual
muscle infusion with activated chamber oscillation can be
viewed in Supplementary Video S1 and S2, respectively.
The H&E image in Figure 6F shows native porcine skeletal

FIG. 5. (A) GUI of the LabVIEW VI written to control the TIPD in the Control panel. (B) GUI in the Automation panel,
where a protocol for the automation of a process has been selected and initiated as shown by the Notifier (Callout 4) and the
Automation Matrix (Callout 18). GUI, graphical user interface.
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FIG. 6. (A, B) Fluid velocity characteristics of the over the range of peristaltic pumps governed by the step size of the
motor; exponential and linear equations are shown for predicting flow rates at intermittent pump steps. (C–E) Steps of
infusion decellularization of porcine skeletal muscle where a needle is inserted into the muscle body, the needle junction is
affixed within the chamber, and after SDS-based infusion decellularization, the resulting muscle ECM becomes translucent.
(F–H) H&E staining of native porcine muscle, confirmation of decellularization by H&E staining (scale bars: 50 mm), and
DNA quantification, respectively; compared with native porcine skeletal muscle, all decellularization processes resulted in
significant DNA reduction, however, infusion decellularization was able to achieve this result in half the time and at a lower
concentration of SDS. (I, J) SDS-based perfusion decellularization of a rodent kidney where the vein, artery, and ureter
were cannulated, the artery affixed to receive inflow with the resulting translucent scaffold. (K, L) H&E staining of native
rodent kidney presenting significant nuclei about the periphery and H&E staining devoid of nuclear material after perfusion
decellularization (scale bars: 5 mm). ECM, extracellular matrix; H&E, Hematoxylin and Eosin; SDS, sodium dodecyl
sulfate.

muscle and Figure 6G presents H&E of the fibrous ultrastructure lacking nuclei after decellularization, which is
confirmed by DNA quantification (Fig. 6H). As shown,
significant reduction of DNA was achieved in all decellularization processes with respect to native porcine skeletal
muscle ( p < 0.001). No significant difference in DNA content was found when comparing 20-h 0.3% or 1% SDS infusion processes against the 72-h 1% SDS spinner flask

process (adjusted p > 0.750 for each comparison). Decellularization of vascularized composite tissues can be
achieved using perfusion in the same system, although requires cannulation of at least one vessel for successful
perfusion. Figure 6I and J display a rodent kidney cannulated IV catheters, where the artery is affixed to a Luer-Lok
junction for establishing fluid flow and subsequent decellularization. Figure 6K displays H&E of a native rodent
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kidney, presenting nuclei prominently about the periphery.
Figure 6L displays H&E of the kidney after decellularization
showing preservation of the ultrastructure nearest to the
pedicle and lacking visible nuclei.
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Discussion

A TIPD capable of automated decellularization, which
possesses the ability for a user to easily alter input parameters in real-time, has been described. Consistent with
the open-source initiative,23 the TIPD has been designed
as an OSH platform using components designed for replication through 3D printing (Supplementary Data S1) in
conjunction with commercially available hardware (Supplementary Table S1). Two types of chambers are designed in this study, and although the cylindrical chamber
is better lent to being constructed with 3D printed components, its leak-proof construction is nuanced. Although
leak proofing was achieved using the Raise3D printer, this
required 100% infill and the highest quality print setting
offered on the printer used. Since leak proofing is an essential aspect of any fluidic devices, a commercially
available and leak-proof component is offered here to
avoid the potential difficulties when using FFF-printed
components given the resolution and fusion variability
between printers and filaments.
Use of either chamber over the other for any given process or tissue type is discretionary since the critical component is the entrance and exit of fluid and not the vessel in
which it is housed. Rotation of the two chamber types was
integrated as a feature for the user to better control the posture
of a tissue within a chamber. This is particularly relevant for
preventing kinks or twists in tissue pedicles, which can induce
thrombosis during perfusion.24 If a user’s application does
not require such motion, these components can be subtracted
from the system with no adverse effect on the function of the
electronics or software. Driving these servomotors, the valve
servomotors, and the stepper motors governing the peristaltic
pumps, is an Arduino microcontroller, which was selected
because it is an open-source electronics platform based on an
IDE that allows for control of a myriad of devices capable of
interacting with the external environment and shares a large
developer community that has written, tested, and published
functional code.25,26 Although an Executable (.exe) has been
formed from a LabVIEW VI file, the compilation of code and
communication to the hardware within the system is not
limited to the provided VI alone. The VI that is provided,
however, leverages integration of the components into a
single GUI and transfers the processing from the microcontroller to a computer, which is more ideal for accomplishing nonrepetitive tasks relative to a microcontroller.
Implementation of a peristaltic pump has been key for
both infusion27 and perfusion tissue engineering bioreactors.28 The TIPD is configurable such that either infusion
directly into a tissue or perfusion of tissue vasculature can
be achieved as shown through the decellularization of porcine skeletal muscle and a rodent kidney, respectively.
Using the infusion technique, 48 h less SDS exposure time
was utilized to achieve similar residual DNA results, which
could also be achieved with a lesser concentration of SDS.
This may be of importance in the context of matrix preservation due to the cytotoxic nature of SDS,29 and its ability
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to denature collagenous fibrils of ECM in cases of prolonged
exposure when assessed in decellularizing urinary bladder
and tendon.30 Since the muscle was frozen before decellularization (both spinner flask and infusion), the freeze/
thaw cycle likely played a role in enhancing the decellularization processes at least somewhat; such mechanical
disruption has been shown to assist decellularization when
implemented repeatedly, although complete decellularization is only obtained with additional steps like surfactant
exposure.31–33 In these instances of infusion decellularization of muscle tissue, the chamber was not filled with fluid
to appreciate the infusion process and compare it to spinner
flask decellularization. It is conceivable that infusion decellularization coupled with a fluid-filled chamber may facilitate increasingly rapid decellularization; this, however,
requires further investigation.
Perfusion through the renal artery of a rodent kidney was
achieved to show proof of concept for perfusion decellularization, where the resulting scaffold and H&E staining
resulted in a translucent scaffold. Conceptually, the method
of arterial cannulation and perfusion-based flow can be
achieved in any vascular structure able to accommodate a
port, but doing so in this specific system requires further
investigation. Additionally, understanding the effects that
fluidic shear imposes on the integrity or directionality of
residual fiber alignment within a scaffold warrants additional investigation. Integration of infusion and perfusion
capabilities into a single platform allows programmatic
decellularization of tissue and organ types beyond what has
been explored here. Decellularization of many tissue types
do not establish vascular access, and therefore use spinner
flask-based processes; such tissue types have included
tendon,34 peripheral nerve,35 or cartilage,36 where an infusion process similar to what was done in this study with
muscle segments could be used. While muscle was infused
with an 18G needle punctured into the centroid of the
scaffold, optimization to facilitate decellularization of additional tissue types would likely require adjusting needle
size as the tissue segments change in size. Furthermore, the
addition of multiple points of entry would likely enhance
infusion decellularization. Utilizing the same device, perfusion decellularization of solid organs through pedicle
access is achievable, although the device would likely be
better suited to have anatomically relevant outflows present
(i.e., for the kidney, inflow into the artery, and independent
outflows from the vein and ureter). This could allow more
direct control over the intrascaffold pressure, and speculatively, may better maintain the scaffold architecture if
drawing fluid from the outflow(s) using one or a series of
peristaltic pumps.
While this innovation is promising, there are several
limitations with the platform at hand. Additional complexity
could be integrated into the device that more accurately
controls flow rates or intrascaffold pressures, which may
increase the efficacy of decellularization and overall preservation of the vasculature network embedded within the
matrix.37 Notably, it has been shown that intrascaffold
pressures better dictate successes in recellularization relative
to constant flow velocities that do not adjust for pressure.38
Cold-perfusion decellularization of pancreatic tissue has
shown improved retention of the vascular network relative
to its ambient temperature counterpart.39 Modifying the
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device to include a cooling element within the chamber may
function to achieve similar results, or alternatively the unit is
of an appropriate footprint to fit inside a standard laboratory
refrigerator. A paramount challenge in tissue engineering has
been the development of a single, modular system that allows
the versatility to decellularize tissues in the same device in
which they will be recellularized, tested, and subsequently
transported for providing a functional tissue-engineered
therapy at the point of care.40 To do so, the unit, as it stands,
will require modifications in terms of additional fluidhandling capabilities, on-board monitoring of relevant quality
characteristics, and preimplantation metrics able to ensure
that a scaffold is suitable for in vivo use. Additionally, the
scale of this prototype as designed is best suited for applications in small organ and tissue decellularization, and is
therefore ill-suited for large animal/adult human organ engineering at present. This can largely be remedied by the reconstruction of the chambers to accommodate larger volumes
as the pumps are able to achieve physiologically relevant flow
velocities for larger organs. Despite its limitations, the platform described in this study is suitable for creating repeatable
decellularization processes and is readily expandable with the
litany of components that are commercially available for
significantly expanding the current capabilities of the device.
Conclusion

The TIPD designed is a compact, integrated system capable of automated decellularization of multiple tissue types
through fluid infusion or perfusion. The TIPD has been
created with OSH and using 3D printed components that are
replaceable if damaged and easily replicated across laboratories. The code governing the TIPD allows a user to define
an automation protocol, creating an opportunity to greatly
enhance the repeatability between instances of decellularization with a program capable of precisely specifying when
solution changes are to occur in a given process. The system
has been designed with the intention of increasing reproducibility and repeatability throughout decellularization and
ideally can be implemented readily across many niches of
tissue engineering.
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