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advances in biomedical applications: streamlining decellularization in 
porcine cornea-derived tissue-specific bioink fabrication and beyond

Won Bin Choi1  · Yeon-ju Lee2 · Ju Young Park2,4 · Jinah Jang1,2,3,4  · Wan Kyun Chung1

Received: 28 May 2024 / Accepted: 21 September 2024
©  The Author(s) 2025

Abstract
A decellularized extracellular matrix (dECM) constitutes a pivotal biomaterial created by decellularizing the natural extracel‐
lular matrix (ECM). This material serves as a supportive medium for intricate cellular interactions, fostering cell growth, dif‐
ferentiation, and organization. However, challenges persist in decellularization, necessitating a balance between preserving 
the ECM structural integrity and achieving effective cellular removal. An approach to enhancing decellularization involves 
pre-eliminating unnecessary tissues and effectively reducing final DNA levels to lower than 50 ng/mg ECM on preprocessed 
tissues. Although this strategic step augments decellularization efficiency, the current manual execution method depends on 
the operator’s skill. To address this limitation, this study proposed an automated raw tissue slicing system that does not re‐
quire tissue preparation for slicing. Through carefully controlled tissue applanation pressure and oscillatory incisions with op‐
timized parameters, the system achieved a precision within ±10 µm in obtaining submillimeter-scale tissue slices of the 
porcine cornea while avoiding significant microscopic complications in the tissue structure, as observed by tissue histol‐
ogy. These findings suggested the system ’s capability to streamline and automate preliminary tissue slicing operations. 
The efficacy of this approach for decellularization was validated by processing porcine corneas using the proposed system 
and subsequently decellularizing the processed tissues. DNA level analysis revealed that sliced, subdivided tissues created 
by this system could expedite DNA reduction even at the initial steps of decellularization, enhancing the overall decellular‐
ization procedure.
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1　Introduction

Tissue engineering has made significant advancements in 
addressing diverse biological and medical challenges. 
Among its primary areas of focus is restoring and replacing 
damaged tissues and organs. The pivotal component en‐
abling these objectives is biomaterials, which assume a cen‐
tral role in this field [1–4]. The importance lies in develop‐
ing microstructures capable of replicating structural func‐
tionalities of the native extracellular matrix (ECM). This ca‐
pability enables preserving the distinctive spatial distribu‐
tion of structural and functional components, providing an 
environment for intricate cellular reactions and assisting 
cell growth, differentiation, and organization [4–9]. A note‐
worthy biomaterial in this context is decellularized ECM 
(dECM), known for its ability to preserve the natural 
ECM’s functional and structural proteins, encompassing 
various types [10–13]. dECM utilization in tissue engineer‐
ing has shown effectiveness across various applications, en‐
abling the significant restoration of tissue homeostasis and 
promotion of the regeneration process [1, 10, 11, 14–21].

For instance, when a porcine cornea is decellularized, 
its dECM can be a key ingredient in various medical ap‐
plications, particularly in fabricating tissue-specific bio‐
inks [21–24]. Using xenogeneic tissues, which are not lim‐
ited to porcine corneas, offers significant advantages, espe‐
cially in eliminating the need to find a donor. However, al‐
logeneic and xenogeneic tissues and cell-derived ECM 
carry risks of interacting with the recipient’s body, trigger‐
ing a host-reactive response and causing detrimental effects 
that hinder in vivo applications [25, 26]. Such effects 

include inflammation, foreign-body rejection, and immune 
reactions, all attributed to the presence of cells or cell-derived 
materials within the ECM [27]. To mitigate these risks and 
repopulate new cells, tissue and organ decellularization is im‐
perative to manufacture ECM-derived materials [26, 27].

It is difficult to determine that the status of a target tissue 
is decellularized because the definition is not strictly de‐
fined by quantitative metrics. However, various guidelines 
have been established based on studies in which an in vivo 
constructive remodeling response was observed and adverse 
cell and host responses were avoided [26, 28, 29]. The two 
main quantitative criteria for the sample tissue are: (1) less 
than 50 ng double-stranded DNA (dsDNA) per milligram 
of dry weight and (2) less than 200 basepair (bp) DNA frag‐
ment length [10, 13, 28–30].

Diverse decellularization techniques, including enzy‐
matic, chemical, and physical methods, have been devel‐
oped and refined over time to efficiently remove cellular 
components from various tissues [10, 26, 31–33]. However, 
a fundamental challenge lies in finding a delicate balance 
between preserving the ECM structural integrity and achiev‐
ing effective decellularization. Strong decellularization 
approaches may result in significant ECM disruption or 
tissue damage [34–37]. Meanwhile, methods aimed to 
preserve the ECM structural integrity and alleviate the in‐
fluence of the reaction could leave residual cellular debris 
and might be insufficient on their own to achieve the high 
degree of cell removal necessary to prevent cell and host re‐
sponses [10, 21, 38–41]. This inherent trade-off highlights 
the ongoing need for research and innovation to optimize 
decellularization processes, ensuring that the tissue and 
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ECM retain their essential properties while becoming suit‐
able for diverse biomedical applications.

To enhance and optimize the decellularization perfor‐
mance, a strategic approach for removing unnecessary tis‐
sues can be conducted before decellularization [21]. For in‐
stance, this approach has been applied in porcine corneas, 
where cells were pre-eliminated by manually removing thin 
tissue layers from top and bottom corneal tissues using a 
surgical blade, retaining only the stroma. By performing 
this preliminary tissue removal procedure on a porcine cor‐
nea before decellularization, a favorable decellularization 
outcome can be achieved, resulting in DNA levels of lower 
than 50 ng/mg. This ensures the attainment of these desired 
decellularization criteria by eliminating cell layers from the 
tissue sample. In contrast, decellularization of porcine cor‐
neas without this preprocessing step often results in DNA 
decellularization exceeding the acceptable limit. This manual 
cell removal method requires precise blade control, intro‐
duces variability in the quality of pre-decellularization, and 
prolongs the operation time, thereby making the process 
highly dependent on the operator’s skill level. Therefore, 
an automated approach for consistent cell removal can 
eliminate the need for operator involvement.

Automated tissue slicing systems equipped with specially 
designed blade systems capable of controlling incision 
parameters have demonstrated the ability to achieve 
submillimeter-scale tissue slices [42–45]. However, their 
limitations restrict their application to specific tissue types, 
such as soft delicate tissues (e.g., the brain and liver). Con‐
sequently, these systems are not optimized for fibrous or‐
gans or connective tissues (e.g., corneal stroma, skin, and 
airway mucosa) with robust mechanical properties [42–45]. 
Systems that can generate thin tissue slices still necessitate 
tissue fixation methods (e.g., paraffin wax), adding addi‐
tional steps to the overall process. Expanding the tissue 
types sliced by an automated system could facilitate broader 
applications of decellularization process optimization through 
preprocessing. Current constraints emphasize the necessity 
for a solution that accommodates distinct mechanical proper‐
ties exhibited by fibrous organs and connective tissues while 
ensuring a consistent and effective incision process without 
needing preprocessing, promoting simplicity and efficiency.

This study developed a coordinated delamination instru‐
ment using applanation and cutting (CoDIAC) to validate 
the use of applanation and oscillatory incision techniques 
for obtaining precise thin tissue slices of raw porcine cor‐
neal tissues. The CoDIAC system employs applanation to 
securely hold the tissue sample in place and utilizes con‐
trolled oscillation to enable precise and effective incisions. 
By applying carefully controlled pressure to the tissue 
sample, uniform flattening and fixation of the tissue are 
achieved. With optimized parameters for oscillatory 
incisions, this technique can effectively cut through fibrous 

tissues without requiring preprocessing while maintaining 
uniform submillimeter-scale tissue slices. This study veri‐
fied the slicing performance of CoDIAC by conducting cell 
pre-elimination slicing experiments on cadaveric porcine 
eyes, specifically targeting corneal tissues composed of fi‐
brous collagen [46]. In the following stages of the investiga‐
tion, quantitative analysis was conducted on the processed 
cornea, followed by tissue histology, to meticulously exam‐
ine the microscopic influence of the system. This investiga‐
tion yielded valuable insights, as tissue histology examina‐
tion allowed for the inspection of ECM structural integrity 
and potential microscale complications. The efficacy of the 
proposed system in the decellularization process was dem‐
onstrated by decellularizing corneal tissues processed by 
CoDIAC. DNA level analysis was performed after each sig‐
nificant decellularization step, indicating the system’s effec‐
tiveness in the decellularization process.

Results demonstrated that the core principles employed 
in corneal tissue slicing by the proposed system effectively 
enable controlled incisions in fibrous connective tissues of 
raw porcine corneas. Furthermore, the observed rapid de‐
crease in DNA levels in the processed tissue slices after de‐
cellularization suggests potential improvements in effi‐
ciency, productivity, and consistency, leading to the poten‐
tial of streamlining the decellularization process.

2　Methods

2.1　Development of a precise tissue slicing 
system enhanced by applanation and 
oscillatory incision techniques

The CoDIAC system, an automated tissue slicing tool, was 
developed to produce submillimeter-scale slices from tis‐
sues or organs. It comprises two primary components: an in‐
cision module and a vertical stage (Fig. 1). The incision 
module, equipped with a direct current motor (PGM22-
2238-DH; Motor Bank, Seoul, Republic of Korea) linked to 
a cam mechanism, delivers oscillatory incisions with an ad‐
justable frequency of up to 12 Hz. The blade oscillation fre‐
quency can be controlled by the input voltage of the motor. 
With the replacement of the cam, the system can further 
modulate the frequency to four times the base value, offer‐
ing an additional capability for customized slicing. The cur‐
rent model achieves an oscillation amplitude of up to 15 mm, 
which can be modified based on the cam size. The vertical 
stage applies controlled pressure up to 2.8 MPa on the 
tissue, which is driven by a servo motor (XM430-W210-T; 
ROBOTIS, Seoul, Republic of Korea) and regulated via a 
pressure sensor (QA6P; Marvel Dex, Seongnam, Republic 
of Korea). Each module operates on separate axes, with the 
incision module moving along the X-axis and the vertical 
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stage along the Z-axis (Fig. 1b). The incision module length 
was controlled by a linear actuator (12Lf-10PT-40; IR 
Robot, Bucheon, Republic of Korea), which offers a maxi‐
mum speed of 116 mm/s over a 40-mm range and maintains 
a 9.75-µm resolution with an accuracy of ±30 µm or better. 
CoDIAC ensures automated, consistent tissue slicing under 
controlled conditions, significantly reducing variability in 
the slicing process. Table 1 shows the comprehensive speci‐
fications of the CoDIAC system.

2.2　Experiment design

2.2.1　Shape standardization of the sample tissue

The porcine cornea was preprocessed by extracting the cor‐
nea from the central part of a cadaveric porcine eye with an 
8-mm biopsy punch. This procedure standardized the target 
tissue’s form into a cylindrical configuration with variable 

heights. Consequently, uniform cylindrical tissue speci‐
mens, namely “cornea tabs,” exhibited a consistent diam‐
eter but diverse heights. The approximate height of the cor‐
nea tab, representing the central thickness of the porcine 
cornea, can vary in thickness [47]. Therefore, an adaptive 
incision method must accommodate this delicate scale 
while meeting precise accuracy standards.

2.2.2　Experiment setup

Cadaveric porcine eyes were used for the performance vali‐
dation of the proposed systems. The porcine eyes were 
deep-frozen (−80 °C) within 6 h of enucleation to preserve 
the samples. Before the experiment, the eyes were thawed 
by placing them in a 4 °C chiller for 12 h. Surgical scissors 
were subsequently used to remove any residual tissues 
around the eye that had not been removed by the supplier. 
An 8-mm biopsy punch was utilized to extract a circular 

Fig. 1  Structural diagram of CoDIAC: (a) functional schematic diagram; (b) three-dimensional CAD model and the internal components; 
(c) main function modules of the CoDIAC system; (d) cross-sectional image of the system mechanism; (e) close-up view of the applanation 
incision mechanism. CAD: computer-aided design; DC: direct current

Table 1  Detailed specifications of CoDIAC
Component

Incision 
module

Vertical 
stage

Drive
Max. 
speed 
(mm/s)

116

3.2

Distance 
(mm)

40

14

Resolution 
(µm)

9.75

0.5

Accuracy 
(µm)

±30

±2.0

Max. 
pressure 
(MPa)

–

2.8

Motor

Coreless DC 
linear motor

Coreless DC 
motor

Encoder

10 kΩ linear 
potentiometer

Contactless ab‐
solute encoder

Oscillation
Max. blade 
speed 
(mm/s)

180

–

Max. 
frequency 
(Hz)

12

–

Max. 
amplitude 
(mm)

15

–

378



Bio-Design and Manufacturing (2025) 8:375–390

tissue sample (referred to as a cornea tab) from the eye. 
Subsequently, the sample was meticulously rinsed in 
phosphate-buffered saline and promptly sliced after a thor‐
ough washing process. The entire experiment procedure 
was recorded for each trial using a digital single lens reflex 
(DSLR) camera (ICLE-7ME; Sony, Tokyo, Japan), includ‐
ing the time data.

2.2.3　Experiment procedure

During the incision of the given porcine cornea tab, the sys‐
tem underwent four stages of operation: engagement, cali‐
bration, incision, and disengagement. In the engagement 
phase, the cornea was placed in the cornea placement area 
and the incision module covered the cornea. The applana‐
tion pressure was calibrated once the cornea tab was over‐
laid with the applanation pad. At this point, the cornea was 
elevated to the applanation pad in the vertical direction, dur‐
ing which the pressure was gradually increased until the 
ideal applanation pressure was achieved. Next, the incision 
began by operating the oscillating blade and driving the 
blade at a constant speed. After a complete coverage of the 
cornea tab area by the blade, the disengagement process in‐
volved halting the blade’s motion, retracting the oscillating 
blade, and lowering the processed cornea tab away from the 
incision region.

The proposed device applied two distinct tissue slicing 
methods to porcine cornea tabs. First, consecutive tissue 
slices were generated through repetitive system operation 
after the cornea was inserted. This process resulted in mul‐
tiple slices on the same cornea tab. Second, layer-specific 
tissue sections were created to selectively remove the ante‐
rior (epithelium+Bowman’s layer (BL)) and posterior (en‐
dothelium+Descemet’s membrane (DM)) corneal layers 
from the cornea tab, separating those layers from the 
stroma. This involved removing one tissue layer initially 
and subsequently flipping the cornea tab to address the 
other tissue layer. The order of anterior and posterior cor‐
neal layer removal was randomized.

2.2.4　Measurement and analysis

To interpret the outcomes of the proposed system, a range 
of metrics were measured and analyzed, including a postop‐
erative analysis.

(1) Thickness: The cornea tab thickness was measured 
for the entire cornea, consecutive slices, removed anterior 
and posterior corneal layers, and the stroma. Using a mi‐
crometer (293-234-30; Mitutoyo Corporation, Kawasaki, 
Japan), the thickness of each sample was acquired with an ac‐
curacy of ±1 µm, a resolution of 1 µm, and an error range 
within ±0.3 µm, resulting in a potential reading error of 
±1.7 µm (0.68% margin of error). For precise results, 

measurements were taken just before tissue deformation by 
detecting contact between the corneal tissue and the spindle 
face using a transistor-amplified capacitive touch circuit at‐
tached to the spindle faces (a detailed description is pro‐
vided in the supplementary information). When the spindle 
face touched the corneal tissue, the light-emitting diode illu‐
minated; therefore, the thickness of the tissue was measured 
just before deformation. The complete thickness was mea‐
sured before the incision, and the thickness of the sliced tis‐
sue layers was measured immediately after the incision.

(2) Mass: Immediately after the incision, consecutive 
slices and three tissue layers (stroma, anterior, and posterior 
corneal layers) were measured with an analytical balance 
(BCE224i-1s; Sartorius, Göttingen, Germany). The total 
mass was determined by summing the masses of each indi‐
vidual layer rather than being measured independently. Be‐
fore being placed on the analytical balance, external fluid 
was removed from all tissue samples by gently tapping 
them with a nonwoven fabric wipe (KM WW-2209; An‐
sung, Republic of Korea) to absorb the fluid.

(3) Applanation pressure: During incision, the pressure 
exerted on the cornea using the vertical stage on the appla‐
nation pad was recorded via real-time logging. This record 
was supplemented with data on applanation pressure, time, 
and blade drive distance. Consequently, users could corre‐
late pressure values at specific time points and blade drive 
distances.

(4) Operation time: Based on the video showing the en‐
tire operation of the proposed system, the time required in 
each step was analyzed for all trials. The start time was set 
when the cornea tab was positioned onto the designated cor‐
nea placement area, whereas the end time was defined as 
the moment the cornea was released from the system and 
lifted clear from the incision site. The operation time in the 
engagement phase was measured from the start time until 
the applanation pad fully encompassed the cornea. The cali‐
bration phase was recorded until the oscillating blade was 
activated. Subsequently, the incision phase was tracked 
until the oscillating blade stopped. The disengagement 
phase was quantified during the retraction of the blade until 
the end of the operation.

(5) Tissue histology: Two types of staining were utilized 
to observe layer removal at the microscopic level. For tissue 
histology analysis, hematoxylin and eosin (H&E) staining  
and 4',6-diamidino-2-phenylindole (DAPI) staining were 
utilized to observe the outcome of delaminated tissues. 
H&E staining enabled us to observe the overall characteris‐
tics of the incision site and assess the successful removal of 
cell layers (epithelium, BL, DM, and endothelium) by the 
system. In addition to H&E, DAPI staining was concurrently 
conducted to further examine the presence of DNA. Whereas 
intralayer cells were present within the stroma, the DAPI-
stained tissue histology image helped determine the presence 
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of high-density cell layers on the processed cornea.
(6) Decellularized tissue dsDNA measurement: After the 

sample tissues were delaminated using the proposed device, 
they underwent a decellularization process involving purifi‐
cation (5 mg/0.2 µL). During the purification task, after 
each detailed step, portions of the samples were freeze-
dried and subjected to DNA digestion, ensuring an accurate 
quantification of the DNA content in decellularized 
samples. DNA quantification utilized the DNA PicoGreen 
assay, which employed fluorescence intensity to precisely 
determine the amount of dsDNA within the samples. For 
the decellularization task and dsDNA assays, the GeneJET 
genomic DNA purification kit (K0722; Thermo Fisher 
Scientific, Waltham, MA, USA) and the PicoGreen kit 
(Quant-iTTM PicoGreenTM dsDNA assay kits and reagents) 
were used, respectively.

The solution containing the dECM obtained from decellu‐
larization underwent dilution, resulting in a dECM concen‐
tration of 2.5 mg/mL (CdECM), which served as a correction 
factor. Using this correction factor, the dsDNA concentra‐
tion (CDNA) obtained from the PicoGreen assay allowed us 
to determine the amount of DNA per 1 mg dECM (M=
CDNA/CdECM).

Sample tissues processed by the proposed device were 
categorized into two groups for investigation. In the first 
group, layer-specific incisions (anterior and posterior cor‐
neal layers) were made to obtain the whole stroma. In the 
second group, consecutive incisions were made on a single 
piece of corneal tissue, resulting in a subdivided stroma. In 
both scenarios, anterior and posterior corneal layers were re‐
moved before decellularization. To summarize, layer-
specific incisions yielded a whole cornea, whereas consecu‐
tive incisions resulted in a subdivided stroma. Both were de‐
cellularized, and DNA levels were observed for each group. 
This systematic comparison aimed to assess the efficacy of 
the proposed system in the decellularization process.

3　Results and discussion

3.1　Design and system parameters of CoDIAC

A microkeratome can offer potential advantages for corneal 
tissue incisions; however, due to its intended use in short-
duration surgical procedures, there are limitations in inte‐
grating a microkeratome into the system. Therefore, key in‐
cision parameters have been referred to and implemented in 
the automated system. Slicing is driven by the stress exerted 
by the blade. This includes shear stress resulting from the 
blade’s motion, where the blade speed is one of the pivotal 
parameters that influence this shear stress [48]. For stable 
long-term operation, a low-speed actuator (planetary gear 
direct current motor; rated speed: 398 r/min, rated torque: 

791 gf-cm; 1 gf-cm=9.806 65×10−5 N·m) was used instead 
of a high-speed variant commonly found in microkera‐
tomes. To replicate the oscillation speed of the microkera‐
tome blade with this setup, the frequency was lowered, and 
the amplitude of the oscillating blade was increased. The 
frequency was chosen based on the motor’s capability for 
long-term use and the operational duty cycle. The ampli‐
tude was calculated using the following formula: 

AO=fO/( fM×AM),
where AO represents the oscillation amplitude, fO represents 
the oscillation frequency, fM represents the microkeratome 
frequency, and AM represents the microkeratome amplitude. 
Therefore, the parameters were modified to a frequency of 
6 Hz and an amplitude of 9.5 mm, yielding a blade speed of 
57 mm/s. This adjustment was based on the instrument set‐
tings of the Carriazo-Pendular microkeratome (Schwind 
Eye-Tech Solutions GmbH & Co., Kleinostheim, Germany), 
which typically exhibit oscillation frequencies from 150 to 
250 Hz [49].

The current system was developed to validate the con‐
cept of utilizing applanation and oscillatory slicing to 
achieve effective and precise incisions in raw tissues. Con‐
sequently, scalability is another crucial aspect of this re‐
search that needs further investigation. Researchers can con‐
template the potential scalability of the system by examin‐
ing its primary parameters. One of the primary parameters 
controlled in this system is the blade speed, which remains 
unaffected by the slice area and is solely influenced by the 
oscillation frequency and amplitude. Although an increased 
area could indeed influence the applanation pressure, a criti‐
cal determinant in the slicing outcome of the raw tissue, the 
vertical stage equipped with a pressure sensor can compen‐
sate for such variations. This can be achieved by adjusting 
the applanation force, effectively compensating for any in‐
crease in area. Naturally, if the area is expanded, the verti‐
cal stage with the pressure sensor must be redesigned to ac‐
commodate the larger area.

To ensure stable and coordinated oscillatory motion of the 
blade during tissue incision, an incision module was de‐
signed. The module consists of two major design features: a 
cam mechanism and an oscillating blade. The cam mecha‐
nism linearly oscillates the oscillating blade with a frequency 
of 6 Hz and an amplitude of 9.5 mm, which can be driven 
into the tissue to achieve incision (Fig. 2a). However, the 
thickness of the surgical blade (Feather No. 25; thickness: 
400 µm) could compress surrounding tissues, generating pres‐
sure and shear stress on the tissue plane during incision due 
to its increased contact area, which might impact the inci‐
sion performance (Fig. 2b). To mitigate this phenomenon, 
the surgical blade was installed on the oscillating blade at 
an inclination of 35° relative to the incision plane, in accor‐
dance with the angle reference employed in conventional 
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microkeratomes (Fig. 2a) [49]. The blade was secured with 
magnets and a blade compressor to ensure stability.

The height of the cornea tabs varies among the porcine 
eye samples. Therefore, a passive adaptation method that 
can accommodate this variation is necessary to achieve a 
constant incision height. The applanation pad was affixed 
onto the incision module, ensuring a constant distance be‐
tween the applanation plane and the oscillating blade’s inci‐
sion plane, keeping the incision height constant regardless 
of the cornea tab (Fig. 2c). Therefore, users can control the 
tissue slice thickness by controlling the gap distance be‐
tween the blade and the applanation pad. The gap distance 
can be modified by changing the applanation pad installed 
on the oscillating blade (Fig. S2 in the supplementary infor‐
mation). When the oscillating blade is activated, the cornea 
tab can be compressed onto the applanation plane, and the 
incision module can slide over the cornea tab, removing a 
tissue layer identical to the specified incision height.

The optimal thickness of tissue slices varies with the 
application. In this study, the thickness was set to 250 µm, 
which is a large margin to ensure the removal of cell 
layers within the corneal tissue. The current system has 
limitations regarding the usability of slice thickness modi‐
fication. Slice thickness can be controlled by adjusting the 

gap distance between the blade and the applanation pad. 
However, this process requires removal and installation, 
requiring users to follow multiple operation steps. There‐
fore, introducing a variable gap distance control mecha‐
nism integrated into the system could streamline the pro‐
cess of setting the slice thickness, enhancing the usability 
and efficiency of the system.

The cornea tab was compressed in a coordinated manner 
by a vertical stage equipped with a pressure measurement 
function. Compression pressure regulation was achieved us‐
ing a proportional-integral-derivative (PID) closed-loop 
controller. The tissue should remain within the designated 
cornea placement area and incision region to facilitate seam‐
less operation of the incision module. Therefore, a displace‐
ment guard surrounding the vertical stage was installed to 
inhibit any movement of the cornea tab.

The surface roughness of the applanation pad plays a 
critical role in ensuring a successful incision in the raw tis‐
sue. If the pad exhibits surface defects that hinder the 
achievement of the required smoothness, these defects 
may result in tissue pulling and displacement, leading to 
incision failure. Moreover, the tissue could be stuck within 
the incision module due to unexpected tissue relocation. 
Considering this issue, the applanation pad fabricated using 

Fig. 2  Critical design aspects in the incision module. (a) Incision module design and major parameters. (b) Difference between the horizontal 
and inclined incisions. The inclined incision can lessen the effect of blade thickness on corneal tissue samples. (c) An adaptive incision 
approach to accommodate the variation in tissue thickness. (d) Bumps observed on the applanation pad can lead to complications in incision 
performance. (e) Bumps were eliminated from the applanation pad after postprocessing, ensuring a smooth surface
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fused deposition modeling underwent postprocessing to en‐
sure a smooth surface and eliminate all surface imperfec‐
tions (Figs. 2d and 2e). Smoothness should be achieved 
such that when the applanation pad compresses the corneal 
tissue with a 2-kg load, the tissue should be able to slide 
freely without resistance under the applanation pad.

Preventing contamination when operating and maintain‐
ing the device is essential. To facilitate the sterilization pro‐
cess, components that directly contact the tissues are de‐
signed for easy detachment, utilizing magnetic connections 
for swift assembly and disassembly from the system. The 
blade used in the system is sterile, as it undergoes steriliza‐
tion during the manufacturing process and is sealed in air‐
tight packaging until it is opened for use [50]. After tissue 
cutting, the blade can be readily removed and replaced, fa‐
cilitated by its secure fixation using magnets.

3.2　Submillimeter-scale raw tissue incision 
and delamination through CoDIAC

Multiple porcine corneal tissue samples were used to evalu‐
ate the performance of incisions made with the proposed 

device. Four consecutive incisions were made on a single 
piece of corneal tissue for 10 porcine eyes. For the 
layer-specific case, 10 porcine eyes were used, and anterior 
and posterior corneal layers were removed from the cornea; 
thus, two incisions were made on a single sample. To miti‐
gate the potential impacts of the incision sequence, the or‐
der of incisions was altered for each trial.

After consecutive incisions, a single cornea tab was sepa‐
rated into five tissue slices due to the four incisions. The fi‐
nal tissue slice was neglected because it was not sliced in a 
controlled manner using the proposed system but was a resi‐
due of the delamination process. Therefore, using 10 por‐
cine eyes, a total of 40 slices were produced, with thick‐
nesses measuring (252±8) µm. When sliced using the layer-
specific method, a single porcine cornea sample can be 
separated into three parts: stroma, anterior (epithelium and 
BL) corneal layer, and posterior (endothelium and DM) cor‐
neal layer. Anterior and posterior corneal layers were re‐
moved at thicknesses of (252±7) µm and (251±6) µm, re‐
spectively, leaving the stroma at a thickness of (757±48) µm 
(Fig. 3 and Table 2). The target thickness of the sliced tissue 

Fig. 3  Raw tissue incision thickness evaluation and analysis. (a) Slice thickness and ratio of the porcine cornea in consecutive incision case (n=
40) and layer-specific incision case (n=10) divided into stroma, anterior corneal layer (epithelium and BL), and posterior corneal layer (endothe‐
lium and DM). (b) Layer thickness according to the sample number (order) of the tissue samples undergoing consecutive incision (n=40). 
(c) Statistical significance analysis of the sliced layer thickness (n=10 for each layer and n=40 for consecutive slices). (d) Porcine cornea sample 
separated into three parts by raw tissue incision using the proposed device. Data are expressed as mean±standard deviation (N.S.: not significant)
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using the proposed system was set to 250 µm, with ob‐
served slices achieving the target thickness with 2.4% varia‐
tion from the mean (within ±10 µm).

Given these results, the proposed system can achieve 
submillimeter-scale raw tissue incisions using applanation 
and an oscillating blade. The target layer removal thickness 
of 250 µm is large considering the actual thickness of the 
epithelium, BL, DM, and endothelium [47]. However, the 
target thickness can be modified by changing the applana‐
tion pad installed on the system (Fig. S2 in the supplemen‐
tary information).

3.3　Tissue removal mass measurement and 
removal precision

The supplementary experiment assessing the slice mass is a 
complementary validation of the slice thickness evaluation 
conducted previously. From the linear relationship between 
mass and thickness, congruence is expected between the ra‐
tio of thickness to mass measurements of the sliced tissue 
relative to the total tissue sample. By measuring the thick‐
ness and mass of tissue slices, this study aimed to ensure 
the accuracy and reliability of thickness measurements.

Mass measurements were taken of tissues mainly com‐
posed of ECM (stroma) and tissues with high cell density 
levels (anterior and posterior corneal layers) promptly after 
incision. The masses of the removed anterior corneal layer 
((17.3±0.4) µg) and posterior corneal layer ((17.7±0.6) µg) 
accounted for (20.6±0.5)% and (21.1±0.7)% , respectively, 
of the entire corneal tissue obtained from an 8-mm biopsy 
punch (Fig. 4 and Table 3). The anticipated ratio of the re‐
moved mass is expected to exhibit a similar value to the 
thickness, considering the linear relationship between the 
mass and thickness when a constant area is maintained 
(Tables 2 and 3).

Given this relationship, the system’s ability to create 
submillimeter-scale thick incisions with microscale preci‐
sion directly influences the control of the removed mass. 

This precision ensures a significant reduction in variability, 
which is typical in manual processes. As a result, this sys‐
tem offers consistently reliable tissue processing that is not 
dependent on the operator’s skill level, which is a critical 
limitation in manual procedures.

3.4　Optimal applanation pressure range for 
effective raw tissue incision and fixation

The optimal applanation pressure for raw tissue incision of 
the porcine cornea was 40–45 kPa. If the pressure drops be‐
low the lower limit, premature tearing of the tissue (tissue 
clipping) may occur, which leaves residual cell layers on 
the acquired stroma (Fig. 5b). Therefore, a PID controller 
was utilized to regulate the applanation pressure within the 
optimal pressure range. The gains of the PID controller 
were determined using the Ziegler-Nichols method, a heu‐
ristic approach for tuning the controller gains [51, 52]. As a 
result, the clipping phenomenon could be prevented, and a 
complete clean incision of the raw corneal tissue could be 
created (Fig. 5c). Furthermore, it is essential to exercise 

Fig. 4  Acquired mass of the tissue slices in the consecutive incision 
case (n=40) and layer-specific incision case (n=10) by the proposed 
system. Data are expressed as mean±standard deviation

Table 2  Thickness of each layer acquired by the system using CoDIAC
Incision case

Consecutive

Layer-specific

Slices
Total (cornea)
Stroma
Anterior
Posterior
Total (cornea)
Total (slices)

Thickness  (µm)
Average
252
1239
757
252
251
1259
251

Standard deviation
8
33
48
7
6
45
6

Ratio (%)

–
–
60.1±1.0
20.0±0.9
20.0±0.9
–
–

Error (µm)

2
–
–
2
1
–
1

Size

40
10
10
10
10
10
20

Error=|target thickness – average thickness|, with target thickness being 250 μm. In the layer-specific incision case, the corneal tissue is separated 
into three layers: stroma, anterior corneal layer (epithelium and BL), and posterior corneal layer (endothelium and DM). The red indicates the 
tissue slices
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caution against the application of excessive pressure, as this 
is crucial for preventing potential system failures. This mea‐
sure also holds significant importance in optimizing the per‐
formance of the incision procedure because excessive pres‐
sure during tissue applanation can result in heightened 
friction, generating substantial shear forces on the tissue 
sample, thus complicating an effective incision.

In short, the optimal pressure for fixing the porcine cor‐
nea and achieving submillimeter-scale incisions in the raw 
tissue was within the range of 40–45 kPa (Fig. 5). Nonethe‐
less, this pressure was established through a series of itera‐
tive experiments conducted on porcine corneal tissues. 
Therefore, the optimal pressure on different tissue types or 
organisms might differ. In future research endeavors, an 
analytic model could be established to predict suitable pres‐
sure ranges for arbitrary tissues.

3.5　Phase-wise operation time measurement 
of CoDIAC

The proposed system goes through four tasks to complete 
the raw tissue incision of the porcine cornea (Fig. 6). First, 
during the engagement phase, all system components are 

checked, and the sample tissue placed on the vertical stage 
is locked into the system ((2.00±0.10) s). Next, in the cali‐
bration phase, the vertical stage is controlled to administer 
the optimal pressure onto the sample tissue ((6.30±0.30) s). 
After calibration, an incision is made ((5.62±0.27) s), and 
when the blade reaches the end position, the sample tissue 
is released, and the system is disengaged ((3.17±0.15) s). In 
summary, the system requires an operation time of (17.09±
0.83) s to execute a single-layer incision of porcine corneal 
tissues extracted using an 8-mm biopsy punch.

3.6　Cell layer removal efficacy measurement 
using tissue histology analysis

Although the proposed system can effectively delaminate 
tissue layers, ensuring the complete removal of cell layers 
requires further microscopic analysis (Fig. 7). Consequently, 
all samples were examined using cellular staining methods. 
By inspection of H&E and DAPI images, the porcine cor‐
nea control sample was missing the endothelium layer, but 
the BL, DM, and epithelium were intact (Figs. 7a (control) 
and 7b). If the tissue sample undergoes incision by the pro‐
posed system, only the stromal membrane is retained, with 

Table 3  Mass of each layer acquired by the system using CoDIAC
Incision case

Consecutive

Layer-specific

Slices
Total (cornea)
Stroma
Anterior
Posterior
Total (cornea)
Total (slices)

Mass (µg)
Average 
16.8
82.1
50.3
17.3
17.7
83.8
17.5

Standard deviation
0.5
2.5
2.0
0.4
0.6
3.8
0.5

Ratio (%)

–
–
60.0±2.3
20.6±0.5
21.1±0.7
–
–

Size

40
10
10
10
10
10
20

The red indicates the tissue slices

Fig. 5  Significance of applanation pressure control during raw tissue incision. (a) Applanation pressure on the porcine cornea by blade drive dis‐
tance during incision. A closed-loop PID controller is required to regulate applanation pressure within the optimal range. (b) Premature tissue 
tearing (tissue clipping) occurred at the anterior/posterior corneal layer due to an applanation pressure drop—1000 µm ahead of the incision ter‐
mination point. (c) Tissue clipping was prevented by applying a PID controller for optimal applanation pressure regulation
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the epithelium, BL, and DM being completely removed 
(Figs. 7a (samples) and 7c). The removal of cell layers with 

high cell density can be inspected by comparing the H&E 
and DAPI images.

Fig. 7  Microscopy observations of the incision site in the sliced cornea sample. (a) Tissue histology analysis after slicing the sample tissue by 
two types of staining: H&E and DAPI. The histology slides show the state of the sample tissues after the preprocessing state of removing the 
cell layers before decellularization. Nuclear remnants may be partially observed in these slides, as they depict tissues in an intermediate stage of 
decellularization. A control tissue sample involving the extraction of corneal tissue from the porcine eye but without the tissue removal per‐
formed by the proposed system was included. H&E and DAPI staining revealed cell nucleus staining, indicating the presence of cells. On in‐
spection, the cell layers (epithelium, BL, DM, and endothelium) were eliminated when processed using the proposed system. (b) Porcine cornea 
control sample tissue histology image with H&E staining. (c) Cornea sample that underwent layer removal using the proposed system. By obser‐
vation, the anterior and posterior corneal tissue layers have been physically removed. (d) Evaluation regions of the processed corneal tissue 
sample to quantify the tissue histology

Fig. 6  Process time required for each operational step. (a) Operation time of the proposed device by task type (data are expressed as mean±
standard deviation, n=22). The corneal layer incision process includes the following steps: (b) placement of the cornea tab into the cornea place‐
ment area, (c) system engagement and calibration of the optimal applanation pressure, (d) incision made by the oscillating blade, and (e) disen‐
gagement of the system, stopping the blade and releasing the cornea tab
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To better understand the system’s incision performance, 
tissue histology was quantified. In the initial step, the “score,” 
representing incision efficacy, was assessed through visual 
inspection, and its subsequent rating was rated using a pre‐
defined rubric. The evaluation process was based on three 
specific criteria: (1) 2 points for complete incision and re‐
moval of anterior and posterior corneal layers, (2) 1 point 
for partial incision and removal of anterior and posterior 
corneal layers with some residual regions, and (3) 0 points 
for failure of incision or that anterior and posterior corneal 
layers are intact. In the second step, the “cutting rate” was 
assessed by determining whether the cell layers had been re‐
moved from the stroma. The evaluation process involved di‐
viding the sample tissue into multiple regions, and 1 point 
was assigned if the cell layer was absent.

The cornea sample was divided into three sections (left, 
middle, and right) for the anterior and posterior regions, re‐
sulting in the examination of six sections for each sample 
(Fig. 7d). This structure allowed for a maximum score of 12 
points and a maximum cutting rate of 6 points. In summary, 
the processed tissue samples exhibited an average score of 
11.6 (96.7% of the maximum score of 12) and a cutting rate 
of 5.7 (95% of the maximum of 6; Tables 4 and 5). All 
samples demonstrated effective removal of anterior and pos‐
terior corneal layers, apart from complications observed in 
the fifth and seventh samples (S5 and S7).

In Samples S5 and S7, at the edge of the cornea tab, the 
BL remained attached to the tab, indicating incomplete 
removal of the cell layer from the stroma. However, the 
corneal thicknesses in S5 and S7 were greater than those in 
the other samples. This suggests that the system’s ability to 

achieve stable incisions may be suitable for corneas with a 
thickness smaller than a certain threshold, beyond which its 
performance might be compromised.

The tissue region where the oscillating blade was used to 
create the incision had an irregular boundary throughout the 
entire incision area. Although a surgical blade was in the 
system, a clean boundary shape was unattainable. This phe‐
nomenon could have been influenced by the blade’s low os‐
cillation frequency and high motion amplitude, despite its 
similar oscillating speed to that of the microkeratome. De‐
spite boundary irregularities, the stromal tissue remained 
structurally intact. This observation suggested that the inci‐
sion method employed by the proposed system results in 
minimal disturbance to the ECM architecture and collagen 
structure. As a result, the risk of potential damage to the 
basement membrane is likely mitigated.

3.7　Decellularization efficacy assessment of 
CoDIAC by DNA level analysis

To investigate the effectiveness of the proposed device, 
DNA level analysis was conducted on the sample tissues 
(Fig. 8). The analysis involved measuring whole stroma 
samples (n=10), where anterior and posterior corneal layers 
were removed using the proposed system. Sliced stroma 
samples (n=10) were prepared by removing the corneal lay‐
ers and further slicing the stroma into multiple subdivisions 
to increase the overall surface area. During decellulariza‐
tion, DNA levels were measured after each major step. The 
DNA levels in the sliced stroma ((464.19±11.85) ng/mg), 
which was divided into multiple tissue slices, showed a sub‐
stantial reduction even during the early stages of the decel‐
lularization process, compared to the native stroma 
((724.90±5.77) ng/mg). Additionally, the sliced stroma 

Table 4  Performance index value “score” for tissue histology 
quantification
Sample 

number

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
Average

Score
Anterior region
Left
2
2
2
2
0
2
2
2
2
2
1.8

Middle
2
2
2
2
2
2
2
2
2
2
2

Right
2
2
2
2
2
2
1
2
2
2
1.9

Posterior region
Left
2
2
2
2
2
2
2
2
2
2
2

Middle
2
2
2
2
1
2
2
2
2
2
1.9

Right
2
2
2
2
2
2
2
2
2
2
2

Total

12
12
12
12
9
12
11
12
12
12
11.6

Percen‐
tile (%)

100
100
100
100
75.0
100
91.7
100
100
100
96.7

Six regions were inspected, and points were assigned based on three 
quality criteria specified in the evaluation rubric (maximum value for 
each sample: 12 points)

Table 5  Performance index value “cutting rate” for tissue histology 
quantification
Sample 
number

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
Average

Cutting rate
Anterior region
3
3
3
3
2
3
3
3
3
3
2.9

Posterior region
3
3
3
3
2
3
2
3
3
3
2.8

Total

6
6
6
6
4
6
5
6
6
6
5.7

Percentile (%)

100
100
100
100
66.7
100
83.3
100
100
100
95

Six regions were inspected, and points were assigned based on the 
presence of cell layers (maximum value for each sample: 6 points)
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exhibited significantly lower DNA levels than the whole 
stroma ((702.66±14.41) ng/mg) at these initial steps. Be‐
yond achieving lower DNA levels at earlier stages, the 
sliced subdivided stroma consistently exhibited lower 
variations in DNA levels (***p<0.001 and **p<0.01) com‐
pared to the whole stroma throughout all measured steps. 

In the sliced stroma case, the DNA level change was insig‐
nificant between decellularization Steps 1 and 2.

In summary, results indicated that preprocessing tissues 
with the proposed system before decellularization can make 
sample tissues achieve a greater degree of reduction in DNA 
content, as shown in the sliced stroma case. The insignificant 

Fig. 8  DNA levels measured within cell layer pre-eliminated cornea samples that underwent decellularization. Statistical significance analysis 
was conducted between sample types (a) and steps for each process (b). Whole stroma samples (n=10) were obtained by the layer-specific inci‐
sion method, and subdivided sliced stroma samples (n=10) were obtained by the consecutive incision method. Layer-specific and consecutive 
slicing methods involve the removal of anterior and posterior corneal layers before decellularization, leaving only the stroma. The purification 
process for decellularization involves several sequential steps. Compared to the whole stroma samples, the sliced stroma samples demonstrated 
a faster reduction in DNA levels, even during the early steps of the process. Throughout all steps, DNA levels in the sliced stroma samples re‐
mained consistently lower than those in the whole stroma samples with significant differences. Data are expressed as mean±standard deviation 
(***p<0.001, **p<0.01)
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change observed between the intermediate steps (sliced 
stroma case; Steps 1 and 2) suggests that certain steps (e.g., 
Decellularization—Step 2) could be omitted, simplifying 
the decellularization process. This optimization can reduce 
the number of steps, associated time, and cost required for 
the procedure.

4　Conclusions

This study demonstrated an automated method for achiev‐
ing high-precision submillimeter-scale raw tissue slicing, 
eliminating the need for preprocessing. By integrating ap‐
planation and an oscillatory incision, uniform flattening and 
fixation of the target tissue were maintained, generating thin 
slices with a reduced thickness variability within  ±10 µm. 
As confirmed by tissue histology, the system’s incision 
method ensures minimal disturbance to the ECM architec‐
ture and collagen structure, enabling its application in vari‐
ous fields that demand precise submillimeter-scale raw tis‐
sue slicing. Stepwise DNA level analysis demonstrated an 
expedited decrease in DNA levels in the subdivided stroma 
by the proposed system, even at the initial steps of decellu‐
larization, which suggests the system’s potential to stream‐
line and reduce the necessary steps in the overall decellular‐
ization process. The automated high-precision submillimeter-
scale raw tissue slicing system, CoDIAC, can create precise 
slices in the fibrous tissues of porcine cornea. Although the 
fundamental operational principle of raw tissue slicing was 
demonstrated on the porcine cornea, possible expansion in 
the application of raw tissue slicing to other organs and 
tissues can be anticipated. The capabilities demonstrated in 
this study present a promising opportunity for future re‐
search to explore methodological advancements in biomedi‐
cal research.
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