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Abstract
Hyalocytes, which are considered to originate from the monocyte/macrophage lineage, play active
roles in vitreous collagen and hyaluronic acid synthesis. Obtaining a hyalocyte-compatible bioink
during the 3D bioprinting of eye models is challenging. In this study, we investigated the suitability
of a cartilage-decellularized extracellular matrix (dECM)-based bioink for printing a vitreous body
model. Given that achieving a 3D structure and environment identical to those of the vitreous body
necessitates good printability and biocompatibility, we examined the mechanical and biological
properties of the developed dECM-based bioink. Furthermore, we proposed a 3D bioprinting
strategy for volumetric vitreous body fabrication that supports cell viability, transparency, and
self-sustainability. The construction of a 3D structure composed of bioink microfibers resulted in
improved transparency and hyalocyte-like macrophage activity in volumetric vitreous mimetics,
mimicking real vitreous bodies. The results indicate that our 3D structure could serve as a platform
for drug testing in disease models and demonstrate that the proposed printing technology, utilizing
a dECM-based bioink and volumetric vitreous body, has the potential to facilitate the development
of advanced eye models for future studies on floater formation and visual disorders.

1. Introduction

Vitreous humor occupies approximately 80% of the
eye volume and fills the space between the lens and
retina [1]. It comprises a transparent and fragile
hydrogel composed of approximately 99% water [2];
other major constituents include collagen fibrils, hya-
luronic acid, hyalocytes, inorganic salts, and lipids
[3]. Vitreous humor absorbs and dampens external
forces, reduces mechanical deformation of the eye,
acts as a metabolic buffer, and allows light to reach
the retina while maintaining transparency [4]. These
features make vitreous humor an active compon-
ent of the eye physiology and not just a filler [5].
However, the vitreous body undergoes natural aging
owing to the biochemical changes occurring inside it.

These changes affect the collagen content and viscos-
ity of the vitreous gel, resulting in a gradual lique-
faction of the gels [6]. Vitreous liquefaction occurs
because hyaluronic acid separates from the colla-
gen fibers. Subsequently, the fibers aggregate and the
entrapped aqueous medium is released [7]. Vitreous
liquefaction can lead to posterior vitreous detach-
ment (PVD), wherein the vitreous gel detaches from
the retina [8]; this is one of the primary causes of vit-
reous opacity, retinal detachment (RD), and macu-
lar holes (MHs). Floaters are common eye complaints
that are typically described as bubbles, dark spots, or
bugs in the visual field [9]. While generally benign,
floaters can interfere with the vision in some cases,
cause physiological stress [10], and negatively impact
the quality of life.
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Hyalocytes are mononuclear cells located in
the posterior vitreous cortex [6], and they are
derived from themonocyte/macrophage lineage [11].
Hyalocytes perform various functions within the eye,
including extracellular matrix (ECM) synthesis [12],
and they are reported to be responsible for vit-
reous collagen and hyaluronic acid synthesis [11, 13].
Furthermore, they stimulate cell migration and pro-
liferation as well as gel contraction [14]. Therefore,
we hypothesized that hyalocytes play a role in floater
and vitreous liquefaction, causing PVD.

Some studies have presented two-dimensional
(2D) culture systems for hyalocytes to study vitreous
diseases [15–17]. To the best of our knowledge, a
three-dimensional (3D) eye model mimicking the
volumetric vitreous body environment has not been
developed.

Recent advancements in additive manufactur-
ing have enabled the development of new meth-
ods and tools for studying 3D in vitro models [18].
3D bioprinting is a branch of additive manufactur-
ing that involves the printing of biomaterials, cells,
and biomolecules [19] to develop structures that can
mimic the human body [20]. Extrusion-based print-
ing, one of the most commonly used bioprinting
methods, involves the extrusion of a cell-laden hydro-
gel through a nozzle via compressed air or a plun-
ger. For the 3D bioprinting of a vitreous body, a
hyalocyte-specific bioink providing a vitreous body-
like microenvironment must be developed for accur-
ate recapitulation; however, no such study on bioinks
for vitreous body printing has been conducted.

Several natural and synthetic hydrogels have been
tested as vitreous substitutes [5, 7, 21]. However,most
studies have focused on the development of the vit-
reous tamponade, and only a few studies have focused
on the compatibility of hyalocytes and hydrogels.
Recently, a new type of hydrogel bioink, called a decel-
lularized extracellular matrix (dECM) hydrogel, was
developed. As the name suggests, these hydrogels are
based on decellularized biological tissues. Although
they may have poor printability owing to a low vis-
cosity caused by protein damage during decellulariz-
ation, they can provide the ideal conditions for the
native matrix. Therefore, dECM hydrogels are widely
used in 3D bioprinting [22]. Vitreous body dECM
is the most suitable for producing a vitreous body-
specific bioink. However, 99% of the vitreous body
is composed of water. Therefore, obtaining a suffi-
cient amount of dECM from the vitreous body is
difficult.

The natural composition of the cartilage matrix is
similar to that of the vitreous gel [23], and obtaining
a large amount of cartilage dECM is facile. Thus, we
hypothesize that a cartilage dECM can be a suitable
bioink for 3D culture of hyalocytes.

In this study, we aimed to investigate the suit-
ability of a cartilage dECM-based bioink (CDB) as

a vitreous substitute for eye models intended for
the study of floater formation and vitreous lique-
faction caused by hyalocytes, which can be influ-
enced by volumetric mechanical load or exposure
to light. Biocompatibility, transparency, rheological,
and swelling tests were performed, which demon-
strated the suitability of the CDB for the 3D bioprint-
ing of vitreous body model. We also developed a
3D printing strategy to create volumetric vitreous
bodies on a centimeter scale. This strategy involves
using macrophage-laden CDB and it consists of an
interconnected porous structure (figure 1). The por-
ous design improved the cell viability and trans-
parency of the volumetric structure. Moreover, the
CDB and interconnected porous design suppor-
ted the hyalocyte-like activity of the macrophages,
which is related to the physiological function of
the vitreous body. Hence, the developed bioink
and volumetric vitreous body printing technology
can be used for hyalocyte printing and volumetric
eye model fabrication, enabling studies on vitreous
diseases.

2. Materials andmethods

2.1. CDB preparation
For cartilage dECM preparation, the cartilage, which
was dissected from porcine bones acquired from a
local market, was rinsed with 1× phosphate-buffered
saline (PBS) for 1 h. The tissues were cut into small
pieces, which were subjected to six cycles of freez-
ing (−80 ◦C) and thawing (37 ◦C). The tissues were
then submerged in a 0.25% (w/v) trypsin/PBS solu-
tion for 24 h in an incubator at 37 ◦C, washed with a
hypertonic buffer (1.5MNaCl and 50mMTris-HCL;
pH 7.6) for 12 h, and treated with 50 U ml−1 of
DNase/1Uml−1 of RNase A in 10mMTris-HCLwith
a pH of 7.5 at 37 ◦C for 4 h. To remove the enzymes,
the samples were placed in a 10 mM Tris-HCL solu-
tion for 24 h, followed by treatment with 1% (v/v)
Triton X-100 in PBS for 24 h. Finally, the decellular-
ized tissues were rinsed in 1× PBS for six cycles of 8 h
each and freeze-dried [24].

For CDB preparation, 10.5 mg of dECM and
4.5 mg of collagen type 1 were dissolved in 0.8 ml
of 0.5 M acetic acid (80% of the final volume) with
pepsin (10% of the dECM weight). The solution was
stirred at 550 rpm at room temperature for 2 d until
complete dissolution. Next, 10 M NaOH was gradu-
ally added until the pH level reached 7 after the addi-
tion of 10× PBS (10% of the final volume). Distilled
water (DW) was added to achieve the final volume.

In the case of the collagen type-1 hydrogel group,
15 mg of collagen type 1 was dissolved in 0.8 ml of
0.5 M acetic acid with pepsin, and the obtained solu-
tion was processed in the same manner as that for
CDB preparation.
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Figure 1. Schematic of CDB development and the fabrication of a volumetric vitreous body structure via 3D bioprinting. dECM,
decellularized extracellular matrix; CDB, cartilage dECM-based bioink; 3D, three-dimensional.

2.2. Supporting bath preparation
A previously developed alginate-based solution was
used as the supporting bath, comprising 6% of
gelatin, 3% of alginate, 10% of polyvinyl alcohol
(PVA), and 30 mM of CaCl2 in DW [25]. Briefly,
the gelatin, sodium alginate, and PVA were added
without mixing to half of the required DW, placed in
an oven at 60 ◦C for 4 h, and sterilized in an auto-
clave. When the solution was warm, CaCl2 (diluted
in the remaining DW) was added and mixed thor-
oughly. Subsequently, centrifugation at 1000 rpm for
30 min was conducted to remove any bubbles.

2.3. Bioprinting
Printing was performed using a 3DX Printer (T&R
Biofab). The printing pressure (P), speed (s), and
layer thickness (lt) were varied, and the final 3D
structures were built using the optimal parameters
(P= 20 kPa; s= 300mmmin−1; lt= 0.75mm).CDB-
encapsulatingmacrophages (3× 106 cells ml−1) were
maintained at 4 ◦C during printing, while the build-
ing plate was maintained at 30 ◦C. A 25 G needle
(0.25 mm; Musashi Engineering, Inc.) was used for
printing, which was performed in petri dishes con-
taining a supporting bath.

The resulting 3D structures were dome-shaped
with a diameter and height of 10 and 5 mm, respect-
ively. Four different types of structures were fabric-
ated for comparison: a bulky dome (Bulky/Dome),
a porous dome with thick fiber (Thick/Dome), a

porous dome with thin fiber (Thin/Dome), and a
porous cuboid with thin fiber (Thin/Cuboid). The
building paths were set at a 2mm grid for the
Thick/Dome, Thin/Dome, and Thin/Cuboid struc-
tures, and at a 0.68-mm grid for the Bulky/Dome
type. The printing speeds were adjusted accordingly:
300 mm min−1 for the Bulky/Dome, Thin/Dome,
and Thin/Cuboid, and 150 mm min−1 for the
Thick/Dome. The pressure (P = 20 kPa) and layer
thickness (lt= 0.75mm) remained equal for all print-
ing groups. Thin/Cuboid had dimensions of 10 mm
wide by 10mm long by 5mmhigh. After printing, the
samples were placed in an incubator for crosslinking.
Subsequently, the supporting bathwas removed using
a scoop and washed with PBS.

2.4. Cell culture
Human monocytic cell lines (THP-1; ATCC, USA)
were grown in a high-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Hyclone, USA).
Human retinal pigment epithelial cells (HRPEs;
ARPE-19; ATCC, USA) and human lens epithelial
cells (HLEpiCs; ScienCell, USA) were grown in
DMEM/F12 (Gibco, USA). The media were sup-
plemented with 1% penicillin/streptomycin (Gibco,
USA) and 10% fetal bovine serum (FBS; Gibco, USA).
The cells were grown in a humidified atmosphere
with 5% CO2 at 37 ◦C, and the culture medium was
replaced every 2 d. When the cells approached 80%
confluence, they were removed from the culture dish
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using 0.25% trypsin–ethylenediaminetetraacetic acid
(Sigma–Aldrich, USA) for 3 min, followed by centri-
fugation at 1300 rpm for 3 min at 23 ◦C. The super-
natant was discarded, and the cell concentration was
determined. The required concentration of cells was
then either suspended in a fresh medium for further
culture or encapsulated in hydrogels for the experi-
ments as required.

2.5. Macrophage differentiation
To promote the differentiation of macrophages
from THP-1 cells, a specific protocol was followed.
Briefly, THP-1 cells were cultured in high glucose–
DMEM supplemented with 1% penicillin/streptomy-
cin (Gibco, USA) and 10% FBS (Gibco, USA) until
they reached a concentration of 1 × 105 cells ml−1.
Subsequently, 100 ng ml−1 of phorbol 12-myristate
13-acetate (PMA; P8139, Sigma Aldrich, USA) was
added to the medium for 48 h to induce differen-
tiation into adherent macrophages; the nonadher-
ent cells were removed by washing with 1× PBS.
Subsequently, the medium was replaced with new
high-glucose DMEM for 72 h to grow the adherent
macrophages. To activate themacrophages, each scaf-
fold was treated with 20 ng ml−1 interferon-gamma
(IFN-γ; 285-IF, R&D system, USA) and 10 pg ml−1

lipopolysaccharide (LPS; Sigma–Aldrich, USA).

2.6. Biocompatibility tests
Biocompatibility was evaluated using live/dead and
CCK8 assays. A total of 3× 106 cells ml−1 weremixed
with the 1.5% collagen type-1 hydrogel or CDB. The
hydrogels were then crosslinked in an incubator.

2.6.1. Live/dead
On days 1, 4, and 7, the medium was removed from
the wells, and the samples were washed twice with 1×
PBS. Next, 1 ml of l d−1 solution was added to each
well, and the samples were incubated for 30 min to
induce a reaction. The samples were then observed
using a confocal microscope (Zeiss, LSM 900). In the
live/dead assay, viability was quantified as the ratio
between the number of live cells and the sum of live
plus dead cells, where the cells were counted using the
ImageJ software.

2.6.2. CCK8
On days 1, 4, and 7, the medium was removed from
the wells, and the hydrogel was washed twice with
1× PBS. Next, 500 µl of the CCK8 solution was
added to each well, and the samples were incubated
for 3 h to induce a reaction. Subsequently, 100 µl of
the medium from each sample was pipetted into a
96 well plate. Analyses were performed using amicro-
plate reader (enzyme-linked immunosorbent assay
(ELISA) reader) at a wavelength of 450 nm.

2.6.3. Ki67-labeled cell counting
Ki67-expressing cells were counted using the ImageJ
software after examining the immunostaining
via a confocal microscope (LSM 800; Carl Zeiss
Microscopy, Germany).

2.7. Rheological analysis of bioinks
Using a Discovery Hybrid Rheometer-2 (TA
Instruments, USA) with a steel cone plate geo-
metry (diameter, 20 mm), the crosslinked hydro-
gels were subjected to rheological tests, including
the evaluation of the gelation kinetics, viscosity,
and dynamic modulus. Initially, 1.5% collagen and
CDB were prepared in a non-gelation state within a
temperature-controlled environment maintained at
4 ◦C. Subsequently, 100 µl of each bioink was extrac-
ted with a viscous pipette and directly loaded onto
the rheometer plate. Sample preparation was com-
pleted by gently pressing the bioink using a steel cone
plate with a diameter of 20 mm until the thickness
reached 50 µm. To conduct shear viscosity testing,
the shear rate was increased linearly from 10−2 to
103 s−1 at 4 ◦C while maintaining an appropriate
temperature for printing using a non-gelation bioink.
The gelation kinetics were assessed by performing an
oscillatory temperature sweep test, with temperatures
ranging from 4 ◦C to 37 ◦C, using a 5 ◦Cmin−1 ramp
and then holding at 37 ◦C for 30 min. An oscillatory
frequency-sweep test was conducted to estimate the
dynamic profile of each bioink, with the bioinks being
fully crosslinked before performing the examination
on a rheometer plate for 30 min at 37 ◦C. The storage
(G′) and loss (G′′) moduli were recorded under 2%
strain over a frequency range of 10−1–102 rad s−1,
and all experiments were conducted in triplicates.

2.8. Compression test of 3D printed constructs
Compression testing was conducted at a displace-
ment rate of 0.4 mm min−1, using a MicroTester G2
(CellScale). After attaching the beam to the samples,
measurements were recorded by the MicroTester G2
software.

2.9. Transparency examination
Transparency examinations were conducted qualit-
atively and quantitatively. The qualitative test was
conducted by spreading 150 µl of the hydrogel in a
petri dish, allowing crosslinking, and placing it over
a printed text. A quantitative test was performed by
measuring the light transmittance using a spectro-
meter (SpectraMax Plus 384, USA). Each hydrogel
was placed in awell of a 96well plate at various heights
(100, 400, 700, and 1000 µm) and crosslinked in an
incubator at 37 ◦C. After placing the well plate in the
spectrometer, the light absorption values were meas-
ured over a wavelength range of 300–800 nm. The
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light transmittance (T) values were derived by cal-
culating the measured light absorbance (A) using the
following equation:

T(%) = 1
10A × 100

2.10. Swelling ratio
The swelling ratio was measured using the following
equation:

Swelling ratio=
Ws−Wd

Wd
× 100 (1)

where Wd and Ws are the weights of the dried
and swollen samples, respectively. To measure the
weights, 500 µl of the hydrogel was placed in previ-
ously weighed conical tubes. The samples were freeze-
dried after crosslinking in an incubator. The tubes
containing the dried hydrogels were weighed again,
and Wd was calculated as the difference between the
two weights (weights of an empty tube and a dried
hydrogel-containing tube). Subsequently, 1ml of PBS
was added to each tube to be absorbed by the hydrogel
and maintained at 37 ◦C for 24 h. The Ws was meas-
ured after removing excess PBS from the tubes; Ws
was obtained from the difference in the weights of the
filled and empty tubes.

2.11. Immunofluorescence staining
Immunostaining was performed to confirm the
expression of proteins in each tissue sample. The
samples were harvested and placed in 4% par-
aformaldehyde (PFA; Chembio, South Korea) for
30 min for fixation, followed by washing with
1× PBS solution three times. The fixed samples
were rapidly permeabilized with 0.1% Triton X-
100 in PBS for 5 min, followed by washing with
1× PBS solution three times. After being blocked
with 1% BSA (VWR Life Science, USA) in PBS
for 30 min at room temperature, the samples were
washed three times and incubated overnight at
4 ◦C with primary antibodies (1:100, anti-Ki67,
ab15580, Abcam; anti-CD74, ab289885, Abcam; anti-
CD68, MA5-13324, Invitrogen; anti-TGF beta-2,
MA5-37505, Invitrogen; anti-fibronectin, ab23750,
Abcam; anti-RPE65, ab231782, Abcam; anti-alpha
smooth muscle actin, ab7817, Abcam; anti-E cad-
herin, ab231303, Abcam) against the targeted pro-
teins of each tissue. The samples were washed with
1× PBS and treated with Alexa-405, Alexa-488,
and Alexa-594 secondary antibodies (1:200, Thermo
Fisher Scientific, USA) for 1 h, followed by treat-
mentwith 4′,6-diamidino-2-phenylindole (GBI Labs,
USA) for 5 min at room temperature.

For histological staining, specimens in 4% PFA
(Chembio, South Korea) were embedded in paraffin
and cut into 15 µm thick slices using a Zeiss micro-
tome. Rehydrated sections were used for the immun-
ofluorescence staining of Ki67, following the afore-
mentioned procedures.

2.12. Analytical measurements of cell secretomes
On day 9, the cell culture supernatant was collec-
ted and the levels of interleukin-6 (IL-6), C-X-C
motif chemokine ligand 8/Interleukin-8 (CXCL8/IL-
8) and tumor necrosis factor-α (TNF-α) in the super-
natant were quantified using standard ELISA kits
(R&D Systems, USA), following the manufacturer’s
instructions.

2.13. Gene expression analysis
To extract the total ribonucleic acid (RNA), cell
samples cultured in each experiment were collected
and lysed using RNAiso (Takara, Japan). Samples
dissolved in RNAiso were purified and washed in
the order of chloroform, isopropanol, and 75% eth-
anol to collect pure RNA. The purity and concen-
tration of the extracted RNA were assessed using a
NanoDrop instrument. A total of 1 µg of the harves-
ted RNA was reverse-transcribed into complement-
ary deoxyribonucleic acid (cDNA) using a cDNA syn-
thesis kit (#K1642, Thermo Fisher Scientific, USA)
following the manufacturer’s instructions. The res-
ulting cDNA was used as a template for quantitat-
ive real-time polymerase chain reaction (qRT-PCR)
with the gene expression of markers for each exper-
iment analyzed using the SYBR-green PCR Master
Mix (Applied Biosystems, USA) on a StepOne Plus
Real-Time PCR System (Thermo Fisher Scientific,
USA). The primers (table S1) for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH); cluster of
differentiation 74 (CD74); secreted phosphopro-
tein 1 (SPP1); CXCL8; C-X3-C motif chemokine
receptor 1 (CX3CR1); transforming growth factor-
beta 2 (TGF-β2); and CD68, fibronectin, RPE65,
E-cadherin, and alpha-smooth muscle actin (α-
SMA) were designed using the National Centre for
Biotechnology Information public gene database.
All primers were purchased from Pioneer (Seoul,
Republic of Korea). Gene expression levels were nor-
malized to those of GAPDH, and the relative tran-
scriptional levels of target messenger RNAs (mRNAs)
were evaluated using the 2−∆∆CT method.

2.14. Refractive index measurement
The refractive index was measured using a digital
refractometer (Sugar-2 Plus, CAS, Republic of Korea).
The zero point of themachinewas adjusted usingDW.
Next, the samples of each experimental group (native
porcine vitreous body, CDB 3D dome cell (−), and
CDB 3D dome cell (+) groups) were placed on the
sample plate; the cover of the machine was closed and
the read button was pressed to measure the refract-
ive index of the sample. The refractive index (n) was
automatically calculated by the machine and presen-
ted as a value on the liquid crystal display screen.
We performed themeasurements three times for each
experimental group to obtain the mean and standard
deviation values of the refractive index.
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2.15. Preparation for vitreous body disease in vitro
model and drug test
To simulate vitritis, a disease affecting the vitreous
body, an in vitro model was created following the
process outlined below (figure S5(a)). Initially, a
standard 3D CDB porous dome was fabricated using
3D bioprinting, and the structure was stabilized.
Treatment with 20 ng ml−1 interferon-gamma (IFN-
γ; 285-IF, R&D Systems, USA) and 10 pg ml−1

lipopolysaccharide (LPS; Sigma-Aldrich, USA) was
administered for one day to activate macrophages.
Subsequently, an acute inflammatory environment
was induced by exposure to 20 ng ml−1 TNF-
alpha (GF023, Sigma-Aldrich, USA) for two days,
thus creating the vitritis in vitro model. Following
this, the model’s suitability as a drug testing plat-
form was verified by treating it with 50 ng ml−1 of
the anti-inflammatory drug dexamethasone (Dexa;
265005, Sigma-Aldrich, USA) for a period of five
days. Immunofluorescence staining and qRT-PCR
analyses were conducted on samples collected on Day
7 to assess the expression levels of relevant markers
(figures S5(b) and (c)).

2.16. Statistical analysis
The data were plotted as mean ± standard deviation
values. A multiple t-test was conducted to determ-
ine the statistical significance of the experimental
and control groups. Each experiment was repeated
thrice to ensure that the results were comparable. The
significance was determined based on the following
thresholds: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and
#p< 0.0001.

3. Results

3.1. Development and characterization of the CDB
for 3Dmacrophage culture
A pure cartilage-derived dECM (cdECM) bioink
was prepared using our decellularization protocol
[24]. However, the pure cdECM bioink has low
collagen type-1 content, which is directly involved
in crosslinking [26]. Additionally, the cross-linked
cdECMbioink occasionally experienced collapse dur-
ing culture due to batch variation. To address these
issues, the CDB was formulated by blending colla-
gen type 1 with the pure cdECM bioink, ensuring a
stable cross-linking reaction regardless of batch vari-
ation (mixing ratio of pure cdECM bioink to collagen
type 1 = 7:3). Prior studies have incorporated colla-
gen type 1 into dECM bioink for stable cross-linking,
demonstrating that functional superiority is main-
tained even with the addition of collagen type 1 [27–
29]. Consequently, we verified that theCDB remained
in a fluid state at 4 ◦C, exhibited crosslinking behavior
upon incubation at 37 ◦C, and maintained 3D integ-
rity stably (figure 2(a)).

Using various validation methods, we confirmed
the possibility of using the CDB as a bioink for fabric-
ating vitreous structures via a functional comparison
with the collagen type 1 hydrogel. Collagen is widely
used in vitreous structure fabrication and is gener-
ally used for 3D bioprinting [15, 30]. To confirm the
characteristics of collagen type 1, the main bioma-
terials of the CDB, HRPEs and HLEpiCs, were cul-
tured on 1.5% collagen type 1–coated culture dishes
for 7 d, and their respective functionswere confirmed.
In both HRPEs and HLEpiCs, we found almost
no expression of epithelial–mesenchymal transition
(EMT) markers, including fibronectin and α-SMA,
and RPE65 (an HRPE cell marker) and E-cadherin
(an epithelial cell marker) were strongly expressed
(figure S1(a)). These results suggest that the EMT
process did not progress in each cell and that normal
cell function was maintained. Furthermore, we con-
firmed that the cell function was enhanced and that
the conversion to EMT was reduced in HRPEs and
HLEpiCs exposed to collagen type 1 (figure S1(b)).

To confirm the feasibility of using the CDB as a
bioink for 3D bioprinting, its rheological properties
weremeasured. In both the CDB and collagen groups,
the viscosity of the bioink decreased as the shear rate
increased (figure 2(b)). When the shear rate changed
from 0.139 to 1000 s−1, the CDB viscosity decreased
linearly from 8.043 to 0.106 Pa·s, and the viscosity of
collagen type 1 hydrogel also decreased linearly from
11.428 to 0.061 Pa·s. This linear decrease indicated
that both biomaterials exhibited shear-thinning beha-
vior, which is essential for reducing the shear stress
generated during extrusion-based bioprinting.

When the temperature was changed from 4 ◦C to
37 ◦Cat a rate of 5 ◦Cmin−1, the complexmodulus of
the CDB changed rapidly from 13.624 to 126.597 Pa
and that of the collagen type 1 hydrogel changed from
11.511 to 138.150 Pa (figure 2(c)). Moreover, when
the temperature was maintained at 37 ◦C, the com-
plexmodulus of theCDB increased to 165.063 Pa, and
the complex modulus of the collagen type 1 hydrogel
decreased to 54.429 Pa, leading to saturation. These
results suggest that a gel–sol transition occurred in
both biomaterials with thermal-crosslinking at 37 ◦C.
This gel–sol transition phenomenon of the biomater-
ial is essential for the structure to maintain a specific
shape.

When the angular frequency was changed from
0.1 to 100 rad s−1 at 37 ◦C to simulate shear stress,
the storage modulus of the CDB increased from
30.967 to 103.291 Pa and the loss modulus of the
CDB increased from 8.987 to 49.316 Pa (figure 2(d)).
Furthermore, under the same conditions, the storage
modulus of the collagen type 1 hydrogel increased
from 8.342 to 21.902 Pa and the loss modulus of
the collagen type 1 hydrogel increased from 2.417
to 14.107 Pa (figure 2(d)). For both biomaterials,
the finding that the storage modulus remains greater
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Figure 2. Comparative functional evaluation of CDB with various hydrogels. (a) Photographs of the CDB and cdECM bioinks.
Rheological properties of the CDB: (b) viscosity, (c) gelation kinetics, and (d) complex modulus. (e) Swelling ratio of the CDB.
(f) Live/dead stained images captured on days 1, 4, and 7. (g) CCK assay results. Determination of (h) transparency and (i)
transmittance. The data are compared using student’s t-test; significant differences are indicated as follows: ∗p< 0.05,
∗∗p< 0.01, ∗∗∗p< 0.001, and # p< 0.0001 (n= 3). CdECM, cartilage decellularized extracellular matrix; CDB, cartilage
dECM–based bioink.

than the loss modulus under all shear stress condi-
tions indicates that they maintain their gel form even
when shear stress is applied. Based on these results, we
inferred that the structure fabricated using the CDB
can be maintained even when liquid (such as media)
flow is observed. The slightly higher modulus of the

CDB can offer higher mechanical stability than that
of the collagen type 1 hydrogel (figure 2(d)).

The vitreous body has a considerably aqueous
environment, with approximately 98%–99% water
[31]. As water compatibility is an essential property
of biomaterials [32], we determined the swelling
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ratio of the CDB to the collagen type 1 hydro-
gel (figure 2(e)). The results showed that the CDB
demonstrated higher water compatibility, indicating
its suitability for cell activity and greater similarity to
the vitreous body.

Replicating a microenvironment akin to in vivo
conditions is essential when culturing tissue cells,
including macrophages. To accomplish this, a range
of hydrogels such as alginate, collagen, and hyaluronic
acid are commonly employed [33]. To assess whether
our CDB is more advantageous than these hydro-
gels for the growth and functional expression of mac-
rophages, a comparative analysis involving alginate,
CDB, and collagen was conducted (figures 2(f), (g)
and S2).

We measured the biocompatibility between the
bioink and macrophages, which are responsible for
ocular immunity, among the few cells in the vit-
reous body (figure 2(f)). A live/dead assay was per-
formed using macrophages on alginate, CDB, and
collagen type 1 hydrogel. Encapsulated macrophages
exhibited high viability over a 7 d period, indic-
ating good biocompatibility of alginate, CDB, and
collagen type 1 hydrogel. Furthermore, we observed
that CDB surpassed other hydrogels in providing
optimal support for macrophage survival, with mac-
rophages maintaining a survival rate of over 98%
even after 7 d (figure 2(g)). Additionally, to assess
whether CDB offers enhanced support for macro-
phage function compared to other hydrogels, we con-
ducted immunofluorescence staining and qRT-PCR
analyses using samples collected at 7 d (figure S2).
Since macrophages play crucial roles in phagocytosis,
ocular immune privilege, cell migration and chemo-
taxis, and the production of vitreous-specific ECM
[32, 34], experiments were conducted using the pha-
gocytosis marker CD74, the ocular immune priv-
ilegemarker TGF-β2, and the secreted vitreous ECM-
specific marker SPP1. Immunofluorescence stain-
ing revealed significantly increased expression of all
markers in CDB compared to alginate and collagen
(figure S2(a)). These findings were further corrobor-
ated by qRT-PCR analysis (figure S2(b)). Thus, based
on these results, we conclude that CDB is conducive
to expressing the main functions of macrophages.

The light that passes through the cornea is trans-
mitted through the vitreous body to the retina.
Therefore, the vitreous body maintains a high trans-
parency to reduce the loss of light transmitted to
the retina [31]. Hence, ensuring material transpar-
ency is essential to create a vitreous-mimetic structure
for studying light-induced pathological cell behavior
and floater formation. Therefore, we measured the
transparency of the CDB, collagen type 1, and algin-
ate hydrogels, as well as that of the pure cdECM
bioink. We did not encounter any difficulty while
reading the printed letters through the evaluated
bioinks (figure 2(h)). The measured transmittance

results indicated that CDB exhibits over 60% trans-
mittance acrossmore than half of the visible spectrum
(from 400 to 800 nm. However, while no significant
variation was observed among all bioink, differences
in transmittance were noted between each bioink and
the natural vitreous body (figure 2(i)).

These results confirm that the developed CDB
is appropriate for macrophage survival and func-
tional expression, while exhibiting physical properties
akin to those of other existing organ-derived dECM
bioinks suitable for creating 3D structures, thereby
maintaining adequate physical properties to uphold
the 3D structure [34–36]. This also confirms the high
transparency of CDB. Thus, CDB is a suitable bioma-
terial for fabricating vitreous-mimetic structures via
3D bioprinting.

3.2. Volumetric vitreous body printing
The vitreous body is the largest volumetric structure
in the eye [1]. To recapitulate the volumetric struc-
ture of the vitreous body, we used the supporting
bath–based extrusion printing method as it is suit-
able for layer-by-layer printing of a dECMbioinkwith
weak mechanical properties for fabricating a high-
aspect-ratio structure without a hard frame. In addi-
tion, as ensuring the transparency of the material in
the vitreous structure is crucial, we conducted a trans-
parency test for each CDB thickness to confirm the
appropriate CDB-printed line thickness (figure 3(a)).
As the CDB thickness decreased, the transmittance
increased. CDB thicknesses exceeding 1000 µm res-
ulted in a transmittance of less than 50%, rendering it
impractical as a vitreous substitute (figure 3(b)). No
significant differences in transmittance values were
observed when the CDB thickness ranged from 400
to 700 µm, ensuring an adequate level of transpar-
ency as a vitreous substitute (figure 3(b)). However,
an excessively thin CDB line may hinder maintaining
the structural integrity, which is crucial for sustaining
a stable 3D environment during culture to support
appropriate cell function and withstand prolonged
compression and fatigue loads that could contribute
to floater formation. Hence, we proposed that a CDB
line with a thickness of approximately 700 µmwould
offer a balance between transparency and strength.

Next, we analyzed the lines obtained from the
best set of parameters for supporting bath–based
print tuning (figure 3(c)). The optimized printing
parameters included a pressure of 20 kPa and speed
of 300 mm min−1. The lines were well defined
and stable, with an average thickness of 0.78 mm
(figure 3(c)).

To fabricate a volumetric structure, material
porosity should be considered to effectively diffuse
oxygen and the components of the culture medium
[37]. Thus, we designed a porous dome structure
(Thin/Dome) with a diameter of 10 mm, height of
5 mm, layer thickness of 0.75 mm, and grid-like
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Figure 3. Fabrication and assessment of the porous dome for volumetric vitreous body simulation. (a) Schematic of the
transparency measurement by CDB thickness. (b) Quantitative analysis of transmittance by CDB thickness. (c) Best-parameter
-tuning test line for the CDB. (d) Printed structures, including the bulky/DOME, thick/dome, thin/dome, and thin/cuboid. (e)
Live/dead assay images showcasing macrophages in the bulky/dome, thick/dome, thin/dome, and thin/cuboid structures on days
1, 4, and 7. (f) Immunostained images depicting Ki67 expression in the bulky/dome, thick/dome, thin/dome, and thin/cuboid
structures on day 7. (g) Cell viability of macrophages based on the live/dead assay results for the bulky/dome, thick/dome,
thin/dome, and thin/cuboid structures on days 1, 4, and 7 (N.M.: not measurable due to cells being too confluent). (h) Ki67-labled
cell counting based on the immunostained images. The data are compared using student’s t-test; the significant differences are
indicated as follows: ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, and #p< 0.0001 (n= 3). DAPI, 4′,6-diamidino-2-phenylindole.

printing path (figure 3(d)). The distance between the
lines was set to 2 mm. Reducing the line width to
less than 0.78mm easily destroyed the printed porous
dome structure. Therefore, in this study, we set the
linewidth to 0.78mmat a feed rate of 300mmmin−1,
even though a thinner line may have increased the
transparency.

To demonstrate the effectiveness of the porous
dome structure (Thin/Dome) in volumetric vit-
reous body production, we compared the viability

of macrophages inside the structures, including the
bulky dome (Bulky/Dome), the porous dome with
thick fiber (Thick/Dome), the porous dome with thin
fiber (Thin/Dome), and the porous cuboid with thin
fiber (Thin/Cuboid) (figure 3(d)). The Thick/Dome
was 3D printed at a feed rate of 150 mm min−1.
In the compression test, the Bulky/Dome exhib-
ited the highest mechanical strength, whereas the
Thick/Dome displayed slightly higher mechanical
strength than the Thin/Dome and Thin/Cuboid,
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which had similar mechanical properties (Fig. S3(a)).
Live/dead assays conducted on days 1, 4, and 7
indicated significantly higher cell viability in the
porous structures with thin fibers (Thin/Dome
and Thin/Cuboid) than in the Bulky/Dome and
Thick/Dome groups (figures 3(e) and (g)). A CCK
assay was also performed to quantitatively assess cell
viability, obtaining results consistent with those of
the Live/Dead assay (figure S3(b)). Moreover, active
proliferation and cluster formation of macrophages
were observed in the Thin/Dome and Thin/Cuboid
structures, whereas these phenomena were absent
in the Bulky/Dome and Thick/Dome structures
(figure 3(e)). Furthermore, the cell proliferation
marker Ki67, which expresses the number of cells
per mm2, was notably higher in the Thin/Dome and
Thin/Cuboid groups than in the Bulky/Dome and
Thick/Dome groups (figures 3(f) and (h)). qRT-PCR
analysis was performed on samples collected on day
7 to verify whether the Thin/Dome and Thin/Cuboid
structures support cell functions more effectively
than their Bulky/Dome and Thick/Dome counter-
parts (figure S3(c)). The analysis focused on mark-
ers such as the phagocytosis marker CD74, the cell
migration and chemotaxis marker CXCL8, and the
ocular immune privilege marker TGF-β2. Compared
with the Bulky/Dome and Thick/Dome groups, the
expression of all markers significantly increased in
the Thin/Dome and Thin/Cuboid groups (figure
S3(c)). These results suggest that the Thin/Dome and
Thin/Cuboid structures may enhance the expression
of key macrophage functions.

We additionally investigated the refractive index
of the CDB 3D dome structure to evaluate its suit-
ability as a vitreous body model. The refractive
index of the native porcine vitreous body, CDB 3D
dome structure without macrophages, and CDB 3D
dome structure with macrophages were measured
using a refractive index measurement machine. We
found no significant difference in refractive index
values between the native porcine vitreous body
(1.3417 ± 0.0015), CDB 3D dome without macro-
phages (1.3397 ± 0.0061), and CDB 3D dome with
macrophages (1.3447 ± 0.0098; figures S4(a) and
(b)), indicating that the CDB 3D dome fabricated in
this study is suitable as a vitreous bodymodel in terms
of the refractive index.

These observations indicate that the proposed
porous design and 3D bioprinting strategy for fab-
ricating a volumetric vitreous body enable stable cell
culture conditions and advanced compatibility with
optical devices for potential use in disease develop-
ment and image analysis.

3.3. Feasibility of the fabricated volumetric
vitreous body for eye model application
The transcriptional profile of hyalocytes differs from
that of other myeloid cells such as macrophages,

microglia, and monocytes. In contrast to other myel-
oid cells, hyalocytes exhibit unique characteristics in
the vitreous body [38, 39]. Hyalocytes contribute to
vitreous ECMprotein synthesis, vitreousmetabolism,
homeostasis, and suppressing intraocular inflam-
mation to ensure vitreous transparency [38, 40].
Therefore, the phagocytosis marker CD74, secreted
vitreous ECM–specific marker SPP1, cell migra-
tion and chemotaxis regulatory markers CXCL8
and CX3CR1, and ocular immune privilege marker
TGF-β2 are more prominent in hyalocytes than in
other myeloid cells [40, 41]. By contrast, the CD68,
a macrophage-specific marker, is expressed less in
hyalocytes than in macrophages [41].

Based on the abovementioned difference between
macrophages and hyalocytes, we confirmed the
extent to which the encapsulated macrophages were
similar to hyalocytes in the fabricated vitreous-
mimetic structure and verified whether the fabricated
vitreous-mimetic structure functioned as a vitreous
body.

First, we fabricated a 2D structure in which the
macrophages were cultured by coating the CDB on a
petri dish. In addition, we fabricated 3D CDB bulky
and porous dome structures containingmacrophages
via 3D bioprinting (figure 4(a)). Each construct was
cultured for 7 d, and sampleswere obtained fromeach
group (figure 4(b)).

We conducted qRT-PCR for each group using sev-
eral markers, such as CD74, SPP1, CXCL8, CX3CR1,
TGF-β2, and CD68 (figure 4(c)). We confirmed that
allmarkerswere expressedmore in 3D structures than
in 2D structures. In addition, cell mobility, ocular
immune surveillance andprivilege, and vitreous ECM
synthesis were higher in the porous CDB dome than
in the bulky CDBdome. By contrast, CD68was found
to be expressed less in the porous CDB dome than in
the bulky CDB dome.

To confirm the qRT-PCR results, we performed
immunofluorescence staining using CD74 and CD68
antibodies for each group (figure 4(d)). We con-
firmed that both CD74 and CD68 were expressed
more in the 3D structures than in the 2D struc-
tures. However, the expression of CD74 and CD68
was higher and lower, respectively, in the porous CDB
dome than in the bulky CDB dome. We also quanti-
fied the results of CD74 and CD68 fluorescence stain-
ing via fluorescence intensity analysis (figure 4(e)).

Additionally, to verify the ocular immune
response of each structure, we treated each group
with IFN-γ and LPS for 2 d to activate the macro-
phages (figure 4(b)). We collected the supernatant
from each group 2 d after treatment and performed
ELISA for TNF-α, IL-6, and CXCL8/IL-8 to confirm
the amount of each cytokine released fromeach group
(figure 4(f)).We confirmed that the released cytokine
levels were higher in 3D structures than in 2D struc-
tures and in the CDB porous dome than in the CDB
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Figure 4. Biological quantitative evaluation of scaffolds appropriate for vitreous body mimicry. (a) Schematic of each structure
according to the presence of pores and pore dimensions. (b) Schedule of the verification experiment for each fabricated structure.
(c) CD74, SPP1, CXCL8, CX3CR1, TGF-β2, and CD68 genes determined via qRT-PCR. (d) CD74 and CD68 immunofluorescence
staining on day 7. (e) Fluorescence intensity analysis for CD74 and CD68. (f) Conformation of TNF-α, IL-6, and CXCL8/IL-8
released from each group using ELISA on day 7. The data are compared using student’s t-test; the significant differences are
indicated as follows: ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, and #p< 0.0001 (n= 3). qRT-PCR, quantitative real-time
polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; CXCL, C-X-C motif chemokine ligand
8; TNF-α, tumor necrosis factor-alpha; CX3CR, C-X3-C motif chemokine receptor 1 TGF-β, transforming growth factor-beta;
2D, two-dimensional; CDB, IFN-γ, interferon gamma; LPS, liposaccharide.

bulky dome. This indicated that the 3D CDB porous
dome was the most suitable environment for main-
taining vitreous immunity and vitreous-specific ECM
production, similar to an actual vitreous body. We
believe that the 3DCDB porous dome is highly effect-
ive for the following reasons: monocyte/macrophage
lineage cells with high cell density in a limited space

undergo apoptosis and various functional declines,
including phagocytosis [32]. The 3D porous struc-
ture can secure the space for macrophage activity by
aligning the cells with a high surface area. Moreover,
the 3D porous structure increases the contact area
between the cells and various chemicals included in
the culturemedium. Therefore, a 3Dporous structure
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enhances cell–cell interactions and cell activity, res-
ulting in improved phagocytic ability or cell migra-
tion ofmacrophageswithin the structure. In addition,
the CDB in the 3D CDB porous dome constitutes a
vitreous-specific microenvironment. Therefore, the
3D CDB porous dome can aid the macrophages in
performing functions similar to those of hyalocytes.

Finally, we examined the suitability of the fabric-
ated 3D CDB porous dome as both a disease model
and a platform for drug testing by simulating vitritis.
This condition, stemming from both infectious and
non-infectious causes, significantly affects eye struc-
tures, such as the retina and cornea, requiring com-
prehensive inflammation therapy across the eye [42].
Corticosteroid treatment, which suppresses systemic
inflammation, is often prioritized [43]. Thus, accord-
ing to our planned protocol, we fabricated the 3D
CDB porous dome and induced an acute immune
environment by exposing it to a high dose of TNF-
alpha to mimic vitritis. Subsequently, to assess the
drug response of the disease model, we treated it
with dexamethasone, a commonly used corticoster-
oid (figure S5(a)).

Exposure to TNF-alpha for two days led to the
establishment of an acute inflammatory environment
in the 3D CDB porous dome. Consequently, macro-
phages within the structure became highly activated,
resulting in the overexpression of all macrophage-
specific markers analyzed through immunofluores-
cence staining and qRT-PCR compared to their levels
in the normal state (figures S5(b) and (c); Vitritis).
The observations within the model mirror typical
characteristics of vitritis, indicating the successful
establishment of a vitreous disease model.

Following treatment of this vitritis model with
dexamethasone for five days, an anti-inflammatory
response was observed. The previously highly activ-
ated macrophages were subdued, leading to a signi-
ficant decrease in the expression of all macrophage-
specificmarkers, which reached levels similar to those
observed in the normal state (refer to figures S5(b)
and (c); Vitritis + Dexa). This response was con-
firmed through immunofluorescence staining and
qRT-PCR. The observed reduction in expression
levels suggests the effective therapeutic effect of the
medication in the established vitritis model, as well
as the potential application of the developed 3D CDB
porous dome as a diseasemodel and drug testing plat-
form.

4. Discussion

In this study, we demonstrated that cdECM can
be used for 3D vitreous body model printing and
investigated supporting bath–based volumetric vit-
reous body printing technology to enhance transpar-
ency, cell viability, and hyalocyte-specific function
of macrophages. The proposed porous dome struc-
ture, comprising fibers less than 1 mm thick, allowed

light to reach the cells within the hydrogel while pro-
moting suitable cell activity. This preliminary study
on CDB and 3D porous design provided satisfactory
results for eye model applications. In the future, we
believe that the fabricated 3D porous structure may
be used for vitreous disease research or for manu-
facturing more precise vitreous-like structures using
hyalocytes.

Vitreous humor is a gel-like substance that occu-
pies a major portion of the eye, dampens external
forces, and plays a significant role in eye physiology.
However, it undergoes natural aging in the form of
liquefaction, resulting in the appearance of floaters,
PVD, RD, and MHs, which can affect quality of life.
Hyalocytes are macrophage-lineage cells residing in
the vitreous body that play a role in the liquefaction
of the vitreous body because of their role in the syn-
thesis of collagen and hyaluronic acid. However, to
study this disease, no 3D volumetric vitreous body
or eye model replicating the aspects of synthesis and
degradation of vitreous ECM has been developed.
Furthermore, the 3D in vitro model has the advant-
ages of recapitulating the 3D tension, 3D cell–matrix
interaction, diffusion-basedmolecular transport, and
3D cell–cell interaction, causing discrepancies in how
cells respond [44]. A 3D eye model incorporating a
volumetric vitreous body can also facilitate testing cell
response induced by 3D mechanical load transmis-
sion and light exposure.

3D bioprinting has become increasingly preval-
ent for producing 3D in vitro models. However,
the progress in developing 3D volumetric vitreous
body models has been limited owing to insuffi-
cient research on the appropriate bioink for the 3D
cultivation of hyalocytes and ensuring printability
within a vitreous body–specific microenvironment.
When selecting a bioink, considering its composi-
tion is important as bioactive cues present in bioinks,
such as binding sites and embedded soluble factors,
can directly stimulate the cells, resulting in tissue
morphogenesis [22]. Thus, in recent years, dECMhas
been widely used as a bioink, because it possesses
several ECM proteins that work together synergist-
ically to support tissue-specific cell function [45]. In
this regard, vitreous body dECM bioink may provide
an ideal environment to hyalocytes. However, the
amount of dECM that can be extracted from the eye
is too small to fabricate the bioink. Consequently,
we found that a cartilage tissue is the most similar
to the vitreous body among the materials reported
in the literature [23]. For the first time, we demon-
strated the cytocompatibility of cartilage dECM with
macrophage-lineage cells.

Based on existing literature, we confirmed that
cdECMandnative cartilage have similar protein com-
positions, including enzymes [46, 47]. This similar-
ity suggests that using CDB enables the creation of a
microenvironment closely resembling that of a nat-
ive vitreous body. By leveraging the advantageous
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characteristics of dECMbioink, we effectively applied
CDB in the development of the vitreous body model.
Additionally, previous studies have demonstrated the
application of dECM from one tissue type to regen-
erate another. For instance, tendon dECM, placental
tissue, and decellularized adipose tissue have been
used, respectively, for nerve [48], skin [49, 50], and
bone [51] regeneration. However, the total amount
of each enzyme may differ between the native vit-
reous body and cdECM. Specifically, failing to care-
fully control the balance of complement enzymes can
result in serious issues, such as ECM degradation or
cell death, during the fabrication of vitreous substi-
tutes. Therefore, to produce a precise vitreous substi-
tute, the protein composition and total amount of the
CDB must be controlled to a level similar to that of
the native organ. Additionally, novel manufacturing
methods and decellularization processes are neces-
sary to match the physical properties and composi-
tion of the actual vitreous body. We plan to focus our
research and attention on this topic in the future.

Supporting bath–based 3D bioprinting techno-
logy enables the 3D printing of hydrogels without a
rigid frame [52–54]. However, the fabrication of a
volumetric structure with a cell-encapsulating hydro-
gel and an interconnected porous structure is chal-
lenging in terms of maintaining the cell functionality
and 3D shape during the culture. The developedCDB,
parametric optimization study of supporting bath–
based 3D printing, and porous dome design in this
study enable the fabrication of a self-sustainable bio-
logically functional volumetric tissue. We expect that
the proposed strategy may be applied to the fabrica-
tion of other volumetric tissues.

The developed approach differs from the exist-
ing vitreous in vitromodel fabricationmethod in that
the biochemical and biophysical factors are simul-
taneously considered by fabricating a porous dome-
shaped 3D structure using the CDB.

In previous studies on vitreous body mimicry, it
was difficult to implement a specific microenviron-
ment for vitreous cells by culturing in a 2D envir-
onment and using a single-component hydrogel [15–
17]. Furthermore, previous studies on vitreous sub-
stitutes were mostly focused on the vitreous tam-
ponade, and these hydrogel systems are unreliable as
3D scaffolds for hyalocytes, which are important for
maintaining the physiology of the vitreous body. In
addition, these hydrogels generally lack the capabil-
ity to support appropriate cell behavior, even though
these hydrogels are not cytotoxic. Furthermore, cul-
turing cells in these hydrogels of large volumes poses
a considerable challenge. To overcome these limit-
ations, in this study, a porous 3D structure that
enables the functions of vitreous cells was fabric-
ated via 3D bioprinting, and a CDB that could sim-
ulate the vitreous-specific ECM environment was
used. We evaluated the expression of various genes

of vitreous cells, such as the phagocytosis, vitreous
ECM-specific, and ocular immune privilege mark-
ers, and confirmed that the macrophages grown in
the fabricated structure had functions similar to those
of hyalocytes. The functions include vitreous ECM
synthesis and the promotion of cell migration and
proliferation. This signifies that the developed con-
struct aids in expressing the function of vitreous cells
by solving the problems of hypoxia and apoptosis
and providing a microenvironment similar to that of
the real vitreous body. In addition, in studies con-
firming the difference in functions of the existing
monocyte/macrophage lineage cells, a large difference
between the functions of the cells of a 2D culture
and those obtained from actual humans [55, 56] was
confirmed. Therefore, using the proposed 3D porous
structure, which can provide a real vitreous environ-
ment and space, we expect to resolve the difference
considerably.

Owing to the characteristics of the native vitreous
body that allow light to pass through and reach the
retina, constant refractive index and transparency are
essential conditions for maintaining a vitreous body
[28]. Therefore, for the developed CDB 3D dome to
be suitable as a vitreous body model, it must have a
refractive index and transmittance similar to that of
a native human vitreous body. The actual refractive
index of the human vitreous body is 1.341 [57]. The
refractive index of the porcine vitreous body was sim-
ilar to this value, and the measured values were con-
sistent. This suggests that the CDB 3D dome fabric-
ated in this study simulates the environment of an
actual vitreous body well and is suitable as a vitreous
body model.

The transmittance of the human vitreous body
is below 60% for light wavelengths under 320 nm
but exceeds 70% for light wavelengths over 320 nm
[58]. We confirmed that the transmittance of the 3D
CDB porcine structure for light with a wavelength of
more than 500 nm was more than 80%. However,
compared to the natural vitreous body, a disparity
in transmittance remains, highlighting the need for
future endeavors to slightly enhance transmittance.
To achieve this, we will aim at manufacturing the vit-
reous substitute as thinly as possible while consid-
ering the refractive index. Furthermore, to fabricate
an advanced eye model, further optimizations, such
as increased transparency and improved biocompat-
ibility with hyalocytes, will be the subject of future
studies on floater formation and vitreous liquefac-
tion.Moreover, the addition of retinal cells and retinal
pigment epithelial cells in the vitreous body model
will enable the study of the development of PVD,
RD, and MH. In addition, as we used macrophages
derived from monocyte cell lines, cells in the printed
structuremaintained their proliferation capacity dur-
ing the culture. Thus, the developedmodel had higher
cell counts than the native vitreous body, which may
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have harmful effects, such as inflammation and pro-
liferative vitreoretinopathy, on the physiology of vit-
reous mimetics. Thus, to fabricate a more physiolo-
gically relevant model with low cell density, the adop-
tion of primary macrophages or hyalocytes could be
considered.

We successfully developed a model resembling
vitritis, a vitreous disease, by subjecting the ini-
tially normal model to inflammatory substances.
Moreover, we validated the efficacy of commer-
cially available medication in this disease model.
Consequently, the proposed disease model holds
promise for investigating the mechanisms underlying
hyalocyte-related inflammatory diseases, for explor-
ing the development of novel treatments in the future
and for supporting the creation of more diverse vit-
reous disease models. The function of the disease
model can be verified by analyzing the gene expres-
sion pattern of hyalocytes obtained from this disease
model, secretion pattern of inflammatory cytokines,
and confirmation of the change patterns of hyalocyte
activity [38, 40, 41]. Representative vitreous diseases
are caused by viral invasion or autoimmune diseases,
including vitritis [59]. Furthermore, most vitreous
disorders, such as vitreoretinopathy and diabetic ret-
inopathy, often involve other parts of the eye, such as
the retina [60]. The main characteristics of these dis-
eases are the formation of new blood vessels, disrup-
tion of the vascular endothelial barrier, and accumu-
lation of macrophages in the blood vessels [34, 60].
Therefore, incorporating vascular mimetics into the
developed diseasemodel is essential to accurately sim-
ulate disease in the future.

Collagen type 1 promotes the EMT of epithelial
cells when exposed to excessive immune or disease
states, causing fibrosis or cancer [61]. However, under
normal circumstances, collagen type 1 increases the
function of normal epithelial cells; based on these
characteristics, type 1 collagen is known to be fre-
quently used as a coating material when growing
HRPEs and HLEpiCs in vitro [62]. Therefore, to cre-
ate a more precise model by adding a retina or lens
to the developed eye model, it was necessary to con-
firm whether the CDB, which is rich in collagen type
1, does not cause the EMT of HRPEs and HLEpiCs.
Through various experiments, we confirmed that col-
lagen type 1 lowered the possibility of causing EMT in
the cells and improved the cell function. Therefore, we
verified that there were no problems in adding the ret-
inal and lens components to the developed eye model
using the CDB.

In conclusion, by adding the retinal and lens
components as well as a vascular structure to the
developed 3D structure, we expect to create more
diverse in vitro ocular models and disease models,
which may ultimately aid in the development of new
treatments and research on ocular diseases for which
the treatment is ambiguous.

5. Conclusion

In the present study, the CDB was investigated as
a possible vitreous substitute in an eye model to
study the formation of floaters and the develop-
ment of vitreous liquefaction. We aimed to obtain
a printable hydrogel bioink with adequate mech-
anical and biological properties and develop a 3D
bioprinting process for volumetric vitreous body fab-
rication. The rheological analysis demonstrated the
shear thinning behavior and thermal crosslinking,
which are important for extrusion-based printing;
furthermore, the swelling test showed high water
compatibility of the developed structure. The CDB
was found to be biocompatible, securing the viabil-
ity of macrophages. Based on the correlation between
transparency and gel thickness, the printing para-
meters were tuned to obtain a well-defined balance
between transparency and mechanical stability. The
chosen parameter set enabled the fabrication of a self-
sustainable volumetric 3D porous structure without
a rigid framework, and the porous design enabled
the higher viability of macrophages and a greater
transparency than that of the bulky gel. Finally, the
printed volumetric vitreous body demonstrated the
feasibility of eye model applications. By demonstrat-
ing that the macrophages in the 3D structure func-
tioned similarly to hyalocytes, we confirmed that
the 3D porous volumetric structures could act sim-
ilarly as natural vitreous bodies. Finally, by indu-
cing an acute inflammatory environment within a
3D porous volumetric structure, we created a dis-
ease model and validated its accurate response to
commercial drugs. These findings suggest that the
model is suitable to serve as a drug testing platform
and to support personalized therapy research in the
future.
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