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A B S T R A C T   

Pterygium is an ocular surface disorder with high prevalence that can lead to vision impairment. As a patho
logical outgrowth of conjunctiva, pterygium involves neovascularization and chronic inflammation. Here, we 
developed a 3D multicellular in vitro pterygium model using a digital light processing (DLP)-based 3D bioprinting 
platform with human conjunctival stem cells (hCjSCs). A novel feeder-free culture system was adopted and 
efficiently expanded the primary hCjSCs with homogeneity, stemness and differentiation potency. The DLP-based 
3D bioprinting method was able to fabricate hydrogel scaffolds that support the viability and biological integrity 
of the encapsulated hCjSCs. The bioprinted 3D pterygium model consisted of hCjSCs, immune cells, and vascular 
cells to recapitulate the disease microenvironment. Transcriptomic analysis using RNA sequencing (RNA-seq) 
identified a distinct profile correlated to inflammation response, angiogenesis, and epithelial mesenchymal 
transition in the bioprinted 3D pterygium model. In addition, the pterygium signatures and disease relevance of 
the bioprinted model were validated with the public RNA-seq data from patient-derived pterygium tissues. By 
integrating the stem cell technology with 3D bioprinting, this is the first reported 3D in vitro disease model for 
pterygium that can be utilized for future studies towards personalized medicine and drug screening.   

1. Introduction 

As an essential part of the ocular surface, conjunctiva is a mucosal 
stratified epithelial membrane that covers the major surface of sclera 
and provides functions for lubrication, mechanical support, and immune 
responses [1,2]. The conjunctival epithelium contains goblet cells pro
ducing mucins that comprise the tear film, which is a dynamic fluidic 
layer critical for the homeostasis of the ocular surface [3,4]. The 
inflammation and damage of conjunctiva caused by disease or injury 
could lead to a variety of symptoms, including dry eye and visual 
impairment [5,6]. Despite the high prevalence, the pathogenetic 
mechanism for many of the conjunctival diseases are unclear [5,6]. 
Pterygium is a pathological overgrowth of vascularized conjunctiva that 

invade the cornea across the limbus and compromise vision [7,8]. With 
little pharmaceutical treatments reported, patients with severe pteryg
ium often require surgical interventions to restore basic visual function, 
but the prevention of post-surgical recurrence can be challenging [9] [–] 
[11]. Pterygium is a dynamic ecosystem orchestrated by multiple cell 
types, including stem cells, with chronic inflammation and angiogenesis 
being the two major hallmarks [8,12] [–] [16]. To study the patho
genesis and drug testing for pterygium, various types of disease models, 
including animal models and in vitro cultured cells, have been developed 
but are beset by the reproducibility, limited scalability, and the lack of 
heterogeneity on cell population, which contributed to the pathologi
cally relevant cellular interaction [17] [–] [21]. With the recent tech
nological advances, 3D engineered models with the capacity to 
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recapitulate the multicellular microenvironment and support 
high-throughput drug screening have become a promising solution for 
pterygium disease modeling [22]. 

In the past decade, with the development of stem cell technologies, 
disease modeling based on tissue engineering of human stem cells has 
been widely explored to develop clinically relevant patient-specific 
models to replace small animal models for personalized medicine [23, 
24]. 3D bioprinting is an emerging technology for the fabrication of 
functional 3D tissue structures with tailored biological and mechanical 
properties [25–28]. Among different 3D bioprinting techniques, digital 
light processing (DLP)-based 3D bioprinting method stands out because 
of its rapid fabrication speed, fine resolution at a microscale scale, and 
high cell integrity post-fabrication [25,29]. DLP-based bioprinting has 
been utilized to fabricate synthetic tissues for disease modeling of 
multiple organs and tissues, including heart, liver, brain, alveoli, spinal 
cord and bone [30] [–] [35]. Conjunctival stem cells (CjSCs) are bipotent 
stem cells that can give rise to both conjunctival goblet cells and 
conjunctival keratinocytes, and thereby hold tremendous potential in 
modeling the conjunctival microenvironment [4,36] [–] [38]. However, 
the lack of knowledge of both their microenvironment and a viable in 
vitro expansion method has limited the applications of CjSCs in tissue 
engineering [39] [–] [43]. We have previously reported DLP-based 3D 
bioprinting of microscale hydrogel constructs encapsulating rabbit 
CjSCs with the stem cell properties and differentiation potency pre
served [44]. 

In this study, we explored the DLP-based 3D bioprinting method for 
primary hCjSCs and developed a bioprinted multicellular pterygium 
model. We first harvested the hCjSCs from donor tissues and expanded 
them with a feeder-free in vitro culture system. Using a customized DLP- 
based 3D bioprinter, we printed hydrogel scaffolds that were able to 
support the viability, stemness, and differentiation potency of encap
sulated hCjSCs. Next, we performed multicellular bioprinting that 
combined hCjSCs along with immune cells and vasculature to develop a 
bioprinted 3D pterygium model. The bioprinted pterygium model was 
then subjected to global transcriptomic analysis to in-depth characterize 
the disease phenotypes. Furthermore, we validated our bioprinted 
model with published datasets of patient-derived pterygium tissues. The 
cellular interactions and signaling pathways revealed from the multi
cellular bioprinted model provide a greater understanding of pterygium 
pathogenesis. To the best of our knowledge, this is the first report of a 3D 
in vitro disease model mimicking the multicellular microenvironment of 
pterygium. The DLP-based 3D bioprinting of hCjSCs developed here can 
be translatable for clinical use in personalized medicine. 

2. Materials and methods 

2.1. Primary cell isolation, cell culture and cell doubling quantification 

Fresh corneoscleral tissues were provided by One Legacy or Saving 
Sight Eye Bank with the consent for research use (Supplementary 
Table 4). The human corneoscleral tissue handling protocol has been 
evaluated and exempted by the University of California, Los Angeles 
(UCLA) Institutional Review Boards (IRB#12–000363). All experi
mental work adhered to the tenets of the Declaration of Helsinki, and the 
overall procedure was approved by the University of California, San 
Diego Institutional Biosafety Committee. Primary human conjunctival 
epithelial cells were isolated from the bulbar conjunctiva on the scleral 
surface that was 2–4 mm away from the limbus. Dissected tissues were 
subjected to mincing and a 30–60-min digestion with 0.5% type IV 
collagenase (Sigma Aldrich) at 37 ◦C under agitation. Following the 
collagen digestion, the cells were further digested with 0.25% trypsin- 
EDTA (ThermoFisher Scientific). 

The isolated hCjSCs were cultured on a collagen I (ThermoFisher 
Scientific) surface as previously described [44]. The epithelial cell cul
ture medium was made with Dulbecco’s Modified Eagle Medium 
(DMEM)/F-12 (3:1) supplemented with 10% (v/v) fetal bovine serum 

(FBS, ThermoFisher Scientific), 1% (v/v) penicillin–streptomycin 
(ThermoFisher Scientific), 1% (v/v) insulin-transferrin-selenium 
(ThermoFisher Scientific), 400 ng/ml hydrocortisone (Sigma Aldrich), 
0.1 nM cholera toxin (Sigma Aldrich), 10 ng/ml recombinant human 
epidermal growth factor (EGF, R&D System), and 2 nM reverse T3 
(Sigma Aldrich). The conjunctival stem cell culture medium (CjSCM) 
was made by adding 10 μM ROCK inhibitor Y27632 (Tocris Bioscience), 
1 μM A83-01 (STEMCELL Technologies), and 1 μM DMH1 (STEMCELL 
Technologies), and used for the hCjSCs culture. Conjunctival goblet cell 
differentiation was performed using Keratinocyte SFM (ThermoFisher 
Scientific) supplemented with bovine pituitary extract (BPE), 10 ng/ml 
recombinant KGF (Biolegend), 10 ng/ml recombinant EGF (Biolegend), 
1% (v/v) P–S, 10 ng/ml recombinant BMP4 (R&D System), and 100 
ng/ml IL13 (Biolegend) [43–45]. M2 macrophages were acquired by 
differentiating THP-1 monocytes (ATCC). THP-1 cells were maintained 
with RPMI1640 medium (ThermoFisher Scientific) with 10% (v/v) FBS, 
and M2 differentiation was done by incubating the THP-1 cells in 200 
ng/ml tetradecanoyl phorbol acetate (PMA, Sigma Aldrich) for 48 h, 
followed by incubation in complete RPMI 1640 medium for 24 h, and 
then in 20 ng/ml interleukin 4 (IL4, Biolegend) and 20 ng/ml interleukin 
13 (IL13, Biolegend) for another 48 h. Human umbilical vein endothelial 
cells (HUVECs, Lonza) were cultured with Endothelial Cell Growth 
Medium-2 (EGM™-2, Lonza). C3H/10T1/2s mouse embryonic fibro
blasts (10T1/2s, ATCC) were cultured with DMEM with 10% (v/v) FBS. 
For the cell culture of the 3D bioprinted pterygium model and the cor
responding 2D control, complete EGM™-2 was mixed 1:1 with the 
epithelial cell culture medium and supplemented with 10 μM Y27632. 

To quantify cell doubling, pre-cultured cells isolated from primary 
conjunctival epithelium were seeded on collagen I coated 12-well plate 
(Corning) with 40,000 cells per well. The epithelial cell culture medium 
was used as the control medium, and the cells were then cultured with 
either CjSCM or control medium. The cells were passaged when the 
confluence reached 90% and the cell count was measured manually 
every time with a hemocytometer (Fisher Scientific). The cells (100,000 
cells per well) were seeded on collagen I coated 6-well plate (Corning) 
for the next round and the process was repeated. The cell doubling time 
(DT) was calculated as: DT = ΔT⋅ln 2/ln(Q2 /Q1). ΔT: culture time. Q1, 
Q2: the number of cells at the beginning and at the end. 

2.2. Material synthesis 

The materials for bioprinting, gelatin methacryloyl (GelMA) and 
hyaluronic acid glycidyl methacrylate (HAGM), were prepared as pre
viously described [44,46] [–] [48]. For the synthesis of GelMA, type A 
porcine skin gelatin (Sigma Aldrich) was dissolved in a 0.25 M 
carbonate-bicarbonate (3:7) solution (pH 9) to make a 10% (w/v) so
lution. Then, methacrylic anhydride (Sigma Aldrich) was added drop
wise, followed by 1-h reaction at 50 ◦C with constant stirring. The 
products were dialyzed using 13.5 kDa dialysis membranes (Repligen), 
lyophilized, and stored at −80 ◦C. The synthesized GelMA had an 
approximate degree of methacrylation of 95% [47]. For HAGM, 1% 
(w/v) hyaluronic acid solution was made by dissolving sodium hyalur
onate (Lifecore Biomedical) in water: acetone (1:1) solution with 
continuous stirring in dark at room temperature and incubated over
night. Next, triethylamine (Sigma Aldrich) was slowly added in the re
action and mixed thoroughly, then glycidyl methacrylate (GM, Sigma 
Aldrich) was also added dropwise, and reacted overnight at room tem
perature with Argon seal and constant stirring, followed by acetone 
precipitation. The products were collected with vacuum filtration, dis
solved again with DI water, dialyzed, lyophilized, and stored at −80 ◦C. 
The resultant HAGM had an approximate degree of methacrylation of 
35% [46]. 

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylpho 
sphinate (LAP) was synthesized following previous publication [44, 
46]. Briefly, dimethyl phenylphosphonite (Sigma Aldrich) was added 
dropwise to an equimolar amount of 2,4,6-trimethylbenzoyl chloride 
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(Acros Organics), and reacted for 18 h at room temperature with con
stant stirring. Then, a solution of lithium bromide (Sigma Aldrich) in 
2-butanone (Sigma Aldrich) was added into the reaction, and incubated 
overnight at room temperature, followed by filter-washing with 2-buta
none. The resultant solidified LAP was made into powder and stored in 
the dark at 4 ◦C. 

2.3. DLP-based 3D bioprinting 

A customized DLP-based 3D bioprinting system was built with pro
jection optics, a 365 nm light source (Hamamatsu), a motion controller 
(Newport), and a digital micromirror device (DMD, Texas Instruments). 
The digital patterns were generated with MATLAB and inputted to the 
DMD chip through a custom-built coordination software. The thickness 
of the printed structures was controlled by a spacer made of poly
dimethylsiloxane (PDMS). The bioprinted hydrogel structures were 
printed on methacrylated coverslips upon light exposure, then rinsed 
with warm DPBS before subjected to culture in 5% CO2 at 37 ◦C. For the 
multilayered printing, the bioink was loaded on a PDMS base and the 
thickness of the structure was controlled by the motion controller. After 
printing the first layer, the excess uncrosslinked material was washed off 
with warm DPBS before the bioink of the second layer was loaded. 

The pre-polymer solution for the printing was made by dissolving 
GelMA, HAGM, and LAP with DPBS (ThermoFisher Scientific) and 
filtered with a 0.22 μm syringe filter (Millipore Sigma). 5% or 8% (w/v) 
GelMA with 0.25% (w/v) LAP, and 2.5% (w/v) GelMA with 1% (w/v) 
HAGM and 0.25% (w/v) LAP were made accordingly. The 5% (w/v) 
GelMA was used as the soft condition for hCjSCs bioprinting while the 
8% (w/v) GelMA was used as the stiff condition. 2.5% (w/v) GelMA with 
1% (w/v) HAGM was used for the bioprinting of HUVECs and 10T1/2s. 
Before printing, the cells were digested, filtered with 70 μm cell strainers 
(Corning), quantified for the cell concentration, and pelleted with 
desired quantity. For hCjSCs bioprinting, the bioink contained 2 × 107 

cells/mL of hCjSCs. For multilayered printing of 3D pterygium model, 
the stem cell layer contained 2 × 107 cells/mL of hCjSCs plus 1 × 107 

cells/mL of macrophages while the vascular layer contained 2 × 107 

cells/mL of HUVECs and 4 × 105 cells/mL of 10T1/2s (50:1). For the 3D 
control, the scaffolds were fabricated with 5% GelMA with 2 × 107 
cells/mL hCjSCs. 

2.4. Mechanical characterization 

The compressive Young’s modulus was measured using MicroTester 
(CellScale) following manufacturer’s instructions. GelMA cylinders with 
500 μm-diameter and 500 μm-thickness were printed and incubated 
overnight in DPBS at 37 ◦C. Briefly, two cycles of predetermined 
compression were done to remove the hysteresis of the samples. Then, 
the samples were compressed by 10% strain with a rate of 2 μm/s while 
the force and displacement were recorded. The data was then processed 
with a custom-made MATLAB script. 

2.5. Immunoassays and flow cytometry 

For the immunofluorescence staining of 2D cultured cells, cells 
grown on Millicell EZ slides (Millipore Sigma) were washed twice with 
DPBS and fixed with 4% (w/v) paraformaldehyde (PFA, FUJIFILM 
Wako). The fixed samples were permeabilized and blocked with 5% 
bovine serum albumin (BSA, Sigma Aldrich) with 0.3% Triton X-100 
(Sigma Aldrich) and 0.1% TWEEN® 20 (Sigma Aldrich) for 1 h at room 
temperature. For the staining of mucin, samples were permeabilized 
with 0.2% Triton X-100 in DPBS for 10 min, following by 1-h blocking 
with 5% BSA. Then, the samples were incubated with primary antibody 
solution overnight. The secondary antibody with different conjugated 
fluorophores (Alexa Fluor®, Cell Signaling Technology) were diluted 
with 5% BSA and incubated with the samples for 1 h at room temper
ature. The antibody information was enclosed in Supplementary 

Table 1. The samples were stained with 4′,6-Diamidino-2-Phenylindole 
(DAPI, ThermoFisher Scientific) for the nuclear illustration and moun
ted with Fluoromount-G™ Mounting Medium (ThermoFisher Scienti
fic). To stain the bioprinted samples, samples were fixed and stained 
following the same procedures, expect the last step of mounting. 

For flow cytometry, encapsulated cells were released from the bio
printed scaffolds by enzymatical digestion with collagenase IV. The 
released cells were further digested with 0.25% trypsin-EDTA and 
filtered with a 70 μm cell strainer to obtain single cell suspension. The 
samples were then subjected to direct staining or fixed with Cytofix™ 
Fixation Buffer (BD). For immunostaining, fixed cells were per
meabilized with 0.2% Triton X-100 in Cell Staining Buffer (Biolegend) 
for 2 min, and then incubated for 20 min with the diluted primary 
antibody, and secondary antibody, respectively. The cells were washed 
with Cell Staining Buffer between each step. BD Accuri™ C6 flow cy
tometer was used in the experiment and the resultant data was processed 
using FlowJo. 

2.6. Viability tests 

The viability of the encapsulated cells was evaluated using flow 
cytometry with propidium iodide (PI, Biolegend) staining and the LIVE/ 
DEAD® viability/cytotoxicity kit (ThermoFisher Scientific). For PI 
staining, samples were incubated with a diluted PI solution (10 μl per 
million cells in 0.5 ml/test) for 15 min at 4 ◦C before analysis. For the 
LIVE/DEAD® staining, samples were incubated with 2 μM calcein ace
toxymethyl ester and 4 μM ethidium homodimer diluted in DPBS, for 30 
min at 37 ◦C, followed by imaging. 

2.7. RNA extraction and real time qPCR 

RNA was isolated with a method based on TRIzol® reagent (Ambion 
Thermo Fisher) with Direct-zol™ RNA Purification kit (Zymo Research) 
following manufacturer’s protocol. For the RNA extraction of encapsu
lated cells, the bioprinted scaffolds were enzymatically digested with 
collagenase IV to release the cells before applying TRIzol® reagent. The 
RNA products were quantified using NanoDrop™ 2000 (Thermo Fisher 
Scientific). The reverse transcription was done using iScript™ cDNA 
Synthesis Kit (Bio-Rad) and the real time quantitative polymerase chain 
reaction (qPCR) was conducted using Luna® Universal qPCR Master Mix 
(New England Biolabs). The primer information was enclosed in Sup
plementary Table 2. 

2.8. RNA sequencing and transcriptomic analysis 

For RNA sequencing (RNA-seq), hCjSCs from 3 healthy donors were 
expanded and labeled with GFP using lentiviral vectors before subject
ing to bioprinting of the 3D pterygium model and co-culture. After 5–7 
days of co-culture, the GFP-labeled hCjSCs were isolated from the bio
printed scaffolds by enzymatic digestion and fluorescence-activated cell 
sorting (FACS). Then, RNA samples were extracted as aforementioned 
and quantified using NanoDrop™ 2000 (ThermoFisher Scientific). The 
library preparation and RNA-seq were performed on Illumina platform 
by Novogene (Sacramento, CA). The transcriptomic data from patient- 
derived pterygium tissues and normal conjunctival tissues were 
derived from published datasets [49,50]. 

For the transcriptomic data analysis, the sequencing reads were 
filtered and trimmed with Trim Galore (version 0.4.1) followed by 
mapping to the human genome (GRCh38. p12) using HISAT2 [51]. The 
mouse genome (mm10) was also used to estimate the cross-mapping 
rates. Principle component analysis (PCA) was performed using DESeq 
package with the batch effect between different datasets filtered [52]. 
Differently expressed gene (DEG) analysis was performed using DESeq 
(Adjusted P-value<0.01). The DEGs with the same regulated expression 
pattern to the patient-derived pterygium tissues were defined as 
consistent DEGs. The protein-to-protein interaction (PPI) enrichment 
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analysis based on DEGs was presented through Cytoscape [53]. The gene 
set enrichment analysis (GSEA) comparing the 3D pterygium model and 
2D control was performed using GESA software (http://software.br 
oadinstitute.org/gsea/downloads.jsp) [54]. The gene ontology (GO) 
enrichment analysis in this study was accomplished with Geneontology 
[55]. 

2.9. Imaging and image processing 

Imaging in this study was conducted using Leica SP8 confocal mi
croscope and Leica DMI 6000-B fluorescence microscope. Images were 
processed with LAS X and ImageJ. 

2.10. Statistical analysis 

Statistical analysis was performed using Microsoft Excel and 
GraphPad Prism. The data was presented as mean ± standard deviations 
with two-tailed Student’s t-test or one way ANOVA used to determine 
the significance. P-value was presented in the figures with asterisks (*: P 
< 0.05; **: P < 0.01; ***: P < 0.001.). 

3. Results 

3.1. In vitro expansion of primary hCjSCs 

The hCjSCs are one of the predominant stem cells on the ocular 
surface with high value in clinical applications, but the in vitro expansion 
has been a challenge [39,40,43]. We have previously reported the 
feeder-free culture of primary rabbit CjSCs adopting a cocktail of small 
molecules that inhibit transforming growth factor-beta (TGF-β) 

signaling, bone morphogenetic proteins (BMP) signaling, and 
Rho-associated protein kinase (ROCK) signaling and selectively 
expanded CjSC population in primary culture [44]. Given the promising 
results of rabbit cells, we first validated the expansion efficacy of CjSCM 
on primary hCjSCs isolated from donor tissues. As shown in accumula
tive quantification of cell doublings, compared to the cells cultured in 
the control medium without inhibitor cocktail, those cultured in CjSCM 
exhibited faster dividing, a shorter cell doubling time and higher repli
cative potency (Fig. 1A and B, Supplementary Figure S1A). As for cell 
morphology, the cells expanded with CjSCM showed more compacted, 
cuboidal, and uniform morphology whereas the control cells were 
elongated, spindle-shaped, and of various sizes (Fig. 1C). In addition, as 
measured with real time qPCR, the mRNA expression of epithelial stem 
cell marker, P63, and proliferation marker, KI67, were significantly 
upregulated in the CjSCM group, while the expression of the mesen
chymal marker vitronectin (VIM) was significantly downregulated 
compared with control (Fig. 1D). The immunofluorescence staining of 
stem cell markers (ΔNP63, P63, ABCG2, KRT14), lineage markers 
(PAX6, E-cadherin (ECAD)), and proliferation marker KI67 indicated the 
predominant presence of hCjSCs in CjSCM condition (Fig. 1E, Supple
mentary Figure S1B). To validate the stem cell potency, we differenti
ated the expanded hCjSCs into goblet cells. After 7 days of 
differentiation, the generation of conjunctival goblet cells was 
confirmed by protein expression of mucin 1 (MUC1), mucin 5AC 
(MUC5AC), and mucin 16 (MUC16) (Supplementary Figure S1C). These 
results collectively demonstrated that our CjSCM culture system could 
efficiently expand primary hCjSCs in vitro with high homogeneity while 
promoting the stem cell phenotypes and preserving the differentiation 
potency. 

Fig. 1. In vitro expansion of primary hCjSCs using CjSCM. (A) Representative cumulative quantification plot showed the cell doublings versus the culture time of the 
human primary conjunctival epithelial cells in culture with CjSCM or control medium. (B) Average cell doubling time of human conjunctival epithelial cells in culture 
with control medium and CjSCM from passage 1 to 8 (mean ± sd, n = 3; ***: P < 0.001). (C) Cell morphologies of nonconfluent primary human conjunctival 
epithelial cells cultured with CjSCM or control medium at passage 3. Scale bars: 100 μm. (D) Real time qPCR showing the relative mRNA expression of KI67 
(proliferation), P63 (stemness), PAX6 (ocular lineage), VIM (mesenchymal lineage) in the cells expanded in CjSCM or control medium (mean ± sd, n = 4, *: P < 0.05, 
***: P < 0.001.). (E) Immunofluorescence staining of ΔNP63, PAX6 and KI67 on hCjSCs expanded in CjSCM or control medium at passage 3. Scale bars: 50 μm. 
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3.2. DLP-based 3D bioprinting of hCjSCs 

To support the application of hCjSCs in disease modeling, we next 
explored 3D bioprinting of hCjSCs. With the rapid and scalable process, 
high fabrication resolution and versatile material choice, DLP-based 3D 
bioprinting has been used in fabricating hydrogel scaffolds encapsu
lating various types of human stem cells for disease modeling and 
therapeutic purposes [29,33,46,47]. For the DLP-based bioprinting, 
hCjSCs were mixed with a prepolymer solution to form the bioink and 
photopolymerized to fabricate the 3D hydrogel scaffolds (Fig. 2A). 
GelMA was adopted as a bioink material because of its excellent cell 
binding capacity and has been successfully used for encapsulating 
multiple cell types, including rabbit CjSCs [29,44,56]. The extracellular 
matrix (ECM) stiffness has been shown to regulate the essential function 
and behavior of stem cells [57,58]. To optimize the encapsulation of 
hCjSCs, GelMA cylinders (diameter: 500 μm; thickness: 500 μm) 
encapsulating hCjSCs in soft (2.98 ± 0.85 kPa) and stiff (11.20 ± 0.62 
kPa) condition were bioprinted and subjected to tissue culture (Fig. 2B). 
Flow cytometry with PI staining showed that both conditions had over 
85% cell viability (Fig. 2C). Notably, the cell viability was significantly 
higher in soft condition (Fig. 2C). The high cell viability of encapsulated 
cells was also confirmed by LIVE/DEAD® staining (Supplementary 
Figure S2A). In addition, real time qPCR indicated that the mRNA 
expression of KI67, P63, and PAX6 were significantly higher in the soft 
condition (Fig. 2D). Thus, we adopted the soft printing condition for the 
following experiments. The stem cell identity of the hCjSCs in the bio
printed 3D scaffolds was retained (Fig. 2E, Supplementary Figure 2B). 
To test the cell functionality, we conducted 3D differentiation of hCjSCs 
encapsulated in the bioprinted scaffolds and found the expression of 
characteristic mucins 7 days later (Supplementary Figure S2C). 
Together, using the DLP-based 3D bioprinting, we fabricated microscale 
GelMA hydrogel scaffolds encapsulating hCjSCs while preserving the 
cell viability, stemness and functionality. 

3.3. 3D bioprinted multicellular pterygium model 

With the background of extensive chronic inflammation, angiogen
esis and infiltration of immune cells dominate in the pterygium pa
thology [14,17,48,59,60]. Some studies also implicated the involvement 
of stem cells in pterygium [14,61]. Existing pterygium disease models 
employed subconjunctival delivery of patient-derived pterygium 
epithelial cells or fibroblasts to induce immune response and neo
vascularization, but little attention has been paid to developing an in 
vitro model with a multicellular microenvironment [17,18,20]. Taking 
advantage of 3D bioprinting of hCjSCs, we developed a 3D bioprinted 
pterygium model with conceptualized patterns containing hCjSCs, 
macrophages, vascular endothelial cells, and fibroblasts to recapitulate 
the pathological state of pterygium (Fig. 3A). The model contained two 
layers: the first layer containing hCjSCs and THP-1-derived macro
phages recapitulated the infiltration of immune cells during the 
inflammation response; the second layer with HUVECs and 10T1/2s 
cells represented the angiogenesis around and inside the pterygium 
tissue. Different populations of cells were bioprinted and subjected to 
co-culture for 5–7 days (Fig. 3B). Immunofluorescence staining showed 
the presence of vascular markers, CD31 and vascular endothelial cad
herin (VE-CAD) after 6 days of co-culture, suggesting the formation of 
microvasculature in the bioprinted 3D pterygium model (Supplemen
tary Figure S3A). 

3.4. 3D pterygium model displayed distinct transcriptomic profiles 
compared with 2D culture 

To comprehensively characterize the 3D pterygium model, we bio
printed the models with hCjSCs from three normal individual donors 
and performed global transcriptomic profiling with RNA-seq. The 
hCjSCs cultured on collagen-coated surface were used as control, and the 
hCjSCs that were extracted from 3D bioprinted scaffolds with only 

Fig. 2. DLP-based 3D bioprinting of hydrogel scaffolds supporting the stemness and functionality of the encapsulated hCjSCs. (A) Schematics of the DLP bioprinter 
setup and the photopolymerization process to fabricate hydrogel scaffolds encapsulating hCjSCs. (B) Compressive modulus of the hCjSCs encapsulated in soft and stiff 
bioprinted scaffolds (mean ± sd, n = 3). (C) The ratio of PI-negative population measured with flow cytometry representing the percentage of viable cells in soft and 
stiff bioprinted scaffolds cultured for 5 days (mean ± sd, n = 3). (D) Real time qPCR showing the relative mRNA expression of KI67, P63 and PAX6 of hCjSCs in 2D 
culture condition (2D control) or 3D hydrogel scaffolds with different stiffness (mean ± sd, n = 3, *: P < 0.05, **: P < 0.01, ***: P < 0.001.). (E) Representative 
immunofluorescence staining and corresponding bright field images of bioprinted hydrogel scaffolds encapsulating hCjSCs after 2 days of culture expressing ΔNP63, 
PAX6 and KI67. Scale bars: 100 μm. 
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hCjSCs were used as 3D control. Prior to the analysis, the sequencing 
reads were mapped with both the human and mouse genome database 
and confirmed the absence of mouse RNA fragments (Supplementary 
Figure S3B). 

PCA showed a drastic transcriptomic difference between the 3D 
pterygium model and the controls (Supplementary Figure S3C). 590 
DEGs were identified in 3D pterygium compared to the 2D condition, 
among which 420 genes were significantly upregulated in the 3D pte
rygium model, whereas 170 genes were downregulated (Fig. 3C, Sup
plementary Figure S3D). We also found that 311 genes were 
significantly upregulated while 555 genes were downregulated in the 3D 
pterygium compared to the 3D control (Supplementary Figure S4A). 
Based on the DEG analysis comparing with the 2D control, the 3D pte
rygium models showed consistent upregulation of genes correlated to 
interleukin cascade, tumor necrosis factor (TNF) signaling, and other 
inflammatory responses (Fig. 3D). We also noticed the upregulation of 
mesenchymal markers and epithelial-mesenchymal transition (EMT) 
related genes, along with the downregulation of epithelial markers 
(Fig. 3D). In addition, principle signaling pathways altered in the 3D 
pterygium model were identified, indicating the upregulation of TGF- 
β/BMP signaling, which is a regulator of EMT and significantly regulates 
the recurrence of pterygium (Fig. 3D) [62]. These results underlined that 
the encapsulated hCjSCs in the bioprinted 3D pterygium model were 
regulated by the synthetic microenvironment and underwent inflam
matory responses and EMT [63–65]. Furthermore, we have found that 
the expression of multiple epigenetic regulators was upregulated in the 
3D pterygium model, including DNA methyltransferase DNMT3B, lysine 
demethylase KDM6B, and histone deacetylase HDAC5 (Supplementary 

Figure S4B). As epigenetic regulation has been shown to involve in both 
pterygium pathogenesis and 3D tissue microenvironment development, 
these results could indicate the recapitulation of epigenetic activities in 
the 3D pterygium model [66] [–] [68]. 

3.5. 3D pterygium model exhibited transcriptomic signatures of pterygium 

To further understand the molecular features of the 3D pterygium 
model, we performed GSEA and GO enrichment analysis. GSEA revealed 
that the 3D pterygium model expressed enriched gene hallmarks of TNF- 
α/NF-κB signaling, EMT, and EGF signaling, while the controls showed 
enrichment involved in epithelial differentiation and keratinization 
(Fig. 4A, Supplementary Figure S4C). GO enrichment analysis showed 
the overrepresented GO terms were correlated to the organization of 
cell-cell and cell-substrate junction, EMT, Notch signaling, DNA damage 
response, endoplasmic reticulum (ER) unfolded protein response (UPR), 
interleukin production, and angiogenesis regulation in the 3D pterygium 
model, while GO terms correlated to epithelial cell differentiation, 
keratinization, and canonical Wnt signaling were downregulated 
(Fig. 4B). The top up-regulated terms from the cellular component 
domain highlighted the ECM organization and the cell-cell, cell-sub
strate interaction (Fig. 4C). The key molecular function terms involved 
in glucocorticoid receptor signaling, vascular endothelial growth factor 
(VEGF) signaling, and TGF-β signaling (Fig. 4D). In comparison with the 
3D control, the 3D pterygium model showed upregulated GO terms 
correlated to platelet-derived growth factor receptor (PDGFR) signaling 
pathway, EMT, angiogenesis, inflammatory response and cell junction 
organization (Supplementary Figure S4D). Consistently, PPI enrichment 

Fig. 3. DLP-based 3D bioprinting of multicellular pterygium model with distinct transcriptomic profiles. (A) Illustration of the bioprinted multicellular 3D pterygium 
model. (B) Representative images of the 3D pterygium model. Red: hCjSCs and macrophages; green: HUVECs and fibroblasts. Scale bars: 1 mm. (C) Volcano plot of 
global transcriptomic landscape comparing the bioprinted 3D pterygium model with the 2D control. The x-axis represents log2 transformed fold changes, and the y- 
axis shows the -log10 transformed p-value adjusted for multiple test correction (n = 3 per condition). (D) Heatmap of representative DEGs correlated to inflammatory 
response, epithelial mesenchymal transition, TGF-β/BMP signaling, and other principal signaling pathways in the 3D pterygium model versus the 2D control. Scale 
bars represent relative gene expression (log2 fold changes). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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analysis highlighted the protein networks associated with inflammatory 
response, stress response, DNA damage response, and exocytosis in the 
3D pterygium model (Fig. 5A). To investigate to what extent the 3D 
pterygium model could imitate the molecular features of pterygium, we 
combined the RNA-seq data of normal human conjunctiva and patient- 
derived pterygium sample from previously published datasets for inte
grated analysis [49,50]. PCA analysis distinguishes the patient-derived 
pterygium tissues from the normal conjunctival tissues from healthy 
donors (Fig. 5B). In addition, the 3D pterygium model exhibits similar 
transcriptional pattern to patient-derived pterygium tissues but with 
higher homogeneity (Fig. 5B). To investigate the common gene regula
tion network between the 3D pterygium model and patient-derived 
pterygium tissues, we focused on the DEGs of the 3D model that 
showed consistent expression pattern in the patient-derived pterygium. 
Totally, 189 consistent upregulated DEGs and 81 consistent down
regulated DEGs were identified (Supplementary Table 3). GO enrich
ment analysis on consistent DEGs comparing different datasets revealed 
that the 3D pterygium model had upregulation GO terms consistent with 
the pterygium tissues correlated to activation of immune response, the 
regulation of cell-cell junctions and cell-substrate junctions, EMT, VEGF 
production, integrin-mediated signaling pathways, non-canonical Wnt 
signaling (planar cell polarity), and TGF-β/SMAD signaling (Fig. 5C, 
Supplementary Figure S4E). These results indicated that the bioprinted 
3D pterygium model was able to recapitulate the disease microenvi
ronment of pterygium and transition healthy hCjSCs into the 
pterygium-relevant pathological state. 

4. Conclusion 

Pterygium is a pathological conjunctival overgrowth with chronic 
inflammation and angiogenesis that could result in blindness [7,8,16]. 
Effective and reproducible disease models are needed to decipher the 
pathogenesis and explore new therapeutic approaches for pterygium 

[18,19]. Here, based on in vitro expansion and DLP-based 3D bioprinting 
of hCjSCs, we developed an in vitro multicellular pterygium disease 
model. The bioprinted pterygium model consisted of hCjSCs from 
healthy donors, macrophages, HUVECs, and fibroblasts mimicking the 
multicellular pterygium microenvironment. By performing global tran
scriptomic analysis with RNA-seq, we found that the hCjSCs in the 
bioprinted 3D model exhibited pathological features highlighting in
flammatory response and EMT. Further comparative analysis with 
published data of patient-derived pterygium tissues confirmed the 
presence of pterygium signatures in our bioprinted 3D pterygium model. 

Despite the clinical need of hCjSCs, protocols for developing effective 
hCjSC models have not been publicly reported in full [37,39,42]. 
Consistent with other reported culture of human epithelial stem cells 
and our previous report on rabbit CjSCs, CjSCM with the inhibition on 
TGF-β signaling and BMP signaling, as well as the ROCK signaling, was 
able to support the efficient in vitro expansion of hCjSCs while main
taining the stemness and differentiation potency [44,69,70]. As we 
generated large amount of cells from a small amount of starting mate
rials for the experiment, our culture method could combine with 
impression cytology for a future clinical study [71]. In addition, with the 
DLP-based 3D bioprinting, we fabricated GelMA hydrogel scaffolds 
supporting the viability and stem cell properties of the encapsulated 
hCjSCs. The rapid, scalable, reproducible fabrication with DLP-based 3D 
bioprinting made this model highly valuable and clinically translatable 
for personalized medicine [72]. The flexible pattern design also enabled 
convenient modification on the models to adapt different biomedical 
applications in the future. 

3D engineered models with control in geometry, cell distribution, 
and ECM composition were shown to better mimic the physiological or 
pathological microenvironment compared to the 2D cell monolayer and 
had higher scalability and reproducibility over animal models [25,73, 
74]. To recapitulate the pterygium microenvironment, we integrated 
hCjSCs with immune cells and vascular cells in the bioprinting to 

Fig. 4. GSEA and GO analysis revealed the pterygium-related pathological features in the 3D pterygium model. (A) Representative GSEA results comparing the 3D 
pterygium model with the control. FDR: false discovery rate, NES: normalized enrichment score. (B) GO terms enriched in hCjSCs cultured in the 3D pterygium model 
versus 2D control. (C) Selected upregulated GO terms from the cellular component domain in the 3D pterygium model. (D) Selected upregulated GO terms from the 
molecular function domain in the 3D pterygium model. 

Z. Zhong et al.                                                                                                                                                                                                                                   



Biomaterials 282 (2022) 121391

8

develop a 3D pterygium model and performed RNA-seq to evaluate the 
model [12,60]. Vast differences in gene expression were found in DEG 
analysis comparing hCjSCs from the 3D pterygium model with the 2D 
and 3D control, indicating the bioprinted multicellular 3D microenvi
ronment significantly altered the state of encapsulated cells. The GSEA 
and GO enrichment analysis indicated that the hCjSCs in the 3D pte
rygium model were under ER stress and DNA damage, which were 
potentially induced by the inflammatory stimulus through TNF-α/NF-κB 
signaling and interleukin cascade [75–77]. As a result, the cells under
went EMT that was potentially mediated by integrin signaling, 
TGF-β/SMAD signaling, and Notch signaling [63,78] [–] [81]. In addi
tion, GSEA identified the activation of EGF signaling in the 3D pteryg
ium model, underlining the crosstalk between epithelial cells and 
macrophages [82,83]. Notably, by comparing our data with the tran
scriptomic signatures identified in the patient-derived samples, the 
bioprinted 3D pterygium model was grouped into the pterygium tissues 
whereas the 2D control was classified into healthy conjunctival tissues, 
which further confirmed the pathological changes of healthy hCjSCs in 
the bioprinted model [49,50]. Moreover, the key events and signaling 
pathways that were highlighted by the transcriptomic analysis are po
tential targets for developing pharmaceutical treatment of pterygium. 

In conclusion, through 3D bioprinting of hCjSCs, we have developed 
a bioprinted 3D pterygium model presenting the multicellular micro
environment and transcriptomic signatures of pterygium. This is the first 
reported 3D in vitro disease model for pterygium recapitulating patho
logical features consistent with patient-derived pterygium tissues. Sup
ported by the DLP-based 3D bioprinting technology, this model can 
potentially support therapeutic development and high-throughput drug 
screening, as well as the disease mechanism study of pterygium. 
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A. Vela-Martinez, J.E. Valdez-García, Extracellular matrix and fibroblast injection 
produces pterygium-like lesion in rabbits, Biol. Res. 51 (2018) 15, https://doi.org/ 
10.1186/s40659-018-0165-8. 

[19] N. Di Girolamo, N. Tedla, R.K. Kumar, P. McCluskey, A. Lloyd, M.T. Coroneo, 
D. Wakefield, Culture and characterisation of epithelial cells from human pterygia, 
Br. J. Ophthalmol. 83 (1999) 1077–1082, https://doi.org/10.1136/bjo.83.9.1077. 

[20] H.S. Lee, J.H. Lee, J.W. Yang, Effect of porcine chondrocyte-derived extracellular 
matrix on the pterygium in mouse model, Graefe’s Arch. Clin. Exp. Ophthalmol. 
252 (2014) 609–618, https://doi.org/10.1007/s00417-014-2592-8. 

[21] M.P. Krebs, G.B. Collin, W.L. Hicks, M. Yu, J.R. Charette, L.Y. Shi, J. Wang, J. 
K. Naggert, N.S. Peachey, P.M. Nishina, Mouse models of human ocular disease for 
translational research, PLoS One 12 (2017), https://doi.org/10.1371/journal. 
pone.0183837. 

[22] M.E. Boutin, C. Hampton, R. Quinn, M. Ferrer, M.J. Song, 3D engineering of ocular 
tissues for disease modeling and drug testing, in: Adv. Exp. Med. Biol., Springer 
New York LLC, 2019, pp. 171–193, https://doi.org/10.1007/978-3-030-28471-8_ 
7. 

[23] K.H. Benam, S. Dauth, B. Hassell, A. Herland, A. Jain, K.J. Jang, K. Karalis, H. 
J. Kim, L. MacQueen, R. Mahmoodian, S. Musah, Y.S. Torisawa, A.D. Van Der 
Meer, R. Villenave, M. Yadid, K.K. Parker, D.E. Ingber, Engineered in vitro disease 
models, Annu. Rev. Pathol. 10 (2015) 195–262, https://doi.org/10.1146/annurev- 
pathol-012414-040418. 

[24] C. Argentati, I. Tortorella, M. Bazzucchi, F. Morena, S. Martino, Harnessing the 
potential of stem cells for disease modeling: progress and promises, J. Personalized 
Med. 10 (2020), https://doi.org/10.3390/jpm10010008. 

[25] X. Ma, J. Liu, W. Zhu, M. Tang, N. Lawrence, C. Yu, M. Gou, S. Chen, 3D 
bioprinting of functional tissue models for personalized drug screening and in vitro 
disease modeling, Adv. Drug Deliv. Rev. 132 (2018) 235–251, https://doi.org/ 
10.1016/j.addr.2018.06.011. 

[26] K. Walus, S. Beyer, S.M. Willerth, Three-dimensional bioprinting healthy and 
diseased models of the brain tissue using stem cells, Curr. Opin. Biomed. Eng. 14 
(2020) 25–33, https://doi.org/10.1016/j.cobme.2020.03.002. 

[27] P. Soman, D.Y. Fozdar, J.W. Lee, A. Phadke, S. Varghese, S. Chen, A three- 
dimensional polymer scaffolding material exhibiting a zero Poisson’s ratio, Soft 
Matter 8 (2012) 4946–4951, https://doi.org/10.1039/C2SM07354D. 

[28] P. Soman, J.W. Lee, A. Phadke, S. Varghese, S. Chen, Spatial tuning of negative and 
positive Poisson’s ratio in a multi-layer scaffold, Acta Biomater. 8 (2012) 
2587–2594, https://doi.org/10.1016/J.ACTBIO.2012.03.035. 

[29] C. Yu, J. Schimelman, P. Wang, K.L. Miller, X. Ma, S. You, J. Guan, B. Sun, W. Zhu, 
S. Chen, Photopolymerizable biomaterials and light-based 3D printing strategies 
for biomedical applications, Chem. Rev. 120 (2020) 10695–10743, https://doi. 
org/10.1021/acs.chemrev.9b00810. 

[30] X. Ma, X. Qu, W. Zhu, Y.S. Li, S. Yuan, H. Zhang, J. Liu, P. Wang, C.S.E. Lai, 
F. Zanella, G.S. Feng, F. Sheikh, S. Chien, S. Chen, Deterministically patterned 
biomimetic human iPSC-derived hepatic model via rapid 3D bioprinting, Proc. 
Natl. Acad. Sci. U.S.A. 113 (2016) 2206–2211, https://doi.org/10.1073/ 
pnas.1524510113. 

[31] J. Zhang, Q. Hu, S. Wang, J. Tao, M. Gou, Digital light processing based three- 
dimensional printing for medical applications, Int. J. Bioprinting. 6 (2020) 12–27, 
https://doi.org/10.18063/ijb.v6i1.242. 

[32] B. Grigoryan, S.J. Paulsen, D.C. Corbett, D.W. Sazer, C.L. Fortin, A.J. Zaita, P. 
T. Greenfield, N.J. Calafat, J.P. Gounley, A.H. Ta, F. Johansson, A. Randles, J. 
E. Rosenkrantz, J.D. Louis-Rosenberg, P.A. Galie, K.R. Stevens, J.S. Miller, 
Multivascular networks and functional intravascular topologies within 
biocompatible hydrogels, Science 364 (80) (2019) 458–464, https://doi.org/ 
10.1126/science.aav9750. 

[33] J. Koffler, W. Zhu, X. Qu, O. Platoshyn, J.N. Dulin, J. Brock, L. Graham, P. Lu, 
J. Sakamoto, M. Marsala, S. Chen, M.H. Tuszynski, Biomimetic 3D-printed 
scaffolds for spinal cord injury repair, Nat. Med. 25 (2019) 263–269, https://doi. 
org/10.1038/s41591-018-0296-z. 

[34] D. Dean, J. Wallace, A. Siblani, M.O. Wang, K. Kim, A.G. Mikos, J.P. Fisher, 
Continuous digital light processing (cDLP): highly accurate additive manufacturing 
of tissue engineered bone scaffolds, Virtual Phys. Prototyp. 7 (2012) 13–24, 
https://doi.org/10.1080/17452759.2012.673152. 

[35] P. Soman, B.T.D. Tobe, J.W. Lee, A.A.M. Winquist, I. Singec, K.S. Vecchio, E. 
Y. Snyder, S. Chen, Three-dimensional scaffolding to investigate neuronal 
derivatives of human embryonic stem cells, Biomed. Microdevices 145 (14) (2012) 
829–838, https://doi.org/10.1007/S10544-012-9662-7. 

Z. Zhong et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.biomaterials.2022.121391
https://doi.org/10.1016/j.biomaterials.2022.121391
https://doi.org/10.1016/B978-1-4557-2876-3.00004-3
https://doi.org/10.1016/B978-1-4557-2876-3.00004-3
https://doi.org/10.1038/sj.eye.6700617
https://doi.org/10.1016/B978-1-4557-2876-3.00003-1
https://doi.org/10.1016/B978-1-4557-2876-3.00003-1
https://doi.org/10.1016/j.preteyeres.2016.04.005
https://doi.org/10.1186/s13023-020-01538-x
https://doi.org/10.1167/iovs.17-23651
https://doi.org/10.1002/14651858.CD011349.pub2
https://doi.org/10.1002/14651858.CD011349.pub2
https://doi.org/10.1016/S1542-0124(12)70103-9
https://doi.org/10.1038/eye.2013.135
https://doi.org/10.1038/eye.2013.135
https://doi.org/10.2147/IMCRJ.S150969
https://doi.org/10.2147/IMCRJ.S150969
https://doi.org/10.1038/s41433-020-0786-3
https://doi.org/10.1097/ICO.0000000000002114
https://doi.org/10.1097/ICO.0000000000002114
https://doi.org/10.1001/archophthalmol.2012.293
https://doi.org/10.1001/archophthalmol.2012.293
https://doi.org/10.1016/j.ajpath.2010.10.037
https://doi.org/10.3109/08820538.2014.971822
https://doi.org/10.3109/08820538.2014.971822
https://doi.org/10.1159/000503636
https://doi.org/10.1159/000503636
http://refhub.elsevier.com/S0142-9612(22)00030-8/sref17
http://refhub.elsevier.com/S0142-9612(22)00030-8/sref17
http://refhub.elsevier.com/S0142-9612(22)00030-8/sref17
http://refhub.elsevier.com/S0142-9612(22)00030-8/sref17
https://doi.org/10.1186/s40659-018-0165-8
https://doi.org/10.1186/s40659-018-0165-8
https://doi.org/10.1136/bjo.83.9.1077
https://doi.org/10.1007/s00417-014-2592-8
https://doi.org/10.1371/journal.pone.0183837
https://doi.org/10.1371/journal.pone.0183837
https://doi.org/10.1007/978-3-030-28471-8_7
https://doi.org/10.1007/978-3-030-28471-8_7
https://doi.org/10.1146/annurev-pathol-012414-040418
https://doi.org/10.1146/annurev-pathol-012414-040418
https://doi.org/10.3390/jpm10010008
https://doi.org/10.1016/j.addr.2018.06.011
https://doi.org/10.1016/j.addr.2018.06.011
https://doi.org/10.1016/j.cobme.2020.03.002
https://doi.org/10.1039/C2SM07354D
https://doi.org/10.1016/J.ACTBIO.2012.03.035
https://doi.org/10.1021/acs.chemrev.9b00810
https://doi.org/10.1021/acs.chemrev.9b00810
https://doi.org/10.1073/pnas.1524510113
https://doi.org/10.1073/pnas.1524510113
https://doi.org/10.18063/ijb.v6i1.242
https://doi.org/10.1126/science.aav9750
https://doi.org/10.1126/science.aav9750
https://doi.org/10.1038/s41591-018-0296-z
https://doi.org/10.1038/s41591-018-0296-z
https://doi.org/10.1080/17452759.2012.673152
https://doi.org/10.1007/S10544-012-9662-7


Biomaterials 282 (2022) 121391

10

[36] R.M.K. Stewart, C.M. Sheridan, P.S. Hiscott, G. Czanner, S.B. Kaye, Human 
conjunctival stem cells are predominantly located in the medial canthal and 
inferior forniceal areas, Invest. Ophthalmol. Vis. Sci. 56 (2015) 2021–2030, 
https://doi.org/10.1167/iovs.14-16266. 

[37] S. Schrader, M. Notara, M. Beaconsfield, S.J. Tuft, J.T. Daniels, G. Geerling, Tissue 
engineering for conjunctival reconstruction: established methods and future 
outlooks, Curr. Eye Res. 34 (2009) 913–924, https://doi.org/10.3109/ 
02713680903198045. 

[38] T. Ramos, D. Scott, S. Ahmad, An update on ocular surface epithelial stem cells: 
cornea and conjunctiva, Stem Cell. Int. 2015 (2015), https://doi.org/10.1155/ 
2015/601731. 

[39] M. Bertolin, C. Breda, S. Ferrari, S.I. Van Acker, N. Zakaria, E. Di Iorio, 
A. Migliorati, D. Ponzin, B. Ferrari, Z. Lužnik, V. Barbaro, Optimized protocol for 
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