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Abstract

Digital light processing (DLP) bioprinting is an emerging technology for 3D bioprinting (3DBP) 

owing to its high printing fidelity, fast fabrication speed, and higher printing resolution. 

Low viscosity bioink such as poly(ethylene glycol) diacrylate (PEGDA) is commonly used 

for DLP-based bioprinting. However, the crosslinking of PEGDA proceeds via chain-growth 

photopolymerization that displays significant heterogeneity in crosslinking density. In contrast, 

step-growth thiol-norbornene photopolymerization is not oxygen inhibited and produces hydrogels 

with an ideal network structure. The high cytocompatibility and rapid gelation of thiol-norbornene 

photopolymerization has lend itself to the crosslinking of cell-laden hydrogels but has not 

been extensively used for DLP bioprinting. In this study, we explored 8-arm PEG-norbornene 

(PEG8NB) as a bioink/resin for visible light initiated DLP-based 3DBP. PEG8NB-based DLP 

resin showed high printing fidelity and cytocompatibility even without the use of any bioactive 

motifs and high initial stiffness. In addition, we demonstrated the versatility of PEGNB resin 

by printing solid structures as cell culture devices, hollow channels for endothelialization, and 

microwells for generating cell spheroids. This work not only expands the selection of bioinks 

for DLP-based 3DBP, but also provides a platform for dynamic modification of the bioprinted 

constructs.
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1. Introduction

3D bioprinting (3DBP) has emerged as a paradigm shifting technology in tissue engineering 

and regenerative medicine.1–3 Commonly used 3DBP techniques include extrusion-based, 

nozzle-based, and vat polymerization based bioprinting. In extrusion and nozzle-based 

bioprinting, bioinks are extruded and layered on existing printed areas to form 3D 

constructs. The bioink can be loaded with cells and the printed structures are typically 

cured post-printing through photopolymerization. Commonly used bioinks for extrusion/

nozzle-based 3DBP include derivatives of poly(ethylene glycol) (PEG)4, 5 A variety of bio-

orthogonal click chemistry reagents are now commercially available for modifying PEG and 

other biomacromolecules for ‘clickable’ crosslinking using orthogonal chemistry, including 

step growth thiol-ene photopolymerization, Michael type addition, inverse-electron demand 

Diels-Alder reaction, and SPAAC reaction.6 Multi-arm PEG-based macromers are popular 

choices for chemically crosslinking into hydrogels with tunable degradability, stiffness, 

and permeability.7 These click hydrogels are also increasingly being used for 3DBP 

applications.5, 8–10 Despite these advantages, many multi-arm PEG-based macromers are 

not suitable for extrusion based bioprinting due to the low viscosity of the macromers 

even at a high concentration. One method to overcome the low-viscosity issue of PEG-

based bioinks in extrusion-based 3DBP is to blend in rheological modifier (i.e. cellulose 

nanofiber, methylcellulose, nanosilicate) such that the composite bioink would exhibit 

desired flow behavior.11, 12 Alternatively, a viscous bath containing gelatin microbeads, 

Carbopol, or nanosilicate may be used to support the printing of self-standing structure with 

other crosslinking mechanisms. Nonetheless, extrusion and nozzle-based bioprinting often 

produce various degrees of shear stress in bioink, which may cause cellular damage during 

the fabrication process12–17. In contrast to extrusion based 3DBP, vat polymerization-based 

3DBP techniques such as stereolithography (SLA)18–20, digital light process (DLP)21–23, 

two-photon polymerization (2PP)24, 25, and material jetting2 displayed high fabrication 

speed and printing fidelity.12, 26, 27 Typically, constructs are printed in a fashion by 

light-mediated polymerized layer of photo-responsive bioink onto a build platform.28 This 

contribution focuses on DLP 3DBP as it permits layer-by-layer or volumetric projection 

rather than point-by-point or line-by-line printing such as the case in SLA and extrusion 

printing formats.26 Added to these benefits is that the bioinks used in DLP 3DBP do not 

require high viscosity, permitting printing of smooth surface with fast printing time.29

A typical DLP printer is composed of an array of millions of micromirrors, each 

corresponding to a pixel in the displayed image and can be digitally modulated to 

design patterns to enable selective light penetration and crosslinking. Various photo-

crosslinkable biomaterials with vinyl derivatives have been increasingly used for DLP 

3DBP.16, 30–32 For example, Grigoryan et al. described DLP printing of intravascular and 

multi-vascular hydrogel constructs using PEGDA and photoinitiator lithium phenyl-2,4,6-
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trimethylbenzoylphosphinate (LAP) under 405 nm light.30 Tartrazine, a yellow food dye, 

was used as a photoabsorber to prevent over-curing in areas outside of the desired 

regions during printing.33 The DLP-printed hydrogels were used for studying functional 

vascular topologies. In another example, Bobrin et al. designed nanoscale morphological 

controlled multi-component DLP 3DBP. These hydrogel composed of PEGDA, acrylic 

acid, and poly(n-butyl acrylate)diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO). 

The microstructure of constructs were varied by separation of block copolymer after 

polymerization, and the resulting materials display tunable sequence spacing and sum-10 nm 

domain size, and mechanical performance was found to be significantly enhanced upon the 

generation of microphase-separated morphologies.34 Wang et al. used a microfluidic chaotic 

mixing chip to produce gradients of PEGDA and GelMA for DLP 3DBP.21 However, to 

obtain superior printing fidelity, high concentrations of PEGDA (40%) and photoinitiator (2 

mM/20 mM Ru/SPS) were used, which may reduce cell viability during printing.

Most current bioinks for DLP 3DBP are all based on chain-growth photopolymerization, 

with PEGDA or gelatin-methacryloyl (GelMA) as the major macromers. Compared with 

chain-growth PEGDA crosslinking, step-growth thiol-norbornene (NB) photopolymerization 

is not inhibited by dissolved oxygen, hence producing a faster crosslinking kinetics that 

requires a substantially lower radical concentration for initiation.35, 36 Due to its various 

merit for biological applications, thiol-NB photocrosslinking has been extensively used in 

biomedical applications.4, 37, 38 However, its use in DLP 3DBP has been limited. In this 

work, we report a norbornene functionalized 8-arm PEG (PEGNB) as a resin for DLP 3DBP. 

We systematically characterized the rheological properties and printability of the PEGNB 

resin system consisting of PEGNB, tartrazine, and LAP. Furthermore, we rendered the 

otherwise inert PEGNB hydrogel network bioactive through facile secondary conjugation of 

integrin-binding motif (CRGDS). Finally, we demonstrated the usefulness of PEGNB as a 

DLP resin by printing various 3D structures that support in vitro cell culture.

2. Experimental

2.1. Materials

8-arm PEG (20 kDa) was obtained from JenKem Technology USA. 4-arm-PEG-SH 

(PEG4SH,10 kDa) was purchased from Laysan Bio. Lithium phenyl-2,4,6 trimethylbenzoyl-

phosphinate (LAP), tartrazine, and N,N’-dicyclohexyl-carbodiimide (DCC) were purchased 

from Sigma-Aldrich. Dichloromethane (DCM) and pyridine were purchased form Acros 

Organics Chemicals. 4-(dimethylamino)pyridine (DMAP) was purchased from Alfa Aesar. 

Diethylether was purchased from VWR. All reagents were used as received without further 

purification.

2.2. PEG8NB synthesis

8-arm PEG-norbornene (PEG8NB) was synthesized according to our established protocol 

with slight modification.38 Briefly, DCC was reacted with norbornene acid in DCM to 

form an intermediate product - norbornene carboxylic acid O-acyl-urea, followed by the 

formation of norbornene anhydride and by-product dicyclohexylurea. Norbornene anhydride 

was filtered into a second flask containing pre-dissolved 8-arm PEG-OH, DMAP, and 
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pyridine in DCM. The flask was purged with nitrogen and placed in an ice bath. The 

reaction was allowed to proceed overnight, and the product was filtered and then precipitated 

in cold diethyl ether. The precipitated product was re-dissolved in D.I. water and purified by 

dialysis (Spectra, MWCO: 3,500) against D.I. water for 7 days and lyophilized until dried. 

Proton nuclear magnetic resonance (1H NMR, 500 MHz, ADVANCE III, Bruker) was used 

to confirm the conversion of PEG8NB with respect to the norbornene group (Fig. S1).

2.3. Hydrogel fabrication

PEG8NB hydrogels were crosslinked by mixing PEG8NB (final conc. 3–9 wt%) with 

PEG4SH at a stoichiometric ratio of thiol to norbornene groups. Photoinitiator LAP (final 

conc. 2–15 mM) and photoabsorber tartrazine (final conc. 0–2 mM) were added and in situ 
photo-gelation studies were conducted using an oscillatory rheometer (MCR 102, Anton 

Paar). Briefly, precursor solution was placed on the lower plate and the flat geometry (25 

mm plate) was lowered to 100 μm and in situ rheometry was performed in time sweep 

mode (5% strain at 1 Hz) at 25°C. Visible light (OmniCure Series 2000, 400–500 nm 

filter) was turned on 10 s after starting the measurement. Disc shape (8 mm diameter and 

1 mm thickness) PEG8NB hydrogels were DLP-printed for measuring shear moduli. The 

DLP-printed gel discs were carefully transferred to the rheometer prior to initiating the 

measurements and the frequency sweep test was conducted at 1% strain.

2.4. DLP 3D printing of PEG8NB

PEG8NB was dissolved in PBS to a final concentration of 3 to 9 wt% along with PEG4SH 

(thiol to NB ratio=0.8), LAP (10 mM), and tartrazine (1.5 mM) to form PEG8NB hydrogel. 

A DLP printer (LumenX+, Cellink) was used to produce all 3DBP samples. A 405 nm LED 

light was used to project patterns of precise light exposure (10.3–19.2 mW/cm2, 5–20 s) 

onto the PEG8NB printing resin. Printing shapes were generated from TinkerCad website 

and converted to STL file using Cellink Heartware software. Designed STL files were then 

input into DLP printer and constructs were printed onto a PDMS-coated petri dish. After 

printing was completed, the DLP printed hydrogels were removed from the build platform 

and washed with PBS to remove unreacted resin. DLP printed PEG8NB hydrogels were 

immersed in fluorescein solution for 30 min (2 mg/ml in ethanol), then transferred to glass 

slides for imaging with Lionheart fluorescence microscope (BioTek).

2.5. Post-printing surface modification

Pancreatic cancer cells (COLO-357), NIH 3T3 fibroblasts, and mouse mesenchymal stem 

cells (mMSCs) were cultured using DMEM high glucose (Gibco™) supplemented with 

10% fetal bovine serum (FBS, Corning), and 1% pentamycin/streptomycin (P/S, Life 

Technologies). Human umbilical vein endothelial cells (HUVECs) were cultured using 

endothelial cell medium (ECM, ScienCell Research Laboratories, Inc.) supplemented with 

2% FBS, endothelial cell growth supplements, and antibiotic solution.

A secondary thiol-norbornene photoclick reaction was performed on the surface of DLP-

printed PEG8NB hydrogels to render the surface adhesive to cells. Briefly, a solution 

containing 5 mM CRGDS peptide and 2 mM LAP was added in the DLP-printed PEG8NB 

multi-well devices or hollow channels hydrogels, followed by exposing the devices to 365 
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nm light at 5mW/cm2 for 2 minutes. The modified devices were rinsed with PBS to remove 

unreacted species. The post-gelation surface modification was also performed with thiolated 

rhodamine for imaging purpose.

2.6. Cell culture in DLP-printed devices

For 2D cell culture, 1×105 of NIH 3T3 fibroblasts were seeded on the DLP-printed 

hydrogels with or without secondary RGD conjugation. After 24 h, hydrogels were fixed 

with 4% paraformaldehyde and blocked with 1% bovine serum albumin (BSA) at 4°C 

overnight. Samples were then stained with rhodamine phalloidin (1:200) and DAPI (1:1000) 

to visualize F-actin and nuclei, respectively. In case of direct 3D encapsulation, mMSCs 

cells were mixed with sterile-filtered (0.22 μm) PEG8NB resin (5 wt%), LAP (10 mM), 

and tartrazine (1.5 mM) and disc-shaped cell-laden hydrogels were printed. Post-printing, 

the cell-laden hydrogels were placed in a non-treated 24-well plate. Cell culture media were 

refreshed every 2 days. At predetermined time period (Day 2, 4, and 7), cell-laden hydrogels 

were stained with Live/Dead staining kit.

For endothelialization of the DLP-printed microchannels, HUVECs (density: 1×106 

cells/ml) were seeded within the microchannels and cultured for 2 to 4 days. The 

endothelialized samples were fixed with 4% paraformaldehyde and block with 1% BSA 

at 4°C overnight. The cells were then stained with VE-cadeherin (1:2), rhodamine phalloidin 

(1:200), and DAPI (1:1000) for visualizing the formation of endothelial cell monolayer. 

For cancer cell spheroid formation, COLO-357 cells were seeded into the DLP printed 

3D microwells at a density of 2,000–10,000 cell per microwells, which were placed in a 

24-well plate. The plate was centrifuged at 500 rpm for 5 min to facilitate cell aggregate 

formation. Extra cells outside of the microwells were removed with a gentle flow of media 

and cultured for 48 h to form cancer cell spheroids. Cell spheroid viability was determined 

using ReadyProbes™ Cell Viability Imaging Kit (Blue/Green) according to manufacturer’s 

protocol. Furthermore, samples were stained with rhodamine phalloidin (1:200) and DAPI 

(1:1000) to visualize F-actin and nuclei, respectively. Samples were imaged by a laser 

scanning confocal microscope (Olympus Fluoview FV100). All image processing and 

analyses were conducted by ImageJ. Thereafter, cell area and circularity were determined 

based on manual thresholding of isolated cells31.

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 software. Significance 

comparison between experimental groups were performed using two-tailed t-test, for two-

group comparison, and two-way ANOVA with Bonferroni’s post testing. All experiments 

were conducted a minimum of three times with data presentation as the mean ± standard 

error of the mean (SEM). *, **, *** represent p < 0.05, 0.01, or 0.001, respectively.
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3. Results and Discussion

3.1. Optimization of visible light-initiated thiol-norbornene photocrosslinking for DLP 
printing

Through step-growth photopolymerization, PEG8NB orthogonally crosslinked with 

PEG4SH into a hydrogel network with thiol-ether linkages (Fig. 1a). To ensure the visible 

light source (405 nm) installed on the LUMEN X+ DLP printer could emit light intensity 

suitable for thiol-norbornene crosslinking, we first measured the light intensity within the 

middle range of light power output (25% to 40%). As shown in Fig. S2, light intensities 

were measured at 10.3, 13.4, 16.2, and 19.2 mW/cm2 for 25%, 30%, 35%, and 40% power 

output, respectively. This range of light intensities were commonly used for in situ cell 

encapsulation. Using in situ visible light photo-rheometry at 25% light power output setting, 

we evaluated thiol-NB hydrogel crosslinking kinetics. A typical formulation of 5 wt% 

PEG8NB (20 kDa), 4 wt% PEGSH (10 kDa) (Rthiol/NB=0.8), and 10 mM photoinitiator LAP 

led to G’/G” crossover (gel point) in less than 1 second and complete gelation in 3 seconds 

upon light irradiation (0 mM tartrazine. Fig. 1b). The addition of tartrazine, a photoabsorber 

commonly used in DLP to reduce off-focal-plane polymerization,22, 30 delayed the gel point 

but only by a few seconds (6 seconds for 1.5 mM tartrazine added. Fig. 1b). Of note, as 

tartrazine competed with LAP for the lmited photons emitted from the light source, at a 

concentration over 2 mM it completely prevented thiol-NB gelation (data not shown). While 

the addition of tartrazine from 0.5 to 1.5 mM delayed gel points, it did not alter the plateau 

moduli (G’ ~20 kPa) of the crosslinking. At a constant tartrazine concentration (i.e., 1.5 

mM), increasing photoinitiator LAP concentration led to faster G’/G” crossover (Fig. 1c), 

with the gel point decreased from 12 seconds to 3 seconds when LAP concentration was 

increased from 2 mM to 15 mM. Altering LAP concentration from 5 to 15 mM decreased 

the time to reach gel point (8 to 3 seconds), but all formulations reached similar plateau 

moduli (G’ ~ 20 kPa) in less than 15 seconds. Next, tartrazine and LAP concentrations 

were fixed at 1.5 and 10 mM, respectively, while altering PEG8NB and thiol/NB molar ratio 

(i.e., [SH]/[NB]), two parameters directly impacting the contents reactive groups. As the 

PEG8NB concentration was increased from 3 wt% to 9 wt%, the gel point varied slightly 

between 3 to 6 seconds but the plateau moduli increased significantly from ~7 kPa to ~43 

kPa (Fig. 1d). Similarly, decreasing [SH]/[NB] from 1 to 0.2 drastically delayed gel point 

from 3 to 15 seconds and reduced plateau moduli from ~22 kPa to ~ 0.2 kPa (Fig. 1e).

It is worth noting that the wavelenghts of light used to initiate thiol-norbornene 

photopolymerization depends on the chosen photoinitiator. For example, thiol-NB 

photopolymerization can be initiated by type 1 (cleavage-type) photoinitiator lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), which is photolysed to generate radical 

species by lights with wavelengths from 280 nm to 405 nm.39–41 Alternatively, thiol-NB 

photopolymerization can also be initiated by type 2 photoinitiator (or sensitizer), such 

as eosin-Y at visible light wavelengths (400–700 nm).42, 43 Once the radical species are 

generated from exicted photoinitiators, they quickly extract protons from nearby sulfhydryl 

moieties, forming thiyl radicals that then propagate through the unsaturated ring-strained 

norbornene bonds on PEG8NB.35, 44 This reaction produces a carbon-center radical on NB 

that attacks another thiol group to form a covalent thiol-ether bond and regenerate the thiyl 
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radical for the next thiol-norbornene click reaction. The photoclick reactions continue until 

one of the functional groups (thiol or NB) is completely consumed. For UV light (e.g., 

365 nm) induced thiol-NB reaction, a LAP concentration of less than 2 mM would be 

sufficient to initiate hydrogel crosslinking, with a G’/G” crossover typically occurred within 

10 seconds due to the high light sensitivity of LAP at UV light wavelengths.45–48 While the 

absorbance of LAP peaks at 370 nm, it tailed off rapidly with only 14.1% of absorbability 

remained at 405 nm.49 Increasing LAP concentration to 10 mM addressed this issue and 

markedly accelerated gelation kinetics under visible light irradiation. These optimization 

works established the basic parameters critical in 3D printing of PEG8NB using a DLP 

printer. Importantly, our optimized thiol-NB crosslinking conditions compared favorably to 

that using diacrylate-based DLP resin. In one example, 20% PEGDA and 34 mM LAP were 

used for DLP 3D printing.50

3.2. Printability of PEGNB using a DLP printer

In DLP printing, 3D models are first stacked into horizontal layers in the form of black 

and white image files, forming a ‘mask’ where light can only penetrate through the white 

space. A visible-light projector (405 nm), which is controlled by digital micromirror (DMD), 

then emits light through the ‘mask’ and projects on a droplet of liquid bioink/resin kept in a 

polydimethylsiloxane (PDMS) chamber (Fig. 2a). The sol-gel transition of the bioink occurs 

only in the region exposed to light in as little as a few seconds depending on the bioink 

formulations. The light-based curing proceeds in a layer-by-layer fashion (50–100 μm per 

layer) until the whole construct is printed. To test the DLP printing fidelity using PEG8NB/

PEG4SH as the resin, we designed various simple geometrical shapes (e.g., triangle, square, 

hexagon, and circle. Fig. 2b). The resin was composed of 5 wt% PEG8NB, 4 wt% PEG4SH 

(Rthiol/NB = 0.8), 10 mM LAP, and 1.5 mM tartrazine. After printing, the constructs (5 mm 

thickness) were imaged and characterized for their printing fidelity. During the printing, 

the first 2 layers were exposed with light for 30 s to improve adhesion with the build 

platform. Subsequently, additional 48 layers were stacked with 10 s irradiation of 405 nm 

light, and total 50 layers of constructs were stacked (i.e., 540 seconds total print time). All 

DLP printed PEG8NB hydrogels demonstrated excellent structural stability (Fig. 2b) and 

high fidelity. The printability of PEG8NB resin was evaluated by comparing the pore area 

of designed and printed structure (Fig. 2c). The stiffness increased from 2.7 kPa to 20 kPa 

with increasing PEG8NB concentration (3 wt% to 9 wt%) and the printed constructs did 

not undergo significant degradation/swelling over 7 days in PBS (Fig. 2d). The capability of 

the PEG8NB resin to form complex scaffolds with high fidelity despite the low macromer/

photoinitiator concentration is notable and structures as tall as 5 mm height can be 3D 

printed in 9 min without the need for any support. The current results were derived using a 

commercial DLP printer with a minimum pixel resolution of 50 μm.

3.3. DLP-printed cell culture models

We next explored the use of DLP printed PEG8NB hydrogels as cell culture devices. For 

materials intended to interface with cells, it is imperative for the surface of the materials 

to provide desired cell binding motifs. Like PEGDA, PEG8NB does not provide any cell-

adhesive ligands owing to the ‘stealth’ properties of PEG. Different from PEGDA, however, 

PEG8NB can be modified post-gelation through a secondary orthogonal thiol-norbornene 
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click reaction, given that excess unreacted NB groups are available post printing (Fig. 

3a).51, 52 To this end, we printed a PEG8NB-based well device for 2D cell culture (Fig. 

3b). After printing, 5mM CRGDS and 2mM photoinitiator LAP were added in three of 

the six wells and secondary surface immobilization was performed under 1 min of light 

exposure (365 nm, 5 mW/cm2). The same thiol-NB reaction that crosslinked the hydrogels 

now served as a means to immobilized integrin ligand CRGDS (Fig. 3a). After washing 

off unconjugated CRGDS, NIH 3T3 fibroblasts were seeded/cultured on the surface and 

stained for F-actin for visualization of the cell spreading. After 24 h of incubation, cells 

attached extensively on the surface of the wells with CRGDS immobilization, while no 

spindle shaped cells were observed in the wells without CRGDS conjugation (Fig. 3c). 

Through image analysis, we confirmed higher number (Fig. 3d) and lower circularity (Fig. 

3e) of the adhered cells, indicating that the surface of the CRGDS-immobilized DLP-printed 

PEG8NB wells supported cell attachment. While not characterized in this study, increased 

cell adhesion may lead to integrin activation, resulting in the formation of focal adhesions.53 

It is possible to immobilize multiple peptide ligands (i.e. fibronectin, laminin, vitronectin-

derived peptides) to synergistically enhance integrin activation. While not demonstrating in 

this contribution, the biological properties of DLP printed PEG8NB hydrogel may be also 

tuned using other click chemistry such as tetrazine-NB inverse electron-demand Diels-Alder 

Reaction (iEDDA).46, 48, 54

In addition to culturing cells on the surface of the DLP-printed PEG8NB hydrogels, we 

also attempted to encapsulate cells during DLP printing. We found that cells encapsulated 

in the DLP-printed hydrogels remained mostly alive, with a viability of over 70%. (Fig. 

S3). We culture the cell-laden DLP-printed PEG8NB hydrogels and found that cell viability 

decreased considerably during long-term culture (> 7 days). The relatively low cell viability 

could be attributed to the relatively high crosslinking density and stiffness of the DLP-

printed hydrogels. High crosslinking density is generally desired for high printing fidelity 

but at the expense of tissue-mimetic matrix stiffness and cell viability. In this regard, Wang 

et al. developed a selective enzymatic degradation approach to modulate the stiffness of 

DLP-printed hyaluronic acid-gelatin hybrid hydrogels for matching mechanical properties of 

various tissues55. While enzyme-mediated degradation high molecular weight of HA led to 

higher degree of cell spreading and function, no cell proliferation was observed in the HA/

gelatin hybrid hydrogel due to the stiffness. While in this work, we achieved a reasonably 

high initial cell viability (>70%) in the DLP-printed hydrogels, the current hydrogels did not 

contain any bioactive motifs, such as cell binding ligand or MMP degradable sequence. It 

is likely that the encapsulated cells may be more viable for a longer time if the PEG8NB 

hydrogel was printed in the presence of cell adhesive ligands or protease-labile linkers56, 57. 

It is also possible that conducting DLP printing using PEG8NB macromers with higher 

hydrolytic degradability may result in hydrogels with more tunable moduli and favorable 

cell viability within the printed hydrogels45, 58 However, such endeavors require a renewed 

optimization of DLP printing parameters. In the subsequent studies, we would focus on the 

use of DLP-printed 3D structures for different potential biomedical applications.
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3.4. Perfusable channel printing

One major benefit of 3DBP is to create complex tunnel structures to enable perfusion cell 

culture.50, 59 To this end, we employed DLP printing to fabricate PEG8NB hydrogels with 

tunnel structures that can be used for forming microvasculature. A serpentine tunnel with 1 

mm diameter was selected to evaluate the printing fidelity (Fig 4). First, we conducted DLP 

3D printing of a serpentine tunnel using different 5 wt% PEG8NB, R=0.8 with PEG4SH, 

10 mM LAP, and 1.5 mM tartrazine. We tested the printing fidelity using different light 

level/intensity and exposure time (Fig 4a). No perfusable channel was obtained at a lower 

light intensity setting (25%, 10.3 mW/cm2) regardless of curing time (5 to 20 s per layer), 

although this light intensity was sufficient in printing solid structures (Figs. 1–3). Increasing 

light intensity setting to 30% while keeping the curing time to under 10 seconds per layer 

led to channels that were perfusable (Fig. 4b, 4c) with a designed diameter (1 mm, Fig. S4). 

At 30% light intensity setting, extending the curing time to 15 seconds per layer resulted in 

perfusble but narrowing channel diameter (~0.8 mm, Fig. S4). Further increasing the curing 

time to 20 seconds per layer led to non-perfusable channel (Fig. 4a, 4b) due to over-curing 

of the PEG8NB hydrogels. This phenomenon was similar to that with a lower photoabsorber 

concentration (e.g., 1 mM, Fig. S5), where the printed structure was over-cured due to the 

efficient thiol-NB photocrosslinking. At a light setting of 35% to 40%, perfusable channels 

with the designed channel diameter were obtained only when curing time per layer was kept 

at below 10 to 5 seconds, respectively (Fig. 4a, 4b). Note that at 35% light intensity and 

15 seconds per layer curing time, some prints resulted in narrow and perfusable channels 

but others were printed with occluded channels. These optimization results highlighted the 

importance to adjust printing parameters for creating hollow structures.

As described in Fig. 3, thiol-norbornene photopolymerized PEG8NB hydrogels permit 

secondary modification post-gelation. We further tested this feature in the perfusable 

channel by immobilizing thiolated Rhodamine (Rho-SH). We injected 1 mM LAP and 

Rho-SH solution into the channel, followed by exposing the hydrogel under 365 nm light for 

1 min. The secondary Rho-SH immobilization was confirmed by fluorescence microscopy 

as shown in Fig. 4d. In addition to the single serpentine tunnel structure, DLP printing of 

independent multichannel structure using PEG8NB was also successful (Fig. 4e), as shown 

by the separation of the two-color dye solutions (green and red) injected into the two 

channels.

Next, we sought to create an in vitro vascular model using the DLP printed channels. A 

channel diameter of 600 μm was selected for facile formation of a vessel recapitulating the 

size of an artery60. Arrays of straight channels were printed on a supporting layer (Fig. 5a), 

which was removed after printing (Fig. 5b). After DLP printing, the surface of the channels 

was conjugated with cell adhesive CRGDS peptide as described in Fig. 4d. Next, human 

umbilical vein endothelial cells (HUVECs, 10 M cells/ml) were seeded inside of the channel 

and cultured for 4 days. Before immersing the hydrogel into the media, gels were inverted 

180 degrees to facilitate endothelial channel formation. We found that HUVECs adhered to 

the surface of the entire microchannels within 2 days and formed a mono layer of cells (Fig. 

5c). Furthermore, vascular endothelial-cadherin (VE-cadherin), a major adhesive protein of 

inter-endothelial tight junctions,61 was detected across the channel surface and was more 
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localized on day 4 (Fig 5c). These results demonstrated the successful use of PEG8NB 

as a resin for DLP printing both solid and hollow structures. Current methods to create 

microvasculature in biomaterials include forming a hydrogel embedded with a removable 

wire (i.e. silicone, metal wire, needle) or sacrificial material (polycarbonate, poly(methyl 

methacrylate).62–64 The removal of wire/tubing/needle may damage the structure of the 

scaffold, whereas some sacrificial materials may not be completely removed/dissolved and 

the resides may negatively affect cell physiology. With DLP printing, it is possible to 

implement a complex microvascular structure. Future work will focus on implementing a 

perfusion culture system on the DLP-printed microvasculature.50

3.5. Microwell Design for Cancer Cell Spheroid Model

Next, we designed and printed PEG8NB microwell for preparing uniform cell spheroids. 

The creation of PEG-based microwells used to be a laborious process involving the use 

of a mask aligner and photolithography.65 DLP printing provides an alternative method 

to create microwells for cell culture and rapid generation of spheroids. Here, we use 

DLP printing to fabricate microwells that fit in wells of a 24-well plate (Fig. 6a). A 

cone-shape design was selected to facilitate the aggregation of the cells into spheroids 

(Fig. 6b). We designed microwells with three diameters, 400, 800, and 1000 μm (Fig. 

6c) and seeded RFP-transduced pancreatic cancer cells COLO-357 into the DLP-printed 

microwells fitted in a 24-well plate. Cell clusters formed soon after seeding and plate 

centrifugation (Day 0, Fig. 6c), and compact spheroids were uniformly formed between 24 h 

to 48 h and remained relatively stable over 7 days (Fig. 6c). The sizes of the spheroids 

scaled with, but were consistently smaller than, the microwell diameter (Fig. 6c, 6d). 

Through live/dead staining, we showed that a few dead cells were observed in the center 

of the spheroids and cells near the periphery area of the spheroids were mostly alive (Fig. 

6e), suggesting the cytocompatibility of the DLP-printed microwells. Finally, we designed 

microwells with different geometry (e.g., triangle, square, and star) to generate spheroids 

with different shapes (Fig. 6f). PEG-based microwells are increasingly used for generating 

spheroids. For example, Lutolf and colleagues built an organoid array technology using 

PEG-based microwells,66 which were generated using silicon-based soft lithography and 

PDMS molding. The PDMS molds were then used to imprint thiol-vinylsulfone hydrogel 

crosslinking (gelatin time ~15 min). The uniform PEG-based microwells were used to 

reduce heterogeneity of the spheroids generated and for large-scale screening. However, 

this process involved several time-consuming steps and multiple instruments. In contrast, 

our thiol-norbornene based microwells were rapidly produced in a single step from using 

a DLP bioprinter and without the use of any molding materials (e.g., PDMS). The DLP 

printed PEG8NB microwells were also amenable for post-gelation modification, which may 

be useful for screening cell-materials interactions. We believe that our simple lab-scale 

customization using DLP 3DBP offers a promising technique for studying cell-materials 

interactions and for generating functional spheroids in regenerative medicine applications.

4. Conclusion

In this study, we have established PEG8NB as a new DLP printing resin. As a low viscosity 

bioink/resin, PEG8NB solution was printed into hydrogels with high printing fidelity by 
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the efficient orthogonal thiol-norbornene photo-click reaction, which was amenable for 

post-printing modification of hydrogel surface. We demonstrated this by post-printing 

conjugation of RGDS peptide on flat surfaces and in microchannels. DLP-printed PEG8NB 

hydrogels showed excellent printability even at low photoinitiator and photoabsorber 

concentrations, and were applicable to various in vitro cell culture models, including 

formation of endothelialized channels and multi-cell spheroids. This study has demonstrated 

the potential of PEG8NB as a novel photo-responsive resin for DLP bioprinting applications.
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Figure 1. Optimization of thiol-norbornene crosslinking for DLP 3D printing.
(a) Schematic of thiol-norbornene photopolymerization. (b-e) In situ gelation behavior 

(storage modulus G’-solid symbols, and loss modulus G”-open symbols) of PEG8NB as 

a function of (b) photoabsorber tartrazine, (c) photoinitiator LAP, (d) macromer PEG8NB, 

and (e) reactive group ratio (R = [SH]/[NB]) under visible light (other parameters were fixed 

under the following conditions: 5 wt% PEG8NB, R=0.8 with PEG4SH, 10 mM LAP, 1.5 

mM tartrazine).
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Figure 2. DLP 3D printing using PEG8NB/PEG4SH as the resin.
(a) Schematic of DLP 3D printing (created with BioRender.com). (b) Digital and 

fluorescence images of DLP printed complex PEGNB hydrogel structures (5% PEGNB, 

R=0.8 with PEG4SH, 10 mM LAP, 1.5mM tartrazine). (c) Printing fidelity of PEGNB 

hydrogel. (d) Effect of PEGNB concentration on stiffness of hydrogel.
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Figure 3. Surface modification via secondary thiol-norbornene photoclick reaction post DLP 
printing.
(a) Schematic of secondary surface immobilization of DLP 3D printed hydrogel using 

CRGDS (created with BioRender.com). (b) Digital images of DLP 3D printed PEGNB 

hydrogel for 2D cell culture model after DLP printing. (c) Effect of secondary surface 

immobilization on 3T3 fibroblast spreading. Quantification of the (d) number of cells per 

unit area, and (e) cell circularity (n=3; **p<0.01, ***p< 0.001; ****p< 0.0001, unpaired 

t-test).
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Figure 4. DLP printing of perfusable channels.
(a) Effect of exposure time and light intensity on the inner channel diameter of serpentine 

structure. (b) Qualitative evaluation of PEGNB hydrogel printability at different light 

intensity and exposure time using serpentine model. (c) Digital image of DLP 3D printed 

serpentine perfusable channel structures. (d) Effect of secondary immobilization on the 

inner-surface of microvasculature using Rho-SH. (E) Digital image of DLP 3D printed 

multi-channel microvasculature structures.
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Figure 5. Endothelialization of DLP printed perfusable channels.
(a) 3D design and digital image of DLP printed microvasculature structure with a support 

layer. (b) Image of a detached slab of PEG8NB hydrogels with perfusable channels. (c) 

Immunostaining of an endothelized channel.
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Figure 6. DLP printing of PEG-based microwells.
(a) Digital and microscopic images of DLP 3D printed PEGNB hydrogel for microwell. 

(b) Morphologies of RFP COLO-357 after seeding in cone-shaped PEGNB microwell. 

(c) Fluorescence images of COLO-357 spheroids with different microwell diameter, and 

(d) size differences over the time. (e) cell viability image after spheroid formation using 

ReadyProbes™ Cell Viability Imaging Kit. (f) Morphologies of RFP COLO-357 after 

seeding in different shape of microwell (triangle, square, and star respectively).
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