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Abstract

Intraperitoneal (L.P.) delivery of cell-based therapeutics represents a promising strategy for treating
regional peritoneal diseases; however, rapid cellular clearance severely limits therapeutic durability.
A critical unmet need is the development of implantable biomaterial platforms that can both
mechanically integrate within the dynamic I.P. cavity and sustain viable cell persistence in vivo. Here,
we establish a Continuous Liquid Interface Production (CLIP)-based 3D bioprinting strategy to
engineer transplantable, cell-laden hydrogel scaffolds optimized for LP. implantation. Through
systematic bioresin design, we identify a GelMA-PEGDA formulation that achieves a balance
between high-resolution printability, tissue-matched mechanical compliance (Young’s modulus 10-
15 kPa), and controlled biodegradation (~75% mass loss over 14 days). The resulting constructs
support sustained cell viability and proliferation for over 30 days in vitro. Importantly, in vivo LP.
implantation demonstrates a ~10-fold extension in cellular persistence compared to direct cell
injection, prolonging the time to 50% signal decay from ~3 days to ~30 days, with detectable cell
retention approaching two months in select animals. The platform further accommodates multiple
clinically relevant cell types, including human mesenchymal stem cells and neural stem cells,
highlighting its translational versatility. Collectively, this work defines key material and architectural
parameters required for I.P. implantable cell therapeutics and establishes CLIP-based bioprinting as
a scalable strategy for regional delivery of living therapeutics.

Keywords: Continuous Liquid Interface Printing (CLIP); 3D bioprinting; hydrogel scaffolds; cell
delivery; intraperitoneal implant

1. Introduction

Cell-based therapies are emerging as versatile treatment modalities across a wide range of
conditions[1], including diseases localized to the peritoneal cavity. As living medicines, therapeutic
cells can persist, adapt, and exert sustained biological activity in vivo. However, effective delivery
remains a major constraint. Standard intravenous infusion is often ineffective for peritoneal disease,
as cells must survive vascular shear, evade immune clearance, and extravasate across multiple tissue
barriers which all lead to limited localization at target site[2]. Direct intraperitoneal (LP.)
administration enables high local cell deposition[3,4]. Consequently, a growing body of clinical and
preclinical researches has explored the L.P. delivery of diverse cell types, from immune effectors to
regenerative stem cells, for a spectrum of peritoneal diseases. Table 1 provides a summary of these
key applications, highlighting the breadth of this therapeutic modality.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Summary of Clinical and Preclinical Applications of Intraperitoneal Cell Therapy (as of February 24,

2026).

Disease / Indication

Cell Type in Clinical Trials

(Representative Study Number)

Cell Type in Preclinical Studies

(Key Reference)

Cancer

Ovarian Cancer

Colorectal/Colon Cancer

Gastric Cancer

Esophagogastric Cancer

CAR-T (NCT07181720)
CAR-M (NCT04660929)
NK (NCT06321484)
MSC-INFp (NCT02530047)
vd T Cells (Pilot, UMIN-CTR
UMIN000015233[5])
CAR-T (NCT07179692)
CAR-T (NCT07179692)
vd T Cells (Pilot, UMIN-CTR
UMINO000004130[10])
Tumor-Associated Lymphocyte (TALs)[11]
CAR-T (NCT06623396)
CAR-M (NCT04660929)

NSC-nanoparticle Conjugate[2]
Polymer-encapsulated RPE-IL2[6]
Cytokine-Induced Killer (CIK) Cells[7]
iPSC-Derived NK Cells[8]

CAR-NK cells[9]
Cytokine-Induced Killer (CIK) Cells[12]
CAR-NK Cells[13]

Regenerative Cell
Replacement

Pediatric Acute Liver Failure

Type 1 Diabetes

Alginate Microbeads Encapsulated
Hepatocyte and Mesenchymal Stromal Cells
(NCT05491135, “HELP”- first-in-huma
trial[14])
Alginate-Polylysine Microcapsules
Encapsulated Human Islet Cells (first-in-

human trial[16])

Micro-encapsulated Hepatocyte[15]

Encapsulated Islet Cells[17]

Inflammatory
& Autoimmune Disease

Crohn's Disease

Colitis

Necrotizing Enterocolitis (NEC)
Liver Fibrosis
Peritoneal Fibrosis (Dialysis)

Bladder Fibrosis

Tolerogenic Dendritic Cells (EudraCT

number 2007-003469-42)

MSCs[18]

MSCs[19]

Alternatively Activated Macrophages[20]
Amniotic Fluid Stem Cells (AFSCs)[21]
Microencapsulated MSCs[22]
MSCs[23]

MSCs[24]

Despite its promise, the clinical translation of I.P. cell therapy faces a major bottleneck. The L.P.

cavity presents a uniquely hostile environment. It is a large, fluid-filled, immunologically active, and

anatomically complex space that promotes uneven cell dispersion and rapid clearance[25-32].

Regardless of the cell type, free cells administered into the peritoneal cavity are subject to immediate

and substantial loss. For instance, studies on mesenchymal stem cells (MSCs) have shown that living
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MSCs diminished significantly by day 3 and became undetectable by day 7 in the L.P. cavity[33], a
process driven by apoptosis and clearance by resident macrophages[34]. This phenomenon is not
unique to stem cells. The transplantation of unmodified pancreatic islets into the peritoneal cavity
has consistently resulted in poor engraftment and function, with over 50% of islets failing to engraft
in the early post-transplant period[35-37]. Similarly, free hepatocytes transplanted into the peritoneal
cavity for liver failure models show a rapid loss of viability, with over 70% of cells rapidly
cleared[38,39], necessitating the use of encapsulation technologies to improve survival[15]. This rapid
clearance is mediated by several factors, including phagocytosis by a large population of resident
peritoneal macrophages, mechanical clearance via lymphatic drainage, and adhesion to peritoneal
surfaces, particularly the omentum, which serves as a primary site for immune surveillance and
foreign material clearance[27]. Therefore, a critical unmet need exists for advanced delivery platforms
that can protect therapeutic cells from these clearance mechanisms and prolong their residence time
and therapeutic activity within the peritoneal cavity.

To overcome the rapid cell clearance in the I.P. cavity, drug delivery systems (DDS) such as
hydrogels have emerged as a compelling strategy([3,40,41]. Hydrogels are water-swollen, crosslinked
polymer networks that closely mimic the hydrated, three-dimensional architecture of the native
extracellular matrix (ECM), providing encapsulated cells with a supportive microenvironment that
promotes survival, attachment, and function[42,43]. When implanted intraperitoneally, hydrogel
scaffolds serve as a physical barrier that shields therapeutic cells from the rapid clearance and
mechanical forces of the peritoneal cavity. Simultaneously, the hydrogel scaffolds function as
localized living drug depots, maintaining high therapeutic concentrations within the I.P. cavity while
limiting systemic off-target toxicity[44]. This approach has shown considerable promise. Alginate-
based capsules have been used to encapsulate islet cells for I.P. transplantation in diabetes[45], and
more recently, engineered “cytokine factories”, alginate capsules containing IL-2-producing cells,
have demonstrated the ability to eradicate I.P. tumors in preclinical models[6]. However, these
existing I.P. hydrogel delivery systems predominantly rely on simple fabrication methods such as
ionic crosslinking[6,45] or in situ gelling after injection[46], which offer limited control balancing
scaffold architecture, mechanical properties, as well as homogenous crosslinking and drug
loading[47]. The ideal hydrogel scaffolds for the dynamic I.P. environment must satisfy a more
comprehensive set of design criteria: they must be biocompatible, have defined architecture, possess
tunable degradation kinetics, and exhibit physiologically relevant mechanical properties to
withstand peritoneal forces without inducing a significant foreign body response (FBR).

Hydrogel degradation is essential for post-implantation performance, as matrix remodeling
enables therapeutic cells and proteins to migrate out of the scaffold and engage with the surrounding
environment[42,48]. Controlled degradation also decreases crosslink density and enhances nutrient,
oxygen, and waste transport, thereby sustaining long-term cell viability and therapeutic activity[49].
Swelling is another key parameter influencing the scaffold's mechanical stability and nutrient
transport, factors that directly impact cell viability and therapeutic efficacy. Excessive swelling may
compromise implant localization or irritate the peritoneal environment. Furthermore, biomaterial
stiffness is a critical regulator of host response because it dictates how macrophages sense and
respond to the implant through mechanotransduction pathways, thereby shaping inflammatory
activation and fibrosis formation[50], also referred to as foreign body response. When stiffness is
substantially higher than the surrounding tissue, the mechanical mismatch amplifies macrophage
pro-inflammatory signaling, accelerates foreign body giant cell formation, and promotes dense
fibrotic encapsulation[51], ultimately impairing nutrient diffusion, cell release, and overall
therapeutic efficacy. In contrast, materials within the native tissue stiffness range evoke a more
balanced macrophage response and reduced fibrosis[50]. Therefore, for I.P. implantation, hydrogels
should exhibit mechanical properties comparable to native peritoneal tissues, which typically have a
modulus ranging from 1-15 kPa[52,53]. Although very soft hydrogels (<1 kPa) minimize FBR, they
often lack the mechanical integrity required for surgical handling and I.P. placement. Therefore,
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scaffold architecture and material chemistry must be precisely tuned to the unique demands of the
L.P. microenvironment, cell bioactivity, and surgical implantation.

Fabricating scaffolds that meet these multifaceted requirements simultaneously presents a
considerable biofabrication challenge. Conventional techniques like solvent casting offer poor
architectural control[54], and while established 3D bioprinting methods like extrusion-based printing
offer better control, they often impart high shear stress on cells and are limited in resolution and
fabrication speed[55,56]. Continuous Liquid Interface Production (CLIP), a vat polymerization-based
3D printing technology, offers a powerful alternative to these challenges[57] (Schematic Abstract,
Top). CLIP builds structures through continuous photopolymerization at a liquid-solid interface
using an oxygen-permeable window, which creates a thin oxygen rich “dead zone” where
polymerization is inhibited. This allows rapid printing of complex three-dimensional architectures.
This approach allows precise control over scaffold architecture, material composition, and crosslink
density, while maintaining high cell encapsulation and viability due to the absence of mechanical
shear[58]. While our group and others have previously utilized CLIP to bioprint scaffolds for
implantation into confined, static environments like post-surgical brain cavities[59], its adaptation
for the fundamentally different demands of the open and dynamic I.P. space remains unexplored.

In this work, we aimed to develop and systematically characterize a CLIP-based 3D bioprinting
platform specifically tailored for fabricating cell-laden hydrogel scaffolds for extended
intraperitoneal delivery. We hypothesized that by optimizing the bioresin formulation and printing
parameters, we could produce scaffolds with the precise architectural and mechanical properties
required to prolong cell persistence in the I.P. cavity. To achieve this, we first developed a GelMA-
PEGDA bioresin and characterized its printability, degradation, swelling, and Young’s modulus. We
then evaluated the platform’s ability to support long-term cell viability and proliferation in vitro
before demonstrating markedly improved cell persistence in vivo following I.P. implantation in mice.
Finally, we confirmed the platform’s versatility by successfully bioprinting multiple clinically
relevant cell types. This study establishes a robust and scalable biofabrication strategy for engineering
the next generation of implantable cell delivery systems for regional therapies.
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Schematic Abstract: Harnessing CLIP to bioprint 3D scaffolds. Top: Schematic of the CLIP printing process.
Bottom: Images of CLIP 3D bioprinted scaffolds (Left) and representative images showing GFP-expressing
fibroblasts bioprinted in scaffolds (Middle, Right).

2. Results

2.1. Development of a Biocompatible Bioprinting Resin Formulation

To explore the potential of using CLIP for 3D bioprinting of living cells, we first screened resin
formulations to identify a composition that maintained high viability (greater than 80%) of
encapsulated cells. For these investigations, we utilized NHF1GFPFL cells and monitored viability via
bioluminescence (BLI) signals. We characterized the direct cytotoxicity of key bioprinting variables,
including exposure to monomers (GelMA and PEGDA), the photoinitiator (LAP), the photoabsorber
(Ecamsule), and UV light.

We selected several biocompatible monomers, including GeIMA and two molecular weights of
PEGDA (6K and 10K), all of which have been largely employed in UV-based additive manufacturing
systems for drug delivery, tissue engineering, and 3D bioprinting[60-63]. GeIMA was selected for its
biocompatibility, biodegradability, and provision of an extracellular matrix-mimetic environment
containing cell adhesion motifs essential for cell attachment and expansion. High molecular weight
PEGDA was included to enhance the physical characteristics and printability of the resin. LAP was
selected as a common, water-soluble photoinitiator[64]. Ecamsule, a water soluble, FDA-approved
UV-filter used in commercial sunscreens[65], was for its potential to absorb excessive scattered UV
light during printing to improve resolution; notably, this represents the first reported use of Ecamsule
in a 3D bioprinting system.

To identify cytocompatible concentrations, we prepared material solutions across a
concentration gradient and incubated them with NHF1GFPFL cells for an hour, establishing a threshold
of 80% cell viability. To investigate the combined impact of materials and UV light, we also exposed
the cell-material mixtures to 100% intensity 365nm UV light for 60 seconds.

We observed similar levels of viability for cells incubated with low concentrations of PEGDA6K,
PEGDA10K, and GelMA compared to the non-treated control (0 w/w%), with viability increasing at
higher monomer concentrations (Figure 1A-B). Cells incubated with LAP exhibited a dose-dependent
decrease in viability (Figure 1C); concentrations below 0.1 w/w% maintained ~100% viability,
whereas viability dropped significantly to near 0% at 0.5 w/w%, demonstrating strong cytotoxicity at
higher concentrations consistent with previous reports[66]. Cells incubated with Ecamsule showed a
stepwise decrease in viability from 100% to 55% as the concentration increased from 0 to 0.5 w/w%
(Figure 1D), indicating dose-dependent cytotoxicity.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Screening cytocompatibility of resin components for 3DBP. Summary BLI images and graphs showing
that adjustments in PEGDAs (a), GeIMA (b), photoinitiator (c), and photoabsorber (d) retain high NHF1G-fL
viability.

We next explored the combined impact of these materials with UV exposure. For cells incubated
with the monomers (GelMA, PEGDAG6K, and PEGDA10K), UV exposure resulted in only a ~10%
decrease in viability across all tested concentrations, indicating that UV light caused a minor level of
cell death without a synergistic cytotoxic effect with the materials. Following UV exposure, cells
incubated with LAP showed a significant drop in viability compared to non-UV-exposed groups; this
was expected, as UV light decomposes LAP into cytotoxic free radicals. Interestingly, for cells
incubated with Ecamsule, we observed no significant difference in viability between UV-exposed and
non-exposed groups across all tested concentrations. This suggests that even at low concentrations,
Ecamsule effectively absorbs UV light, thereby limiting cellular UV exposure and preventing
additional cell death.

It is important to note that high-intensity UV exposure used and the 1-hour culture of cells within
the resin applied in these screening studies represent more stringent conditions than actual bioprinting.
During CLIP bioprinting, cells are in contact with the resin for only a few minutes, and the CLIP printer
utilizes a 385 nm light source at a significantly lower intensity than the 100% intensity UV source used for
screening. Furthermore, during printing, cells within the resin are exposed to this lower-intensity light for
a maximum of approximately 5 minutes depending on part architecture. Therefore, we anticipate reduced
cytotoxicity under actual bioprinting conditions. Based on these findings, we selected 0.25 w/w% LAP
and 0.5 w/w% Ecamsule for initial scaffold development.

2.2. Evaluation of Printability and Cell Viability with Various Resin Formulations

Based on the cytotoxicity screening results, we developed three initial resin formulations
containing either: 5 wt% of GelMA (G), 10 wt% of PEGDA 6K (P6K), and 10 wt% of PEGDA 10K
(P10K) (Figure 2A), for further evaluation.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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We next explored the printability of these formulations by assessing printing resolution. Using
computer-aided design (CAD), we created an array of test structures featuring void sizes ranging
from 1 mm to 3 mm and strut widths ranging from 0.05 mm to 1 mm (Figure 2B). This design was
printed on the Carbon S1 printer with each resin formulation, and representative images of the final
parts are displayed in Figure 2C. Printing resolution was evaluated by assessing edge definition and
fidelity to designed void sizes.

Formulation G P6K P10K
GelMA PEGDA6K = PEGDA10K
Monomer 5 wiw% 10 wiw% 10 wiw%
C G P6K P10K
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Figure 2. Evaluation of printability and in vitro bioprinted cell viability with single monomer resins. (a) Different
resin formulations: G: 5 w/w% GelMA; P6K: 10 w/w% PEGDAG6K; P10K: 10 w/w% PEGDA10K. All formulations
are prepared with 0.25 w/w% LAP in mixed DPBS and DMEM media. (b) Printability test CAD design template.
1t row: Fixed hollow size: Imm. Strut width (mm, from left to right): 0.05, 0.1, 0.2, 0.3, 0.4, 0.5. UNC logo. 2"d
row: Fixed hollow size: Imm. Strut width (mm, from left to right): 1, 0.9, 0.8, 0.7, 0.6. 3" row: Fixed strut width:
Imm. Hollow size (mm, from left to right): 3, 2, 1.8, 1.6, 1.4, 1.2. (c) Printing resolutions from different resin
formulations G, P6K, P10K. (d) Scheme of general CLIP bioprinting strategy. (e) With selected design (Small

disc, 5mm in diameter, Imm in height), BLI signal from NHF16"FL bioprinting scaffolds with resin formulations

Total photon (p/s)

G, PoK, P10K. (f) Representative images showing Day3 GFP-expressing fibroblasts bioprinted in CLIP scaffolds
with resin formulations G, P6K, P10K after bioprinting. (Scale bar = 5mm). One-way ANOVA was performed to
compare Day3 and Day10 BLI signals of G, P6K, and P10K scaffolds with DayO0 signals. *: For G, Day3 BLI is
significantly higher than Day0 BLI, p=0.0176. One-way ANOVA was performed for comparing differences
between G, P6K, and P10K BLI signal on each day. #: For Day0, 3, and 10, BLI signals of G scaffolds are all
significantly higher than P6K and P10K, p<0.0001. (E) Representative images showing Day3 GFP-expressing
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fibroblasts bioprinted in CLIP scaffolds with resin formulations G, P6K, P10K after bioprinting. (Scale bar =

5mm).

For formulation G, most printed scaffolds exhibited poor edge definition and designs with the
finest strut widths (0.05 mm and 0.1 mm) failed to print entirely, indicating limited resolution. For
formulation P6K, modest improvements in edge sharpness were observed, and while strut features
down to 0.1 mm were occasionally printed, they were poorly resolved, and the 0.05 mm features
remained unprintable. In contrast, formulation P10K demonstrated markedly improved print
fidelity. Scaffolds printed with P10K exhibited sharper edges and strut widths down to 0.1 mm were
printed with high resolution. However, even with P10K, the 0.05 mm strut features could not be fully
resolved, suggesting that this dimension approaches the resolution limit for the CLIP S1 printer with
these resin systems.

We then evaluated the influence of resin formulation on in vitro cell viability post-bioprinting.
Human fibroblast NHF1GFPFL cells were mixed with each bioresin and bioprinted into solid disks
(Figure 2D), and cell viability was tracked via BLI for up to 10 days (Figure 2E). On Day 0, G scaffolds
showed significantly higher viability than P6K (27-fold) and P10K (270-fold) scaffolds. In G scaffolds,
viability increased approximately 1.5-fold by Day 3, then plateaued through Day 10. In contrast, P6K
and P10K scaffolds exhibited persistently lower viability throughout the time course. Representative
GFP fluorescence images at Day 0 and Day 3 confirmed these trends (Figure 2F).

Overall, PEGDA-based materials alone (P6K, P10K) were suboptimal for cell-laden bioprinting,
as they provided limited support for cell viability compared to the GelMA-based formulation.
However, while GeIMA offers superior bioactivity, its lower print fidelity relative to PEGDA restricts
its utility for fabricating scaffolds with high structural precision. Therefore, further optimization of
resin composition was necessary to achieve a balance between bioactivity and printing resolution.

To achieve a balance between bioactivity and printing resolution, we developed a blended resin
formulation containing both GeIMA and PEGDA 6K, referred to as G-P6K. PEGDA 6K was selected
over PGEDA 10K due to solubility constraints when forming co-monomer solutions with GeIMA. To
further improve printability, the photoabsorber (PA) Ecamsule was incorporated into the
formulation, resulting in G-P6K-PA.

We first assessed the printability of G-P6K and G-P6K-PA using the resolution test array (Figure
3A). G-P6K exhibited sharp edge fidelity however struts with widths of 0.2 mm and 0.1 mm were
only partially formed, and again the 0.05 mm design could not be printed. In contrast, G-P6K-PA
demonstrated the highest printing resolution among all tested formulations. Scaffold edges were
clean and well-defined, the 0.2 mm strut design was printed with excellent resolution, though the 0.1
mm design remained partially printed, and the 0.05 mm design still could not be resolved.

We then evaluated the influence of resin formulation on in vitro cell viability post-bioprinting,
comparing G-P6K and G-P6K-PA. Human fibroblast NHF16F>FL cells were mixed with each bioresin
and bioprinted into solid disks. We first investigated in vitro cell viability using BLI over 10 days
(Figure 3B). For G-P6K scaffolds, BLI signals increased 3.53-fold by Day 3 and 4.35-fold by Day 10.
G-P6K-PA scaffolds showed a similar trend, with a 3.8-fold increase by Day 3 and a 4.24-fold increase
by Day 10, despite slightly lower initial Day 0 BLI signal intensity compared to G-P6K. Fluorescence
imaging further confirmed these results (Figure 3C). Cells in G-P6K scaffolds were distributed evenly
and proliferated homogeneously. In contrast, G-P6K-PA scaffolds showed preferential accumulation of
viable cells near the scaffold periphery, a trend that persisted over time. Nonetheless, both formulations
supported high initial cell loading and sustained in vitro proliferation. Importantly, inclusion of the
photoabsorber Ecamsule in G-P6K-PA did not adversely affect cell viability over time.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Evaluation of printability and in vitro bioprinted cell viability with dual-monomer resins. (a) Printing
resolutions from different formulations, including G-P6K: 5 w/w% PEGDAG6K, 2.5 w/w% GelMA; G-P6K-PA:
2.5 w/w% GelMA, 5 w/w% PEGDAG6K, 0.5 w/w% PA. PA: Photoabsorber, Ecamsule. All formulations are
prepared with 0.25 w/w% LAP in DPBS and DMEM 1:1 mixed solution. (b) With selected design (Small disc,
5mm in diameter, Imm in height), BLI signal from NHF1G*FL bioprinting scaffolds with resin formulations G-
P6K and G-P6K-PA. (c) Representative images showing GFP-expressing fibroblasts bioprinted in CLIP scaffolds
with resin formulations G-P6K and G-P6K-PA. (Scale bar = 5mm).

2.3. Impact of Material Composition on Cell In Vivo Persistence

We next evaluated whether bioprinted scaffolds could enhance in vivo cell persistence in the
intraperitoneal (I.P.) cavity compared to direct injection. Immunodeficient nude mice were used to
minimize immune-mediated clearance of human NHF1GFPFL cells. Scaffolds (5 mm diameter, 1 mm
thickness) were printed using G-P6K or G-P6K-PA formulations and pre-cultured for 3 days to reach
swelling equilibrium, eliminate unreacted components, and allow cell recovery prior to implantation.
On the day of surgery, a midline incision was made to expose the I.P. cavity, one scaffold was placed
into the cavity, and the incision was sutured closed (Figure 4A). For comparison, control groups
received a direct injection 2 x 106 NHF1G6F>FL cells suspended in 300 pL of DPBS. Longitudinal BLI
monitoring using the IVIS Spectrum system tracked cell persistence across all groups (Figure 4B-C).
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Figure 4. Impact of material composition on in vivo NHF1SFFL persistence after intraperitoneal implantation. (a)

Schematic illustration of surgical implantation of bioprinted scaffolds into the intraperitoneal cavity of mice. (b)
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Relative BLI signal of NHF1FFL in bioprinting scaffolds with different materials (G-P6K, G-P6K-PA) in the I.P.
cavity, compared with free NHF1G™fL injection (No scaffold). (c) In vivo bioluminescence images of the animals

in Figure 4b.

Directly injected cells were not maintained within the IP cavity and were cleared rapidly, with
50% signal loss within 3 days and more than 90% loss by Day 7. In contrast, both G-P6K and G-P6K-
PA scaffolds significantly prolonged cell persistence. G-P6K scaffolds initially showed a slight signal
drop, followed by a rebound, reaching over 100% of the Day 0 signal by Week 2. By Day 25, 50% of
the signal remained, and two mice retained detectable signal through Day 58 (Figure 4B, Figure S1).
G-P6K-PA scaffolds, while also outperforming direct injection, showed a faster signal decline than
G-P6K, with 50% loss by Day 7. The BLI signal then was followed by a rebound since Day15, with
50% signal remaining by Day 30. More than 10% of the original signal persisted through Day 58. Two
mice in the G-P6K-PA group died before study completion for unrelated reasons. Individual mouse
BLI data are shown in Figure S1.

Together, these findings demonstrate that both G-P6K and G-P6K-PA bioprinted scaffolds
significantly enhanced in vivo cell persistence in the LP. cavity as compared to direct cell injection.
Importantly, incorporation of the photoabsorber to enhance printability did not adversely affect in
vitro or in vivo bioactivity.

2.4. Characterization of Bioprinted NHF1CGFPFL G-P6K-PA Scaffolds

Based on high printing resolution, favorable in vitro biocompatibility, and elongated in vivo cell
retention, the G-P6K-PA formulation represents an optimal bioresin for 3D bioprinting of scaffolds
intended for intraperitoneal therapeutic cell delivery and was selected for further characterization.

We first characterized mechanical properties of CLIP 3D-printed acellular G-P6K-PA scaffolds.
The degradation behavior of G-P6K-PA scaffolds by incubating them in collagenase solution and
measuring dry weight at designated time points to calculate mass loss (Figure 5A). G-P6K-PA
scaffolds exhibited ~75% mass loss over 14 days. Notably, this exceeded the expected degradation
based on GelMA content alone (33.3% of total dry weight).

Swelling behavior was also characterized, as it influences the scaffold's mechanical stability,
porosity, and nutrient transport. G-P6K-PA scaffolds showed a swelling ratio of approximately 1.64
over 20 days (Figure 5B). The majority of swelling occurred within the first few days, stabilizing by
Day 3 at a swelling ratio of 1.45.

Finally, we characterized the mechanical properties of G-P6K-PA scaffolds. Dog-bone shaped
specimens were prepared, fully swelled, and subjected to tensile testing (Figure 5C). The scaffolds
exhibited a Young's modulus of 10 - 15 kPa, which falls within the range reported for native peritoneal
tissues (1-15 kPa)? °.

We then used G-P6K-PA to bioprint with NHF1GFFPFL cells and assessed the consistency of cell
loading across a single batch of bioprinted scaffolds, arranged in a 4 x 7 array (28 disks total; scaffold
diameter = 5 mm, height = 1 mm) (Figure 5D-E). IVIS imaging (Figure 5E, top) and quantification of
BLI signal from each scaffold (Figure 5E, bottom) revealed a spatial bias, with higher BLI signals in
scaffolds printed near the edge of the platform compared to those in the center.

To address this variability, we increased the printing speed from 10 mm/hr to 30 mm/hr. This
adjustment significantly improved printing outcomes: when printing at a density of 5 x 106 cells/mL,
the overall BLI signal increased by 3.88-fold, and the distribution of BLI signal across the array
became more uniform (Figure S2).
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Figure 5. Characterization of 3D CLIP bioprinting NHF1FFL with G-P6K-PA. (a) Degradation rate of hydrogel
printed with G-P6K-PA. (b) Swelling ratio of hydrogel printed with G-P6K-PA. (c¢) Young’s modulus of
hydrogel printed with G-P6K-PA. (d) NHF1CfFfL js bioprinted with G-P6K-PA at a concentration of 5 x 10°
cells/mL into a 4x7 array of scaffolds (Diameter = 5mm, Height = Imm) on the printing platform. Images of 3D
bioprinted scaffolds for cell transplant. (e) IVIS image of all scaffolds within one batch of printing (top) and BLI
signal distribution in a heat map (bottom). (f) NHF1GF>fL is bioprinted with G-P6K-PA at a concentration of 5 x
106 cells/mL, n=28 scaffolds per batch. 3 batches are printed separately. BLI signals from NHF1 in scaffolds from
each batch are compared. (g) BLI signal from NHF16™fL bioprinting scaffolds with G-P6K-PA over time (n=4~6).
(h) Representative fluorescence image of GFP-positive NHF1 in bioprinted scaffolds with G-P6K-PA over time
(brightness and contrast adjusted, scale bar = 5mm).

To further validate the consistency and reproducibility of the CLIP 3D bioprinting process, we
bioprinted three independent batches of G-P6K-PA scaffolds. BLI was used to quantify cell viability
in each individual scaffold across batches (Figure 5F). No statistically significant differences were
observed in mean BLI signals among batch 1 (5.34 +2.65 x 107 p/s), batch 2 (5.85+2.49 x 107 p/s), and
batch 3 (5.55+2.17 x 107 p/s), demonstrating reliable and reproducible cell loading across different
production runs.
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After confirming batch-level consistency, we next evaluated cell proliferation within bioprinted
scaffolds over time. A single batch of 28 scaffolds was printed, and 4 to 6 scaffolds were randomly
selected for BLI-based viability quantification on Days 1, 6, 12, 18, 26, and 33 (Figure 5G). The results
revealed a steady increase in cell viability, reaching a 3.5-fold increase by Day 18. From Day 18 to
Day 33, the BLI signals plateaued (3.4-fold on Day 26 and 3.3-fold on Day 33).

Fluorescence imaging of GFP-positive NHF16FPFL cells supported the BLI data, showing
increasing cell density over time (Figure 5H). Morphologically, cells transitioned from rounded
shapes in the first week post-bioprinting to elongated, fibroblast-like structures by later time points.
Notably, we observed stronger GFP signal intensity at the scaffold periphery compared to the center,
indicating preferential cell growth at the edges.

2.5. Tuning Cell Loading in CLIP 3D-Bioprinted Scaffolds

After establishing a consistent and reproducible CLIP 3D bioprinting protocol, we further
evaluated scalability by varying cell loading densities, scaffold dimensions, and structural designs.
Scaffolds were printed using G-P6K-PA resin with NHF1GF>FL cells at three different concentrations:
low (5 x 106 cells/mL), medium (1.25 x 107 cells/mL), and high (2.5 x 107 cells/mL), and across three
scaffold sizes: small (5 mm), medium (7.5 mm), and large (10 mm) in diameter (Figure 6A). As
expected, scaffolds with higher cell concentrations and larger dimensions produced brighter GFP
signals and higher BLI intensities (Figure 6A-B, Figure S3A).

To further characterize the effects of cell density on post-printing behavior, we tracked both
absolute and relative BLI signals in 5 mm scaffolds over time (Figure 6C-D, Figure S3B-C). While
absolute BLI signals increased proportionally with initial cell density, the relative proliferation rate
decreased. Specifically, low-density scaffolds exhibited the fastest growth, followed by medium-
density and then high-density scaffolds. Interestingly, all cell density groups exhibited a tri-phasic
growth pattern: an initial increase in BLI signal within the first 24 hours, followed by a transient
plateau or decline, and then a recovery phase with continued proliferation.

To explore the effects of scaffold design on cell loading efficiency and proliferation, we evaluated
a series of ring-shaped scaffolds, all with a fixed 10 mm outer diameter and cell concentration (5 x 10
cells/mL), but with varying strut thicknesses ranging from 1 mm to 5 mm (where 5 mm corresponds
to a solid disc) (Figure 6E). Despite substantial differences in printed volume, the Day 0 BLI signals
were similar across all designs (Figure 6E, top), indicating that thinner scaffolds, although containing
less solid material, encapsulated a comparable number of viable cells. Furthermore, BLI signals
steadily increased in all designs over a two-week period, indicating that these architectural variations
did not impair in vitro cell proliferation.

To assess design-dependent cell-loading efficiency, we calculated printing efficiency by
normalizing BLI signal to scaffold volume (p/s/mm?). The 1 mm strut scaffold exhibited the highest
efficiency, achieving a 3.7-fold improvement over the solid scaffold on Day 0 and a 3.0-fold increase
by Day 14 (Figure 6E, bottom). GFP fluorescence imaging confirmed these results. Notably, except
for the 1 mm design, all other scaffold types displayed uneven cell distribution, with brighter
fluorescence at the scaffold edges and diminished signal closer to the center.
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Figure 6. Tuning cell loading in CLIP 3D-bioprinted scaffolds. (a) Representative fluorescent images of GFP-
positive NHF1s bioprinted with G-P6K-PA bioresin at various cell densities (Low Density: 5 x 10¢ cell/mL,
Middle Density: 1.25 x 107 cell/mL, High Density: 2.5 x 107 cell/mL) and different scaffold sizes (Small: diameter
5mm, Medium: diameter 7.5mm, Large: diameter 10mm). (b) BLI signal of NHF1s bioprinted with G-P6K-PA at
various cell densities and different scaffold sizes, corresponding to the data in panel A. (c) Absolute longitudinal
BLIsignal of NHF1s bioprinted with G-P6K-PA at various cell densities. Scaffold sizes are small (diameter 5mm)
for all groups. (d) Relative longitudinal BLI signal of NHF1s bioprinted with G-P6K-PA at various cell densities.
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Scaffold sizes are small (diameter 5mm) for all groups. (e) Representative fluorescent images of GFP-positive
NHF1s bioprinted with G-P6K-PA at 5x10¢ cell/mL with various strut width. Corresponding BLI signal over
time (top) and BLI signal divided by scaffold volume were displayed.

2.6. Extending Bioprinting to Stem Cells

Stem cells hold significantly greater clinical potential due to their ability to secrete regenerative
and anti-cancer factors. Previous studies have shown that therapeutic stem cells secreting anti-cancer
reagents can be effective against I.P. tumors such as ovarian cancer[67-70]. However, rapid clearance
from the peritoneal cavity remains a major challenge for stem cell therapies.

To evaluate the versatility of our CLIP bioprinting platform, we extended our studies to three
different human stem cell types: (1) human mesenchymal stem cells (hMSCmCherryFL) *(2) human
neural stem cells (HB1.F3GFfL), and (3) a lab-derived spheroidal human induced neural stem cell line
(hiNeuroSmCherry-FL) Each cell type was suspended in G-P6K resin at appropriate densities: 2.5 x 10°
cells/mL for hMSC, and 1 x 107 cells/mL for HB1.F3 and hiNeuroS. Cell viability was assessed via BLI,
and fluorescence imaging was used to monitor cell distribution within the scaffolds.

hMSCmCherry-FL cells demonstrated excellent biocompatibility with the bioprinting process (Figure
7A). BLI signals increased steadily over 3 weeks, reaching a 12-fold increase by Day 21. Fluorescence
imaging confirmed this trend.
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Figure 7. Application of CLIP Bioprinting on stem cells. (a) BLI signal of 1.25 x 10° cell/mL human mesenchymal
stem cell line hMSCmCherry-FL bioprinting scaffolds with G-P6K, and representative mCherry fluorescent images
over time. Scale bar = 5mm. (b) BLI signal of 5 x 10° cell/mL human neural stem cell line HB1.F3S"FL bioprinting
scaffolds with G-P6K, and representative GFP fluorescent images over time. Scale bar = 5mm. (c) BLI signal of 5
x 10¢ cell/mL human induced spheroidal neural stem cell hiNeuroS™“hemy-fL bioprinting scaffolds with G-P6K,

and representative mCherry fluorescent images over time. Scale bar = 5mm.

BLI data for HB1.F3GFPFL cells revealed a 9-fold increase in signal within the first 6 days, followed
by a decline and plateau at approximately 3-fold by Day 31 (Figure 7B). GFP imaging confirmed this
trend.

hiNeuroSmcherry-FL cells exhibited a more dynamic growth pattern (Figure 7C). BLI signals
increased 25-fold by Day 8, dropped to 7-fold by Day 14, and recovered to 24-fold by Day 21.
Fluorescence imaging showed that although the spheroidal cells were initially dispersed into smaller
aggregates or single cells during resin mixing, they re-aggregated into spheroids. Over time, these
cells formed large clusters both within the scaffold center and at its periphery.

3. Discussion

This study successfully developed and validated a CLIP-based 3D bioprinting platform for
fabricating cell-laden hydrogel scaffolds capable of extending cell persistence in the challenging I.P.
environment. Our primary contribution is the establishment of a robust biofabrication toolkit,
encompassing an optimized bioresin, validated printing protocols, and clear design rules, that
addresses a critical delivery barrier for regional cell therapies. By systematically characterizing the
interplay between material properties, scaffold architecture, and biological outcomes, we have laid
the groundwork for engineering the next generation of I.P. implantable cell delivery systems.

The physical and chemical properties of the scaffold were key determinants of its success. The
final G-P6K-PA formulation yielded a Young's modulus of 10-15 kPa, closely matching that of native
peritoneal tissue (1-15 kPa). This mechanical mimicry is critical, as literature suggests that biomaterial
stiffness is a key regulator of the foreign body response, with tissue-matched softness promoting a
more favorable, less fibrotic host response. Importantly, while very soft hydrogels (<1 kPa) may
further minimize FBR, they often lack the mechanical integrity required for surgical handling and
reliable intraperitoneal placement. Our formulation therefore represents an optimized balance
between biocompatibility and practical surgical utility. The swelling behavior of our scaffolds also
has important implications for clinical translation. The majority of swelling occurred within the first
three days, suggesting that a brief pre-conditioning period prior to implantation could minimize
further volumetric changes in vivo, thereby improving implant stability and reducing the risk of
mechanical irritation. Furthermore, the observed degradation of G-P6K-PA scaffolds (~75% mass loss
over 14 days) exceeded the theoretical contribution of the GelMA component alone (33.3%),
suggesting a complex degradation mechanism involving the release of PEGDA segments following
enzymatic breakdown of the GeIMA backbone. This finding demonstrates that blending degradable
and non-degradable polymers provides a powerful strategy for tuning scaffold degradation profiles
to match specific therapeutic timelines.

The most compelling finding of this work was the dramatic extension of in vivo cell persistence.
The scaffolds transformed a transient cell delivery, where free cells were cleared in under a week,
into a durable one, with detectable cell signals lasting for nearly two months in some animals. This
represents an order-of-magnitude improvement in functional duration. We attribute this profound
effect to the protective niche provided by the hydrogel matrix, which likely shields encapsulated cells
from the harsh mechanical and immunological clearance mechanisms of the LP. cavity, including
peritoneal fluid shear and macrophage-mediated phagocytosis.

Beyond material composition, we demonstrated that printing parameters and cell density needs
to be considered to control cell loading and growth dynamics. The significant improvement in cell
viability observed at higher printing speeds (3.88-fold increase at 30 mm/hr vs. 10 mm/hr) is likely
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attributable to reduced cumulative UV exposure, which minimizes direct UV damage and
cytotoxicity from generated free radicals. This finding has important implications for process
optimization, suggesting that maximizing printing speed within the constraints of print fidelity is a
key strategy for improving bioprinting outcomes. The inverse relationship between initial cell density
and relative proliferation rate suggests that high-density scaffolds may approach the threshold for
contact inhibition immediately after bioprinting. This finding has practical implications for
therapeutic dosing: while higher initial cell loading can be achieved by increasing cell concentration,
the long-term cell number maybe be constrained by density-dependent growth limits.

The successful bioprinting of three distinct stem cell types, including mesenchymal, neural, and
induced neural stem cells, demonstrates the versatility of our CLIP platform. Notably, HB1.F3 cells,
typically cultured as adherent monolayers, spontaneously formed 3D clusters within the bioprinted
scaffolds. Similarly, hiNeuroS cells, initially dispersed during resin mixing, successfully re-
aggregated into spheroids. These observations indicate that the CLIP bioprinting process does not
irreversibly disrupt stem cell behavior and that the scaffold matrix supports their natural growth
patterns, providing a favorable 3D microenvironment.

While this study establishes a robust platform, we acknowledge its limitations and the clear
directions for future work. As a platform-validation study, we did not incorporate therapeutic cells
or evaluate efficacy in a disease model. The next logical step is to load these scaffolds with therapeutic
cells and evaluate their therapeutic impact in peritoneal disease model. Future studies should also
evaluate how the bioprinting process affects cell phenotype, gene expression, differentiation capacity,
and migratory behavior, which are critical parameters for clinical translation. Furthermore, a detailed
histological characterization of the host immune response to the implanted scaffolds is needed to
fully understand the in vivo therapeutic cell fate and foreign body response against implant.

4. Materials and Methods

4.1. Materials, Reagents, and Cell Lines

Gelatin Methacrylate (GelMA, Type A, 300 Bloom, Porcine Gelatin, degree of methacrylation =
45-65%, #VL3500000502), Polyethylene Glycol Diacrylate (PEGDA) with molecular weights of 6,000
(PEDGAG6K, #5339-1GM) and 10,000 (PEDGA10K, #5340-1GM) were all purchased from Advanced
Biomatrix. UV radical initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
purchased from TCI Chemicals (#L0290). Photoabsorber Ecamsule disodium (Cas No.: 90458-75-6)
was purchased from GlpBio (#GC61828). Dulbecco's phosphate-buffered saline (DPBS) was
purchased from Gibco (#14190-144). D-Luciferin potassium salt was purchased from Revvity
(#122799). Type I collagenase from Clostridium histolyticum with 2125 CDU/mg solid was purchased
from Sigma-Aldrich (#C0130-100MG). For animal study, absorbable suture Med Vet
International SUTURE VICRYL 4-0 CLEAR (J422H) was purchased from Fisher Scientific (#50-118-
0841).

NHEF1 cells were obtained from W. Kauffman (University of North Carolina School of Medicine)
and were hTERT immortalized. HB1.F3.CD cells were obtained from Dr. Karen Aboody (City of
Hope National Medical Center) and generated as previously described[71]. Both cell lines were
cultured using Dulbecco’s Modified Eagle Medium (DMEM. Gibco, #11995-065), containing 10% fetal
bovine serum (Corning, #35-015-CV) and 1% penicillin-streptomycin (Pen Strep, 10,000 units
penicillin and 10 mg streptomycin/mL. Gibco, #15140-122,), hereby referred to as standard culture
medium.

Adipose-derived human mesenchymal stem cells (hMSC) were purchased from ATCC (PCS-
500-011). hMSC cells were cultured in Dulbecco’s Modified Eagle Medium with low glucose and
GlutaMAX™ supplement (Gibco, #10567-014), containing 10% FBS and 1% Pen Strep.

All cell lines were incubated in 5% CO:z at 37°C and passaged periodically using 0.05% Trypsin-
EDTA (Gibco, #25300-054) and centrifugation at 1,000xg for 5 min.
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4.2. hiNeuroS Generation

hiNeuroS cells were generated as previously described[72]. hiNeuroS cells are cultured in
ReNcell media (Sigma-Aldrich, #SCM005) and supplemented with doxycycline (Takara, #631311),
epidermal growth factor (EGF. Fisher Scientific, #50-990-731), and fibroblast growth factor (FGF.
Fisher Scientific, #50-104-7691) every other day. hiNeuroS cell line was incubated in 5% CO: at 37°C
and passaged periodically using centrifugation. Before use, hiNeuroS cells were dissociated into a
single-cell suspension with Accutase (Sigma Aldrich, #A6964-100ML).

4.3. Lentiviral Transduction

Cells were treated with 8 ug/mL polybrene and the lentiviruses for 24 hours at 37°C and 5% CO:a.
NHF1 and HB1.F3 cells were transduced with lentiviruses encoding for green fluorescent protein
(GFP) and firefly luciferase (Fluc), hereby referred to as NHF1GFPFL. and HB1.F3GFPFL.. hMSC and
hiNeuroS cells were transduced with lentiviruses encoding mCherry (mCh) and Fluc, hereby referred
to as hMSCmCherry-FL hiNeuroSmchery-FL - Al] lentiviruses were purchased from the Duke Viral Vector
Core.

4.4. Resin Toxicity Screening

20,000 NHF16GFPFL cells were seeded in a black-walled, clear-bottomed 96-well plate one day
before. Materials were prepared into different concentrations with standard culture medium for
NHF1 and added to NHF1 cells. To explore the impactof UV exposure, cells were exposed to 365nm
UV light(100% intensity) for 60s. The cells were then cultured within the resin in 5% CO2 at 37°C for
1hr. Cells were then treated with 10uL luciferin solution (15 mg/mL D-luciferin dissolved in 1X DPBS)
for 5 minutes prior to bioluminescence imaging using the in vivo imaging system (IVIS) Spectrum.
Viability for each treatment group was calculated as the BLI signal for each treatment group divided
by the average BLI signal from non-treated cells.

4.5. CLIP 3D Bioprinting

CLIP bioprinting was performed using the S1 CLIP prototype printer (Carbon) utilizing a 385
nm LED UV light source. The cylindrical scaffold designs were created in TinkerCAD
(www.tinkercad.com) and exported as STL files which were sliced at 1 um using the Carbon printing
software. For G-P6K-PA formulation, a 2X concentration resin was prepared first by mixing 5 w/w%
GelMA, 10 w/w% PEGDAG®6K, 0.5 w/w% LAP, 1 w/w% Ecamsule, and 83.5 w/w% DPBS at 55°C and
500 RPM until fully dissolved. Next, the 2X concentration resin was mixed thoroughly in a 1:1 volume
ratio with 0.75~1 mL 1 x 107 ~ 5 x 107 cells/mL NHF1 cell suspension in standard culture medium by
pipetting, resulting in final bioresin concentrations of 2.5% GelMA, 5% PEGDAG6K, 0.25% LAP, 0.5%
Ecamsule, and 5 x 106 ~ 2.5 x 107 cells/mL in 1.5~2mL total bioresin mixture. The bioresin mixture was
then added to the printer cassette, and bubbles were carefully removed from the bioresin prior to
initiating 3D printing. Scaffolds were printed at a continuous speed of 10 mm/hr and light intensity
of 12 mW/cm?. Following 3D production, excess resin was removed from the scaffolds via gentle
washing with deionized water, and scaffolds were immediately placed individually into 48-well
plates containing 1.5 mL fresh standard culture medium per well. Scaffolds were cultured at 37°C and
5% CO2 with media changes occurring at 24 hours post-printing, and every subsequent 48 hours. All
the other resin formulations and cells were prepared using the same procedure.

4.6. Printability

An array of hollow scaffolds with different hollow sizes (ranging from Imm to 3mm) and strut
widths (ranging from 0.05mm to 1mm) were designed on TinkerCad. Different formulations were
prepared as stated in the previous section to print the scaffold array. Printing parameters were
optimized for each resin to ensure the best printing results for each resin. Pictures were taken for the
printed results of each resin.
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4.7. Degradation Study

Scaffolds were cured in molds with dimension of 12.5mm x 10mm x 5mm (L x W x H) using
100% intensity 365nm UV light. Scaffolds were then taken out and put into INCU-Line digital
incubators (VWR) set at 37°C to dry. Initial scaffold dry weight was measured (Wop). 5ml of 1.5
unit/mL collagenase in DPBS solution was added to scaffolds. Scaffolds were degraded at 37°C under
agitation at 100rpm on an incubating orbital shaker (VWR, #3500I). Collagenase solution was changed
every 3 days. Scaffolds were washed and collected at certain time points, and then dried in an oven
to measure the dry weight (Wrp) after degradation. Degradation rate (%) over time were calculated
using the formula:

Degradation rate (%) = (Wop-Wt,p)/ Wop X 100%

4.8. Swelling Test

Scaffolds were cured in molds with dimension of 12.5mm x 10mm x 5mm (L x W x H) using
100% intensity 365nm UV light. Initial scaffold wet weight was measured (Wow). Each scaffold was
incubated in 5mL DPBS and were swelled at 37°C under agitation at 100rpm on an incubating orbital
shaker. DPBS solution was changed every 3 days. Wet scaffold weight was measured at different time
points (Wrw).

Swelling Ratio = (Wrw-Wow)/ Wow

4.9. Modulus Test

Hydrogel think sheets (4cm x 3.5cm x Imm, L x W x H) were CLIP 3D printed using G-P6K-PA
and fully swelled before modulus test. Dogbone-shaped hydrogel scaffolds were then cut from the
3D-printed sheets using a mold with bridge dimensions 12 mm x 2 mm. Samples were loaded into an
RSA-G2 dynamic mechanical analysis (DMA) system (TA Instruments) and stretched uniaxially at a
constant strain rate of 0.005 s until breaking point.

4.10. In Vitro Bioluminescence Viability Assay

Bioluminescence was used to compare cell densities in all scaffolds printed with firefly luciferase
expressing cells (NHF1GFP-FL, hMSCmeherry-FL, HB1.F3GFP-FL hiNeuroSmcherry-FL) Shortly after printing, the
scaffolds were placed in a black-walled, clear-bottomed 24-well plate in ImL media. 100uL of
15mg/mL D-luciferin solution was then added to each well. The samples were incubated in the
luciferin solution for 20 minutes prior to bioluminescence imaging using the IVIS Spectrum. To
measure NHF1Fuc viability in the scaffolds over time, scaffolds cultured for various time points
between 0-28 days were incubated in luciferin and imaged in the same manner.

4.11. Free NHFGFP-L Cell Injection into Mouse Intraperitoneal Cavity and Persistence Imaging

Animal studies were approved by the University of North Carolina at Chapel Hill’s Animal Care
and Use Committee. Female, athymic nude mice (Animal Studies Core, University of North Carolina
at Chapel Hill) aged 6-8 weeks were used for all studies. The animals were first anesthetized using
3% inhaled isoflurane. NHFGFPFL cells were collected and resuspended in a final concentration of 2 x
106 cells in 300uL DPBS. In total 2 x 10¢ cells in 300uL. DPBS were then injected into the I.P. cavity of
the mice. Serial BLI imaging was performed for two months using the IVIS spectrum with 150 mg/kg
intraperitoneal injection of 15mg/mL D-luciferin in 1X DPBS and 25min as the waiting time before
imaging.

4.12. In Vivo NHFGFPFL Bioprinted Scaffolds Implantation into Mouse Intraperitoneal Cavity

Animal studies were approved by the University of North Carolina at Chapel Hill’s Animal Care
and Use Committee. Female, athymic nude mice (Animal Studies Core, University of North Carolina
at Chapel Hill) aged 6-8 weeks were used for all studies. 3 days prior to the implantation surgery,
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bioprinted scaffolds (Diameter = 5 mm, Height = 1 mm) were prepared as described above and
cultured for 3 days. On the day of implantation,animals were anesthetized using 3% inhaled
isoflurane, then placed into a stereotactic frame. The surgical site was prepared using antiseptics
betadine and 70% isopropyl alcohol. A midline incision was made to expose the intraperitoneal
cavity. Scaffolds were inserted at the site of the incision, after which the wound was closed using
standard surgical techniques.

Post-operative pain management was performed using subcutaneous injection of 5 mg/kg
meloxicam directly, 24- and 48-hours post-surgery.

4.13. In Vivo NHFCFPFL Persistence in Bioprinted Scaffolds

Serial BLI imaging was performed for two months using the IVIS spectrum with 150 mg/kg
intraperitoneal injection of 15mg/mL D-luciferin in 1X DPBS and 25min as the waiting time before
imaging.

4.14. Statistical Analysis

All results are presented as mean + standard error of the mean. Modulus data, batch-to-batch
consistency data, in vitro bioluminescence viability data were analyzed via one-way ANOVA with
Tukey’s Multiple Comparisons test. In vivo persistence data was analyzed via Student’s t test. For all
analyses, ns indicates not significant, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001,
and *** indicates p <0.0001. Statistical analyses were conducted using Prism GraphPad (version 10).

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies that require ethical
approval, must list the authority that provided approval and the corresponding ethical approval
code.

In this section, where applicable, authors are required to disclose details of how generative
artificial intelligence (GenAl) has been used in this paper (e.g., to generate text, data, or graphics, or
to assist in study design, data collection, analysis, or interpretation). The use of GenAl for superficial
text editing (e.g., grammar, spelling, punctuation, and formatting) does not need to be declared.

5. Conclusions

In conclusion, we have developed a versatile and scalable CLIP-based 3D bioprinting platform
for the fabrication of cell-laden hydrogel scaffolds tailored for intraperitoneal delivery. By
systematically optimizing the bioresin formulation, printing parameters, and scaffold architecture,
we established clear design rules that enable precise control over material properties and biological
outcomes. The resulting scaffolds demonstrated tissue-matched mechanical properties, tunable
degradation, and, most critically, the ability to extend in vivo cell persistence by an order of
magnitude. The platform's versatility was further confirmed by its compatibility with multiple
clinically relevant stem cell types. This work provides a robust biofabrication strategy to overcome a
key delivery barrier in regional cell therapy and lays the foundation for engineering the next
generation of implantable living drug delivery systems.
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paper posted on Preprints.org, Figure S1: Impact of material composition on in vivo cell persistence after
intraperitoneal implantation; Figure S2: Increasing the printing speed leads to significantly higher cell viability
after bioprinting; Figure S3: Tuning cell loading in CLIP 3D-bioprinted scaffolds.
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CAD Computer-Aided Design

CAR-M: Chimeric Antigen Receptor - Macrophages
CAR-NK Chimeric Antigen Receptor - Natural Killer Cells

CAR-T Chimeric Antigen Receptor - T Cells

CLIP Continuous Liquid Interface Production

DDS Drug Delivery Systems

ECM Extracellular Matrix

EudraCT European Union Drug Regulating Authorities Clinical Trials Database
FBR Foreign Body Response

GelMA Gelatin Methacrylate
hiNeuroS  Spheroidal Human Induced Neural Stem Cell Line

LP. f

iPSC Induced Pluripotent Stem Cell

LAP Lithium Phenyl-2,4,6-Trimethylbenzoylphosphinate
MSC Mesenchymal Stem Cells

MSC-INFB MSC-Inf:Mesenchymal Stem Cells Secreting Inff3
NK Natural Killer Cells

NSC Neural Stem Cells

PA Photoabsorber

PEGDA Polyethylene Glycol Diacrylate
RPE-IL2 Human Retinal Pigmented Epithelial Cells Producing Interleukin-2
UMIN-CTR University Hospital Medical Information Network Clinical Trials Registry, Japan
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