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Rapid and Controllable Multilayer Cell Sheet Assembly via
Biodegradable Nanochannel Membranes

Letao Yang, Christopher Rathnam, Yannan Hou, Misaal Patel, Li Cai, and Ki-Bum Lee*

The ability to precisely arrange and control the assembly of diverse cell types
into intricate 3D structures remains a critical challenge in tissue engineering.
Herein, a versatile and programmable 3D cell sheet assembly is described
technology by developing a biodegradable nanochannel (BNC) membrane to
fulfill this unmet need. This membrane, hierarchically assembled from 2D
nanomaterial aggregates, exhibits both exceptional fluid permeability and
rapid biodegradation under physiological conditions. The unique properties of
the BNC membrane enable precise spatial and temporal control over cell
assembly, facilitating the creation of complex 3D cellular architectures. The
BNC membrane is integrated with a programmable negative-pressure-based
cell assembly strategy to form single and multicellular 3D sheets in a highly
controllable manner. To demonstrate the feasibility and translatability of this
technology in the field of tissue engineering approaches to screen stem
cell-derived therapeutics with “core—shell” macrophage-fibroblast
multicellular patterns and treat murine diabetic skin wounds via scaffold-free
3D adipose-derived mesenchymal stem cell (ADMSC) sheets are devised. In
summary, the results demonstrate that the BNC membrane-based 3D cell
sheet assembly approach significantly advances current tissue engineering
capabilities, offering substantial potential for both regenerative medicine
applications and the development of physiologically relevant disease models.

fostering appropriate cell-cell interactions
and ultimately generating functional tissue
replacements.l!! The development of ad-
vanced techniques for realizing controlled
cell assembly has facilitated the creation of
more representative in vitro disease mod-
els and the construction of functional tis-
sue replacements for in vivo regenera-
tive medicine.?] To effectively model dis-
eases, it is imperative to ensure the con-
trollable assembly of cells into tissues.!*!
Oversimplified tissue models may limit the
translational potential of therapeutics tested
on these disease models.*] Similarly, cur-
rent cell replacement therapies in regen-
erative medicine often fall short of op-
timal efficacy due to inadequate control
over the spatial and temporal assembly of
cells into functional tissues. This limita-
tion hinders the formation of physiologi-
cally relevant structures and compromises
therapeutic outcomes.®! Although scaffold-
based patterning techniques, such as soft
lithography and photoresponsive hydro-
gels, offer varying degrees of control over
cell assembly, it is necessary to indepen-
dently investigate the individual effects of

1. Introduction

Precise control over cellular spatial arrangement is fundamen-
tal to successful tissue engineering, as it directly governs tis-
sue function, construct efficacy and the faithful recapitulation
of native tissue architecture. This level of control is essential for

patterned cells and the surrounding material-mediated cues.[®!
This becomes a barrier to achieving accurate understanding of
tissue formation and developing optimal cell assembly strategies.
While 3D bioprinting of scaffold-free spheroids offers a promis-
ing solution to this challenge,l”] the process of spheroid forma-
tion is typically slow, and the resolution of resulting cell patterns
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is often unsatisfactory, with precision limited to the scale of tens
of microns.®!

For this purpose, a plethora of methods have been devel-
oped to achieve high throughput and accurate cell assembly in
a scaffold-free manner, including magnetic, electrical, or other
physical field-guided approaches.[!l However, these approaches
require additional steps of attachment and removal of mag-
netic nanoparticles or have to be performed in a buffer with
low ionic forces that may compromise biocompatibility during
assembly.’l Another approach to achieving precise scaffold-free
3D cell assembly involves the functionalization of cell mem-
branes with bio-recognition molecules, particularly complemen-
tary DNA ligands.['") However, the extensive modifications of
cell membranes with DNA may lead to genetic interferences in
cells after assembly.['!] Cell sheet engineering approaches based
on the thermoresponsive [e.g., Poly(N-isopropylacrylamide)] or
other stimuli-responsive polymers have also been developed to
address the aforementioned challenges in scaffold-free tissue
engineering.*! However, they typically form fragile single-layer
cell assemblies that lack 3D cell-cell interactions. In addition, the
multicellular patterning of diverse cell types, which is desirable
for recapitulating complex tissues, is also challenging for current
cell sheet engineering approaches. Given these limitations, there
remains a critical need to develop innovative cell assembly strate-
gies that can advance the field of tissue engineering and enable
more sophisticated cellular constructs. Such novel approaches
are essential for overcoming current barriers to creating complex,
functional tissues for both research and clinical applications.

Chronic wounds that exhibit slow-healing properties can es-
calate into conditions that pose significant threats to life.l213]
One promising treatment option for diabetic wounds (e.g., di-
abetic ulcers) has been the implementation of stem cell ther-
apy. However, current stem cell implantation methods and eval-
uation models heavily rely on improvements in controlled cell
assembly.'*15] Therefore, developing efficient, accurate, and re-
liable techniques for controlling cell assembly could thus advance
both stem cell transplantation outcomes and facilitate the screen-
ing of stem cell-derived therapeutics, thereby improving the treat-
ment of chronic wounds.

Addressing the aforementioned challenges, we developed an
innovative multilayer cell assembly technology that can: i) create
single- and multicellular patterns in a precise manner; ii) form
robust multilayered tissues rapidly at minute-scale; and iii) gen-
erate scaffold-free tissues after cell assembly. Remarkably, our cell
assembly technique utilizes a biodegradable nanochannel (BNC)
membrane, hierarchically assembled from 3D manganese diox-
ide (MnO,) nanosheet aggregates, which exhibit excellent per-
meability and rapid biodegradability. In order to generate the
cell patterns, a mask with pre-defined geometry is carefully po-
sitioned on the BNC membrane. When the BNC membrane is
connected to negative pressure and single-cell suspensions are
added to the mask, the cells spontaneously follow the shape of
the negative pressure field. Due to the existence of negative pres-
sure, diverse cell types, including the non-adherent cells (e.g.,
monocytes) could be rapidly assembled within a few minutes
for versatile applications (Figure 1a). Additionally, the assembled
cell sheets could also be controlled with their multilayered struc-
ture. Most importantly, by optimizing the BNC membrane struc-
ture to achieve fast biodegradation under physiological concen-
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trations of Vitamin C, the multilayer cell sheets could be read-
ily harvested in a scaffold-free manner (Figure 1b). To demon-
strate the feasibility and translatability of this technology in the
field of tissue engineering, we devised approaches to screen
stem cell-derived therapeutics with “core-shell” macrophage-
fibroblast multicellular patterns (Figure 1b) and treat murine
diabetic skin wounds via scaffold-free 3D adipose-derived mes-
enchymal stem cell (ADMSC) sheets (Figure 1c). The significant
improvement in the healing process and the overall histology
of the wound strongly supports the therapeutic potential of 3D
ADMSC sheets generated by the BNC-based method for treat-
ing diabetic wounds (Figure 1c,d). Thus, we successfully demon-
strated the BNC membrane-based method as a promising means
for rapid, accurate, and programmable 3D cell assembly applica-
ble for both tissue engineering and disease modeling.

2. Results and Discussions

2.1. Fabrication of Biodegradable Nanochannel (BNC) Membrane

We first sought a method to develop a BNC membrane with the
desired qualities of rapid and controllable biodegradability. Fur-
thermore, we aimed to incorporate tunable nanochannels into
the membrane, which would provide exceptional permeability
for fluid flow and support the negative pressure-guided assembly.
Different types of nanochannel membranes have been developed
for filtration applications in varying biomedical and engineering
applications.['*18] For instance, polymeric membranes have been
widely developed and utilized for various filtration applications
in combination with the negative pressure field-guided particle
assembly.['®] Nevertheless, the biodegradation process of these
polymers primarily depends on pH-induced hydrolysis, which
may not be suitable for all biological environments. Enzymatic
degradation of biopolymers is less dependent on pH compared
to other degradation methods. However, the degradation of these
membranes becomes less efficient when degrading macroscopic
membranes without using excessive enzymes, which is costly
and limited in efficiency. This limitation arises because most en-
zymes are large molecules that do not diffuse as rapidly as small
molecules, hindering their ability to degrade the material effec-
tively.

To the best of our knowledge, there is a lack of membranes that
can quickly degrade under biological conditions without com-
promising the viability of surrounding cells.'8°) To address this
challenge, we fabricated the BNC membrane through the vac-
uum filtration of 3D hierarchical MnO, nanostructures. We fo-
cused on MnO, nanomaterials as the membrane building blocks
due to their fast biodegradation rates (1-3 orders of magnitude
higher than existent polymeric materials), as reported by us and
other groups recently.[?! To promote degradation under physio-
logical conditions, we used a vacuum filtration-mediated bottom—
up assembly approach to ensure a flat surface. Additionally, this
provided a location to assemble cells in an organized manner.[2!]

To investigate the structure-function relationship of the BNC
membranes (Figure 2a—c; Figures S1, S2, Supporting Infor-
mation), we created three different BNC membranes from
MnO, nanoneedles (1D nanostructures), nanosheets (2D nanos-
tructures), and nanosheet-stacked 3D nanostructures, named
1D-BNC, 2D-BNC, and 3D-BNC membrane, respectively. We
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Figure 1. Enhanced stem cell-based skin wound treatment by developing a biodegradable nanochannel membrane-mediated cell assembly approach.
a) Schematic diagrams illustrating our strategy of improving the treatment of slow-healing skin wounds by developing advanced wound models and
enhanced stem cell therapies. Specifically, advanced wound models would require the recapitulation of multicellular tissue structures of human skins
using human cells. Advancements in stem cell therapies would require a better enhancement of stem cell survival in vivo for sustained secretion of trophic
factors. b) Our strategy of developing a biodegradable nanochannel (BNC) membrane-based cell assembly for scaffold-free stem cell transplantation and
to create multicellular patterns for disease and tissue injury modeling. The BNC membrane is connected to and permeable to a negative pressure field,
which guides the assembly of cells into designated areas on the BNC membrane by controlling the media flow. Following the cell assembly procedure
makes it possible to extract a 3D stratified tissue without the need for scaffolding, making it suitable for transplantation. The complex multicellular
patterns formed on the BNC membrane offer valuable resources for tissue modeling applications. c) Improved treatment of slow-healing wounds using
our BNC membrane-based cell assembly method. The benefits of using our method are two-fold. First, the precision creation of a unique macrophage-
fibroblast tissue pattern closely mimicking the inflammation stage of diabetic wound healing can allow more efficient screening of stem cell-based
therapeutics. Second, as shown in the right panel, the formation of scaffold-free 3D stem cell sheets improved stem cell transplantation and therapeutic
outcomes in vivo to accelerate wound healing in a murine diabetic wound model.

confirmed the superior performance of the 3D-BNC in terms
of both rapid biodegradation (within 5 min) under biocompat-
ible stimuli (e.g., 1 mg mL~! Vitamin C) and excellent perme-
ability to the underneath negative pressure fields (characterized
by vacuum filtration rates of the membrane) (Figure 2d—f).[??]
This is because 2D nanosheets during vacuum filtration tend to
stack on top of the cellulose filter paper, preventing the forma-
tion of pores and the transport of biomolecules. In contrast, the
isotropic geometry of 3D MnO, allows for the existence of void
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volume within the scaffold, effectively serving as nanochannels.
When nanosheets were stacked parallel, the formed membranes
would be densely packed and not permit the existence of any
void volume, thereby preventing the formation of nanochannels.
Although 1D MnO, nanoneedles were successfully assembled
into the nanochannel membrane (confirmed by FESEM) with
high permeability to negative pressure field, their biodegrada-
tion rates are 4-5 folds slower than the 3D-BNC, which substan-
tially compromises the viability of cells during the retrieval of cell
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Figure 2. Abiodegradable nanochannel (BNC) membrane assembled from 3D hierarchical MnO, nanostructures. a—c) Schematic diagram and electron
microscope images showing the generation of 3D biodegradable membranes from 3D-, 2D-, and 1D-MnO, nanomaterials. d—f) Quantitative analysis of
nanoporosity, in-solution biodegradability, and in-membrane biodegradability of BNC membranes assembled from 3D-, 2D-, and 1D- MnO, nanomate-
rials. n = 3 experimental replicates. *p < 0.05 by one-way ANOVA with Tukey post-hoc analysis.

assemblies due to extended co-culture with Vitamin C. This ob-
servation is consistent with previous reports, as 1D nanoneedle
crystals have a lower surface area than 2D nanosheets. Indeed,
2D MnO, nanosheets in their solution form showed similar
biodegradation rates compared to 3D MnO, hierarchical nano-
materials but were much faster than the 1D MnO, nanonee-
dles (Figure 2f). However, once assembled in parallel on the 2D-
BNC, the biodegradation rates became significantly slower, with
a two-fold increase in complete degradation time compared to
the 3D-BNC membrane. Moreover, the filtration speed through
the 2D-BNC membrane under an identical negative pressure
field is significantly impeded compared to both 1D-BNC and 3D-
BNC membranes. This could be because the parallelly stacked
nanosheets in the 2D-BNC membrane do not support pore for-
mation (Figure 2a), reducing the surface area desired for degrada-
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tion and decreasing the permeability to the underneath negative
pressure field. Furthermore, we confirmed the biocompatibility
of the 3D-BNC membrane in vitro using PrestoBlue cell viability
assays. This innovative 3D-BNC membrane boasts a fast degra-
dation rate, adjustable nanochannels, and excellent biocompati-
bility.

2.2. Rapid, Controllable, and Retrievable Cell Assembly on BNC
Membrane

Next, we developed BNC membrane-based approaches for the
controllable cell assembly and formation of scaffold-free 3D
cell sheets (Figure 3). With the latest development in vacuum-
based microfluidics featuring cell trapping capabilities and the
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Figure 3. Formation of patterned cell sheets using BNC membrane. a) Schematic diagram illustrating our strategy of cell assembly and formation of
scaffold-free 3D cell sheets using BNC membrane-based approaches. After forming the first cell pattern using a PDMS mold with a defined shape, the
second layer of cells (Cell B) will be patterned surrounding the first cell type (Cell A). b) Photographs on the left and bright field image in the middle show
the stretchable and robust scaffold-free cell sheet assembled from ADMSCs. Fluorescent images showing zoomed-out and zoomed-in images of cell
sheets on the right two panels. ¢) Immunostaining images showing the controllable assembly of ADMSCs into scaffold-free 3D cell sheets. d) Nucleus
(DAPI, colored in blue) staining of the cross-sections of 3D ADMSC sheets supporting the controllable assembly of cells on the BNC membrane. e,f) A
schematic diagram (e) and fluorescent images (f) showing the sequential assembly of two fluorescently labeled cell lines (Cell A: U87-EGFP cell; Cell B:
U87-ERFP cell) into a multicellular pattern in a high precision, which is supported by the minimum mixture of the two cells in the pattern.

negative pressure-guided microparticle assembly method, we by the in situ trapping and stacking of cells into 2D/3D struc-
were inspired to explore the possibility of integrating a series  tures, we hypothesized that a rapid and controlled cell assembly
of controlled negative pressure fields into our BNC membrane-  could be realized. As the cells in suspension can be quickly ag-
based platform to achieve rapid, controllable, and retrievable cell — gregated under the negative pressure field, the formation of cell-
assembly.[?*] Using a negative pressure field to guide the flow of  cell and cell-matrix interactions is faster compared to conven-
cell suspensions placed on the surface of the membrane, followed  tional methods.*¥ To confirm occurrences of these processes, we
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performed time-dependent imaging on GFP-labeled cells to
more effectively track the cell assembly process. After 5 min of
assembly, cell assemblies on the BNC membrane formed a cell
sheet with 100% confluency compared to the Matrigel-coated
plates, which had confluency ~80% (Figure 3a,b; Figures S3-S6,
Supporting Information). At this stage, we started to observe
tissue-level cell densities (>4 x 10° cells cm™2) that cannot be
achieved in 2D cell cultures even after a prolonged (24 h) seed-
ing process. Increasing cell density is a critical objective in stem
cell transplantation, as it optimizes the transplantation process
by improving both the efficiency of cell transplantation and the
overall integrity of the tissues, particularly where scaffold-free tis-
sues are involved.[**]

We conducted an in-depth analysis of cross-sections on the
cellular assemblies on the BNC membrane to demonstrate how
our assembly method generates organized 3D tissue structures
from diverse cell types. From this study, we observed a distinct
3D-layered tissue structure (3D-cell sheet) in the cross-section
fluorescent image (Figure 3c,d). Moreover, the number of cell
layers was found to be highly controllable by varying the time
and strength of the applied negative pressure field. There was
a significant enhancement in cell-cell interactions observed in
the 3D-BNC membrane relative to the 2D-BNC membrane that
led to an increase in the relative gene expression levels of TGF-g
and reduction of apoptotic genes (e.g., Caspase 3) as well as in-
flammatory genes (e.g., IL6 and TNF) when in co-culture with
macrophages (Figure S7, Supporting Information), as checked
by gene analysis of a cell-cell signaling biomarker using quanti-
tative real-time polymerase chain reaction (QRT-PCR).

Previously, other 3D cell assembly techniques (e.g., spheroid-
based 3D bioprinting) have also been developed, but their appli-
cation has been restricted to specific cell types with high cell-cell
interactions.[?’] We hypothesized that our BNC membrane-based
cell assembly could address this challenge and be more broadly
applicable to different cell types, as the initial cell aggregation
does not rely on specific biological interactions. To validate our
hypothesis, we systematically tested our cell assembly technique
across a comprehensive spectrum of cell types. This included
representatives from all three primary germ layers (endoderm,
mesoderm, and ectoderm), encompassing stem cells, differenti-
ated somatic cells, and cancer cells. This diverse array of cell types
allowed us to rigorously assess the versatility and broad applica-
bility of our approach. Of particular interest was our inclusion
of non-adherent cells, such as monocytes, known for their weak
cell-cell interactions (Figure 4b). The ability to form multilayered
cell sheets is interesting as the first layer of cells could block the
liquid flow and prevent the deposition of further layers. We spec-
ulate that the cells in the suspension are not flat but spherical, so
there was still space for assembling additional layers when the
initial layer assembled. However, the detailed dynamics of the
assembly process would require further investigation. Also, to
check if the high cell density in the ADMSC 3D cell sheets would
influence cell growth and survival, we analyzed the formed cell
sheets in terms of cell number and proliferation-related genes
(Figure S7, Supporting Information). From the result (Figure S5,
Supporting Information), we could observe fewer total cell counts
in ADMSC 3D sheets compared to the low-density 2D monolayer
culture after 3 days of culture. This could be attributed to either
less cell proliferation or more cell apoptosis. By utilizing our BNC
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membrane-based techniques, we could showcase the rapid and
widespread formation of cells, ultimately forming highly com-
pacted 3D cell sheets.

Most importantly, the BNC membrane-based approach we de-
veloped enables precise and versatile cell assembly in three di-
mensions while offering a fast method to generate robust and
scaffold-free tissues. Specifically, the 3D cell sheets assembled
on the BNC membrane can be readily retrieved by degrading
the BNC membrane under biocompatible conditions. This can
be accomplished by incubating the cell-assembled BNC mem-
brane in media containing Vitamin C. We demonstrated the con-
centration of vitamin C used is harmless to cells over a pro-
longed (24 h) period (Figure S4, Supporting Information). Even
though there have been previous attempts to harvest scaffold-free
2D cell sheets from enzymatically digestible substrates (e.g., col-
lagen), our BNC membrane, with its unique composition and
optimized 3D nanochannel structure, demonstrates one of the
fastest degradation rates under biocompatible conditions.!?*! In
this way, a high-density 3D cell assembly is formed from vary-
ing cell types, which provides distinct benefits over prior meth-
ods. A notable characteristic of our scaffold-free 3D cell sheets is
their exceptional robustness during manipulation with surgical
tools. This durability, crucial for potential clinical applications,
is attributed to the high-density, 3D tissue structures formed by
our assembly technique. The ability to withstand handling with-
out compromising structural integrity represents a significant
advantage over more fragile conventional cell constructs. That be-
ing said, our BNC membrane-based cell assembly method repre-
sents a significant advancement in creating and developing ver-
satile, scaffold-free cell sheets. This innovative approach has the
potential to revolutionize tissue engineering applications by en-
abling the fabrication of complex, multicellular structures with-
out the limitations associated with traditional scaffolds. The tech-
nique’s unique capabilities in generating robust, high-density cel-
lular constructs open up new avenues for developing more phys-
iologically relevant tissue models and improving the efficacy of
cell-based therapies.

2.3. Multicellular Patterning on BNC Membranes

Natural tissues are composed of multiple cell types of organized
patterns. Therefore, we further showed the formation of mul-
ticellular tissue patterns using the BNC membrane-based cell
assembly method. To visualize the cell patterning process, two
cell lines labeled with GFP (Cell A) and red fluorescence pro-
tein (RFP, Cell B) were used for visualization (Figure 3e,f; Figure
S7, Supporting Information). We first generated a circular pat-
tern by adding the Cell A suspension onto a polydimethylsilox-
ane (PDMS) hole mask placed onto the BNC membrane. In this
way, the negative pressure field and fluid flow could be confined
within the PDMS mask, forming a Cell A pattern onto the mem-
brane. At this stage, the fluid flow was completely blocked due
to the presence of the Cell A pattern. So we removed the vac-
uum and aspirated the media containing Cell A in suspension.
To assemble the Cell B layer, we hypothesized that by increas-
ing the negative pressure field that covers the Cell A pattern,
the Cell B suspension placed on top of the membrane can be
flowed around the Cell A pattern, thereby forming a patterned
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Figure 4. A library of multicellular patterns generated by the BNC-based cell assembly method. a) Schematic diagram illustrating spatially precise
deposition of the first and second cell types. A similar approach that uses previously deposited cells as vacuum flow masks can also be extended to
more than two cell types. b) 3D cell sheets assembled from distinctively different cell types. c) The spatially controlled assembly of two-cell hybrid tissues
and more advanced multi-cellular tissues has been challenging based on conventional approaches. From left to right, core-shell two-cell type hybrid
(pseudocolor, blue: U87-ERFP cell; yellow: U87-EGFP cell), cell array hybrid (red: U87-ERFP cell; green: U87-EGFP cell), a mosaic mixture of the U87-
ERFP and U87-EGFP cell. d) Fluorescent images showing the multicellular patterns assembled from three or more cell types. The detailed assembly
process and cell type description can be found in Figure S4 (Supporting Information). e) Brightfield images of scaffold-free cell sheets after removal of

the underlying substrates. The detailed descriptions of each cell type used to form cell patterns can be found in the supporting information.

“core—shell” co-assembly of Cell A and B. We validated our hy-
pothesis using the fluorescence microscope, where we observed
a densely packed cell sheet-like structure with Cell A surrounded
by Cell B. The high precision of the patterning process was also
confirmed by less than 4% mixture of the two colors across the
borderline in the two-cell tissue pattern. While a circular shape
of the scaffold was used as a proof-of-concept due to its common
presence in tissue injuries, our multicellular patterning approach
on the BNC membrane can be applied to a variety of biomimicry
geometries, including spheroid mimicry dot arrays and blood
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vessel mimicry stripe patterns (Figure 4a,b). Also, more than two
cell types can be assembled to mimic tissues with higher com-
plexities (Figure 4c,d). For instance, we created a macrophage-
fibroblast-neuron tri-cellular pattern representative of the scar-
ring spinal cord tissues. Overall, through our development of the
BNC membrane-based technique, we have showcased the ability
to quickly and precisely assemble cells into both single and mul-
ticellular tissues. Most importantly, these tissues can be obtained
without relying on scaffolds after cleavage of the BNC membrane
(Figure 4d). This advancement allows us to address and surpass
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some of the primary limitations present in contemporary tissue
engineering practices, laying the groundwork for a wide range of
future biomedical applications.

2.4. Skin Inflammation Model for Screening Stem Cell-Derived
Therapeutics

To showcase the application of the BNC membrane-based cell
sheet assembly approach in modeling chronic inflammation,
we further designed and fabricated multicellular patterns com-
posed of macrophages and fibroblasts. Our primary goal was to
recapitulate a crucial inflammatory stage in the process of hu-
man skin wound healing, as depicted in (Figure 5a). It is im-
portant to note that human skin wound healing encompasses
four distinct stages: homeostasis, inflammation, proliferation,
and remodeling.'?) One of the most impeded stages in diabetic
chronic wound healing is the inflammation stage, which involves
the migration of fibroblasts into the wounded area with high
densities of inflammatory cells (e.g., macrophages). Although
this process has been studied using in vivo models, there are
few demonstrations in creating highly relevant human cell co-
culture models to recreate the skin wound tissue structures.!’]
Macrophage infiltration plays a dominant role during the in-
flammatory stage of wound healing. Though macrophages re-
lease inflammatory cytokines and influence both fibroblasts and
keratinocytes, prior literature has focused more on the outcome
of fibroblasts.['>] Therefore, fibroblasts were chosen as a proof-
of-concept for the creation of an inflammatory wound healing
model. We created this model through patterning of human
monocyte-derived macrophages (labeled with Dii dye, colored
in red) and human fibroblasts (labeled by CellTracker, colored
in green) (Figure 5b). Macrophages were allocated to the cen-
ter of the pattern, acting as a barrier during the migration of
fibroblasts. The BNC membrane is positioned under the cell
sheet then removed and subsequently, placed on a bio-inert cel-
lulose membrane to prevent the tissue from folding. As a con-
trol, a scratch assay commonly used in industrial evaluation
of wound care products was performed using the same fibrob-
last cell line. In slow-healing skin wounds, the healing rates
are generally below 1.0 mm week™!, which is not well repre-
sented by the conventional scratch assay (typical healing rates
> 1.0 mm day™!), partially due to a lack of proper cellular and
molecular barriers during the migration of fibroblasts in those
assays.[?®] We hypothesized that our macrophage-fibroblast co-
culture model could better recapitulate the cellular environments
during the migration of fibroblasts and model the natural skin
wound healing process. We verified this by investigating the time-
dependent migration of fibroblasts across the border of the tissue
pattern and observed a much slower migration rate of fibrob-
lasts compared to conventional scratch assays (%1 mm day™!)
(Figure 5b,c; Figure S8, Supporting Information). Although fur-
ther investigations on the mechanisms of impeded migration in
our model are needed, our results indicate the vital role of recreat-
ing biomimicry multicellular patterns for skin wound modeling
applications.

This improved wound-healing model was then applied to eval-
uate stem cell-derived therapeutics, which have been clinically
tested for treating slow-healing skin wounds. Recent reports sug-
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gest that outcomes of stem cell therapies depend highly on cell
donors.??! Thus, having the ability to identify the most efficient
donor cells with optimal therapeutic effects can be crucial for
treating tissue injuries and skin wounds.* As such, we har-
vested ADMSCs from two different patients (denoted as LAP
and 612, respectively) and tested the effects of conditioned me-
dia derived from the two donor ADMSCs on the migration of
fibroblasts using our co-culture wound-model (Figure 5d,e). We
hypothesized that stem cells from different origins would secret
different levels of trophic factors for stimulating the migration of
fibroblasts and suppressing the inflammation of macrophages,
thereby leading to differential outcomes of healing in the wound
model. Based on the higher migration rates of fibroblasts ob-
served, we have confirmed that the treatment of conditioned me-
dia from the 612 donor cells has a positive effect. In compari-
son, the control (no treatment) and LAP donor cell-treated groups
showed much slower migration rates (Figure 5f-h). Thus, we suc-
cessfully showed the creation of biomimicry multicellular pat-
terns for modeling skin wounds, further enabling the screening
of stem cell-derived therapeutics.

2.5. Accelerated Diabetic Wound Healing using 3D Stem Cell
Sheets

Next, we demonstrated enhanced stem cell transplantation for
treating diabetic wounds using the BNC membrane. Untimely
treatment of diabetic wounds is known to result in detrimental
effects such as severe infections that would require amputation of
wound areas.>!] Stem cells, once successfully transplanted, can
sustainably secret trophic factors for modulating cell migration
(e.g., bFGF), inflammation (e.g., IL10), and stimulating vascu-
lar formation (e.g., VEGF), thereby holding great potential for
treating diabetic wounds (Figure 6a,b; Figure S9, Supporting In-
formation). Although 2D stem cell sheets have been tested for
diabetic wound treatment with accelerated wound closure, we
speculated that the 3D stem cell sheets, assembled from opti-
mal donor cells and created using our BNC membrane-based ap-
proach, could more robustly secrete the trophic factors for accel-
erating diabetic wound healing.*?] This is not only because of the
higher cell densities in 3D stem cell sheets, but also supported
by recent reports on higher expression of anti-inflammatory and
vascularization factors in 3D culture systems.?3] Next, we cre-
ated a murine diabetic (Type I) skin wound via streptozotocin
(STZ) injection, and directly confirmed the significantly acceler-
ated wound closure in the animal group treated by the 3D stem
cell sheet (Figure 6¢,d). Moreover, histological analysis on the 3D
stem cell sheet-treated condition verified enhanced vasculariza-
tion (blood vessel branches), reduced inflammation (immunos-
taining on the CD11b macrophage marker), and higher pro-
liferation (immunostaining on the PH3 proliferation marker),
thereby strongly supporting our hypothesis (Figure 6d,e; Figure
S10 and S11, Supporting Information). Furthermore, the trans-
planted 3D stem cell sheet (cells visualized by green fluorescence
from the CellTracker dye staining) was found to be highly robust,
with their tissue structure preserved 1-week after the transplan-
tation and strongly adhering to the wound sites without requir-
ing any suture or glue. Thus, we have successfully demonstrated
the capabilities of the BNC membrane-based technique for
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Figure 5. Biomimetic skin inflammation models for screening stem cell-based therapeutics. a,b) Schematic diagram showing the major stages of human
wound healing. One of the critical steps in the inflammation stage is the skin cell migration into the wound area in the presence of macrophages. However,
current models (e.g., scratch assay has been mostly based on a single type of skin cell such as fibroblasts) have not recapitulated this process well. c)
BNC membrane-based generation of the desired fibroblast-macrophage pattern to mimic the multi-cellular skin wound structures and investigation
of time-dependent skin cell migration (wound closure) in this fibroblast-macrophage pattern. To visualize the two different cell patterns, GFP-labelled
fibroblasts were used and THP-1 monocyte-derived macrophages were labelled in red using DiL dye. d,e) This skin wound model was used to evaluate
and predict the therapeutic outcomes of the treatment of human adipose-derived mesenchymal stem cells (\ADMSCs) derived from different donors.
The conditioned media from specific stem cell cultures was added into the skin wound model culture as a treatment. The time-dependent migration
of the fibroblast was monitored for both stem cell condition media-treated conditions and was compared to the control condition (normal cell culture
media). f) A large-area fluorescent image showing the fibroblast-macrophage pattern that mimics the shape of skin wounds. g) Quantification of the time-
dependent wound closure using different stem cell-based treatments in the skin wound model based on fibroblast-macrophage patterns. h) Explanations
on the differences of fibroblast migration after treatment by condition media from stem cells derived from different donors. Stem cells from different
donors may have different capabilities of secreting trophic factors in promoting cell proliferation, migration, and anti-inflammation, resulting in different
therapeutic outcomes.

fabricating 3D stem cell sheets. Furthermore, our novel method
has significantly improved the effectiveness of stem cell therapy,
particularly in treating chronic wounds that have historically had
slow healing rates. To comprehensively validate the wound heal-
ing efficacy of our cell sheets in the diabetic mouse model, it is es-
sential to expand our analysis to include additional key biomark-
ers. Specifically, future studies should examine markers associ-

Adv. Funct. Mater. 2025, 35, 2403367 2403367 (9 0f12)

ated with vascularization (e.g., CD31, VEGF), re-epithelialization
(e.g., cytokeratin, E-cadherin), and extracellular matrix remod-
eling (e.g., collagen types I and III, fibronectin). These investi-
gations will provide a more nuanced understanding of the cell
sheets” multifaceted role in promoting tissue regeneration and
could reveal potential mechanisms underlying their therapeutic
effects in diabetic wound healing.3!]
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Figure 6. Accelerated Diabetic Wound Healing using 3D Stem Cell Sheets. a) A schematic diagram illustrating the mechanisms of the slow healing rate of
diabetic wounds, including impaired immune cell functions, reduced proliferation rates, and limited vascularization capacity due to high glucose levels.
b) We aim to address these challenges in diabetic wound healing by transplanting the scaffold-free 3D hADMSC sheets, which show higher expression of
cytokines that may facilitate the angiogenesis and proliferation of skin cells. c) Time-dependent wound closure in control animals with diabetic wounds
(c1) and 3D hADMSC sheet-treated murine diabetic wounds (c2). Our results confirm the significantly accelerated wound closure rates by treating 3D
hADMSC sheets formed by the BNC membrane-based method. d,e) Enhanced vascularization (photographs shown in d1, summary graph shown in
d2), reduced inflammation, and enhanced proliferation (immunostaining images shown in e1, summary graphs shown in e2) from the transplantation
of our 3D hADMSC sheet to the murine diabetic wounds. n = 3, *p < 0.05 by student’s t-test.
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3. Discussion

Controlled and programmable 3D cell assembly has broad clin-
ical applications in tissue repair and disease modeling but is
currently challenging.?*l To this end, we demonstrated an in-
novative approach that utilizes BNC membranes to create 3D
scaffold-free tissues and cell assemblies. The BNC membrane-
based cell assembly method was then demonstrated for produc-
ing scaffold-free 3D tissues with high cell densities. Using the
BNC membrane-based cell assembly, we can precisely and re-
liably control the 3D structures of tissues. This method allows
for bio-inspired, heterogeneous cell patterning across various cell
types. By implementing this BNC membrane-based assembly
technique, we could craft an advanced model for wound heal-
ing. Furthermore, we utilized this model to assess the therapeu-
tic efficacy of stem cells derived from human donors. Our studies
demonstrate that transplantation of 3D scaffold-free tissues, gen-
erated using the BNC membrane-based cell assembly method,
significantly accelerates injury repair. This enhanced therapeutic
efficacy has been consistently observed in both in vitro models
and in vivo experiments, providing robust evidence for the po-
tential clinical application of this approach. The ability to reliably
achieve accelerated tissue regeneration underscores the advan-
tages of our method in creating functional, transplantable tissue
constructs for regenerative medicine. Given the immense poten-
tial of scaffold-free tissue engineering and cell patterning, this
innovative assembly technique is well-positioned to become a
fundamental platform in the field, enabling the development of
advanced tissue models and therapeutic applications. The abil-
ity to accurately and efficiently manipulate cell assembly opens
up unprecedented opportunities for progress in tissue engineer-
ing, potentially revolutionizing approaches to complex medical
challenges and laying the groundwork for future innovations in
healthcare.

Moving forward, while Vitamin C-supplemented media does
not significantly influence cell viability, further studies should be
performed to confirm its impact on stem cell transcriptome. Fur-
thermore, it is crucial to demonstrate that the BNC membrane-
based cell assembly can produce 3D structured tissues, construct-
ing cell structures with over ten layers either by stacking or in
combination with 3D bioprinting techniques. Moreover, current
tissue engineering technologies primarily focus on recreating tis-
sue assemblies with high cell densities, such as epithelial lay-
ers, the central nervous system, liver, and muscle. However, the
human body also contains cell-sparse tissues, including carti-
lage and bone, which present unique challenges for tissue en-
gineering and require further development of appropriate tech-
nique. Therefore, it is crucial to realize the limitations of cur-
rent technology in their applications in both treating and mod-
eling tissue diseases with minimal cell-cell interactions. In the
future, it would also be essential to examine the detailed histo-
logical improvement of BNC membrane-based approach as com-
pared to conventional wound healing strategies, including the
PNIPAM polymer-based cell sheet technology, single cell injec-
tion, and hydrogel-based transplantation of stem cells. Although
the current study demonstrates a proof-of-concept application in
modeling and treating wound healing, the overall outcome is
still in its early stages. Thoroughly verifying the advantages of
this approach over current tissue engineering methods requires
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additional studies. Moreover, fully understanding its potential
for clinical translation is also crucial. By addressing the current
constraints associated with cell structures, the BNC membrane-
based cell assembly would hold excellent potential for unique
clinical applications that demand the creation of intricate tissue
structures.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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