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Abstract

Due to the combined advantages of cellulose and nanoscale (diameter 20-60 nm), bacterial
cellulose possesses a series of attractive features including its natural origin, moderate biosynthesis
process, good biocompatibility, and cost-effectiveness. Moreover, bacterial cellulose nanofibers
can be conveniently processed into three-dimensional (3D) intertwined structures and form stable
paper devices after simple drying. These advantages make it suitable as the material for
construction of organ-on-a-chip devices using matrix-assisted sacrificial 3D printing. We
successfully fabricated various microchannel structures embedded in the bulk bacterial cellulose
hydrogels and retained their integrity after the drying process. Interestingly, these paper-based
devices containing hollow microchannels could be rehydrated and populated with relevant cells to
form vascularized tissue models. As a proof-of-concept demonstration, we seeded human
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umbilical vein endothelial cells (HUVECS) into the microchannels to obtain the vasculature and
inoculated the MCF-7 cells onto the surrounding matrix of the paper device to build a 3D paper-
based vascularized breast tumor model. The results showed that the microchannels were
perfusable, and both HUVECs and MCF-7 cells exhibited favorable proliferation behaviors. This
study may provide a new strategy for constructing simple and low-cost /n vitro tissue models,
which may find potential applications in drug screening and personalized medicine.
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The three-dimensional (3D) printing technology circumvents many limitations associated
with current biofabrication strategies through the combination of precisely controlled 3D
structure,12 as well as accurately positioned biomaterials®# and cells.® In particular, the
biomimetic 3D structures enabled by 3D printing could allow for the generation of /n vitro
tissue models that reproduce the physiology or pathophysiology of their /7 vivo niches.8-10
The biomaterial matrixes provide multiple biological, structural, and mechanical supports in
the regulation of cell behaviors and tissue morphogenesis,}1-1> while cells derived from
individuals or patients allow for personalization of these microphysiological systems.16:17

Conventionally, complex composite structures with hollow interiors reveal unique
manufacturing challenges where internal tooling,X® commonly referred to as a core or
mandrel, is required to define the microchannel internal features.1® Any configuration in
which the mandrel is clamped within a composite component, requires sacrifice of tools or a
more complex, foldable or inflatable method.20 At present, the sacrificial tooling technology
uses materials including eutectic salts, ceramics, cast urethanes, and other similar materials.
21-24 These technologies present challenges including (i) difficulty in handling due to fragile
material properties; (ii) requirement for production with special tools; and (iii) limited
design freedom attributing to production or the methods of removal.2°

To this end, 3D printing again has emerged as a technique that allows for convenient creation
of sacrificial molds with complex geometries for various applications including those in
biomedicine.2® This process is based on the construction of a template using rapid
prototyping technologies such as extrusion bioprinting.2’-3% The deposited sacrificial molds
are then used to form tissue-like constructs from various matrix materials containing
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complex, hollow microchannel structures after template removal. Nevertheless, many of the
biomaterials and (bio)inks used in sacrificial 3D printing are relatively expensive limiting
their utilization in the large-scale fabrication, for example, of tissue models for precision
medicine applications. We therefore hypothesized that bacterial cellulose, an organic
compound with the formula (CgH1Os) , biosynthesized by Gluconacetobacter xylinus (G.
xylinus), has the potential to be used as the matrix material in sacrificial 3D printing,
providing a cost-effective means to generate biomimetic tissue models. Indeed, bacterial
cellulose has previously been reported for usage in tissue engineering of cartilage, skin,
dental, nerve, and blood vessels, among others.31-36 |t has also been manufactured in large
quantities for various applications including medical implants for approximately 30 years.3®
Many studies demonstrated that bacterial cellulose is a promising biomaterial due to its large
specific surface area, abundance of surface hydroxyl groups,3’ diverse and ascendant
mechanical properties, 3839 cytocompatibility,*041 and the fact that they are biodegradable
and renewable 4243

Here we report a new strategy of matrix-assisted sacrificial 3D printing for /in vitrotissue
modeling using a hydrophobic fugitive ink directly deposited within a bacterial cellulose
hydrogel matrix, to form templates of arbitrary shapes (Figure 1). Upon drying to form a
paper-like membrane, the fugitive ink could be selectively extracted, forming hollow
perfusable microchannels. Such paper devices containing microchannels could be stored in
the dry state possessing essentially infinite shelf life, and be rehydrated to fabricate relevant
tissue models as needed, providing a simple and low-cost platform suitable for cell growth
and amenable to large-scale application. The bacterial cellulose is not biodegradable.*44% In
addition, unlikewood cellulose, the bacterial cellulose hydrogel can be obtained without any
hydrophilic modification of the cellulose material such as carboxymethylation6:47 or
nanofibrillation.849 Meanwhile, the microchannels of the paper devices did not need any
hydrophobic treatment to maintain their stability in culture medium, enabled by the
superfine, nanoscale, but long bacterial cellulose fibers making the devices. These
characteristics would in our case, facilitate the construction of /n vitro tissue models for drug
screening by allowing for extended culture periods. Indeed, hydrophobic treatment is
required for paper devices constructed from shorter wood cellulose nanofiber-based matrixes
to achieve water-resistance and structural stability when wetted.? As a proof-of-concept
study, MCF-7 cells were seeded onto the paper matrix of the device, while human umbilical
vein endothelial cells (HUVECs) were used to populate the surface of the microchannels,
creating a vascularized breast tumor model (Figure 1C).

Numerous studies have shown the capabilities of 3D printing for use in tissue and tissue
model biofabrication.51:52 However, the relatively high costs of inks and matrix materials
limit their large-scale production. To solve this problem, we present a strategy based on
bacterial cellulose matrixes combined with 3D sacrificial printing, allowing us to
conveniently generate embedded complex microchannel patterns at low cost. The schematic
diagram in Figure 1B shows the fabrication process of the paper-based devices containing
perfusable hollow microchannels for producing tissue models. Specifically, the hydrophobic
petroleum jelly-liquid paraffin was chosen as the fugitive ink attributed to its temperature-
responsiveness and immiscibility with the hydrophilic bacterial cellulose hydrogel matrix,
facilitating its in-matrix 3D printing and subsequent removal from the matrix.
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The bacterial cellulose membrane (Figure 2A) was obtained by culturing cost-effective G.
xylinus through a multilayer fermentation method.53 The bacterial cellulose suspension
(bacterial cellulose membranes were pulped with a mechanical homogenizer) possessed a
hydrogel-like consistency when the concentration was higher than 0.9 w/v % due to the
densely entangled matrix structure (Figure 2B). Then, the bacterial cellulose hydrogel was
subject to air-drying to form a paper-like flexible membrane (Figure 2C and Figure S1). The
scanning electron microscope (SEM) image showed that the bacterial cellulose membrane
consisted of a network of intertwined superfine but long nanofibers, where the diameters of
the nanofibers fell in the range of 20-60 nm and the pore size of the bacterial cellulose
matrixes was 216.52 + 77 nm (Figure 2D). The 3D network of the nanofibers and the
porosity of bacterial cellulose matrixes (~38%, Figure S2A) could be helpful for the
exchange of nutrients, oxygen to the cells, and wastes between the layers.>* This porosity
could also enable the diffusion of cells during seeding and their subsequent migration and
proliferation. The interconnected pores of the matrixes along with the hydrophilicity of the
bacterial cellulose were proven to effectively hold medium with water retention values of
more than 96% (Figure S2B), which would facilitate cell growth upon rehydration.

During a 3D printing process as the nozzle moved inside the bacterial cellulose hydrogel
matrix, the fugitive petroleum jelly-liquid paraffin ink was deposited as microfibers (Movie
S1). Petroleum jelly was blended with liquid paraffin at different ratios to improve its
rheological properties and enhance its printability at room temperature. The viscosity of the
petroleum jelly-liquid paraffin-based ink gradually increased with elevated petroleum jelly
ratio from 1:4 to 4:4 (petroleum jelly:liquid paraffin, Figure 2E). Since the rheological
properties of the bacterial cellulose matrix was also a contributing factor, four different
concentrations of bacterial cellulose matrixes were selected and their viscosities were
measured. The viscosity of the bacterial cellulose matrix increased as the bacterial cellulose
concentration increased within the shear rate range evaluated (Figure 2F). At the low
viscosity of the ink at the ratio of 1:4, complete lines could not be formed in the bacterial
cellulose matrix (when the latter also at low concentrations) (Figure 2G,H).46 On the
contrary, the instability of the deposited ink was compensated by the high concentration of
the bacterial cellulose matrix, and the areas of the microfibers were close to the defined
dimensions. Therefore, the 0.6 v/v% of bacterial cellulose matrix and the petroleum jelly-
liquid paraffin ink at the ratio of 3:4 were selected for all subsequent experiments.

We further examined the influence of nozzle moving speed and extrusion pressure on the
printability. The map of printability presented that a balance between the nozzle moving
speed and extrusion pressure achieved appropriate structural fidelity to obtain precisely
printed patterns (Figure 21,J). Within the printable conditions, the diameter of the deposited
microfibers increased from 250 + 26.6 (25 psi) to 440 + 18.7 xm (40 psi) as a result of the
increase of extrusion pressure from 25 to 40 psi, at a constant printhead moving speed of 15
mm-s~1 (Figure 2K). Meanwhile, the diameter of the deposited microfibers decreased from
688 + 16.5 (6 mm s71) to 384 + 24.5 um (15 mm s~1) when the nozzle moving speed was
elevated from 6 to 15 mm-s~1, at a constant pressure of 35 psi (Figure 2L). The results
indicated that increased diameter of lines was formed due to the larger amount of inks
extruded under higher pressures, while the smaller size of lines was facilitated by the

Nano Lett. Author manuscript; available in PMC 2020 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cheng et al.

Page 5

increasing nozzle moving speed.2® Therefore, 35 psi and 15 mm-s~1 were selected as the
optimized extrusion pressure and nozzle moving speed, respectively.

To illustrate that the petroleum jelly-liquid paraffin ink could be continuously extruded
within the bacterial cellulose matrix, we designed and printed two single-layered linear
patterns that contained right-angle corners (Figure 2M) and that resembled a spiral arc
(Figure 2N). It was clear that the structures were sufficiently stable during the printing
processes without noticeable pinching of the ink and were smooth without localized ink
accumulation, even at corners in the angular geometry when the nozzle moving directions
were rapidly changed. Several multilayered patterns of the petroleum jelly-liquid paraffin
ink were subsequently printed into the bacterial cellulose hydrogel matrixes (Figure 20-Q),
which showed well-separated ink microfibers in adjacent layers (Figure 2R), indicating that
complex interconnected networks could be realized. These different patterns of the 3D-
printed constructs maybe utilized to simulate various types of native tissues to meet the need
of constructing different vascularized structures.

In a typical procedure of sacrificial 3D printing, the microfibrous templates deposited are
selectively removed to form hollow microchannels that are supported by the surrounding
matri.50:5:56 \We adopted a similar process to obtain hollow, perfusable microchannels in the
bacterial cellulose matrix-based paper devices. Figure 3 shows the structure of a paper
device containing multilayered microchannels using the sacrificial 3D printing technique.
The first step extruded the fugitive petroleum jelly-liquid paraffin ink in separate layers
within the bacterial cellulose hydrogel matrix. During the process of air drying, the bacterial
cellulose hydrogel matrix flattened into a paper membrane that was still flexible, and no
damages to the overall structure as well as the microchannels was observed (Figure 3A).
Subsequently, the ink was removed from the microchannels of the dried paper film. The
solid ink of petroleum jelly-liquid paraffin was liquefied by elevating the temperature to

70 °C, which rendered the ink easily removable from the dried matrix to form perfusable
microchannels. Then, the membrane was washed with 7-hexane and centrifuged to remove
the ink from the microchannels. Moreover, the membrane was washed with ethanol and
centrifuged triple times to remove r+hexane. Finally, the membrane was washed with
distilled water three times and air-dried again at room temperature to form a clean paper
device containing hollow, perfused microchannels (Figure 3B). The bacterial cellulose
hydrogel matrix was demonstrated to have certain levels of self-healing ability possibly
owing to the presence of hydroxyl groups in these molecules that allowed for the formation
of intramolecular and intermolecular hydrogen bonds.>’ In addition, during the drying
process the capillary force would further facilitate the self-healing event.#® Indeed, our
scratch experiment suggested that while the final cellulose matrix was slightly thinner in the
region of scratch, the groove almost disappeared during the drying process (Figure S3).

To visualize the embedded microchannels in the paper device, two solutions containing
differently colored dyes (Figure 3C, Movie S2) or fluorescent microparticles (Figure 3D)
were injected. The solutions were successfully perfused into the two sets of crossing
microchannels without mixing and no leakage of the liquid could be observed, indicating the
3D nature of the device possessing the microchannels at two depths. Indeed, a dense
bacterial cellulose membrane was formed between the two crossing microchannels during
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the drying process, functioning as the barrier at the junction (Figure 3E,F). As such, with the
proposed matrix-assisted sacrificial 3D printing method, it was possible to create 3D
perfusable microchannels in paper devices. Importantly, the 3D nature of the initially
deposited fugitive microfibers could be well-preserved after ink removal and drying,
facilitating applications in tissue model biofabrication.

The ability to accurately screen anticancer pharmaceutical compounds can be potentially
promoted through the use of biomimetic tumor models that better predict human responses,
which plays a pivotal role in drug development.58 Microfluidic devices have been combined
with tumor cells to create the vascularized tumor microenvironments®® allowing for kinetic
examination of drug effects and cancer progression.®% Previously, we have also
demonstrated the inclusion of sacrificially printed microchannels in gelatin-based hydrogel
constructs to study diffusion-dependent drug toxicity.61

As a proof-of-concept study, we generated a vascularized breast tumor model by seeding
green fluorescence protein (GFP)-HUVECs inside the microchannel, and MCF-7 cells were
seeded onto the matrix of the paper device. It should be noted that, while the dried paper
devices allow for extremely long shelf life and can be stored for extended periods of time,
the devices can be rapidly rehydrated prior to tissue model fabrication, forming a critical
advantage of our technology. In our case, we rehydrated the paper devices through
autoclave, which at the same time served as the sterilization process. Autoclaving did not
seem to induce any noticeable damage to our paper devices.

To create a uniform monolayer of endothelial cells attached to the inner surface of the
microchannels, the device was manually flipped at 30 min after a suspension of GFP-
HUVECs was injected into the microchannel, and maintained still for another 30 min,
following which MCF-7 cells were seeded onto surfaces on both sides of the paper device
(Figure 4A). The fluorescence micrographs indicated that the HUVECs and MCF-7 cells
were homogeneously distributed on the microchannels and within the matrixes of the 3D
paper-based devices, and the constructs could maintain their intact structures. Live/dead
staining further revealed that the viabilities of HUVECs and MCF-7 cells in the constructs
were both high (Figure 4C—F). The percentages of viable cells within the microchannels and
in the matrixes exceeded 90% at 1, 3, 7, and 14 days of culture (Figure 4B). Furthermore,
cell proliferation assessment was further performed (Figure S4). These results indicated that
the ink could be completely removed with r+~hexane, and there was perhaps no residue that
would affect the behaviors of the two types of cells. In addition, it denoted the good
cytocompatibility of the bacterial cellulose matrix, consistent with previous reports.52:63 As
such, it was suggested that the porous network of bacterial cellulose nanofibers enabled cells
to attach and proliferate, potentially allowing us to expand to cultures of various cell types
for tissue model construction.54

During the 14 days of culture, endothelial cells and tumor cells proliferated, which covered
the interior surface of the microchannel and were uniformly grown on the matrix,
respectively. The projection and reconstructed confocal microscopy images of the MCF-7
cells in the paper matrix are shown in Figure 5A,B. However, the MCF-7 cells did not seem
to migrate into the paper matrix but mostly proliferated along its surfaces (Figure S5),

Nano Lett. Author manuscript; available in PMC 2020 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cheng et al.

Page 7

possibly due to the presence of dense, intertwined cellulose nanofibers (Figure 2D). At 14
days, the HUVECSs also proliferated and became confluent to form an intact endothelium in
the microchannel (Figure 5C,D). The super-imposed confocal Z-project reconstruction
image in Figure 5E clearly indicated the intact endothelium on the surface of the
microchannel and the densely populated MCF-7 cells in the paper matrix. Favorable
spreading and proliferation of both cell types indicated the good potential of these paper-
based devices for engineering complex tissue models with built-in vascular networks. In
particular, the vascular endothelial growth factor produced by the tumor cells could possibly
have caused rapid proliferation of the endothelial cells.6

To evaluate the drug response of the vascularized breast tumor constructs, 10 zM of
tamoxifen was injected from the endothelialized microchannels, and the paper devices were
cultured for another 48 h. The spatial distribution of the live and dead cells in our
vascularized breast tumor model was further revealed in superimposed confocal images,
revealing cytotoxicity (Figure 5F—H). While still preliminary, these results have indicated
the potential of our printed paper-based devices in constructing /n vitro tissue models for
applications in drug screening and possibly personalized medicine.

In summary, we have reported a strategy to rapidly fabricate biomimetic tissue models based
on bacterial cellulose matrix using sacrificial 3D printing. The optimal balance of
rheological properties between the bacterial cellulose matrix and the fugitive ink enabled
stable 3D printing, while dehydration of the bacterial cellulose matrix and removal of the ink
led to generation of well-separated microchannels in the 3D volume inside an ultrafine paper
film. Using this strategy, microchannel structures with different degrees of complexity can
be generated in bacterial cellulose paper films designed to suit for construction of different
tissue models. More interestingly, these dried paper devices may be stored for extended
periods of time, and upon rehydration, the 3D volumes are restored to facilitate cell growth.
Since bacterial cellulose is nonbiodegradable and the matrix does not disperse in the
medium, the devices should in principle last relatively long during /n vitro cultures. In
addition, all the materials including the matrix (bacterial cellulose) and the ink (petroleum
jelly liquid paraffin) were cost-effective. Our calculations revealed that a single device was
less than 4 cents in cost, as shown in Table S1 and Figure S6.We anticipate that our unique
paper-based devices containing hollow, perfusable microchannels enabled by sacrificial 3D
printing, which feature long shelf lives, highly porous structure, high water-holding capacity,
and good biocompatibility, will likely provide a new platform for constructing low-cost
tissue models potentially at larger scales. In fact, 3D printing was selected as the
manufacturing method due to its automation process, which will further bring down the
fabrication cost to a very low value in the longer-term through high-throughput robotic
dispensing processes, further making the fabrication potentially scalable.
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Figure 1.
Schematics showing the procedure of fabricating a flexible microfluidic thin paper device by

the matrix-assisted sacrificial 3D printing strategy. (A) Bacterial cellulose matrix and the ink
of petroleum jelly-liquid paraffin. (B) Fabrication of a 3D paper-based construct containing
multilayered microchannels. (C) Formation of a vascularized breast tumor model using the
printed paper device.
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Figure 2.
Formation of bacterial cellulose hydrogel and printing performance of the petroleum jelly-

liquid paraffin inks inside bacterial cellulose hydrogel matrixes. (A) Photograph of the
original bacterial cellulose membrane. (B) Photograph of the bacterial cellulose hydrogel
matrix. (C, D) Photograph and SEM image, respectively, of the bacterial cellulose film
formed by air-drying of a bacterial cellulose hydrogel matrix. (E) Viscosity profiles of the
fugitive inks with different ratios of petroleum jelly to liquid paraffin as a function of shear
rate. (F) Viscosity profiles of various concentrations of bacterial cellulose hydrogel matrixes
as a function of shear rate. (G) and (H) Printing performance at various bacterial cellulose
hydrogel concentrations and ink compositions. Filled circles: printable. Open circles:
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nonprintable. (I) and (J) Printability of the inks in relation to pressure and moving speed of
the printhead. Filled circles: printable. Open circles: nonprintable. (K) Diameter of the
extruded microfibers in relation to pressure at a constant printhead moving speed of 15 mm-
s1. (L) Diameter of the extruded microfibers in relation to printhead moving speed at a
constant pressure of 35 psi. (M)—(O) Designs and photographs of continuously extruded
single-layer patterns in bacterial cellulose hydrogel matrix. (P)—(R) Designs and
photographs of multilayer patterns printed in bacterial cellulose hydrogel matrix.
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Figure 3.
Paper-based devices containing hollow, perfusable, multilayered microchannels with

sacrificial 3D printing. (A) Photograph of the paper device before removing the ink. (B)
Photograph of the paper device after removing the ink. (C) Photograph of the paper device
perfused with two different dye solutions in the embedded microchannels at two different
layers. (D) Fluorescence micrograph showing the two microchannels perfused with different
fluorescence microparticles at the cross-section. (E) Schematic diagram of the multilayered
microchannels in the paper device. (F) Cross-sectional optical micrograph showing the two
microchannels separated by a bacterial cellulose barrier in between.
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Figure 4.
Cell viability in the paper-based vascularized breast tumor model. (A) Schematic showing

the seeding procedure of the two cell types, HUVECs in the microchannel and MCF-7 cells
on the paper matrix. (B) Quantitative analysis of viable cells at 1, 3, 7, and 14 days of
culture. (C)—(F) Fluorescence micrographs showing live/dead staining at 1, 3, 7, and 14 days
of culture, respectively. The dotted lines demarcate the borders of the microchannels.
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Figure5.
(A)—(E) Confocal microscopy images of (A) projection and (B) cross-sectional views

showing the matrix of the 3D paper-based device populated with MCF-7 cells
immunostained for collagen 1V (red) and nuclei (blue), after 14 days of culture. (C)
Projection and (D) cross-sectional views of the microchannel region populated with GFP-
HUVECs in the 3D paper-based device, immunostained for collagen IV (red) and nuclei
(blue) after 14 days of culture. (E) Projection view of the entire volume showing copresence
of both MCF-7 cells in the matrix and HUVECSs in the microchannel. (F)—(H) Confocal
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microscopy images of (F) single-layer view, (G) projection view, and (H) 3D views of live/

dead staining of both MCF-7 cells in the matrix and HUVECs in the microchannel treated
with tamoxifen at 10 M for 48 h.
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