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Abstract

We report a method for expanding microchannel-embedded paper devices using a precisely
controlled gas-foaming technique for the generation of volumetric tissue models in vitro. We
successfully fabricated hollow, perfusable microchannel patterns contained in a densely entangled
network of bacterial cellulose nanofibrils using matrix-assisted sacrificial three-dimensional
printing, and demonstrated the maintenance of their structural integrity after gas-foaming-enabled
expansion in an aqueous solution of NaBH,. The resulting expanded microchannel-embedded
paper devices showed multilayered laminar structures with controllable thicknesses as a function of
both NaBH, concentration and expansion time. With expansion, the thickness and porosity of the
bacterial cellulose network were significantly increased. As such, cellular infiltration was promoted
comparing to as-prepared, non-expanded devices. This simple technique enables the generation of
truly volumetric, cost-effective human-based tissue models, such as vascularized tumor models, for
potential applications in preclinical drug screening and personalized therapeutic selection.

1. Introduction sebacate) [7], hydrogels such as gelatin methacryloyl
[8, 9], poly(ethylene glycol) [10], and alginate [11], or
their combinations [12—15].

These various 3D printing strategies have signi-
ficantly enhanced our capacity to undertake chal-
lenging problems in biomedicine [16, 17]. In par-
ticular, the development of microphysiological sys-
tems is currently the focus of interest of numer-

Three-dimensional (3D) printing has emerged as a
powerful enabler in medical and biomedical applic-
ations [1, 2]. The technology allows the genera-
tion of structurally relevant scaffolds to support the
attachment, growth, migration, and functioning of
cells through its ability to pattern biomaterials in
an automated and spatially defined manner [3, 4].
To date, numerous biocompatible/bioactive materi-
als have been adopted and optimized for 3D print-
ing, including plastic polymers such as poly(lactic-co-
glycolic) acid [5], polycaprolactone [6], poly(glycerol

ous research efforts. Microphysiological systems, or
organ-on-a-chip systems, are microfluidic platforms
hosting biomimetic microscale human tissue or
organ units. Microphysiological systems are typically
configured in a volumetric manner, which along with
the dynamic physicochemical cues provided by the
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microfluidic device, would enable the faithful and
functional reproduction of their native counterparts
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outside the human body [18, 19]. As such, micro-
physiological systems could facilitate improved accur-
acy and precision in screening the responses of
human tissues and organs toward drugs [20], chem-
icals [21], biomaterials [22], nanoparticles [23], or
biological species [24] in comparison to the conven-
tional planar, static dish-based cell cultures [25]. They
are also expected to surpass the performance of pre-
clinical animal models in selected scenarios such as
disease modeling that may not be readily recapitu-
lated in animals [26]. The interconnection of mul-
tiple organ-on-a-chip devices will further allow emu-
lating the compartmentalization of the human body
and will enable recapitulation of pharmacodynamics
and pharmacokinetics, such as simultaneous studies
on anti-cancer drug efficacy and toxic side effects [27,
28]. To date, most human tissues and organs have
been modeled in chip-based devices, ranging from
the brain [29] and the nervous system [30] to the
heart [31], lung [32], eye [33], gastrointestinal sys-
tem [34], liver [35], kidney [36], skeletal muscle [37],
bone [38], cartilage [39], and to various disorders
such as cancer [40] and neurodegenerative diseases
[41].

Despite all these successes, current organ-on-a-
chip platforms are still limited by a few application-
dependent drawbacks: (i) relatively complicated
microfabrication procedures and expensive capital
equipment needed for generating the microfluidic
chip devices; and (ii) the short shelf-lives associated
with the tissue/organ models requiring their imme-
diate usage post-fabrication (i.e. when hydrogels are
used, such as when combined with 3D bioprinting).
For the latter, bacterial cellulose has been demon-
strated to be an interesting functional biomaterial
among a variety of natural polymers [42, 43]. Bac-
terial cellulose is extracellularly synthesized by the
bacterium Acetobacter xylinum (A. xylinum X-2),
which possess distinct features including good mech-
anical strength, high crystallinity, ultrafine nanofib-
rils forming networked bulk structures [44—46], high
water-holding capacity [47], and excellent biocom-
patibility [48].

Bacterial cellulose has been widely adopted as
a scaffolding biomaterial in the engineering of bio-
mimetic tissues and their models, showing appro-
priate cellular responses and behaviors [49-51]. In
fact, in a previous study, we successfully demon-
strated the fabrication of well-defined microfluidic
channel structures embedded in a bacterial cellulose
hydrogel using a matrix-assisted 3D printing method
[52]. Upon drying, the embedded sacrificial ink could
maintain its integrity and be subsequently removed,
forming paper-based microfluidic chip devices con-
taining sophisticated microchannel networks that are
typically hard to produce using conventional fab-
rication strategies [53, 54]. Moreover, due to the
low cost of the materials used (i.e. bacterial cellulose
and the sacrificial ink), as well as the automated 3D
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printing process employed, we were able to lower the
cost of fabrication of the devices to only a few cents
per piece. Furthermore, our low-cost, microchannel-
embedded paper-based microfluidic devices could
then be rehydrated and seeded with desired cell types
in different compartments to construct physiologic-
ally relevant tissue models such as a vascularized
breast tumor model.

While this new strategy has significantly elevated
our ability to produce cost-effective organ-on-a-chip
systems, a critical disadvantage lies in the fact that
the nanofibrils of bacterial cellulose would inevitably
form a dense mesh during the initial dehydration pro-
cess, thus restricting cell infiltration as we previously
observed [52]. This is consistent with the literature,
which has indicated that bacterial cellulose usually
generates uncontrollable and packed networks [55],
leading to tightly entangled, two-dimensional (2D)-
like nanofibril mats/membranes resistant to both cell
infiltration and growth within the scaffold volumes
[56-58].

Several attempts have been made to produce 3D
bacterial cellulose nanofibril scaffolds more capable
of inducing cell ingrowth. For example, the combin-
ation of acetic acid treatment and freeze-drying to
enhance the porosity profile of bacterial cellulose scaf-
folds has been proposed [59]. Others prepared micro-
porous bacterial cellulose scaffolds by adding 300 to-
500 pm paraffin wax microspheres or starch particles
during fermentation; after producing bacterial cellu-
lose, the particles were removed to enable formation
of larger pores [50]. Studies regarding endothelial
cells, smooth muscle cells, and chondrocytes indic-
ated that these cells would adhere to bacterial cellu-
lose, showing good biocompatibility [46, 50, 60]. Bac-
terial cellulose scaffolds with micropores have been
also fabricated by a repeated freeze-drying method.
These matrices were used in the culture of cancer cells,
which were observed to spread in the scaffolds show-
ing no negative effects on cell viability and prolifera-
tion [61, 62].

While effective overall, the abovementioned
methods of pore formation are either time-
consuming, uncontrollable, or incompatible with
3D printing. A fast, controllable, and effective way
to generate truly 3D bacterial cellulose nanofibril
scaffolds to combine with our matrix-assisted sacri-
ficial printing for improved in vitro tissue modeling
is consequently, in urgent demand. To this end, an
efficient gas-foaming method for expanding electro-
spun polymer nanofiber mats to 3D scaffolds with
well-controlled thicknesses as well as porosities was
previously developed [56, 63, 64]. Here, we seek to
demonstrate the feasibility of adopting and optimiz-
ing such gas-forming strategy for the expansion of our
sacrificially printed microfluidic channel-embedded
paper chip devices and their use in constructing volu-
metric tissue models in vitro (figure 1). Specifically,
we used a silicone elastomer-based sacrificial ink to be
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Figure 1. Fabrication and expansion of the matrix-assisted, sacrificially printed microfluidic channel-containing paper devices for
constructing volumetric tissue models in vitro. (A) Matrix-assisted 3D printing by extruding a pattern of PDMS ink directly into a
bacterial cellulose hydrogel bath; (B) PDMS curing; (C) air-drying; (D) expansion in a NaBHj solution; (E) removal of the
sacrificial PDMS microfiber to generate the hollow microchannel; and (F) seeding of cells to construct the volumetric tissue
model. (G) Cross-sectional and lateral views of a volumetric vascularized breast tumor model produced by seeding endothelial
cells into the microchannel and MCF-7 cells into the surrounding expanded bacterial cellulose matrix.

deposited within a bacterial cellulose hydrogel mat-
rix (figure 1(A)), which could be subsequently air-
dried to form a paper-like membrane (figures 1(B)
and (C)), very much similar to that obtained using
our original method [52]. Unlike the semi-solid pet-
roleum jelly-liquid paraffin ink utilized before, the
solid silicone elastomer-based ink, when cured, was

shown to resist the expansion process, a treatment
by immersing the membrane in a sodium boro-
hydride (NaBH,4) aqueous solution, and maintain
the integrity of its cylindrical microfibrous shape (fig-
ure 1(D)). Afterwards, the hollow perfusable micro-
fluidic channel could be formed by extracting the
silicone elastomer sacrificial microfiber (figure 1(E)).
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Finally, relevant cells could be introduced into the
microchannel and the surrounding expanded, multi-
layer bacterial cellulose matrix to enable construction
of a truly volumetric tissue model for drug screening
(figures 1(F) and (G)).

2. Materials and methods

2.1. Materials

Bacterial cellulose membranes were purchased from
Hainan Yide Industry Co. Ltd. (China). Sylgard 184
and SE 1700 were purchased from Dow Corning
(USA). NaBH, analytical grade was purchased from
Sigma-Aldrich (USA). Phosphate-buffer saline (PBS,
ThermoFisher, USA) and other solutions were pre-
pared with deionized water (18.2 M) cm, Millipore,
USA).

2.2. Production of the bacterial cellulose hydrogel
bath

0.4-1.0 w/v% bacterial cellulose hydrogels were
obtained by washing using an 8 w/v% alkaline
(NaOH, Sigma-Aldrich) solution and subsequently
mechanical pulping (Hamilton Beach, USA) at a high
agitation speed of 10000 rpm [52, 65].

2.3. Ink preparation

The polydimethylsiloxane (PDMS) inks were formu-
lated by blending two PDMS materials, Sylgard 184
and SE 1700 [66]. Both Sylgard 184 and SE 1700
base materials were first blended with their respect-
ive curing agents at a 10:1 (base:curing agent) ratio
by mass. They were then separately placed for 15 min
in a vacuum desiccator for degassing. The PDMS inks
were subsequently prepared by mixing Sylgard 184
and SE 1700 at five different mass ratios (10:0, 7:3,
5:5,3:7,and 0:10). Finally, the inks were loaded into a
10 ml syringe (Becton Dickinson, USA) at room tem-
perature and centrifuged for 5 min at 5000 rpm in a
Sorvall Legend X1R Centrifuge (ThermoFisher, USA)
to eliminate air bubbles.

2.4. Rheological measurements of the bacterial
cellulose hydrogel baths and the inks
Characterizations of the rheological properties of the
bacterial cellulose hydrogel and the PDMS inks with
different compositions were performed by using a
hybrid rheometer (HR-3, Waters, USA). The bacterial
cellulose matrix was constantly shaken (3200 rpm)
at room temperature before the tests to prevent sed-
imentation, while the PDMS inks were vigorously
stirred at room temperature before keeping them sta-
tionary to remove bubbles. Under a shear ramp mode
running from 0.01 to 1000 s~! with a 1000 um gap
size at 25 °C (the temperature for printing), their
rheological behaviors were assessed. In addition, an
oscillation amplitude sweep was carried out to meas-
ure the storage moduli (G’) and the loss moduli
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(G”) of the bacterial cellulose suspensions at a con-
stant strain of 0.1%, which was within the linear vis-
coelastic region, and over a frequency range from 0.1
to 100 Hz.

2.5. Printability analysis

The 3D microfibrous patterns were fabricated by dir-
ectly extruding the Sylgard 184/SE 1700 blend ink
into baths of bacterial cellulose hydrogels using a
bioprinter (Allevi I, Allevi Inc. USA). The 3D pat-
terns were first created using SolidWorks (Dassault
Systemes, France) and the G-code was generated
with the support of the bioprinter slicing software
(Repetier-Host V1.6.1, Hot-World GmbH & Co. KG,
Germany). The PDMS ink was loaded into a 10 ml
syringe at room temperature, which was then tipped
with a 23G needle as the nozzle. The extrusion
pressure was regulated by the pressure control unit
equipped with a built-in air pump. Printability was
analyzed for the four different ink compositions (Syl-
gard 184:SE 1700 at 7:3, 5:5, 3:7, and 0:10), four dif-
ferent bacterial cellulose concentrations (0.4, 0.6, 0.8,
and 1.0 w/v%), four different printing speeds (6, 8, 10,
and 12 mm s™!), and four different extrusion pres-
sures (70, 75, 80, and 85 kPa).

2.6. Preparation of microchannel-embedded paper
devices

The paper devices containing embedded microchan-
nels were obtained by removing the cured PDMS
microfibers at room temperature. After matrix-
assisted printing, the pattern of the PDMS ink in a
bacterial cellulose matrix was cured in an oven at
80 °Cfor 2 hina closed container to avoid water evap-
oration during curing. To form a paper-like mem-
brane, the entire matrix was subsequently air-dried at
room temperature for 48 h.

2.7. Expansion of microchannel-embedded paper
devices

NaBH, aqueous solutions were used to expand the
microchannel-containing paper devices, as they have
been extensively investigated for H, generation due
to its controllable hydrolysis reaction and relatively
high hydrogen content (10.8%) [67]. The devices
were immersed in 50 ml of deionized water or freshly
prepared NaBH, solutions at 0.01, 0.1, and 1 M,
and gently shaken at 50 rpm for different time
periods (5, 10, 20, 30, and 45 min). The expan-
ded specimens were then rinsed three times with
deionized water after removing the NaBH, solu-
tions. Next, a mild vacuum was applied to elimin-
ate trapped gas bubbles within the microchannel-
embedded paper devices. Finally, the PDMS elasto-
meric microfibers were carefully extracted from the
surrounding matrices after freeze-drying, to obtain
hollow, perfusable microchannels.



10P Publishing

Biofabrication 12 (2020) 045027

2.8. Characterizations of the expanded
microchannel-embedded paper devices

The thicknesses of the expanded microchannel-
embedded paper devices and the diameters of the
microchannels were measured using a digital cal-
iper. To obtain their cross-sections, the samples
were freeze-dried and gently cut. Before and after
expansion, the surfaces and cross-sections of the
microchannel-embedded paper devices were visual-
ized using scanning electron microscopy (SEM, Zeiss,
Germany). SEM images were acquired at an acceler-
ating voltage of 30 kV s~! following sputter-coating
the specimens with gold.

The porosities of the expanded microchannel-
embedded paper devices were calculated according to
the volume changes pre- and post-expansion. Poros-
ity was derived according to the following equation:

—V
% % 100%,

where ¢ is porosity, V = L (length) x W
(width) x T (thickness) is the volume of the expan-
ded microchannel-embedded paper device, V = ﬂ;’
is the calculated volume of bacterial cellulose, m is
the mass of bacterial cellulose, and py is the density of
bacterial cellulose.

The capillary effect of the microchannel-
embedded paper devices with different expansion
times was also assessed. For better visualization of
the capillary effect, fluorescent microbeads of desired
colors at 0.1 v/v% were used.

The compressive properties of the microchannel-
embedded paper devices were performed by using a
mechanical tester (Instron 3342, USA) at a strain rate
of 5 mm min~! under room temperature.

2.9. Cell culture

In our study, three different cell types were used
to fulfill the experimental requirements, human
umbilical vein endothelial cells (HUVECs; green
fluorescent protein (GFP)-tagged or unlabeled;
Angio-Proteomie, USA), MCF-7 breast tumor cells
(ATCC, USA), and MDA-MB-231 breast cancer
cells (HTB-26, ATCC). Endothelial growth medium
(EGM, Lonza) supplemented with 1 v/v% antibiotic-
antimycotic (ThermoFisher), was used to culture
the HUVECs. Dulbecco’s modified Eagle’s medium
(ThermoFisher) supplemented with 10 v/v% fetal
bovine serum (ThermoFisher) and 1 v/v% antibiotic-
antimycotic was used to culture MCF-7 cells or MDA-
MB-231 cells. The cells were cultivated at 37 °C and
5 v/v% CO;, until 70% confluency. Prior to cell seed-
ing, the expanded microchannel-embedded paper
devices were autoclaved for 15 min to sterilize with
simultaneous hydration. Subsequently, fibronectin
(50 ng ml~!) was injected into the microchannels and
incubated at 4 °C for 12 h for coating. HUVECs were
seeded into the microchannels at a density of 1 x 107
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cells ml~! for 1 h, and the constructs were flipped for
another hour to ensure uniform cell attachment on
the microchannel surfaces. In the case of co-culture,
after 12 h of HUVECs seeding, MCF-7 cells (2 x 10°
cells ml~!) were further inoculated into the matrices
of the paper devices and cultured in EGM.

2.10. Cell viability and morphology analyses

The cell viability was evaluated by staining using a
Live/Dead”® Cell Viability Kit (ThermoFisher) accord-
ing to the manufacturer’s instructions at days 1,
3, 7, and 14 after cell seeding in the expanded,
microchannel-embedded paper devices. The samples
were stained using phalloidin/4’,6-diamidino-2-
phenylindole (DAPI) for F-actin/nuclei, followed by
observation under an inverted fluorescence micro-
scope (Nikon Ti-E, Japan) or a Zeiss Confocal Fluor-
escence Microscope (LSM880 with Airyscan). Mouse-
anti human CD31 primary antibody (Abcam, USA)
was diluted at 1:200 in PBS containing 5 v/v% goat
serum (ThermoFisher) and 0.2 v/v% Triton X-100
(Sigma-Aldrich) for overnight at 4 °C. After wash-
ing three times with PBS, the samples were further
incubated with Alexa Fluor 594-goat anti-mouse sec-
ondary antibody (1:200, ThermoFisher) at 4 °C for
overnight. Cell Tracker™ Red CMTPX Dye (Ther-
moPFisher) was used to mark the MCF-7 cells when
necessary. At least six images from different areas
were randomly selected to calculate the number of
live and dead cells using Image] (National Institutes
of Health, USA), and the cell viability was expressed
as the percentage of the number of live cells to the
total cell number.

2.11. Cisplatin treatment

For cisplatin treatment, 0, 125, or 250 uM of cisplatin
was infused into the microchannels after 24 h of cul-
ture of the vascularized breast tumor models in the
expanded paper devices, and the samples were cul-
tured for another 48 h. Cell viability was subsequently
calculated as described above.

2.12. Statistical analysis

All data were presented as means + standard devi-
ations of at least three independent experiments with
each experiment including at least triplicates. Stu-
dent’s t-test was used for comparison among various
experimental and control groups. P-values of less than
0.05 were considered statistically significant.

3. Results and discussions

3.1. Rheological evaluations of the inks and the
bacterial cellulose hydrogel baths

During matrix-assisted 3D sacrificial printing as the
nozzle moves inside the bacterial cellulose bath,
the PDMS ink was extruded and deposited into a
microfibrous pattern with a defined shape. We first
investigated the rheological behaviors of PDMS inks,
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formed by blending Sylgard 184 with SE 1700 at vari-
ous mass ratios to achieve suitable strengths for print-
ing at room temperature. As revealed in figure 2(A),
the viscosity of the PDMS ink increased with the
decreasing Sylgard 184:SE 1700 ratio from 10:0 to
0:10. Results indicated that the PDMS inks that con-
tained a higher Sylgard 184 concentration became
less viscous. Moreover, all the inks made of Sylgard
184:SE 1700 ratios at 0:10, 3:7, 5:5, and 7:3 possessed
shear-thinning behaviors. Interestingly, the PDMS
ink made of entirely Sylgard 184 (i.e. 10:0 of Sylgard
184:SE 1700) showed a poor shear-thinning charac-
teristic in the frequency range evaluated.

Similarly, the rheological behaviors of the bac-
terial cellulose suspensions also played a critical role
in determining printability. We used four different
concentrations (0.4, 0.6, 0.8, and 1.0 w/v%) of bac-
terial cellulose suspensions and measured their vis-
cosities. Within the shear rate range evaluated, all
groups had an approximate linear logarithmic rela-
tionship between the viscosity and the shear rate.
As expected, the viscosity increased as a function
of bacterial cellulose concentration (figure 2(B)).
Likewise, the sol-gel transition and creep recov-
ery from the stresses exerted on the bacterial cellu-
lose suspensions with different concentrations were
also investigated by oscillatory rheological measure-
ments. The moduli of bacterial cellulose suspen-
sions increased when the bacterial cellulose concen-
tration was increased (figure S1 (available online
at stacks.iop.org/BF/12/045027/mmedia)). The stor-
age moduli (G’) were larger than the loss moduli
(G”) at all frequencies analyzed, indicating that the
bacterial cellulose suspensions were behaving like a
non-flowing solid. Such observation suggested that
bacterial cellulose suspensions might have potential
applications as gelling, stabilizing, and emulsifying
agents, or more relevant to the current work, as sup-
port materials [68, 69].

3.2. Printability assessments

The printability of the various formulations of PDMS
inks and bacterial cellulose baths was subsequently
assessed, based on the structural integrity of the prin-
ted ink microfibers inside the baths, before and after
drying of the bacterial cellulose hydrogels. When SE
1700 was dominant in the ink compositions, the prin-
ted lines were always incomplete likely due to the
overly high viscosities of the inks (figure 2(C)—(E)).
When the ink was purely made of SE 1700, the viscos-
ity was too high to be extruded using our 3D printing
platform (unattainable pressure range), and thus this
formulation was not further studied for printability.
Instead, the PDMS inks with high Sylgard 184 con-
centrations did not form continuous printed lines in
the bacterial cellulose hydrogel baths. This was mainly
attributable to the relatively high fluidity of Sylgard
184 that could not hold the shapes of the extruded
ink microfibers. Further considering the interactions
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between the ink and the cellulose hydrogel bath, the
PDMS ink at the ratio of 3:7 (Sylgard 184:SE 1700)
and the 0.6 w/v% of bacterial cellulose suspension
were selected for all forthcoming experiments.

We then evaluated the relationship between
nozzle moving speed and extrusion pressure versus
printability. In general, complete microfibrous struc-
tures could be obtained at lower nozzle moving
speeds and higher extrusion pressures, whereas the
opposite conditions led to formation of imperfect
and discontinuous ink microfibers (figures 2(F)-
(H)). These results suggested that printing fidelity was
enhanced when a larger volume of the PDMS ink
was extruded in a specific time frame. Nevertheless,
when the nozzle moving speed became too low or
the pressure was too high, the printing resolution was
reduced causing the extrusion of microfibers signi-
ficantly thicker than the nozzle diameter. Therefore,
we selected 8 mm s~! and 75 psi as the optimized
nozzle moving speed and extrusion pressure, respect-
ively, for subsequent printing processes.

Following matrix-assisted printing, the bacterial
cellulose hydrogel baths containing embedded PDMS
ink patterns were immediately subjected to incuba-
tion at 80 °C for 2 h, in a confined and humidified
container to avoid water evaporation. This process
allowed for curing of the PDMS ink filaments into an
elastomer maintaining its cylindrical shape. To illus-
trate that the cured PDMS elastomeric microfibers
could be pulled out from the subsequently air-dried
paper devices preserving their integrity, we designed
and printed several linear patterns featuring a pair
of parallel lines (figures S2(A)—(C)) and a sine wavy
pattern (figures S2(D)-(G)). We observed that the
printed PDMS microfibers were stable and retained
their circular cross-sections within the bacterial cel-
lulose matrices both before and after drying/cur-
ing. Of note, in both cases the cured PDMS elast-
omeric microfibers were easily extracted from the
paper devices showing well-formed microchannels
and there was not any visible color left after the extrac-
tion (Videos S1-2). Indeed, due to the hydrophobi-
city and thermosetting property of PDMS, the prin-
ted microfibers were not expected to diffuse into the
bacterial cellulose hydrogel baths during the curing
process. These different shapes of the microchannels
might be suitable for emulating various types of nat-
ive tissue microarchitectures such as vascular net-
works and other cannular tissue structures present in
the human body.

3.3. Expansion of bacterial cellulose paper devices

As we showed in our previous work, a paper device
formed by air-drying a bacterial cellulose hydro-
gel would become extremely dense without assum-
ing a true 3D volume to enable cell penetration
[52]. To address this limitation, we adopted a gas-
foaming technique [70], to expand these air-dried
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Figure 2. Rheological assessments and printability mapping of PDMS inks and bacterial cellulose hydrogel baths. (A) Viscosity
values of the PDMS inks at Sylgard 184:SE 1700 mass ratios of 10:0, 7:3, 5:5, 3:7, and 0:10 at 25 °C. (B) Viscosity values of
bacterial cellulose hydrogels at the concentration 0.4, 0.6, 0.8, and 1.0 w/v% at 25 °C. (C, D) Photographs showing inks of
different compositions printed into various concentrations of bacterial cellulose hydrogel baths, before and after drying,
respectively, at 70 kPa of extrusion pressure and 8 mm s~ ! of nozzle moving speed. (E) Printability mapping of the various PDMS
ink compositions and bacterial cellulose hydrogel concentrations. Filled circles: printable. Open circles: non-printable. (F, G)
Photographs showing the inks at Sylgard 184:SE 1700 ratio of 3:7 printed into the bacterial cellulose bath (0.6 w/v%) at different
extrusion pressures and nozzle moving speeds, before and after drying, respectively. (E) Printability mapping of the various
extrusion pressures and nozzle moving speeds. Filled circles: printable. Open circles: non-printable.

paper devices into the third dimension by immers-
ing them in NaBH,4 aqueous solutions (figure 3). As
shown in figures 3(A) and (B), layered laminar struc-
tures within the paper devices were obtained after ver-
tical expansion [63], where the inter-layer spacing was
anticipated to provide appropriate pathways for cell
migration and proliferation. The final thickness of the
expanded paper devices was increased by prolong-
ing the gas-foaming time in the NaBH, solution or
elevating the concentration of NaBH, (figure 3(C)).
Specifically, the thickness of the paper devices grew
from an initial 0.72 mm of pre-expansion value to

a total of 3.6 mm after 45 min of treatment with 1-
M NaBHj solution. Correspondingly, the porosity of
the paper devices was also enlarged as the expansion
time or the concentration of NaBH, was increased
(figure 3(D)). While the baseline porosity was merely
33.6%, it was drastically improved to 99.8% after
treatment with 1-M NaBH, for 45 min. Collectively,
our observations supported the fact that the thick-
ness and the porosity of the bacterial cellulose paper
devices were positively correlated with the concen-
tration of NaBH, and the expansion period, both in
a well-controlled manner. Further compression tests
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were performed, demonstrating that the compressive
moduli of the paper devices treated with 1-M NaBH,
were worsened by increased expansion time, which
corresponds to the multilayer structures formed by
gas-foaming (figure S3).

Upon verifying the utility of the gas-foaming
method on our air-dried bacterial cellulose matrices,
we continued to demonstrate that the same tech-
nique was amenable, as well, to expanding the paper
devices containing internal microstructures obtained
from matrix-assisted printing. The cross-sections of
the paper devices possessing a hollow microchannel
in the center, after expansion with 0 (water), 0.01,
0.1, and 1 M of NaBHy, for 5, 10, 20, 30, and 45 min,
were photographed (figure 4(A)). The multilayered
laminar structures of the expanded, microchannel-
embedded paper devices were further characterized
using SEM (figure 4(B) and figure S4). Consistent
with the results from non-structured paper devices
(figure 3), those having embedded PDMS microfibers
could also be expanded in their thickness under
tight controls by altering the NaBH4 concentra-
tion in the solution and/or the time for expansion.
Longer gas-foaming time and higher concentration
of NaBH, would both result in thicker structures
(figure 4(C)) and larger porosities (figure 4(D)). In
addition, the diameter of the microchannels embed-
ded in the paper devices slightly increased during
the foaming process, such as from 0.73 £+ 0.01 to
1.26 + 0.06 mm when the expansion time was pro-
longed from 0 to 45 min using the 1-M NaBH4

aqueous solution (figure 4(E)). This slight expansion
of the microchannels in fact, facilitated extraction
of the PDMS microfibers post-expansion to obtain
intact hollow microchannels.

As expected, the diameter of the bacterial cellu-
lose nanofibrils experienced no significant changes
under different expansion conditions (figure 4(F)).
By further examining the inner surfaces of the
sacrificially printed, microchannel-embedded paper
devices using SEM (figure S5), it was clear that the
concentration of NaBH, and the expansion time also
increased the pore size of the expanded bacterial cel-
lulose nanofibril networks, in addition to the inter-
layer distances. Importantly, the pore sizes did not
exhibit obvious changes even after 45 min of treat-
ment with deionized water (i.e. 0 M of NaBH,), indic-
ating that swelling itself had a negligible effect on the
expansion of the paper matrices. Combining the nan-
ofibrils enabling microstructured surface topography
and large surface area-to-volume ratios, the expanded
microchannel-embedded paper devices were anticip-
ated to serve as ideal scaffolds to support 3D cell
growth.

3.4. Water-absorption of the
microchannel-embedded paper devices

The capillary effect, or water-absorption capacity
of the expanded paper devices containing embed-
ded microchannels formed by matrix-assisted sacri-
ficial printing, was examined after 5, 10, 20, 30, and
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Figure 4. Expansion of the sacrificially printed, microchannel-embedded bacterial cellulose paper devices. (A) Photographs
showing the paper devices treated with 0 (deionized water), 0.01, 0.1, and 1 M of NaBH, for 5, 10, 20, 30, and 45 min. (B) SEM
images showing cross-sectional morphologies of the corresponding expanded paper devices. (C) Thicknesses of the
corresponding expanded paper devices. (D) Estimated porosities of the expanded paper devices. (E) Diameters of the
microchannels in the corresponding expanded paper devices. (F) Diameters of the bacterial cellulose nanofibrils in the
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45 min of treatment with an aqueous solution of 0.1-
M NaBH, (figure 5). For each device, a green food
dye was first injected into the central microchannel,
which could be seen to diffuse into the surrounding
bacterial cellulose nanofibril network in a porosity-
dependent manner (figure 5(A)). The porosity; as dis-
cussed above, was a function of expansion time. As
such, with increasing expansion time, the capillary

effect of the paper matrix was more pronounced (fig-
ure 5(C)). As an example, by 6 min post-dye injec-
tion, >70% of the matrix area was wetted in the
paper device expanded for 45 min, while the values
were 19.87 + 1.49, 37.26 + 1.14, 44.21 + 2.80, and
48.06 & 3.28% in the cases of samples expanded for
5, 10, 20, and 30 min, respectively. These observations
indicated that, when endothelial cells are seeded into
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the microchannels in these paper devices, the higher
degree of expansion will likely induce outward diffu-
sion and/or migration of the cells. This phenomenon
may lead to the presence of endothelial cells within
the surrounding tissue volume, forming a multiscale
network otherwise almost impossible without expan-
sion but a dense matrix of entangled bacterial cellu-
lose nanofibrils, as we will demonstrate in the next
section.

The transport kinetics of aqueous media was fur-
ther analyzed from the outside of the microchan-
nels. To this end, we soaked the bottom side of each
paper device into a red dye solution and examined the
upward dye diffusion/absorption through the capil-
lary force. Indeed, in contrast to the very slow dye
transport across the width of the paper matrix expan-
ded for only 5 min (24.7% area coverage by 6 min),
the device expanded for 45 min exhibited signific-
antly faster water absorption and diffusion, cover-
ing almost the entire area within the same period of
6 min (figures 5(B) and (D)). The improved capil-
lary action would be highly beneficial to allow for
inward transport of suspended single cells during
the initial seeding process, as well as facilitate sub-
sequent migration and proliferation of cells within

the spaces in between the bacterial cellulose nan-
ofibrils that are otherwise extremely limited without
expansion. For our microchannel-embedded bac-
terial cellulose paper devices, multilayer structures
were easily formed by a longer expansion time. How-
ever, the longer gas-foaming time could damage the
integrity of the microchannels as well as reduce mech-
anical strengths (figure S3), while the porosity of
the paper devices had not been effectively improved.
Therefore, the paper devices expanded for 30 min
were selected for further experimentation.

3.5. Biological performance of cell-laden
constructs

A scaffold plays an important role to generate a
biomimetic tissue model, providing not only the
microarchitecture shaping the internal and overall
structures of the tissue but also a substrate supporting
cellular adhesion and functions. In previous studies,
the fugitive ink Pluronic F127 and gelatin were used
to fabricate customized hydrogel-based tissue con-
structs with the embedded vascular microchannels
[71-73]. While they allow embedment of living cells
during fabrication, they suffer from short shelf-lives
requiring their immediate usage post-fabrication,

10
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Figure 6. Endothelialization of the microchannels of the paper devices before and after expansion in NaBH, for 30 min. (A)
Fluorescence micrographs showing Live/Dead staining at 1, 3, 7, and 14 d of culture, respectively. (B) Quantitative analysis of cell
viability. (C) The diffusion/migration distance of HUVECs from the microchannels into the surrounding bacterial cellulose
matrices. (D) Confocal projection views of the microchannel region populated with GFP-HUVECs in the paper device before and
after expansion into 0.1-M NaBHj solution for 30 min, which were also stained for CD31 (red) and nuclei (blue), at 14 d of
culture. *P < 0.05.

thus limiting their on-demand production and util-
ization in particular when in vitro tissue modeling
is the primary purpose. To address such an issue,
microchannel-embedded paper devices fabricated via
matrix-embedded sacrificial printing are good can-
didates for constructing vascularized tissue models
since they feature essentially unlimited shelf-lives in
the dry state. In our previous demonstration, we gen-
erated a vascularized breast tumor model by seed-
ing HUVEC: into the hollow microchannels followed
by culturing MCF-7 breast tumor cells in the sur-
rounding paper matrices [52]. Nevertheless, neither
the HUVECs could migrate out into the bacterial
cellulose networks from the interior surfaces of the
microchannels, nor the MCF-7 cells grown on the
exterior surfaces of the paper devices were able to pen-
etrate into the matrices. Consequently, the formed
vascularized breast tumor model was largely pseudo-
3D in nature containing cells only on the surfaces of
the different compartments.
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To understand if the expanded paper devices
would facilitate the formation of multiscale vascular
networks, HUVECs were seeded into the microchan-
nels of the paper devices subjected to varying degrees
of expansion, i.e. those expanded in 0, 0.01, 0.1, or
1 M of NaBH, for 30 min (figure 6). Fluorescence
micrographs were taken at 1, 3, 7, and 14 d post-
seeding, showing that the cells were homogeneously
distributed on the interior surfaces of the microchan-
nels and proliferated during the culture period (fig-
ure 6(A)). Viability analyses revealed that the per-
centages of viable cells in all cases approached 100%,
suggesting good biocompatibility of the devices both
before and after expansion (figures 6(A) and (B)).
Interestingly, the diffusion/migration distance of the
HUVECs from the microchannel to the surround-
ing matrix was positively correlated with the level of
expansion of the bacterial cellulose network, where
improved cell infiltration was observed as the paper
device became increasingly porous (figure 6(C)). This
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Figure 7. Construction of the paper-based volumetric vascularized breast tumor model based on MCF-7 cells. (A) Schematic
showing the seeding procedure of the two cell types, HUVECs in the microchannel and MCF-7 cells in the paper matrix, and their
subsequent interpenetration during culture to form a breast tumor model containing multi-scale vascularization. (B)
Quantitative analysis of viable cells at 1, 3, 7, and 14 d of culture. The MCF-7 cells were seeded into the paper matrices without
the presence of HUVECs. (C) Fluorescence micrographs showing corresponding Live/Dead staining at 1, 3, 7, and 14 d of culture.
(D) Fluorescence micrographs showing distributions of GFP-HUVECs into the microchannel and MCEF-7 cells (labeled with red
cell tracker) in the surrounding paper matrices at 1, 3, 7, and 14 d of culture. (E) Confocal reconstruction images showing the
vascularized breast tumor model constructed using the microchannel-embedded paper devices before and after expansion, at 14 d
of culture. The green shows GFP-HUVECs while the nuclei of all cells (HUVECs and MCF-7) are indicated in blue. (F) Confocal
projection images showing the vascularized breast tumor model constructed using the microchannel-embedded paper devices
before and after expansion, at 14 d of culture. F-actin was stained in green with nuclei counterstained in blue.

result was consistent with SEM characterizations of
the bulk pore sizes in the layered laminar structures
and the inter-nanofibril pore sizes on the surfaces of
the microchannels, as well as the dye transport assess-
ments, in relation with expansion of the devices using
the NaBH, solutions (figures 3—5 and figures S4-5).
The unexpanded, as-prepared paper devices exhib-
ited no visible outward penetration of cells from the

12

microchannel, which agreed well with our previous
report [52].

In addition, endothelial-specific biomarker
expression by HUVECs forming the intact
endothelial barriers on the inner surfaces of the
microchannels was studied by immunostaining. Sim-
ilar to the non-expanded microchannel, the endothe-
lium formed on the microchannel in the expanded
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Figure 8. Construction of the paper-based volumetric vascularized tumor model based on MDA-MB-231 cells. (A) Fluorescence
micrographs showing distributions of GFP-HUVECs into the microchannel and MDA-MB-231 cells (labeled with red cell
tracker) in the surrounding paper matrices at 1, 3, and 7 d of culture. (B) Quantitative analysis of the numbers of MCF-7 and
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Figure 9. Anti-cancer drug screening using the paper-based volumetric vascularized breast tumor model. (A)—(C) Live/Dead
staining of cells treated with cisplatin at (A) 0 uM, (B) 125 uM, and (C) 250 uM for 48 h. (D) Viability quantifications of the
cisplatin toxicity. *P < 0.05.
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paper device also indicated the monolayer nature
and good expression of CD31, revealing the possible
functionality (figure 6(D)). As shown in figure S6,
the microchannel region populated with HUVECs in
the paper devices after expansion, revealed satisfact-
orily homogeneous distribution of HUVECs along
the microchannel.

Furthermore, the MCE-7 breast tumor cells were
seeded into the bacterial cellulose matrices treated
with 0, 0.01, 0.1, or 1 M of NaBH, for 30 min, and
then cultured for up to 14 d (figure 7(A)). While
viability analyses suggested very high viable counts of
these cells (figure 7(B)), fluorescence images revealed
that the cells were uniformly distributed across the
entire area of each device during the culture period
(figure 7(C)). According to these results, we chose the
dosage/time of 0.1-M NaBH, for expansion of our
paper devices for 30 min as a typical condition for the
fabrication of our vascularized tumor model. Never-
theless, the optimal parameters for the expansion of
the paper devices will eventually depend on the inten-
ded specific applications.

Then, we explored the feasibility of generating
a vascularized breast tumor model by combining
the two cell types together (figure 7(A)). We seeded
HUVECs into the microchannels of the expanded
paper devices, and MCE-7 cells into the surrounding
bacterial cellulose matrices. From figure 7(D), it could
be derived that the HUVECs and MCEF-7 cells were
able to obtain a highly interpenetrating configura-
tion in the co-culture, forming a breast tumor model
embedded with a multiscale vascular network. This
result demonstrated that the migration degree of the
MCE-7 cells from the surface of the paper device to
the underlying matrix and the microchannel was pos-
itively correlated with expansion of the bacterial cel-
lulose network, where improved MCE-7 cell infiltra-
tion was observed as the paper device became increas-
ingly porous. This configuration was also validated in
confocal observations of the cross-sections, compar-
ing those from a non-expanded paper device and the
expanded paper device (figure 7(E)). Consistent with
the observation in our previous report [52], without
expansion the respective cell types were entirely con-
fined to their original compartments, i.e. HUVECs in
the microchannels and MCF-7 on the exterior sur-
faces. In the expanded paper device, in comparison, a
3D tissue model could be well-formed with not only
out-sprouting endothelial cells but also inward infilt-
rating breast tumor cells. F-actin staining of both cell
types at 14 d of culture further proved their good
spreading (figure 7(F)).

Knowing that MCF-7 cells are less invasive breast
tumor cells, a more invasive cell type, MDA-MB-231
cells, was further used to better mimic the biological
situation of metastatic tumors. Indeed, the highly
interpenetrating configuration of the HUVECs and
the MDA-MB-231 cells was observed (figure 8(A)).
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In addition, the proliferation rate of the MDA-MB-
231 cells was higher than that of the MCF-7 cells in
the models (figure 8(B)), which might be attributed
to the stronger invasive ability of the former. These
results suggested that our gas-foaming strategy could
offer a favorable microenvironment facilitating cell
interactions in a volumetric manner and construction
of improved paper-based tissue models in 3D.

3.6. Drug treatment

Breast cancer is one of the leading causes of mortal-
ity in the female population worldwide [74]. Being
able to create biomimetic in vitro models for accur-
ate screening of anti-cancer agents during the drug
development process and for precise selection of anti-
cancer therapeutics to individual patients, is in strong
demand [20, 75]. To this end, we intended to finally
demonstrate a proof-of-concept utility of our volu-
metric vascularized breast tumor model in screening
anti-cancer drugs. Cisplatin is an important chemo-
therapeutic agent widely used for the treatment of
a variety of malignancies, including breast cancers
[76]. To examine the responses of our expanded
paper device-based breast tumor model, 0, 125, or
250 uM of cisplatin was injected from the endotheli-
alized microchannels and incubated for another 48 h.
As revealed by figure 9, cisplatin exerted a dose-
dependent toxicity profile, suggesting the potential of
these volumetric tissue models in intended applica-
tion areas.

4. Conclusions

In summary, we have demonstrated a simple yet
highly controllable gas-foaming method for expand-
ing sacrificially printed paper devices containing
embedded microchannels, for the construction of
volumetric tissue models. This study represents a
comprehensive analysis of printability of the fugit-
ive PDMS inks within the bacterial cellulose hydro-
gel baths, while water evaporation through air-drying
of the bacterial cellulose hydrogel and removal of
the PDMS microfibers after curing led to formation
of perfusable microchannels in paper devices. Upon
subsequent expansion, the paper matrices became
highly porous featuring layered structures, while
simultaneously retaining the intact entangled bac-
terial cellulose nanofibril networks. More interest-
ingly, the expanded microchannel-embedded paper
devices supported cellular infiltration and prolifera-
tion throughout bulk of the resultant tissues, poten-
tially providing a new way to engineer vascular-
ized tissue models or alike toward applications in
preclinical drug screening and personalized thera-
peutic selection. Finally, it should be emphasized
that the new method reported in this paper does
not necessarily increase the cost associated with these
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microchannel-embedded paper-based devices com-
paring to our previous strategy [52]. As indicated in
figure S7 and Table S1, the material cost for each
device was calculated to be still under 4 cents.
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