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Abstract

Paper-based microchips have different advantages, such as better biocompatibility, simple production, and easy handling,
making them promising candidates for clinical diagnosis and other fields. This study describes a method developed to fabricate
modular three-dimensional (3D) paper-based microfluidic chips based on projection-based 3D printing (PBP) technology. A
series of two-dimensional (2D) paper-based microfluidic modules was designed and fabricated. After evaluating the effect of
exposure time on the accuracy of the flow channel, the resolution of this channel was experimentally analyzed. Furthermore,
several 3D paper-based microfluidic chips were assembled based on the 2D ones using different methods, with good channel
connectivity. Scaffold-based 2D and hydrogel-based 3D cell culture systems based on 3D paper-based microfluidic chips were
verified to be feasible. Furthermore, by combining extrusion 3D bioprinting technology and the proposed 3D paper-based
microfluidic chips, multiorgan microfluidic chips were established by directly printing 3D hydrogel structures on 3D paper-
based microfluidic chips, confirming that the prepared modular 3D paper-based microfluidic chip is potentially applicable in
various biomedical applications.
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Introduction

Developing new drugs requires long-term animal and clini-
cal experiments with several limitations, such as high cost,
ethical issues, and strict approval process [1-3]. Moreover,
animal experiments cannot simulate the human body, and
in vitro experiments using cultured cells do not reflect the
effect of drugs on the dynamic physiological environment.
Recently, microfluidic systems have become efficient and
promising tools in biomedicine because of their significant
advantages, such as simulating a dynamic environment, easy
control, high visibility, and high integration [4—7]. Therefore,
researchers have combined microfluidics with biotechnol-
ogy to develop a new device called “organ-on-chip,” which
uses perfused cultured cells to simulate the physiological
functions of organs. Research on this “organ-on-chip” sys-
tem mainly focused on its application in tissue engineering
and regenerative medicine. The fabrication of a microfluidic
chip, based on a biochip, traditionally involves three steps:
(i) fabricating the chip using microfabrication technology,
(ii) seeding cells by perfusion, and (iii) culturing cells using
pump injection. However, this process has some obvious
shortcomings. Creating complex microchannels using tradi-
tional manufacturing methods [8—11] and materials [12—14]
is difficult. Moreover, because the channel is closed, it is
challenging to perfuse cells. Further, multiple cell types and
bionic tissue structures cannot be used. Moderate leakage and
alignment are unavoidable by injection, and cells or tissues
might get damaged due to shear forces. Therefore, a novel
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fabrication method is urgently needed to overcome these lim-
itations.

The Whitesides group at Harvard University first pro-
posed the concept of paper-based microfluidic chips in 2007
[15]. Since then, paper-based chips have attracted worldwide
attention. A paper-based microfluidic chip is a low-cost fluid
control device that does not require an external microflu-
idic device [16]. Its most significant advantage is that it
can achieve pumpless drive, and the fluid flows through
the capillary driving force of the paper itself. Therefore,
creating a specific hydrophobic network on the paper is
necessary. Second, the price of filter paper is much lower
than that of traditional microfluidic chip substrate materials,
such as silicon, and can be used for single use. More-
over, no external device is required, significantly reducing
medical testing costs. Paper-based microfluidic chips have
many advantages, such as good biocompatibility, simple
production, and easy handling. These chips are created
by constructing hydrophilic/hydrophobic microstructures or
“hydrophobic dams” on paper through a series of processing
techniques based on the principle of solidifying hydrophobic
materials to restrict the flow of fluids. These dams are usu-
ally made of polydimethylsiloxane, SU-8 photoresist, wax,
and alkylenone dimer. Recently, manufacturing methods for
paper-based microfluidic chips have diversified. Based on
the principle of forming a trap dam, these include physi-
cal and chemical methods. Physical methods consist of wax
printing [17-21], drawing [22, 23], inkjet etching [24, 25],
flexo printing [26], laser [27-29], paper cutting [30-35], and
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screen printing [36, 37]. Chemical methods include lithogra-
phy [38], plasma treatment [39], chemical vapor deposition
[40], and wet etching [41]. However, all these methods are
complex, have high processing costs, and require expensive
advanced equipment, which has limited the development
of paper-based microfluidic chip technology. For example,
although the wax printing method is simple and inexpensive,
the microfluidic channel resolution can only be in the mil-
limeter range. In the laser method, the power of the laser and
the scanning speed must be carefully selected; otherwise, the
parchment gets damaged, invalidating the chip.

Our group has been working on creating organ-on-chips
for several years and has found innovative solutions to various
problems. In 2015, He et al. proposed a method for manu-
facturing a microfluidic chip with intricate channels using
three-dimensional (3D) printing technology to print sugar
as a sacrificial layer [42]. Nie et al. developed a Lego-like
modular microfluidic device by 3D printing [43], consisting
of various common functional modules, each with a unified
standard interface for easy assembly. Due to the open chan-
nels in each module, inoculating and handling cells are highly
convenient. Furthermore, to overcome issues caused by nutri-
ent solution perfusion, He et al. used filter paper as a substrate
to transport fluid through its capillary drive [44]. Accord-
ingly, a simple and low-cost continuous perfusion platform
was designed specifically for paper-based microfluidic chips,
which was used to establish a dynamic cell culture success-
fully. Based on these reports, we considered integrating the
three ideas by directly printing modular paper-based organ-
on-a-chip devices to solve the current problems.

In this paper, we developed a method to fabricate modular
3D paper-based microfluidic chips based on projection-based
3D printing technology (Fig. 1). A series of two-dimensional
(2D) paper-based microfluidic modules was designed and
fabricated. We also analyzed the effect of exposure time on
the accuracy of flow. Based on this analysis, the resolution of
the flow channel was experimentally evaluated. Furthermore,
using different assembly methods, we assembled several 3D
paper-based microfluidic chips based on the 2D ones and
obtained good channel connectivity. We designed scaffold-
based 2D and hydrogel-based 3D cell culture systems based
on these 3D paper-based microfluidic chips, which were
verified to be feasible. Furthermore, we created multiorgan
microfluidic chips by combining extrusion 3D bioprinting
and the prepared 3D paper-based microfluidic chips by
directly printing 3D hydrogel structures. This validated the
applicability of these modular 3D paper-based microfluidic
chips prepared for various biomedical applications.

Materials and methods
Materials and instruments

The projection-based 3D printer was purchased from Shen-
zhen Nuowa Smart Tech Co. Ltd. (L1121, China). Filter
papers and ultraviolet (UV) photosensitive resin were pur-
chased from Whatman Co. Ltd. (Whatman No. 1, UK) and
Shenzhen Nuowa Smart Tech Co. Ltd. (Colorless, China),
respectively. Food coloring was purchased from Ningbo Wei-
long Flavors and Fragrances Co. Ltd. (Red, China). The
low-speed centrifuge was procured from Hunan Xiangyi
Co. Ltd. (TDZ5-WS, China). The constant temperature CO;
incubator was from STIK Co. Ltd. (IL-161CT, USA). Human
umbilical vein endothelial cells (HUVECs) were obtained
from the Department of Cardiology of the Second Affili-
ated Hospital of Zhejiang University School of Medicine,
China. Endothelial cell medium (ECM) and phosphate-
buffered saline (PBS) were purchased from Sciencell Co.
Ltd. (USA) and Hyclone Co. Ltd. (USA), respectively.
Gelatin methacryloyl (GeIMA) and lithium phenyl-2, 4,
6-trimethylbenzoylphosphinate (LAP) photoinitiator were
purchased from Suzhou Intelligent Manufacturing Research
Institute (EFL-GM-60, China). Tyrisin was purchased from
Gibco Co. Ltd. (1X, USA). Deionized water was purchased
from Diena Co., Ltd. (China).

Projection-based 3D printing (PBP) of the 2D
paper-based microfluidic module

The microfluidic module model was built using SolidWorks.
The thickness of this module was set to 0.3 mm. The STL
file was imported into the slicing software Creation Work-
shop. Detailed layering parameters were set, including slice
thickness, exposure time of individual and bottom layers, and
rising distance after each exposure. After adding adequate
photosensitive resin to the printer’s resin tank, the filter paper
was placed flat until completely immersed in the resin. The
bottom-most structure was printed first. To ensure that the
bottom layer firmly adheres to the printing platform and eas-
ily separates from the release film, the exposure time of the
bottom layers was increased. The bottom layer of resin was
cured with the filter paper, and the next layer was cured as the
platform rose. The paper-based microfluidic chip was printed
after the layers were superimposed. After printing, the print-
ing platform automatically rises, allowing the paper chip to
sit for half a minute and the residual resin to remain naturally.
After detaching the printing platform , it was washed with
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Fig.1 Schematic of modular 3D paper-based microfluidic chip fabrication using projection-based 3D printing

alcohol along with the printed module to remove the UV pho-
tosensitive resin on the surface and in the channel. The 2D
paper-based microfluidic module was slowly scraped with a
utility knife and air-dried at room temperature. Subsequently,
the excess paper was cut along the outline of the module with
scissors. In the printing analysis experiment, the flow channel
width was 1 mm, and the exposure time was the independent
variable. Twenty experimental groups were performed from
31 to 50 s with a time gradient of 1 s. The pigment solution
at one end of the flow channel and the width of the channel
was observed under an optical microscope and measured.

Dynamic resolution analysis of 2D paper-based
microfluidic module

Dynamic resolution refers to the minimum width of a
hydrophilic flow channel or a dam through which the fluid
can completely flow under the capillary driving force or be
blocked entirely, respectively. While both the hydrophilic
channel and dam models are characterized by a width gradi-
ent of 100 pm, the width of the former from right to left is
100 to 1300 pwm, while that of the latter is 300 to 1500 m.
A sufficient amount of pigment solution was dropped into
the triangular area. After the solution diffuses and dries,
the microstructure of the flow channel is observed under
an optical microscope. The smallest hydrophilic channel
through which the solution can completely flow and the finest
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hydrophobic dam through which the solution can be com-
pletely blocked are measured.

Concentration gradient test on 2D paper-based
microfluidic module

For the concentration gradient test, a 2D paper-based
microfluidic module containing two inlets and three outlets
was designed. The length x width x thickness of the module
is 50 mm x 50 mm x 0.34 mm, and the channel width is
3 mm. Inlet 1 was immersed in the pigment solution through
filter paper, while inlet 2 was immersed in deionized water.
The two fluids flow and mix under the capillary action of the
filter paper, and liquids of different concentrations flow out
of the three outlets. As the paper-based microfluidic modules
have the advantage of a low background, they are suitable for
colorimetric detection. Therefore, after 4 h, the paper-based
microfluidic module was removed, and a digital camera or
smartphone captured the results in an environment with a uni-
form light source. After converting the image into grayscale
using image processing software (Photoshop), the grayscale
values of the three liquid outlets were recorded.

Module design and connectivity of 3D paper-based
microfluidic chip

Four types of multifunctional modules were designed for the
3D paper-based microfluidic chips, including inlet, channel,
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function, and other modules without paper. The thickness of
the paper-based microfluidic chip modules was set to 2 mm.
Moreover, three methods were designed to assemble the 3D
paper-based microfluidic chips, including stacking, rotating,
and sliding, which can be applied on different occasions.
Stacked 3D paper-based microfluidic chips, similar to the
traditional ones, are mainly obtained by stacking 2D paper-
based microfluidic modules layer by layer. The difference is
that the modular assembly of the 2D paper-based microflu-
idic modules occurred synergistically between its structures,
making it detachable and easily replaceable. A “rotating”
3D paper-based microfluidic chip was designed based on
the hinge member structure, while the “sliding” ones were
derived from traditional sliding microfluidic chips. To ensure
a valid connection among parts, we added small, rolled fil-
ter paper between the connection locations of the modulus.
The connectivity of different assembly methods was tested
using pigment solution, which was added to a specific place
in the 3D paper-based microfluidic chips. The connectivity
quality was checked according to the color distribution in
different parts by disassembling the chips after the diffusion
experiment.

Scaffold-based 2D cell culture on a 3D paper-based
microfluidic chip

HUVECs were seeded on a poly e-caprolactone (PCL)
microfiber scaffold, which was fabricated using near-field
direction writing technology. The scaffolds were placed in
the wells of a 12-well plate and repeatedly soaked in deion-
ized water three times (5 min each). The scaffolds were then
soaked in alcohol for 1 h, treated under UV light, and then
washed with PBS thrice (5 min each). After adding ECM
into the wells, the scaffolds were laid flat at the bottom of
the wells using forceps and then placed in the incubator
overnight. The HUVECSs were seeded on the treated scaf-
folds the next day. After 24 h, the cell-laden scaffolds were
transferred to the designed 3D paper-based microfluidic chip
for further culture. The culture medium was changed every
three days. The cell-laden scaffolds were tested on the 1st
and 5th days of culture, including cell viability with the Cal-
cein Acetoxymethyl Ester (AM)/Propidium Iodide (PI) kit
and cytoskeleton observation with thodamine-labeled.

Hydrogel-based 3D cell culture on 3D paper-based
microfluidic chip

Pure GelMA pre-polymer solution was prepared by dissolv-
ing freeze-dried GeIMA (0.05 g/mL) and LAP (0.05 g/mL) in
PBS. The solution was then sterilized using a 0.22 pwm filter
and stored at 4 °C. The HUVECs were detached and resus-
pended in the prepared GelMA bioink at 1 x 10° cells/mL
cell density. The cell-laden bioink was added to a 9 mm x

2 mm column mold and crosslinked. The cell-laden GeIMA
hydrogel was then transferred to the designed 3D paper-based
microfluidic chip for further culture. The culture medium was
changed every three days. The cell viability and cytoskeletal
integrity of the cell-laden GeIM A hydrogel were tested on the
1st and 5th days using the Calcein AM/PI kit and rhodamine
labeling, respectively.

Establishing the multiorgan microfluidic chip

A special 3D paper-based microfluidic chip with several
culturing areas was designed. The chip was placed on an
extrusion 3D bioprinter, and the GeIMA solution was injected
into the imprinter using a syringe. The printing nozzle and
receiving platform temperatures were at 26 and 20 °C, respec-
tively. The organ models were built using SolidWorks and
sliced with Repetier software to acquire the printing path
program. The bioink flow rate and nozzle movement speed
were set at 150 pL/min and 120 mm/min, respectively. The
20G cone-shaped nozzle was selected as the printing nozzle.
The 3D organ structures were directly printed on different
culture areas of the designed 3D paper-based microfluidic
chip.

Results and discussion
PBP of 2D paper-based microfluidic module

The shape of the flow channel in the 2D paper-based
microfluidic module depends entirely on the image dis-
played by the UV light source. Compared with traditional
lithography used to make paper-based chips, this method
greatly reduces the cost of making masks and requires only
a computer-generated mask model. To demonstrate that the
flow channel has good fluidity, we first established the leaf-
shaped paper chip (Figs. 2al and 2a2), and the pigment
solution was dropped into the flow channel. Figure 2a3 shows
the time-shift diagram of the final flow channel. The pigment
solution can be seen flowing into the flow channel, demon-
strating that the flow channel in the prepared 2D paper-based
microfluidic module has good pumpless drivability.

The light-cured molding method described here mainly
relies on the penetration of the UV photosensitive resin into
the filter paper, which cures into a hydrophobic dam to form
the required hydrophilic channel. Therefore, the final curing
effect of this resin directly determines the accuracy of the
2D paper-based microfluidic module. Figure 2b shows the
microscopic diagram of the channel obtained with exposure
time of 10, 31, and 50 s. At the appropriate exposure time
(Fig. 2b2), the edge of the runner was neat and in better shape.
However, if the exposure time is too short, defects (Fig. 2b1)
occur at the edge of the channel due to the diffusion of the
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Fig. 2 Projection-based 3D printing (PBP) of 2D paper-based microflu-
idic module. a Leaf-shaped 2D paper-based module fabrication (expo-
sure duration: 31 s): al 3D digital model and a2 printed module; a3
pigment solution diffusion in microchannels. b Microchannels under

incompletely cured photosensitive resin. This causes a por-
tion of the fluid to seep into the hydrophobic area as the fluid
diffuses in the flow channel, creating a leak. If the exposure
time is too long, the flow channel becomes distorted, result-
ing in poor molding. This is probably because the refraction
and scattering of light caused by prolonged exposure can
cure the resin outside the exposure area. This solidification
hinders the smooth formation of the hydrophilic flow chan-
nel. The relationship between exposure time and molding
accuracy of a 2D paper-based microfluidic module was eval-
uated. The result (Fig. 2b4) shows that the exposure time and
the obtained channel width are negatively correlated. There-
fore, we set the optimal exposure time to 33 s. Under this
condition, the hydrophilic flow channel of the prepared 2D
paper-based microfluidic module has a stable flow rate, uni-
form flow channel, good molding effect, and is leak-proof.

Dynamic resolution analysis of 2D paper-based
microfluidic module

Resolution refers to the minimum width achieved by the
hydrophilic channels and traps on a 2D paper-based microflu-
idic module, which indicates the performance of the paper-
based chip. In general, there are two types of resolution:
dynamic and static. Dynamic resolution refers to the min-
imum width of the hydrophilic flow channel or dam through
which the fluid can completely flow under the capillary action
or can be completely blocked, respectively. Static resolution
refers to the minimum width of the hydrophilic flow chan-
nel that can be completely immersed in a fluid or a trap
dam that will not be immersed in a fluid. For paper-based
microfluidic chips, fluids need to flow spontaneously under
capillary action. Therefore, the dynamic resolution of paper-
based chips is more important. Hence, we mainly investigated
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different exposure durations: b1 low exposure duration (10 s); b2 appro-
priate exposure duration (31 s); b3 high exposure duration (50 s); b4
channel width under different exposure durations

the dynamic resolution of 2D paper-based microfluidic mod-
ules. The analysis (Figs. 3a and 3b) showed that the fifth
channel from left to right is the smallest hydrophilic chan-
nel, with a theoretical width of 500 pwm. The actual width
measured under the optical microscope is (477 £ 3) pwm.
Similarly, the finest trap dam is the third channel from right
to left, with a theoretical width of 500 wm and actual width
of (522 &£ 3) wm, as measured using optical microscopy.

Concentration gradient test on 2D paper-based
microfluidic module

Figures 3c1-3c3 show the 2D paper-based microfluidic mod-
ule and its color after 4 h of flow. The colors of the outlets
in the flow channel were as follows: outlet 3 was white with
colorless liquid; outlet 1 was red and dark; outlet 2 was red
and the color of the liquid was between that in outlets 1 and
3. This indicates that the liquid in outlet 2 is the product
of mixing two liquids, which is consistent with our expecta-
tions. Furthermore, we used a smartphone to take an image of
the liquid outlet under uniform light conditions and then used
Photoshop software to convert the captured image to read the
gray values of the three liquid outlets (Fig. 3c4). The con-
centration of the solution in outlet 2 is approximately half
of that in outlets 1 and 3, forming a clear concentration gra-
dient. Notably, the depth of channels will also control the
flow of the solution. However, herein, we mainly displayed
this method with a controllable 3D topology and function of
the modular 3D microfluidic chip. Thus, we only validated
the flow rather than the flow rate. Furthermore, in terms of
3D culture, the depth of the channel is mainly determined by
the height of the cultured sample rather than the flow rate.
Considering these, we did not explore the effect of channel
depth on the flow.
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Module design and connectivity of 3D paper-based
microfluidic chip

To achieve multistep-ordered chemical reactions or multi-
ple pre-processing steps on a single chip and improve the
efficiency of the analytical process, different manufacturing
methods are being increasingly researched for 3D paper-
based microfluidic chips. Due to its 3D channel network, the
3D paper-based microfluidic chips are more advantageous
than the 2D ones. Moreover, compared with 2D paper-
based microfluidic chips, the 3D ones have higher flow rates
because the length in the z direction is shorter than that in the
x—y plane. Further, the 3D paper-based microfluidic chip can
be used to conduct several experiments simultaneously, and
each layer of this chip can achieve different functions. There-
fore, the 3D paper-based microfluidic chip is more capable
of meeting the experimental requirements.

In this work, the module design for 3D paper-based
microfluidic chips included two factors: functions and assem-
bly. Considering organ chip requirements, such as culture
medium supply, medium (with or without cell products or
drugs) delivery and interactions, and cell sample culture,
the module functions included four categories, namely inlet,

2
Outlet

testing chip before diffusion of pigment solution; ¢3 testing chip after
pigment solution diffusion; ¢4 grayscale values of three outlets after
testing

channel, and function modules, and another module with-
out paper (Fig. 4). The inlet module is at the beginning of
the microfluidic chips. The channel module has a different
routine for fluid transportation in different directions, while
the function module is applied for different interactions or
parameters controlling the chip. Another module without
paper is used for cell sample culturing and a container for
holding media or waste. Notably, in real-time applications,
the overall outline of modules can be modified according to
specific requirements as long as the characteristic structures
remain.

Regarding module assembly, the assembly holes or bosses
are directly printed on different modules using three methods
set on the multifunctional module: stack, rotate, and slide
assemblies (Fig. 5a).

Stack assembly

Stacked 3D paper-based microfluidic chips resemble the
traditional ones and are mainly obtained by stacking paper-
based microfluidic modules layer by layer. The difference is
that the modular assembly is completed through cooperation
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Fig. 4 Multifunctional module design for 3D paper-based microfluidic chips

between its structures, imparting it with the added advan-
tages of detachability and easy replacement. The relatively
simple 3D structure of this module includes a narrow groove
at the interface of the two modules, which can be inserted
into a sliced filter paper to connect the flow channel area of
the two 2D paper-based microfluidic chip modules. Using
filter paper as the material at the junction provides a stable
flow rate, which can be controlled by changing the shape of
the filter paper at the junction.

Rotate assembly

The rotated 3D paper-based microfluidic chip is designed
according to the hinge member structure. The assembly and
rotation of the upper and lower module layers rely on the
cooperation of cylindrical bosses and annular grooves. The
center of rotation is the connection between the upper and
lower layers of the modules, so the flow of fluid is not affected
during the rotation. The 3D paper-based microfluidic chip
can achieve multilayer superposition, and the rotation of the
two connected paper chip modules does not affect the rest
of the modules. In practice, the connection can be filled with
cellulose powder or filter paper fiber to connect the upper
and lower layers of paper chip modules.

Slide assembly

The slide 3D paper-based microfluidic chips, based on tradi-
tional sliding microfluidic chips, are suitable for multiplexed
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liquid phase experiments, which can reduce labor costs and
improve efficiency. The two square bosses in the middle of
one module can be matched with the square groove track in
another module to act as a guide. This prevents slippage when
the upper and lower layers of the paper chip module interface
coincide. The two modules fit closely by the boss and groove
track, and the boss can slide smoothly in the groove track. In
practical applications, cellulose powder or filter paper fibers
can be filled at the connection to connect the upper and lower
layers of modules.

Diffusion tests of these three assembly methods revealed
that the pigment solution can flow smoothly through the 3D
paper-based microfluidic chip interface. In the stack (Fig. 5b)
and rotate (Fig. 5c¢) assembly methods, under the capillary
action of the filter paper, the pigment solution successfully
passes through the filter paper at the interface and flows from
the upper module to the lower module. In the slide assem-
bly method (Fig. 5d), the pigment solution flows smoothly
through the 3D paper-based microfluidic chip interface, with
smooth sliding and a tight fit between the modules. This
microfluidic chip can artificially control the channel that
needs to react and can also be used as a delay device, provid-
ing novel ideas for developing 3D paper-based microfluidic
chips, such as multichannel reactions.

To further verify the feasibility of the modular 3D paper-
based microfluidic chip, we designed a complex chip simul-
taneously using the stack, rotate, and slide assembly methods
(Fig. Se). Blue and red pigment solutions were added to the
two upper modules, separately. The results showed that these
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Fig.5 Assembly methods and diffusion testing of 3D paper-based
microfluidic chips. a Different assembly methods. Diffusion test of 3D
paper-based microfluidic chips based on the b stack, ¢ rotate, and d slide

solutions gradually mixed and diffused toward the lower lay-
ers. Finally, the mixed pigment solution successfully reached
the lowest layer, verifying the feasibility of the proposed
modular strategy to establish an on-demand complex 3D
paper-based microfluidic chip.

In the actual assembly, we included a small, rolled fil-
ter paper between the connection of the modulus to ensure
a valid flow connection. Thus, the flow was derived from
the normal capillary effect rather than liquid wicking, which
can be described by the Lucas—Washburn equation. However,
modular 3D microfluidic chips can be developed in the future
based on the Lucas—Washburn equation for easier assembly
without using rolled filter paper.

‘ Slide

- 7 y

Q “e &
&> 3 = = & o
\7%\ L €ZE 4 \o

Lower layer diffusion Divided module

Rotation diffusion

Diffusion after sliding

During diffusion After diffusion

assembly methods. e A complex chip made using stack, rotate, and slide
assembly methods and its diffusion test

Scaffold-based 2D cell culture on 3D paper-based
microfluidic chip

Tissue engineering scaffolds are widely applied in
biomedicine research [45]. A special modular chip was
assembled to test the cell culturing capability of the pro-
posed method (Fig. 6a). The cell sample can be placed in
the middle rut of the chip as the culture area. One container
is loaded with fresh nutrient medium for the cells, and the
other one is loaded with a sponge to drive the medium’s flow
and collect waste. A HUVEC-laden PCL scaffold is placed
in the culture area (Fig. 6b). The viability of the HUVECsSs on
the PCL scaffold was tested with the live/dead reagent on the
1st and 5th days of culturing, which showed that most cells
remained in the live state on the scaffold (Fig. 6¢). Moreover,
the cytoskeletal morphology images (Fig. 6d) revealed that,
on the first day of culture, HUVECs successfully attached
to the scaffold surface, and on the fifth day, the cells formed
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Scaffold-based 2D cell culture

Hydrogel-based 3D cell culture

Fig.6 2D and 3D cell culture on 3D paper-based microfluidic chips.
a Scaffold-based 2D cell culture sketch. b Photos of 3D paper-based
microfluidic chips with a scaffold-based 2D cell sample. ¢ Live/dead
testing of human umbilical vein endothelial cells (HUVECs) on the
poly e-caprolactone (PCL) scaffolds. d Morphology of HUVECs on the
PCL scaffolds stained by phalloidin and 4°,6-diamidino-2-phenylindole

dense cell groups on the scaffold. These results indicate that
2D cell culture on the 3D paper-based microfluidic chip can
maintain cellular activity and function.

Hydrogel-based 3D cell culture on 3D paper-based
microfluidic chip

The physicochemical properties of the hydrogel, widely used
in bio-fabrication, can induce cell functionalization [46]. The
HUVEC-laden GelMA hydrogel was placed in the culture
area (Figs. 6e and 6f) of the same chip for the scaffold-based
2D cell culture test. The viability of the HUVECs in the
GelMA hydrogel was tested with the live/dead reagent on
the 1st and 5th day of culture, which showed that most cells
remained alive (Fig. 6g). Based on the cytoskeleton morphol-
ogy images (Fig. 6h), on the 1st day of culture, the HUVECs
started to spread in the 3D microenvironment until the 5th
day. These results indicate that 3D cell culture on a 3D paper-
based microfluidic chip can maintain cellular activity and
function.

@ Springer

(DAPI). e Hydrogel-based 3D cell culture sketch. f Photos of 3D
paper-based microfluidic chips with a hydrogel-based 3D cell sample.
g Live/dead testing of HUVECs in the gelatin methacryloyl (GelMA)
hydrogel. h Morphology of HUVECsS in the GeIMA hydrogel stained
by phalloidin and DAPI

The results of the 2D and 3D culture on the 3D paper-based
microfluidic chips show that, compared to the traditional
culturing systems like Petri dishes, the cell samples have
a continuous supply of fresh culture medium. Although this
might maintain sterility during culture, the antibacterial capa-
bility of paper is probably lower than that of plastics.

Establishing a multiorgan microfluidic chip

Multiorgan microfluidic chips have significant biomedical
implications because they can simulate complex interactions
among different cells/tissues/organs. Here, we combined
microfluidic chips and 3D bioprinting technologies [47, 48]
to establish multiorgan microfluidic chips with different 3D
organ samples directly. A special 3D paper-based microflu-
idic chip with several culturing areas (Fig. 7a) was designed.
The chip was placed on an extrusion 3D imprinter. Four
3D organ structures, namely the skull, nose, ear, and ves-
sel, were built and printed using an extrusion 3D imprinter
and the GelMA bioink. The results showed that the four
GelMA-based organ structures can be successfully built on
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Vessel Ear

Fig.7 Establishment of the multiorgan microfluidic chip. a Schematic diagram of the multiorgan microfluidic chip. Photos of b the 3D organ

structure directly printed on the chip and ¢ the chip itself

the culture area of the 3D paper-based microfluidic chips
(Fig. 7b). Consequently, by combining 3D GelMA-based
organ structures and the 3D paper-based microfluidic chip,
a multiorgan microfluidic chip was successfully established
(Fig. 7¢), showing the potential applicability of the proposed
modular assembly strategy in biomedicine.

Conclusions

This study uses PBP technology to prepare 3D paper-based
microfluidic chips successfully. This method has several
advantages, including easy operation, low cost, high pre-
cision, and good applicability for mass production. More
importantly, based on the characteristics of PBP, we cre-
atively modularized 3D paper-based microfluidic chips,
which can be easily assembled by their own structure,

providing the added advantages of easy disassembly and
replacement. The channel flow and cell experimental results
are good, which confirms that the 3D paper-based microflu-
idic chips obtained by the PBP method have good feasibility
and biocompatibility. These methods can be used to develop
novel biomedical applications in the future.
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