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Abstract

Paper-based cell culture platforms have emerged as a promising approach for a myriad of biomedical applications, such as tissue engineering,
disease models, cancer research, biotechnology, high-throughput testing, biosensing, and diagnostics. Paper enables the generation of highly
flexible, biocompatible, inexpensive, porous, and three-dimensional (3D) constructs and devices. These systems have been used to culture
mammalian cells, bacteria, algae, and fungi. Studies have shown that paper is an exceptional material for applications in life sciences, materials
sciences, engineering, and medicine. Paper has been employed for creating biomimetic cell culture environments by folding or stacking it into
the desired 3D shapes and structures. This review discusses the use of paper-based platforms for cellular applications and provides a diverse

range of examples.

Introduction

Paper is one of the oldest and most remarkable materials, and has
greatly helped advance our civilization. Paper has a multitude of
applications in everyday life including writing, printing, packag-
ing, arts, and sciences. For instance, origami, the art of paper
folding, is employed in various scientific and industrial applica-
tions such as in stent implants, space satellites, and car airbags.[l]
Paper, which is a cellulose-derived substrate, has been more
recently employed as a material for tissue models. This is primar-
ily due to its flexibility, ease of manufacturing, ability to shape
into three-dimensional (3D) free-standing structures, low cost,
wide availability, and accessibility.””) There are various types
of paper with different physical and chemical properties that
are suitable to study cell behavior such as cell migration, epithe-
lialization, differentiation, and tumor metastasis.”!

The use of paper-based, multi-well plate designs for study-
ing cell migration and co-cultures has increased over the past
years due to the ability to generate and analyze samples in a
high-throughput manner."! Resolutions from tens to hundreds
of microns can be obtained using paper, which enables these
platforms to be practical for studying the migration of cells in
3D.B! Paper has also been utilized for fabrication of
origami-inspired 3D scaffolds that can induce template-guided
mineralization.[! In this review, the use of paper-based plat-
forms for culturing different type of cells is extensively dis-
cussed. More specifically, we focus on applications of
paper-based platforms for tissue engineering, disease models,
personalized medicine, and regeneration.

To mimic the in vivo tissue dynamics, it is important to con-
trol attachment, growth, proliferation, and differentiation of
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cells in 3D rather than 2D systems. With this in mind, research-
ers have developed 3D scaffolds from polymers, hydrogels,
ceramics, and metals for culturing and analyzing cell behavior.
The limitations of these materials and how paper-based plat-
forms can overcome these hurdles are summarized below.

Although hydrogels are extensively used as 3D scaf-
folds,”” ' due to their weak mechanical properties it may
not be easy to handle and manipulate them, especially when
they have high aspect ratios. The use of paper in combination
with hydrogels renders practical handling of hydrogel con-
structs.!''! Cell-laden hydrogels in paper sheets can be easily
stacked to form flexible and robust 3D scaffolds. This combina-
tion allows the hydrogels to have a sufficiently strong support
structure and morphological integrity. Hydrogel-laden paper
is not cytotoxic and does not elicit an immune response when
implanted, thus making it an excellent material to be used in
3D models for tissue engineering applications.['>'*]

Other polymers such as polystyrene, polyurethanes, polyan-
hydrides, and hydroxy acids have also been used as scaffold
materials for 3D cell cultures.”"*! However, the use of synthetic
polymers may require administration of immunosuppressants
to avoid possible rejection reactions. Biological integration of
the implanted constructs, made of polymeric scaffolds, into
the body could also be an issue. Paper is made up of cellulose
fibers that are not rejected by the body as shown by previous in
vivo studies.!'>'®! Because paper is non-biodegradable in the
body, if in vivo degradation is desired, cellulase can be admin-
istered to degrade it without causing cytotoxic by-products.

Ceramics are widely used as grafting and scaffolding mate-
rials; however, they are very brittle. It was previously reported
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that the rigidity, non-degradability, and potential cytotoxicity
of the ceramics-based scaffolds make them less than ideal scaf-
folds for tissue engineering applications.'”! In addition,
implantation of ceramic scaffolds may demonstrate potential
infection risks.!'”! Paper is a bendable biomaterial; therefore
it can be folded to achieve the desired 3D structure, and it is
biocompatible.

Metallic biomaterials and alloys have also been used as 3D
constructs for cell cultures. These scaffolds demonstrate lower
biocompatibility compared to the other types of biomaterials
that were mentioned previously.l'''® Even when coated with
cell adhesive proteins, metallic biomaterials may face immune
rejection upon implantation in vivo and require the use of
immunosuppressants. Paper can be easily modified and coated
with cell-interactive proteins to facilitate cell attachment and
growth.!']

Paper as an emerging material for
biomedical applications

To mimic the features of in vivo environments of tissues such
as porosity, stiffness, and flexibility, it is essential to work with
physiologically relevant 3D models. Paper is an alternative to
conventional biomaterials that has been used as a tissue culture
substrate in both 2D and 3D. More recently, origami-inspired
paper folding approaches have led to the template-guided for-
mation of tissue mimetics. To mimic tumor microenviron-
ments, layer-by-layer paper stacking approaches have been
developed by combining paper with cell-laden hydrogels.!'”!
In their work, Derda et al. showed that breast cancer cells cul-
tured in stacked paper scaffolds can be used as a disease model
to study cancer metastasis. Multi-layered paper stacks that con-
tain cells encapsulated in hydrogels allowed for precise control
over the scaffold geometry and topography. This strategy could
potentially be employed to direct differentiation of cells by
modifying the physical and chemical properties of paper
substrates.*! In another work, Mosadegh et al. showed how
multi-layered paper-based scaffolds can induce the formation
of oxygen gradients similar to native tissues*’’.

Paper offers mechanical integrity to soft hydrogels that are
laden with cells, thus offering structural robustness and support
to the scaffolds. Due to their versatile structures and composi-
tions, paper-based cell culture platforms have been used in drug
screening assays, long-term cryopreservation, and ischemic
disease models.*”! For example, cardiac ischemia has been
studied using several paper-based models.['*?!! The use of a
multi-layered, stacked paper platform was demonstrated to
model the mass transport of oxygen which induced an ischemic
environment in the bottom of the stacks.*"!

Table I summarizes the main types of papers that have been
used in different biomedical applications, their major character-
istics, and advantages. The following sections focus on the use
of paper-based cell-culture platforms for musculoskeletal, car-
diovascular, cancer, and microbiological applications. We also
provide an overview of the use of paper-based cell culture plat-
forms for biofilm formation, testing antibacterial agents, and
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biotechnology applications including separation and purifica-
tion of cells. These applications are briefly summarized in
Table II.

Paper-based platforms for tissue
engineering

Paper scaffolds for musculoskeletal
applications

To repair or regenerate damaged bone, tissue engineering
approaches typically use scaffolds, cells, and growth factors
separately or in combination.*" 3D constructs with suitable
biomimetic features, such as porosity, stiffness, swelling, deg-
radation, and biological activity, need to be developed to guide
the formation of new bone for damaged or diseased orthopedic
and craniomaxillofacial tissues. Ideally, an engineered scaffold
should be osteoconductive, porous, and biocompatible, as well
as able to support adhesion, proliferation, and differentiation of
bone cells. Additionally, mechanical properties of an ideal scaf-
fold for bone regeneration provide adequate structural support
for bone without causing stress shielding. The chemical func-
tional groups, interconnected pores, and fibrous structure of
paper are advantageous features compared to traditional scaf-
folding materials. Unlike the existing biomaterials, paper scaf-
folds are also much easier to fabricate in complex geometrical
structures.

Traditional polymer-based scaffolds that are used in muscu-
loskeletal applications are mostly biodegradable; however, 3D
structures are difficult to fabricate in clinically-relevant sizes
using these materials. To address this limitation, paper-based
scaffolds have been employed for culturing adipose-derived
stem cells.'® It was found that osteogenic differentiation
took place within the paper scaffolds (Fig. 1). After differenti-
ating the human adipose-derived stem cells into the bone line-
age, these paper constructs were implanted in a mouse model.
The paper-based scaffolds demonstrated favorable properties
for cell proliferation and differentiation.

In a recent report, an origami-inspired approach was used to
fabricate folded 3D constructs for bone tissue engineering.
Paper scaffolds were generated using straightforward proce-
dures at a low cost as demonstrated by Camci-Unal et al.l")
They fabricated 3D paper constructs for template-guided min-
eralization by mouse osteoblasts (Fig. 2).[! This study demon-
strated that calcium phosphate was deposited by osteoblasts
within 3D paper scaffolds. Deposition of calcium was charac-
terized by Alizarin red staining, scanning electron microscopy
(SEM), energy dispersive x-ray spectroscopy (EDAX), and
micro-computed tomography (Micro-CT). The researchers sug-
gested that paper scaffolds would be suitable alternative mate-
rials for traditional scaffolds.

In another work, 3D paper scaffolds and 2D cell cultures on
tissue culture plates were compared for osteogenic differentia-
tion of adipose-derived stem cells.”*?! The paper scaffolds
enhanced the deposition of calcium phosphate and increased
the expression of osteogenic genes. These studies on paper-
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Table 1. Common types of papers used in 3D cell culture platforms. Adapted with permission from Ref. 13, (Elsevier, 2017).1%!

Type Whatman filter paper #114 Weighing paper Whatman® Janus paper Kimwipes Kimberly Printing paper
Protran® nitrocellulose Clark 34155
membrane
Thickness 190 pm(22! 200 pm??! 130-160 pm(?2! 200 pm??! 100-160 pm(??! 100-200 pm(?2!
Cell types Cardiomyocytes, Aortic Human adipose derived Human breast cancer Human lung Mouse embryonic Human iPSCs!™!

stem cells, Bovine
blastocyst!'®!

valvular interstitial cells,
Human acute
promyelocytic leukemia

cellst®!

fibroblasts!"®!

fibroblasts!'®!

cells2131

Mechanical 2.8 MPal??! 150-650 kPa!??! 1.8-2.6 MPal??! 392 kPal??! Not reported Not reported

strength

Applications Drug screening Disease model('?13! Tissue modeling!''="3! Disease model('! Cryopreservation('3! Culturing and guiding

platform{'1=13! stem cell
differentiation('3!

Advantages Adequate diffusion due to Helps stimulate Uniformity of size of Excellent Mechanical Suitable substrate for

optimum pore size!"® osteogenic pore, ease of stacking, biocompatibility!' =3 robustness!'®! guided myogenic

differentiation('®!

mechanical
robustness!'!

differentiation('®!

apuly aAydadsolqg
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Table 11. Applications of paper-based platforms in tissue engineering, biotechnology, and microbiology.

Paper-based platforms for tissue engineering

Paper scaffolds for musculoskeletal
applications

3D scaffolds were fabricated using paper for bone tissue engineering. The osteoblasts were cultured on the
platform. Calcium phosphate deposited on the platform and it was characterized by Alizarin red staining,
SEM, EDAX, and Micro-CT!®!

Paper scaffolds for cardiovascular
applications

A paper-based 3D co-culture system was used to generate a tissue model for cardiac ischemia. The
researchers patterned filter paper to generate cell seeding zones for cardiomyocytes surrounded by wax.
Cardiac fibroblasts were co-cultured with cardiomyocytes to study their migration in the ischemic

ion[201
region

Paper scaffolds for cancer research 3D paper-based scaffolds with stacked multi-layered structures were used as biomimetic environments for
cancer cells. In these paper devices, sub-populations of cancer cells could potentially be isolated based

on their responses to different levels of oxygent®®!

Paper-based platforms for biotechnology and microbiology

Paper-based microbial fuel cells A paper-based platform with electricity sensor was an efficient and practical tool to screen the electrical
properties of bacteria.[?4!
Multi-layers of filter paper were used in MFCs to quantify the transport of electrons by measuring the current

generated by the devicel®®!

Paper-based antibacterial materials A paper-based platform was fabricated by coating paper fibers with metal nanoparticles using

nanocellulose. This paper-based platform was effective as an anti-bacterial material®%2"]

Paper-based antibiotic tests A paper-based platform was used to culture bacteria taking advantage of the simplicity, flexibility, and

portability of the device??]

Paper-based scaffolds for culturing fungi Charcoal filter paper strips were used for the cryopreservation and revival of ascomycetes. This method

provided a high survival rate and rapid revival after thawing the fungi®®

Paper-based devices for cell purification
and separation

Paper was used for separation and cultivation of microalgae. The researchers used a laser printer to create
microwells for cell isolation on the paper scaffolds. The driving force to isolate microalgae was capillary

forces within the paper. The device was also used for cultivation of microalgael*®!

based scaffolds indicate that paper is a promising biomaterial
for musculoskeletal applications.

Paper scaffolds for cardiovascular
applications

Cardiovascular diseases are the leading cause of death glob-
ally.**! Tissue engineering approaches are commonly utilized
to address a wide range of these ailments. One major limitation
for clinical translation of existing tissue engineering therapies is
the inability to generate highly porous 3D scaffolds that prevent
mass transport limitations.!'?>%?3 To address this unmet need,
different scaffolding materials have been tested.*®) Among
those, paper-based scaffolds, in combination with hydrogels
in multi-layered stacks, have been shown to be promising for
cardiovascular tissue engineering applications. Paper is a sutur-
able material and therefore could easily be used in applications
where patches are needed.

A paper-based platform was employed to study the migra-
tion of aortic valvular interstitial cells (VICs).['" Researchers
layered filter paper sheets that were laden with collagen gels
and VICs in a 96-well plate pattern obtained via wax printing.
The stacked layers of paper provided a flexible and soft, yet
structurally firm, 3D structure to study the factors that influence
calcific aortic valve disease.!'”)
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In another study, human-induced pluripotent stem cells
(h-iPSCs) were cultured in a paper-based platform. The
h-iPSCs differentiated into functional beating heart cells in
these scaffolds. To generate the samples, paper was coated
with Matrigel prior to the cell seeding step. The protein-based
coat helped promote cell attachment to the paper substrate
(Fig. 3).2" The h-iPSCs derived cardiomyocytes were cultured
in different paper substrates (nitrocellulose, filter paper, print-
ing paper) that were fabricated by patterning poly dimethyl
siloxane (PDMS) on the paper sheets.*"]

In their work, Mosadegh et al. generated an in vitro model
for cardiac ischemia using a paper-based 3D co-culture system
that included cell-encapsulated hydrogels stacked in multiple
layers of paper sheets. They patterned Whatman filter paper
to generate 20 circular cell-seeding zones surrounded by hydro-
phobic barriers generated by wax. Primary rat neonatal cardio-
myocytes were then seeded in the designated culture zones.
They also co-cultured cardiac fibroblasts with cardiomyocytes
and showed how fibroblasts migrate towards the ischemic
region in the 3D stacked paper-based model.*”]

Paper scaffolds for cancer research
Cancer remains a major health problem that results in increas-
ing rates of death each year across the world.*” Prevention,
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Figure 1. Paper scaffolds were modified by initiated chemical vapor deposition (iCVD) of poly glycidyl methacrylate (pGMA). Stem cells were cultured on the

paper scaffolds to induce osteogenic differentiation. Paper scaffolds were then implanted into a defect site in the cranium in vivo.["® Reprinted with permission
from Ref. 16 (Elsevier, 2014).
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Figure 2. Filter paper was patterned using wax printing, and osteoblast cells were seeded on the wells of the paper scaffolds in a collagen matrix. After culturing

the samples for 21 days, SEM, colorimetric assays, and immunostaining were performed to evaluate the deposition of minerals in the paper scaffolds.®!
Reprinted with permission from Ref. 6 (Nature Publishing Group, 2016).
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Figure 3. Different grades of paper were used to culture human iPSCs. (a) Paper substrates and their corresponding SEM images. (b) Human iPSCs cultured on
three different types of paper up to 5 days in mTeSR1 medium. Hemotoxylin and Eosin (H&E) staining was then carried out. Modified from Wang et al.2"]

Reprinted with permission from Ref. 21 (Royal Society of Chemistry, 2015).

diagnosis, and treatment of cancer are crucial for the survival of
patients. To study and understand cancer, physiologically rele-
vant cancer models should be developed. For screening drugs
against tumors, cells are cultured and tested with different
drugs and pharmaceutical products. Due to the unique proper-
ties of tumor microenvironments, many factors such as oxygen
level, nutrient supply, and energy metabolism should be
considered when designing biomimetic tumor models.
Previously, 2D cell culture platforms were utilized in studying
cancer cells. However, it was found that the microenvironment
provided by these systems was different from that of the native
ones in vivo. Additionally, it was shown that 3D models could
mimic the native tumor niche better than 2D ones, as well as
displaying distinct chemosensitivities™® and cellular interac-
tions.1** Although 3D scaffolds can be fabricated using various
materials and techniques, paper-based scaffolds have shown
unique features beneficial to cancer migration studies.!
Investigating the influence of different types and concentra-
tions of drugs on cancer cells is essential in developing anti-
cancer drugs. In one study, a paper-based cell culture platform
was developed to test the influence of a drug (doxorubicin) on
HeLa cells.™ To test different concentrations of doxorubicin,
a paper-based gradient generator was designed and fabricated.
Drug diffusion through the paper fibers enabled the formation
of a concentration gradient for doxorubicin (Fig. 4).*) The
paper-based microfluidic device was then tested for cell
response against different concentrations of doxorubicin.
To carry out this task, HeLa cells in collagen were deposited
in the designated cell-seeding reservoirs in the device and incu-
bated for 8 h to evaluate cell viability upon exposure to doxor-
ubicin. The paper-based device prevented an unstable flow of
the drug and therefore reduced its quantity compared with a
conventional PDMS device, which consumes larger amount
of the drug to maintain a stable drug concentration gradient.
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Paper has also been used as a material for fabrication of
diagnostic devices for detecting cancer biomarkers due to its
high surface area and interconnected pores formed by cellulose
fibers. Paper devices were fabricated by wax-printing and mod-
ified by chitosan to perform a chemiluminescent enzyme-linked
immunosorbent assay for detection of o-fetoprotein, cancer
antigen 125, and carcinoembryonic antigen.*') These devices
could potentially be used as cell culture and analysis platforms.
For instance, cancer cells can be cultured in this 3D platform,
and the biomarkers can be detected in situ by adding another
layer in the scaffold.

In contrast to healthy cells, cancer cells are commonly
exposed to hypoxia (low levels of oxygen), which influences
their cellular metabolism, proliferation, and radio-/chemo-
resistance.*” > One study described a 3D paper-based assay
that could isolate sub-populations of cancer cells (A549 cells)
based on their invasiveness under oxygen gradients
(Fig. 5).1*! They found that oxygen acted as a chemoattractant
for these cancer cells. The paper-based scaffolds created biomi-
metic environments for cancer cells in their stacked multi-layered
structures. In this work, cancer cells responded differently to
altered levels of oxygen. Another study also modulated the for-
mation of oxygen gradients by adjusting the cell density in a
paper-based device.*®! The individual layers of the stacked
paper platform were easily peeled off for individual analysis.
To determine oxygen consumption rates of the cells, a lumines-
cent thin film capable of quantifying the amount of oxygen was
prepared in the paper-based scaffolds.[*”) The oxygen sensors
demonstrated a linear response for oxygen tensions ranging
from 0 to 160 mm HgO,. Researchers used this sensor to mea-
sure the spatial and temporal changes in oxygen for a breast
cancer line (MDA-MB-231 cells).

In addition to the limited supply of oxygen and nutrients in
tumors,* % the influence of other stromal cell types,


https://doi.org/10.1557/mrc.2018.8

Prospective Article

Buffer inlet

o

(& = — Top fixer

Drug inlet C

— Chip layer

=

R

C

Cell culture array

— PDMS layer

(b)

z \

— PDMS layer @
)

C
@ \/

— Bottom fixer

0123 -

3 lcm

(©

Figure 4. A paper-based microfluidic device for drug screening. (a) Multi-layered paper-based gradient generator. Patterned paper sheet is placed between two
layers of PDMS and two layers of top/bottom fixers. (b) The channel patterns to create the gradients on the paper layer. (c) The assembled paper-based device.
Cells were cultured in wells 1-5.% Reprinted with permission from Ref. 40 (Springer, 2016).

including fibroblasts, endothelial cells, and immune cells are
crucial in the progression of cancer.!**321 To develop flexible
3D scaffolds for studying the behavior of tumor cells, a multi-
layered paper-based platform was developed. In this work, pri-
mary human lung tumor cells (VXN2s) and tumor fibroblasts
from patient biopsies were co-cultured. It was demonstrated
that the presence of fibroblasts enhanced the migration of
human lung cancer cells.”! The research team suggested that
this finding might be mediated by the transforming growth
factor-beta (TGF-B) pathway. This hypothesis was tested by
blocking the activity of the TGF-B pathway, which significantly
decreased the migration of the tumor cells.

Paper-based cell culture platformst*'?! were adopted by a
number of researchers to generate 3D tissue-mimetics by stack-
ing layers of paper impregnated with cells and hydrogels. This
technique was utilized in a study!®* for high-throughput anal-
ysis, which permitted the rapid assembly of arrays of 3D cell
cultures. The paper-based system also allowed for isolation of
cells from specific regions of these scaffolds. The constructs
were generated by stacking paper sheets, each of which sup-
ported 96 individual spots of cell-hydrogel mixtures. This con-
figuration conveniently enabled treatment of the cells in each
individual well with different drugs. The 96-well format
could possibly accelerate the development of new high-
throughput assays for 3D cell cultures.!>®! Similarly, another
study conducted by Derda et al.l'” showed that arrays patterned
on paper using Teflon can support peptide synthesis and cell
attachment. The paper platform can also be used as a 3D
model for cancer cells. The peptide array effectively promoted
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the adherence of MDA-MB-231 breast carcinoma cells in these
paper scaffolds.”*! Another paper-based biomimetic microen-
vironment for the study of the pathogenesis of cancer was cre-
ated by Lei and Huang.!*”! In this study, the wax-printed paper
was found to be a convenient screening tool with reduced con-
sumption of materials. This system allowed for a rapid turn-
around compared with conventional materials, which are
made of polymers and metals.

Radiation therapy remains a common strategy for treating
tumor cells, which possess compromised DNA repair machin-
ery and often proliferate at higher rates than normal cells.>>>"]
Simon et al. utilized a paper-based platform to assess the met-
abolic response of lung cancer cells upon exposure to ionizing
radiation. This paper-based system allowed for regulation of
oxygen to cells within the 3D structure before and after irradi-
ation."® The platform could potentially be used for the isola-
tion of a subpopulation of cells and for exposing cells to
different doses of radiation or chemotherapeutics for patient-
specific personalized treatment.

Invasion of cancer cells is widely studied using migration
assays, such as transwell assays (e.g. Boyden chamber).
These assays offer limited information about cellular responses
to gradients in vivo because they oversimplify the 3D microen-
vironments of tissues. Other invasion assays commonly require
specialized laboratory equipment or engineering expertise.l*”)
Recently, a simple paper-based invasion assay was designed
and implemented ©°°) to monitor cellular movement in real-time
with fluorescence microscopy. A similar study presented a
paper-based device that could carry out polymerase chain
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reaction (PCR) for quantifying multiple cell types in a single
culture. The PCR method detected, repeatedly and accurately,
as few as 50 cells, allowing small populations of highly invasive
cells to be differentiated from other cell types.>”!

Investigation of cellular phosphorylation and signaling path-
ways has played an important role in studying the pathogenesis
of cancer. A paper-based microreactor has been developed to
integrate cell culture (human liver cancer cells and nasopharyn-
geal cancer cells) and subsequent immunoassay for phosphor-
ylated kinases on a single paper scaffold.**! This platform
allows for the shortcomings of time-consuming and
labor-intensive conventional assays to be overcome.

Closing the gap between in vitro experimental data and in
vivo results is essential in the development of new cancer ther-
apies. To achieve this goal, physiologically relevant tissue
models should be designed and implemented. A multi-zone
paper platform was developed to characterize cell behavior
upon exposure to an anti-cancer drug, doxorubicin.[
Cytocompatibility, proliferation, morphology, and chemosensi-
tivity of the cells were evaluated in this biomimetic tissue
model.[*”)

In addition to high-throughput applications of paper-based
platforms, they also have been used to develop analytical
tools. For example, in one study cell proliferation in paper
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scaffolds was quantified with an impedimetric method.[®"]
The paper device with microchamber patterns was placed on
a glass substrate with electrodes for the measurement of imped-
ance. Cells in each microchamber were represented by an
impedance magnitude, which allowed for the determination
of cell proliferation up to 3 days. This paper device could
potentially be used to evaluate other cell behavior including
growth, differentiation, and protein expression.

Paper-based platforms for
biotechnology and microbiology
Paper-based microbial fuel cells

Microbial fuel cells (MFCs) transform chemical energy stored
in degradable organic materials into electricity by utilizing
microorganisms as catalysts. A great deal of effort has been
devoted to the efficient generation of electricity, which relies
on the type of microorganism used as well as the design and
manufacture of the device. Paper-based MFCs were recently
utilized to form portable 3D culture systems for fuel
cells [24:62-67]

To monitor liquid flow, and analyze the flow of cells or other
particles in bodily fluids, Choi and Choi developed a new ana-
lytical approach based on electrochemical measurements in
paper microfluidics using the principles of MFCs.!%?!
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Although optical techniques such as the particle-imaging veloc-
imetry can be used to monitor the flow of particles (e.g. cells) in
the liquid medium, the porous and non-transparent nature of
paper makes this method unsuitable. In this analytical tool,
the electricity generated by bacteria was measured in real
time. Oxidation of organic matter from the electron transfer
in the anode facilitated the measurement of currents.

In another study, to provide an analytical tool for screening
electrical properties of bacteria, a MFC array was generated
using a paper-based platform.** This rapid screening high-
throughput sensor was able to monitor the generation of elec-
tricity from different genetically engineered bacteria. Eight
mutant strains of Pseudomonas aeruginosa were analyzed
under 20 min in the 48-well paper platform without the need
for external tubes or pumps to drive the fluid flow. These effi-
cient and practical tools could potentially be used to provide a
fundamental understanding of the electrogenic potential of bac-
teria and to increase the performance of MFCs.

Paper platforms enable fluid transport through capillary
action without the need for pumping devices.[®*) Liquid trans-
portation in paper-based microfluidic devices occurs via
passive capillary action.l°***] However, the flow of heteroge-
neous samples, including cells and particles is not yet under-
stood in depth.°! A non-optical technique was employed to
analyze and quantify the flow of particles in a paper matrix.

Although microbial fuel cells have been improved over the
last decade,'®”) MFC performance is still insufficient.[:¢°]
Conventional MFCs cannot achieve major performance break-
throughs using naturally existing species without the use of
genetic engineering techniques.’” To address this need, a
high-throughput and rapid screening tool for microbial bio-
power production was introduced. The designed MFC array
displayed acceptable performance characteristics and identified
genes in Pseudomonas aeruginosa that could trigger a higher
power density. In another work, a simple, flexible, low-cost,
and disposable paper-based MFC was fabricated to generate
bioelectricity from P. aeruginosa and Shewanella putrefa-
cient.!®! The majority of the layers of the device were fabri-
cated from filter paper. The hydrophilic and porous nature of
paper allowed for the sufficient exchange of electrolytes main-
taining the fluid content in the device and the elimination of
external pumps to drive the liquid motion. Oxygen, which
has a high oxidation potential, from the air was used as the cath-
olyte to form water. The device generated 0.4 V from P. aeru-
ginosa without the requirement of any catalysts. Similar
paper-based platforms could potentially be used to fabricate
the next generation of power devices.

Key mechanisms that underlie electron harvesting from
electroactive microorganisms are not fully understood. In addi-
tion, the optimization of fundamental factors responsible for the
generation of electricity has been challenging. These hurdles
have hindered the widespread use of MFCs in applications
such as wastewater treatment and environmental power
sources.[*>"!72 In particular, the major drawback of existing
MFC systems is the difficulty in controlling the electrical

https://doi.org/10.1557/mrc.2018.8 Published online by Cambridge University Press

communication between cells and electrode. To overcome the
main limitations of these aspects,’>”"* a paper-based MFC
stack was developed.'*>) Multiple layers of filter paper, contain-
ing bacteria, were stacked to form a layered 3D model of bio-
films. In addition, the mass transport of electrons/protons into
this 3D system was quantified. In another study, a modular,
and multi-layered paper-based MFC was used to study proton
and electron diffusion within the Shewanella oneidensis bio-
film by measuring the current generated from the 3D stacks
of paper (Fig. 6).7%! The thickness of the biofilm was easily
controlled by varying the number of layers of paper that were
assembled. Current generation and maintenance were found
to be higher for thicker biofilms compared to that of the thinner
ones. This platform is promising for studying the effects of gra-
dients of nutrients on the formation of biofilms, and for under-
standing the electrogenic potential of bacteria for power
generation in MFCs. Transportation of bacterial cells in the
paper-based microfluidic device was also quantified. These
paper-based tools can be useful for clinical diagnostics, envi-
ronmental monitoring, and control of food quality.

Paper-based antibacterial materials

Metal oxide nanoparticles have been shown to demonstrate anti-
bacterial activity. However, gel or agar plate-based platforms that
include these nanoparticles have a number of limitations.””"*}
Although gels and agar plates have a significant surface area
from which to release the nanoparticles, the applications are
still limited to research in the laboratory. This problem can be
addressed by coating paper with metal nanoparticles using nano-
cellulose (Fig. 7).2%%%3] The resulting modified paper devices
are portable, and retain the desired surface area of gels and ager
plates. The antibacterial tests revealed that the paper-based plat-
form that included metal oxide nanoparticles was effective
against both gram-positive and gram-negative bacteria.

Paper-based antibiotic tests

Paper is a promising platform for culture bacteria owing to its
simplicity, flexibility, and portability.?”) In one study, an inex-
pensive paper-based culture platform was used to screen antibi-
otics against bacteria. In this study, the standard Kirby—Bauer
disk diffusion test was performed on the paper platform
(Fig. 8).*®! The procedure was similar to the test that is tradi-
tionally performed on Petri dishes and agar plates. The paper-
based device was able to indicate the bacteria as resistant,
intermediate, or susceptible against the tested antibiotics. The
results suggested that paper-based devices could also be used
for environmental samples in the future due to the flexibility
of the platform.

Paper-based scaffolds for culturing fungi

The prerequisite for microbiological research for fungi is the
axenic cultivation. Fungal mycelia are frozen at a controlled
rate and stored in liquid nitrogen.'®®! Some fungi species grow
poorly under axenic conditions, and cryopreservation for these
slow-growing microorganisms is difficult. Ascomycetes and
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Figure 6. Schematic representation of the paper-based multi-stack microbial fuel cell. Whatman #1 paper was used as the anodic and cathodic substrate.
Electricity generated by the device was dependent on the number of bacteria on the anode. The thickness of the biofilm was controlled by the amount of bacteria
on the anodic paper. Reprinted with permission from Ref. 76 (Royal Society of Chemistry, 2015).

basidiomycetes have been used in applications for the medical,
pharmaceutical, and food industry. It is extremely challenging
for eukaryotes to survive cryopreservation because they can
hardly revive from the freezing temperature. Although new tech-
niques have been used for eukaryotes such as basidiomycetes,
these cryopreservation methods are not suitable for fungal fam-
ily. A novel, simple, and cost-effective method based on char-
coal filter paper strips (CFS) has been used for the
cryopreservation and revival of ascomycetes, as well as ectomy-
corrhizal and non-ectomycorrhizal basidiomycetes. While nei-
ther the charcoal nor the filter paper alone provides higher
survival rate for these species, the combination of the two
types of paper makes it possible to achieve a favorable

cryopreservation condition. This approach provided a greater
survival rate and rapid revival after thawing the fungi.*”! The
CFS was also used for cryopreservation, culture, and analysis

of ectomycorrhizal, wood-decaying, and saprotrophic
fungi.[2-%7]

Paper-based devices for cell purification and
separation

Microalgae are unicellular species that are commonly found in
fresh water or marine systems.!®®! Most of microalgae produce
valuable components such as carbohydrates, long chain fatty
acids, and proteins, which are widely utilized in aquaculture,
supplements,

[89]

cosmetics, food and pharmaceuticals.

Figure 7. SEM images of uncoated and antibiotic-coated paper scaffolds. (a) Untreated nanofibrillated cellulose fibers. (b) The cellulose fibers were coated
using zinc oxide nanoparticles to explore their antibiotic properties. Reprinted with permission from Ref. 26 (Elsevier, 2013).
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Figure 8. A paper-based culture platform for testing antibiotics. Two
different patterns were used to culture bacteria in the presence of antibiotics
(a—=d). (a) and (c) Wax patterns without hydrophobic spots. (b) and (d) The
addition of hydrophobic spots facilitated the uniform spreading of the
bacterial inoculum. The antibiotics were added to zones T and A. Reprinted
with permission from Ref. 28 (Royal Society of Chemistry, 2013).

Microalgae species from aquatic environments are mixed het-
erogeneous populations that must be isolated and then cultivated
for specific applications. The ability to select specific microalgae
from a mixed heterogeneous cell population is one of the most
useful techniques for biochemical research. Traditional methods
for isolation of microalgae, such as serial dilution, are laborious

(@)

and inefficient. Several other methods such as microfluidic
devices and plastic microwell plates have been applied for the
analysis of single cells.”") Although results are promising,
the challenges associated with the high-cost and time required
to complete these analyses are still not addressed. To meet this
demand, the paper has been utilized for the separation and culti-
vation of single microalga (Fig. 9).°°! Major advantages of
employing paper for microalga separation include the ease of
fabrication of paper devices, as well as the inexpensive and dis-
posable features of paper.° In this work, the paper-based
device was fabricated using a laser printer to create microwell
patterns on filter paper. Each well was designed to isolate one
single cell. Most of the driving force to isolate microalgae
with this device was the capillary forces within the paper. It
took several minutes to construct the device, without the need
for capital instruments or a cleanroom. The space between
each microwell was 1 mm, which was visible in the macroscale
and accessible by a micro-pipette. Moreover, the device was able
to separate microalgae of different size and shape with a greater
efficiency compared to the standard tests. The paper device also
served as an incubator for microalgae cultivation. Algae growth
medium was absorbed by the paper-based device, which
allowed the microalgae to be cultured from a single cell to a pop-
ulation after the separation procedure without the need to trans-
fer to a new container. The microalgae populations did not grow
beyond the borders of the wells ensuring that there was no cross-
contamination from well-to-well.
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Figure 9. Fabrication process for paper scaffolds to grow algal species. (a) Carbon powder was used to generate patterns using a laser printer. The hydrophobic
patterns defined cell seeding zones. (b) Growth medium with cells was deposited on the hydrophilic algae-seeding zones on the paper scaffolds. Reprinted with

permission from Ref. 30 (Elsevier, 2015).
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Conclusion and future directions

With its unique advantages, paper has become a promising bio-
material for culturing mammalian cells, bacteria, fungi, and
other microorganisms (e.g. algae). Such advantages include
the hydrophilicity, porosity, and mechanical strength provided
by the cellulose fibers. The highly porous nature of paper
assists in the transfer of oxygen and nutrients to and from
cells upon their culture, thus, these platforms are promising
scaffolds for tissue engineering applications. The types of
cells cultured on paper for the analysis of metabolites and the
investigation of the mechanisms of life processes could be
expanded to plant cells and viruses. The ease with which
paper can be shaped and patterned using wax or inkjet printing
helps with the fabrication of scaffolds, devices, or chips of dif-
ferent designs. These paper-based products can then be used for
investigating co-cultures of cells, studying disease models, or
as tools for diagnostics.

Studies which use paper-based designs for tissue engineer-
ing are expected to be conducted at a greater scale in the near
future. Experiments such as the “beating cardiac tissues on
paper” have been suggested recently.?'! It is also possible
to incorporate various types of cells with the goal of forming
functional tissues, and even more daring attempts may be pro-
posed for making organ models on paper similar to current
organ-on-chip designs.

Components of certain plants may be extracted as raw
materials for synthesizing drugs and pharmaceutical products.
The slow growth of a plant cannot meet the needs of the med-
ical industry, which triggers the production of cells in bioreac-
tors. Paper-based platforms can be employed as alternatives to
the traditional approaches to grow plant cells. Some of the
metabolites of bacteria possess pharmacological activities and
are produced by standard germiculture. The output of these pro-
cedures could potentially increase if the paper is confirmed to
provide better metrics.

Paper-based devices can be used in combination with ana-
Iytical techniques for the analysis of cells and metabolites.
One such technique is mass spectrometry, which has powerful
identification and quantification functions while maintaining
great sensitivity when it is applied for the detection of small
molecules and peptides. The combination of this technique
with paper-based cell culture would benefit the studies relevant
to high-throughput testing of soluble compounds and high-
throughput drug screening.

Paper-based platforms could also be used to study viruses
that are co-cultured with cells. Production of a large number
of'adenoviruses for gene therapy is currently limited for clinical
applications. Considering the advantages of paper as mentioned
above, virus infection can be effectively improved and the
kinetics of adenovirus production in cell lines can be controlled
using paper-based co-culture of adenoviruses with cells.

Chemically modified paper substrates could be broadly used
in conjunction with bioactive substances. For example, one
could modify the hydroxyl group of cellulose, which could
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be a binding moiety for collagen, peptides, and small molecules
with hydrogen bonds. Air permeability, pore size, and porosity
of paper could also be modified for the growth of cells.

Another potential application of paper-based platforms
would be the co-culture of bacteria and mammalian cells to
mimic the in vivo environment when it is exposed to infections.
There has been an increasing interest in the association of
altered gut microbiota with human diseases and therapeutics
to modulate microbiota to treat such diseases.””*! In this con-
text, it would be interesting to use paper-based platforms to
co-culture intestinal cells and bacteria.

Although biocompatibility of paper scaffolds has been dem-
onstrated in animal models in earlier studies, its further use for
regenerative applications in vivo should also be shown.

The implants which serve as temporary fillers for tissues
would need to be degradable in the body to allow for deposition
of extracellular matrix (ECM) by the cells and regeneration of
the tissue. Studies on cellulose degradation would result in the
improvement of applications of paper constructs in tissue engi-
neering. Although paper possesses numerous advantages as a
scaffold for cells, if it cannot be degraded, some of its applica-
tions in tissue engineering may be limited. Therefore, studying
enzymes produced chiefly by fungi, bacteria, and protozoans
that catalyze cellulolysis, would benefit the applications of
paper in this area.

In summary, paper-based platforms have been used in the
fields of biology, medicine, engineering, materials science, bio-
chemical analysis, and clinical diagnosis due to their numerous
advantages mentioned above. Fabrication of paper-based
devices for new applications may greatly benefit our society.
Further work with paper has great potential for development
and prospects of far broader applications.
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