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Paper has recently attracted increasing attention as a substrate for various biomedical applications. By

modifying its physical and chemical properties, paper can be used as an alternative to conventional cell

culture substrates. Because it can be stacked into a three-dimensional (3D) structure, which can better

mimic the in vivo cell microenvironment. Paper has shown great potential as a 3D cell culture platform

for developing normal and diseased models. This platform gives precise control over extracellular matrix

(ECM) composition as well as cell distribution and precise analysis of the interactions between cells.

Paper-based platforms have been applied for pathophysiological studies and therapeutic intervention

studies. In this paper, we first discuss the modifications of the physical and chemical properties of paper

to develop various 2D and 3D cell culture platforms. We then review the applications of paper-based cell

culture platforms for the construction of in vitro disease models, drug screening, and cell

cryopreservation applications. Because of its advantages such as biocompatibility, eco-friendliness, cost

efficiency, and ease of large-scale production, we believe that paper-based cell culture platforms would

play an important role in the fields of biomedicine.
Introduction
Paper, as one of the most ancient inventions, has led to tremen-

dous changes to human beings along the history. In ancient

Egyptians, Greek, and Romans, ‘papyruses’ (paper-like materials)

were used to record information, while the modern paper that is

composed of cellulose fibers held by hydrogen bonds was invented

and used in ancient China. Ever since its invention, paper has been

used in a wide range of fields, from the original writing substrates

to sanitary products, packaging, and even bank notes (cash).
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Recently, with the significant advances in biotechnology, paper

has been applied as substrates to a variety of biomedical applica-

tions, such as the production of low-cost and disposable analytical

test papers in healthcare applications [1–3], flexible electronics

[4,5], paper-based biosensors [6–8], and most recently, cell culture

platforms [9–14]. This is mostly attributed to its attractive intrinsic

properties, such as biocompatibility, ease of chemical and physical

modifications, cost efficiency, eco-friendliness, and ease of large-

scale manufacturing.

Selection of materials/substrates for cell culture in vitro has

evolved from the original cell expansions to disease models, tissue

regeneration, as well as in vitro diagnostics along the emerging
6/j.mattod.2016.07.001
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technologies in biomedical fields [15]. Therefore, the concept of an

ideal material for cell culture has shifted from a bio-inert material

to a biocompatible material that can fulfill the necessary criteria

such as cell inductivity and biodegradability [15]. Paper, given its

fibrous, porous, and flexible properties, has shown great potential

as an alternative platform for cell culture, particularly with the

advancements in micro/nanotechnologies that allow more effec-

tive modifications of its physical and chemical properties [6,16].

Cell culture systems developed using nanocellulose-based paper

have shown improved cell viability, adhesion, migration, and

proliferation compared with tissue culture plates (TCPs) [17–19].

Moreover, paper can also withstand various chemical, thermal,

and ultraviolet (UV) sterilization processes without suffering dras-

tic changes in its properties [20].

Paper is a thin material produced by pressing together the moist

fibers of cellulose pulp derived from wood, rags, or grasses, and

later drying into flexible sheets. Therefore, it offers the advantages

of nanofibrous materials like electrospun fibrous mats, such as

the fibrillar structure that mimic the extracellular matrix (ECM)

[17–19,21,22]. However, the electrospinning technique has a few

limitations, such as limited extensibility in the fabricated fiber [21]

and lack of spatial control over pore size [23]. These drawbacks

decrease the pore sizes of electrospun fibrous mats when stacked

into multilayer three-dimensional (3D) scaffolds, which may limit

the ability of the cells to penetrate deep into the core of the scaffold

and result in nonhomogenous cell distribution [24]. The

manufacturing method of paper provides a better control over

the paper dimensions and porosity. As a result, when paper is

stacked into multilayer 3D scaffolds, the cells can reach greater

depths, which better simulates the in vivo environment [9]. These

make paper preferable over electrospun fibrous mats in the con-

struction of ischemic disease models, where cell migration toward

ischemic stress is a major aspect [12,25]. Moreover, patterns can be

easily created on paper using wax printing, and microchannels can

easily be fabricated on paper [2,9,26]. On the basis of these

characteristics and advantages, paper can be used in many bioas-

says, including molecular assays, paper-based enzyme-linked im-

munoassay (ELISA), and cell culture studies, whereas electrospun

sheets are mainly used for cell culture, implant material, drug

delivery, and wound dressing [26–28].

The major advantage of using paper as a cell culture platform is its

intrinsic three-dimensional (3D) configuration, which mimics the

native cell microenvironment [11,29–31]. Such 3D cell culture

systems can create physiologically relevant fluid flow, and oxygen

and nutrient gradients, which better reflect the native microenvi-

ronment than the conventional 2D in vitro systems [10–12,30–33].

The construction of functional in vitro 3D models requires system-

atic control and optimization of their biophysical and biochemical

characteristics. Paper as an alternative to traditional 3D cell culture

platforms, such as hydrogels and porous scaffolds, has been shown

with a great diversity of surface topography and internal porous

microstructure, enabling the use of paper-based systems to manip-

ulate cell behaviors [10,12,13,34]. Moreover, paper has an inherent

ability to absorb fluids through capillary action attributed to its

porous structure and large void volume ratio [1,35], making it

possible for cell migration inside the scaffolds [9,10]. In some

studies, paper was mixed with hydrogel to construct 3D in vitro

culture platform [9,12,13,25], where the paper fibers provide strong
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.10
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mechanical support, acting as a supporting frame to maintain the

configuration of the thin, mechanically fragile soft hydrogel

[19,36], allowing repeat handling of the cell-laden paper system

without significant disruption of cell behaviors [10,12,34]. Further-

more, thickness of the paper can be tailored to �200 mm to ensure

delivery of sufficient oxygen to all the residing cells. Finally, multi-

ple paper units containing different cell types can be stacked up

with a defined spatial distribution to recapitulate native 3D archi-

tecture in vivo [10,12,37]. Together, paper has become an interesting

and unique substrate for creating 3D cell culture systems [12].

The unique features of paper-based system in supporting 3D cell

culture enables it to be used for a range of studies, such as the

development of normal or disease models in vitro by manipulating

the physical or chemical properties of the paper to control nutrient

and oxygen diffusion (Fig. 1) [9,10]. Such 3D cell culture models can

also be used to study cell–drug interactions in a high-throughput

manner, thus facilitating the understanding of diseases mechanism

and drug metabolism [9,12]. Further, the absorbing ability of paper

makes it a carrier for small-volume vitrification as it can reduce the

vitrification solution surrounding the cells [38,39]. A variety of

commercially available papers are currently used in cell culture and

biomedical applications. A detailed comparison of different types of

papers is listed in Table 1.

To date, there has been no comprehensive study on the applica-

tions of paper-based cell culture platforms. In this study, we

discuss the modification of the physical and chemical properties

of paper in detail, to develop various 2D and 3D cell culture

platforms. We also provide an in-depth review of the applications

of such paper-based cell culture platforms for the construction of

in vitro disease models and drug-screening models and for cell

cryopreservation.

Modification of paper for cell culture
Paper is an interesting alternative to the conventional cell culture

materials (e.g., ceramic, glass, and polymer) because of its dimen-

sional versatility and adjustable porosity [14,40,41]. The mechan-

ical properties of strong cellulose fibers present in paper facilitate

its reshaping and stacking into structures that favor cell growth,

with no detrimental effect on the bulk properties of paper [10–12].

Furthermore, the high porosity of paper possesses fluid wicking

capabilities, which allows the flow of cell culture medium across

the paper and is thus beneficial for transportation of nutrients

(e.g., oxygen) and waste product. By tuning the porosity of paper,

the amount of nutrient and oxygen reaching the targeted tissue

can be precisely controlled, thus creating an accurate normal or

ischemic diseased tissue model [9,11,12,32,34].

However, paper itself is not a suitable material for cell culture

because of the absence of cell adhesion moieties [34]. Furthermore,

paper is produced from cellulose pulps that are bound together

through mechanical interlocking and intermolecular hydrogen

bonds, and thus long-term exposure of paper to the cell culture

medium might destroy the bonding between the cellulose fibers

and cause cell loss because of the loss of their anchoring sites,

thereby disrupting cell–matrix adhesion [34,42]. A few recent

studies have shown that native nanocellulose fibers (e.g., bacterial

nanocellulose and nanofibrillar cellulose) have good biocompati-

bility to human cells in 3D cell culture systems because of their

native ECM-mimicking structure and dimension [17–19].
16/j.mattod.2016.07.001
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FIGURE 1

Schematic of outline for paper-based cell culture and its emerging biomedical applications. Modification of physical and chemical properties of paper

enables it to be used in cell culture and to control nutrient and oxygen diffusion mimicking the healthy and diseased environment in vivo (disease model).
The cell culture models can also be used to study the cell–drug interactions in a high-throughput manner for drug screening. The absorbing ability of paper

renders it to become a holder that reduces the vitrification solution around cells, and can be for cell cryopreservation. Images reproduced from

[9,12,25,89,95].
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Both the physical (e.g., topography and mechanical properties)

and chemical properties (e.g., adhesive ligands) of ECM play vital

roles in guiding cell fates during development, healing, tissue

remodeling, and disease genesis. In this sense, paper made by micro-

and nanocellulose fibers offers several advantages as cell culture

platform because of its relatively better physical properties (e.g.,

topography, permeability, and mechanical properties), and micro-

and nanostructure networks similar to native ECM (e.g., protein and

polysaccharide network) [18,43,44]. The porous structures of paper

not only provide the required space for cell growth but also facilitate

modification of paper with biological ligand (e.g., peptides or

nucleotides), as they can affect cell adhesion and proliferation.

The physical properties can also be regulated to enhance the cell
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.101
functions. For instance, both topography and stiffness of the paper

could activate cellular mechanotransduction through focal adhe-

sion formation and intracellular cytoskeleton to enhance cell con-

tractility, spreading, migration, and differentiation [18,44–48].

Furthermore, paper with high stiffness could induce cell–matrix

traction, resulting in the secretion of ECM that may enhance the

mechanical properties of paper. Besides, the physical and chemical

properties of hydrogels integrated with papers, including porosity,

stiffness, viscoelasticity, and ligand density, may regulate cell adhe-

sion, proliferation, and differentiation. Cells will degrade the hydro-

gels by secreting various enzymes (e.g., matrix metalloproteinase

and chymotrypsin) and subsequently remodeling the local micro-

environment by secreting their own ECM.
6/j.mattod.2016.07.001
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TABLE 1

Paper types and their characteristics in biomedical applications.

Paper types Pore

size

(mm)

Roughness Thickness

(mm)

Cell types Mechanical strength Applications Advantages Disadvantages Refs

Whatman

filter

paper #114

25 Rough 190 Cardiomyocyte/Aortic valvular

interstitial cell/Human acute

promyelocytic leukemia cell

2.8 MPa (Ref. http://www.

gelifesciences.com.cn/CNLS/

indexAction.action)

Cell culture/Disease

model/Drug

screening

1. Sufficient diffusion

property for 3D cell

culture
2. Suitable pore size for

cell migration inside a

paper

3. Less expensive and
easy to obtain

1. Hard to fix cells

inside a paper

Low mechanical
strength

[9–12,84]

WhatmanW

ProtranW

nitrocellulose

membrane

1.0 Smooth 130–160 Human breast cancer cell 1.8–2.6 MPa (Ref. http://www.
gelifesciences.com.cn/CNLS/

indexAction.action)

Cell culture/Disease
model

1. Uniform pore size
2. Sufficient diffusion

property for 2D cell

culture.

3. Easy to stack and
destack in cell co-culture

systems

4. Good mechanical

strength

1. Limited pore size
for 3D cell culture

2. Expensive

[32]

Janus paper – Smooth – Human lung fibroblast 392 kPa Disease model 1. Hydrophobic and

suitable for cancer cell
aggregates fabrication

2. Good biocompatibility

and low cell toxicity

3. Less expensive and
widely accessible

Hard to stack for cell

co-culture systems
due to

hydrophobicity

[50]

Kimwipes
Kimberly

Clark 34155

– Smooth 100–160 Mouse embryonic fibroblast – Cell cryopreservation 1. Good mechanical
strength

2. Less expensive and

easy to obtain

Low cooling rate [89]

Weighing

paper

– Smooth 100–200 Bovine blastocyst/Human

adipose-derived stem cell

150–650 kPa (Ref. http://www.

paperonweb.com/paperpro.

htm)

Cell culture/Disease

model

1. Suitable stiffness for

osteogenic

differentiation
2. Less expensive and

easy to obtain

Low biodegradation

rate in vivo

[13,95]

Print paper – Rough 100–200 Human-induced pluripotent
stem cell

– Cell culture 1. Suitable stiffness for
myogenic differentiation

2. Less expensive and

easy to obtain

1. High impurities
with potential

cytocompatibility

issue

2. Poor porosity

[66]
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Therefore, the modification of paper’s chemical and physical

properties has become an inevitable and essential part in paper-

based cell culture systems to create a more feasible environment

for cell growth. To date, various modification methods have been

developed to manipulate the chemical and physical properties of

paper to fit different cell culture applications.

Modification of chemical properties of paper for cell culture
Paper has various chemical compositions, which can be classified

into organic and inorganic materials. The organic materials for

most paper consist of cellulose, hemicellulose, and lignin. The

hemicellulose is a group of compounds composed of different

sugars and the lignin is formed by phenylpropanes. The inorganic

materials comprise clay, alum, calcium carbonate, titanium oxide,

and rosin, which are mostly filled and loaded during paper

manufacturing. By adding these chemical materials, the desired

performance of paper can be obtained. For instance, clay and

calcium carbonate are added to obtain better brightness and

printability of paper, while the rosin and alum increase its water

resistance. Hence, it is important to regulate the chemical compo-

sition of paper for specific paper-based applications.

It is important to chemically modify the paper surface to

improve cell attachment and proliferation [14,49]. This can be

done by conjugating with various biomolecules, such as peptides

and nucleotides [1]. The chemical properties of the paper surface

can also be modified by various surface treatment methods, such as

initiator chemical vapor deposition (iCVD) [13], corona discharge

surface treatment [50], and printing [14] (Fig. 2a). iCVD is a

solvent-free vapor-phase polymer-coating method, which can

systematically modify the paper surface into a favorable biochem-

ical surface that exhibits desirable water resistance and adhesive-

ness [13]. The iCVD approach polymerizes a functional polymer

coating onto the surface of paper through a free-radical polymeri-

zation process, which can reduce the undesirable side chain

through polymerization reactions, which may destroy the func-

tional groups of the polymer coating [51]. A recent study used

iCVD for the deposition of glycidyl methacrylate polymer (pGMA)

on perfluorodecyl acrylate polymer (pPFDA)-coated paper, and

showed increase of cell adhesion. (Fig. 2a(ii–iv)) This is attributed

to the epoxy group of the bioreactive polymer – pGMA, which

facilitates the binding of serum protein in the medium onto the

paper substrate [13]. Corona discharge surface treatment has also

been used in paper modification to increase the surface energy,

thus leading to increased wettability for cell adhesion. For in-

stance, a hybrid cell culture platform for air–liquid interface

(ALI) made of janus paper and polydimethylsiloxane (PDMS)

was treated with corona discharge to enhance the flow in the

microchannels embedded in the platform, which resulted in en-

hanced cell viability (>95%) [50]. Furthermore, the printing meth-

od can also be used to modify the chemical properties of paper by

printing various chemical substances onto the paper [14,52]. For

instance, ECM proteins and cell adhesion proteins, such as vitro-

nectin and fibronectin, have been printed onto the paper to

enhance cell adhesion [53–56].

In addition to the aforementioned chemical modification, the

surface properties and bulk properties of paper can also be altered by

chemically modifying the cellulose fibers. For example, hydroxyl-

propyl cellulose (HPC) is a derivative of cellulose, which is soluble
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.101
in both water and organic solvents. Once hydrated with water, the

HPC forms a soft elastomer with a Young’s modulus similar to that

of soft tissues [57–59]. Cross-linking of HPC grafted with methy-

lacryclic anhydride by UV irradiation can form a hydrophilic

network, which provides anchoring sites for cell–matrix interac-

tion. In order to further enhance cell attachment, CDI activation of

the hydroxyl groups of HPC chain with 1,10-carbonyldiimidazole

has been used to introduce biochemical cues to HPC, which enables

it to conjugate with matrix protein (acting as active cell-binding

sites). This hydrophilic network degrades gradually along with cell

proliferation, allowing the cells to slowly replace the materials and

regenerate the tissues [34].

Modification of physical properties of paper for cell culture
The physical cell microenvironment (e.g., topography, stiffness,

roughness, and water permeability) has significant impact on

cellular behavior, such as cell proliferation, migration, alignment,

and differentiation [33,60–63]. Materials with smoother surfaces

have shown improved growth, spreading, and attachment of

epithelial cells, whereas those with a rougher surface are more

favorable for the growth, spreading, and attachment of osteoblast

cells [14,15,62,64]. Hence, we can precisely manipulate the cell

behavior by modifying the physical properties of paper. In addi-

tion, it was observed that the paper stiffness can significantly affect

anchorage-dependent cells in terms of their cellular behavior,

including stem cell proliferation, adhesion, locomotion, spread-

ing, morphology, striation, and even differentiation [65]. In addi-

tion, the surface of the paper can also be modified to be

hydrophobic or hydrophilic to inhibit or facilitate cell attachment,

thus allowing to create a cell culture platform integrated with both

‘cell zone’ and ‘cell-free zone’ [10–12,66].

The physical properties of paper can also be modified through

printing or coating of different substances. For instance, paper has

been coated with four types of substrates (calcium carbonate/latex

binder, kaolin pigments/latex binder, duo kaolin pigments/latex

binder, and styrene butadiene/polystyrene) to modify its physio-

chemical properties (e.g., topography, roughness and surface en-

ergy), which was later used to study cell attachment and growth

[14]. In addition, common laboratory filter paper has also been

modified with plasmonic gold nanorods as a three-dimensional

scaffold for cancer detection [67]. These coatings altered the

surface properties of paper, including surface roughness. It was

found that paper with low roughness promotes cell growth of

human arising retinal pigment epithelia cells (ARPE-19) [9,10].

Hydrophobic materials (e.g., PDMS, wax, and Teflon) have low

surface energy and inhibit cell attachment, thus acting as barriers

to direct and constrain cell growth in the desired area of the paper

[14,68–70] (Fig. 2b(ii)). For instance, PDMS was printed on the

paper to form 96 individual thin circular well slabs (hydrophilic

zones) that contain hydrogels encapsulating cells, where the

PDMS functions as a hydrophobic barrier to isolate the cell-con-

taining zones from each other and prevent the lateral flow of

aqueous medium and cell growth across each zone (Fig. 2b(iii,iv)

[10,12,71]. This cell culture platform is called the cell-in-gel-in-

paper (CiGiP) culture system [9,24]. Paper has also been coated

with a thin layer of highly hydrophobic pPFDA to increase

its mechanical durability and long-term stability in an aqueous

environment [13].
6/j.mattod.2016.07.001
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FIGURE 2

Modification of paper properties for cell culture. (a) Chemical modification through iCVD coating of various components on paper scaffold for enhanced cell

attachment [13]. (b) Physical modification of paper using wax and polydimethylsiloxane to modify the hydrophobicity and hydrophilicity of the paper

surface. Images reproduced from [10,14,96].
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Existing paper-based cell culture platform
With the advances in the micro/nanotechnologies, modification of

the physical and chemical properties of paper for various 2D and 3D

cell culture platforms has been developed. For instance, a weighing

paper was coated with a thin polymer (e.g., pPFDA) using iCVD,

which increases its hydrophobicity and long-term dimensional

stability in the cell culture medium. The paper was also coated

with pGMA to induce cell attachment and proliferation on the
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.10
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paper. Moreover, both polymer coatings can provide structural and

mechanical support to facilitate the osteogenic differentiation of

human adipose-derived stem cells [13].

Although 2D cell culture platforms have provided valuable

insights into cell–microenvironment interactions, they could

not closely represent the native 3D cell microenvironment with

complex cell–cell and cell–ECM interactions and mass transfer

barriers [29]. In addition, the effect of mechanical properties of the
16/j.mattod.2016.07.001

http://dx.doi.org/10.1016/j.mattod.2016.07.001


Materials Today � Volume 00, Number 00 � July 2016 RESEARCH

MATTOD-779; No of Pages 13

R
E
S
E
A
R
C
H
:
R
ev
ie
w

2D environment on cells is irrelevant to that of cells in vivo, where

cells are surrounded by a 3D microenvironment [72]. Therefore, it

is difficult to predict the actual response of cells toward external

stimulant (e.g., toxic effect and mechanical strain). Compared

with a 2D platform, 3D cell culture platform can better mimic

the in vivo microenvironment with microscale tissue geometry,

ECM-like stiffness, and complex organization of ECM. The paper-

based 3D cell culture system (e.g., CiGiP) is unique with the ability

to stack and destack. The durability of paper sheets is sufficient for

stacking into a multilayer 3D structure that could resemble in vivo

microenvironment. Layers of paper impregnated with suspension

of different cells in hydrogel can be stacked to form multilayer 3D

cell culture models, with easy handling and precise control on the

different parameters in each layer. Before stacking, hydrophobic

and cell-culturing zones are printed on papers using a wax printer,

followed by stacking of these papers held together with mechani-

cal clamps [10,12]. These models can be easily destacked by simply

using tweezers for further culture or analysis [9]. This stacking

technology is a key feature of CiGiP and enables researchers to

design customized cell culture platform that could suite their

experimental needs [9]. Another advantage of the CiGiP 3D cul-

ture platform is the detachability of the platform, which enables

the examination of cells at a specific layer and area [10].

Recently, paper-based platforms have also been used for the

proliferation and direct differentiation of human-induced plurip-

otent stem cells (hiPSCs) into functional beating cardiac tissues,

and to create ‘a beating heart’ on paper [66]. Three types of paper

(print paper, chromatography paper, and nitrocellulose (NC)

membrane) were coated with PDMS and tested for the growth

and differentiation of human-derived iPSCs. hiPSCs grew into a

3D-like morphology on these paper substrates maintaining plu-

ripotent properties in 5 days of culture. The hiPSCs on papers lost

their pluripotency after 5 days and were fully induced to cardiac

cells, which retained their long-term stable contractile frequency

of 40–70 beats per minute for 3 months on the print paper and

chromatography paper. The human iPSCs grown on the NC

membrane differentiated into retinal pigment epithelium even

under cardiac-specific induction, indicating that the properties of

the paper and the mechanical cues regulate stem cell differentia-

tion. There is also another study, where single-layered papers

cultured with osteogenically differentiated human adipose stem

cells (hASCs) were stacked with those cultured with human endo-

thelial cells to promote the formation of vascularized bone in vivo,

which was then implanted into mice with calvarial bone defect

resulting in significantly enhanced bone regeneration in vivo [13].

This shows that a paper-based cell culture platform is a promising

scaffold for the support of various cell functions, including cell

attachment, proliferation, and differentiation.

Applications of paper-based cell culture platform
The paper-based 3D cell culture system also exhibits several advan-

tages from a material standpoint. First, paper is a porous scaffold

composed of micro- and nanofibrous structures, which are similar

to native ECM. The mechanical and chemical properties can be

tuned by changing the structures (e.g., fiber diameter and porosity)

and material composition (e.g., bacterial nanocellulose and nano-

fibrillar cellulose). Second, porous structures can enhance the

diffusion of nutrients, paracrine molecules, and oxygen, which
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are important for cell culture. In addition, paper is a flexible and

easily foldable material, which holds high potential as a 3D

complex scaffold for cell culture. This is important because engi-

neering of complex tissue constructs for tissue engineering appli-

cations remains a challenging task to date. Taken together, paper-

based system can provide a useful tool for establishing in vitro 3D

cell culture systems.

Paper-based cell culture as disease models
In vitro 3D cellular models that mimic a normal or diseased tissue

structure in vivo are important to understand the cellular physio-

logical or pathological behavior [11,12,29,73]. Many studies have

proved that a paper-based cell culture platform can be used to

mimic various native pathophysiological microenvironments

[11,12,32,66]. Functional changes in the microenvironment, such

as inadequate oxygen supply, adaptive changes in metabolism,

and changes in the pH in microenvironment, can be achieved with

a paper-based culture platform. For example, CiGiP is a simple

method for culture of thin planar sections of tissue on a printed

paper array, either alone or stacked to create a complex 3D tissue

construct [10]. The CiGiP platform provides better control over the

parameters dictating the cellular microenvironment, which

enables the manipulation of the concentration gradient of soluble

molecules such as oxygen and glucose to create a native-tissue-

mimicking hyperoxic and hypoxic microenvironment [9,10,74].

For instance, the CiGiP platform was successfully used to fabri-

cate a 3D cell culture platform, which well mimics low-, medium-,

and high-ischemic stress conditions to study the response and

interaction of cardiomyocytes and cardiac fibroblasts (Fig. 3a)

[12]. Two experimental systems used the CiGiP platform to mimic

ischemic conditions in occluded blood vessels and studied the

effect of ischemic conditions on cardiac fibroblasts. One system

mimicked the region of cardiomyocytes between a healthy blood

vessel in the top of a large stack and an occluded blood vessel at the

bottom of a large stack. For this, six mini stacks consisting of

20 pieces of paper were stacked together, where openings are

present on the top plate that allow the medium to diffuse in. As

the medium diffused from the top to the bottom block, the nutrient

was metabolized by cardiomyocytes, leaving an ischemic environ-

ment at the bottom. The other system forms a co-culture by

stacking neonatal rat cardiomyocytes and cardiac fibroblasts to

study the migration of cardiac fibroblasts toward the cardiomyo-

cytes under ischemic pressure. For this, two mini stacks of cardi-

omyocytes were placed at the bottom, while different numbers of

mini stacks containing fibroblasts were stacked on top to create

cellular environment of low, medium, and high ischemia. With

this model, it was found that the metabolically stressed cardio-

myocytes could produce cytokines in accordance with the level of

ischemia, which will induce the fibroblast to migrate to the high

concentration of cytokines (injured area) to repair the damaged

area. Then, the addition of transforming growth factor beta (TGF-b)

neutralizing antibody could suppress the migration of fibroblasts to

the cardiomyocyte-containing layer, further confirming that the

chemotaxis of fibroblast is triggered by the cytokine signal gener-

ated by cardiomyocytes.

This paper-based ischemic disease model was further used to

study the progression of calcific aortic disease using aortic valvular

interstitial cells (VICs) under ischemic stress [75]. In this study,
6/j.mattod.2016.07.001
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FIGURE 3

Disease model using paper-based cell culture platform. (a) Construction of cell-in-gel-in-paper (CiGiP) model [12]; (b) 3D breast cancer model [32];
(c) fluorescent images showing the distributions of living (green) and dead (red) cells in a multilayered paper-based cell culture model. Images reproduced

from [10].
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paper sheets were stacked and compressed by top and bottom solid

plates to ensure that the paper layers were in contact to allow

migration. Manipulating the position of solid plate gives control

on the medium flow, which will lead to the formation of oxygen

and nutrient gradient along the thickness of the paper layers. With

this model, it was found that expression of a-smooth muscle actin

(a-SMA), a defining marker of myofibroblasts and an indicator of

VIC activation, was increased in VICs located in the areas of higher

hypoxic stress at the bottom of stack (Fig. 3a). It was also found

that the addition of collagen type I to this model was able to reduce

the expression of a-SMA, thus reducing myofibroblast differentia-

tion and calcification. In addition, a stacked paper invasion assay

based on CiGiP has been developed recently, which provides a

cancer cell model to study the effect of the gradients of oxygen

tension on the cancer cell migration within a 3D culture environ-

ment [25]. In this model, the gradients of oxygen are easily

controlled with the aid of a designed holder, which generates

monotonically decreasing gradients of oxygen through the stack.

And the migratory response of the cells is easily measured by

peeling stacked layers apart. Through fluorescence microscopy,

the movement of cells in the paper-based cell culture system can be
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.10
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monitored and tracked in real time, which facilitates the investi-

gation of the chemotaxis behavior of cancer cells [76].

Cancer cells with powerful proliferation ability trigger an exces-

sive accumulation of lactic acids, resulting in acidic extracellular

microenvironment [32,77,78]. CiGiP platform has been used to

establish an acidified microenvironment model to study the tumor

metabolic activity of the cells. The multilayers of paper in CiGiP

platform can mimic the pH gradient near tumor cells, where the

lactic acid that accumulates at the middle paper layer can hardly be

flushed away by active perfusion. CiGiP is also flexible to dimen-

sional changes through simple stacking and destacking of the

paper stack, allowing the analysis of lactic acid accumulation at

different layers. For instance, CiGiP has been used to develop a

breast cancer model (Fig. 3b) [32]. Human breast cancer cells

(MCF-7 cells) were encapsulated in a hydrogel and then seeded

on a layer of NC membrane (NC). Eight layers of NC membranes

treated with oxygen plasma were stacked up and packed together

into a microfluidic chip to mimic the in vivo microenvironment of

breast cancer cells. This breast cancer tissue was cultured in a

perfusion manner at varying flow rate to investigate the tumor

acidification of the microenvironment. It was found that the
16/j.mattod.2016.07.001
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degree of microenvironment acidification in the breast cancer

tissue depended on the perfusion flow rate. Establishing such an

acidified tumor microenvironment model plays an important role

in studying tumor metabolisms, including invasiveness, metastat-

ic behavior, and resistance to cytotoxic agents. In addition, CiGiP

was also used to evaluate the sensitivity of A549 cells (lung cancer

cells) to ionizing radiation in a gradient of oxygen, a condition

which is similar to in vivo microenvironment of a solid tumor. It

has been found that radiosensitivity of lung cancer cells subjected

to hypoxia is lower than those subjected to high oxygen tension.

Reduced radiosensitivity of lung cancer cells could be associated

with the lack of oxygen as a radiosensitizer, which produces free-

radical species to kill the cells. This indicates that oxygen plays an

important role in radiation therapy of cancer. The findings of this

study would aid to discover novel and effective therapies to

improve outcome of cancer patients [79]. The disease models made

of paper-based cell culture platform are favorable because of their

unique advantages compared with the conventional in vitro 3D

model (e.g., hydrogel and bio-elastomers). For example, spatial

control over cell distribution is challenging for hydrogel and bio-

elastomers, but it can be achieved by patterning cells in single-

layered papers and stacking these papers into a 3D model [10,12].

Besides, the cell culture microenvironment can also be controlled

by placing different reagents and ECM proteins into papers before

stacking up the papers into a 3D model [11]. Furthermore, the

wicking ability of paper allows the exchange and transport of

nutrients in the paper-based cell culture platform (Fig. 3c)

[10,12,32]. In addition, the hydrophobic or hydrophilic properties

of paper can be altered by adding wax or PDMS, which is essential

in limiting the transfer of nutrient, thus leading to an efficient

ischemic model [9–12]. With the advancement of technology,

imaging and quantification of VIC in the CiGiP platform can be

performed easily using confocal microscope and gel scanner after

destacking the paper layers [11].

Paper-based cell culture platform for drug screening
Cell-based drug screening through monitoring of cell responses

(e.g., cell apoptosis and cell metabolic products) to the drug treat-

ment is very important for development of new drugs [80,81].

Therefore, significant effort has been made on the development

of various methods for sensitive and specific detection of drug-

stimulated cell responses. Compared with conventional plastic

based platforms, paper provides distinct advantages, including

low cost, eco-friendliness, short time of testing, and low consump-

tion of reagent volume [82]. Furthermore, paper can provide a 3D

microstructure for in vitro cell culture mimicking native 3D micro-

environment [12,9], thus holding great promise for drug screening.

Monitoring cell responses to drug treatment has been developed

recently for drug screening. First, the cells are captured in a modi-

fied paper detection zone and then the captured cells are subse-

quently treated with drugs. The drug screening is completed

through detecting cell responses induced by drug treatment to

evaluate the performance of the drugs (Fig. 4a). Recently, Yu and

coworkers have created electrochemical detection of cancer cell

responses in paper for anticancer drug screening (Fig. 4b). The paper

culture platform was fabricated by stacking multilayers of punched

paper forming four wells to store culture medium containing

anticancer drugs (Fig. 4b(i)). The human acute promyelocytic
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.101
leukemia cells (HL-60) were captured through aptamer-modified

paper-based electrode, which was fabricated by the growth of gold

nanoparticles (AuNPs) on the surfaces of cellulose fibers in paper.

Sequentially, bovine serum albumin (BSA) was loaded for blocking

the nonspecific binding sites. For anticancer drug screening, the

paper tab containing captured cells was gripped by the paper

culture dish containing anticancer drugs. The paper cell zones were

aligned with the corresponding wells of the paper culture dish to

make the cells cultured in culture medium with the drugs. After the

drug treatment, the cell apoptosis was obtained, which was suc-

cessfully shown by the translocation of the membrane phosphati-

dylserine (PS) to the extracellular environment of the apoptotic

cells [83]. Furthermore, the PS molecules can be specifically recog-

nized and bound by annexin-V. Therefore, drug-induced cancer

cell apoptosis can be monitored by the interaction of PS and

horseradish peroxidase-labeled annexin-V (HRP-annexin-V) biop-

robe (Fig. 4b(ii)), and the electrochemical response of HL-60 cell

apoptosis was obtained (Fig. 4b(iii–v)), which was induced by

cycloheximide, etoposide, and camptothecin, respectively. The

camptothecin drug was shown to be the best one for the HL-60

cell apoptosis. In addition to detection of drug-induced cell apo-

ptosis, monitoring specific biomarkers released from drug stimu-

lated cells is another effective approach for drug screening [84].

The monitoring of cell response to drug treatment is an effective

way for drug screening. Paper-based platforms are capable of

performing high-throughput cell culture by physical modification

(e.g., wax printing), forming multiple cell zones defined by barriers

in paper. The paper-based platform has shown promising ability

for multiple detection of cell responses to various drugs. Consid-

ering that the cell responses are normally at an extremely low

level, the paper-based electrochemical detection methods are

widely used for the detection of cell responses because of their

high sensitivity, selectivity, and quantitative nature [85]. In addi-

tion, high-throughput electrochemical detection of cell responses

can be achieved by using the separated electrodes on paper cell

zone to achieve high-throughput drug screening applications.

Paper-based platform for cell cryopreservation
Cryopreservation has been widely used for long-term storage of

biospecimens, such as cells, cell aggregates, and tissues. Among

various cryopreservation methods, vitrification holds the advan-

tages of maintaining viability, genetic profiles, and cytoskeletal

structure of cells [86]. For instance, various vitrification methods,

such as open pulled straw, quartz micro-capillary, cryotop, cryoloop

[38], and electron microscope grid methods [87], have been adopted

to vitrify mammalian embryos and successfully maintain the func-

tional properties of post-thawing embryos. However, these methods

require special devices to acquire a small volume for achieving high

cooling rate for vitrification, which may be expensive and not

suitable for large-scale cryopreservation of embryos [88]. In this

sense, paper-based cell culture platform can serve as a more conve-

nient and inexpensive device to achieve minimized droplet and

efficient embryo vitrification through its favorable absorbing prop-

erty (Fig. 5a) [39,89]. In this case, embryos were cultured on paper

substrates, which act as an absorbent to reduce the vitrification

solution around embryos to achieve small-volume vitrification. For

instance, approximately 10 bovine embryos in a 5-mL droplet

located on the surface of a weighing paper were directly vitrified
6/j.mattod.2016.07.001
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FIGURE 4

Application of paper-based cell culture platform for drug screening. (a) Schematic diagram of the working principle of cell-based drug screening on paper;
(b) paper-based platform was used for anticancer drug screening. (i) Paper culture dish for cell culture. (ii) Schematic detection of cell apoptosis. (iii)–(v)

Fluorescent evaluation of HL-60 cell apoptosis after treatment with cycloheximide (iii), etoposide (iv), and camptothecin (v). Images reproduced from [97].
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in liquid nitrogen, and the results show that the viability of the

embryos was comparable to those vitrified on an electron micro-

scope grid [39]. In order to further increase the vitrification efficien-

cy, Kimwipes tissue with high absorbing ability was used together

with a cryotube to vitrify almost 20 mouse embryos in a 1- to 2-mL

droplet on paper (Fig. 5b). The cell viability and birth rate of mouse

embryos vitrified on Kimwipes tissue were comparable to those
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.10
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vitrified using cryoloop (a standard vitrification method for embry-

os) [89] (Fig. 5c). Moreover, Kimwipes tissue is inexpensive with

large porosity to arrange several embryos on its surface, which

enables large-scale vitrification. Taken together, a paper-based plat-

form offers a promising cryopreservation method, which is conve-

nient, inexpensive, and holds a high potential to preserve bio-

specimens such as oocytes and embryos in a large scale.
16/j.mattod.2016.07.001
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FIGURE 5

Paper-based cryopreservation. (a) Microscope observation of the paper used for bovine blastocyst vitrification: (i) inverted microscope, (ii) scanning electron

microscope [39]; (b) Vitrification of mouse embryo in cryotube using Kimwipes paper (KP) as cell holder; (c) Representative embryos and living pups born

from mouse embryos vitrified in paper-based cryotubes. (i) Two-celled embryos before vitrification, (ii) four-celled embryos after warming and culturing,
(iii) blastocysts after warming and culturing, (iv) Living pups were born from vitrified embryos. Images reproduced from [89].
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Conclusion and future perspectives
Paper has emerged as a promising cell culture substrate that could

offer high potentials in developing 2D and 3D cell culture plat-

forms, although modifications of its chemical and physical prop-

erties are required. For instance, paper needs to be coated with

some beneficial chemical groups to provide binding sites for cell

attachment or its surface roughness and stiffness can be adjusted

to allow a better cell growth. Existing 3D cell cultures based on

hydrogel and porous scaffold are mostly nonuniform in dimen-

sion, failing to provide information about cells in different areas

within a single 3D construct, and this physical isolation of cells

from different regions of the 3D construct are needed before

staining and biochemical characterization [10,90]. Meanwhile,

paper-based cell culture platforms that have been used in many

biomedical applications show better results. For example, the

CiGiP system can better mimic condition of in vivo microenviron-

ment to create 3D normal or diseased tissue models, such as

ischemic diseased models[9–12]. By using such system, accurate

cell behavior in response to chemical or physical stimulation can

be studied. These models can be used for pathophysiological

studies and therapeutic intervention studies (e.g., drug screening

or cell-based therapy), leading to the development of pharmaceu-

tical and regenerative medicine. However, paper-based cell culture

platforms are still associated with some limitations. Similarly,

culture medium was laterally wicked to the hydrophobic zone

of CiCiP [9,10,12] and matrigel used in CiGiP was found to

increase the risk of tumorigenesis in the cells [91]. Further, paper

substrate is difficult to stretch, making evaluation of mechanically

induced cell response difficult. Mechanical properties of paper

decline drastically when immersed in cell culture medium because

of the breakage of hydrogen bonds that hold the cellulose togeth-

er. The insufficiency of ‘wet’ mechanical properties affects the

paper’s efficiency as a scaffold, which is required as anchoring sites
Please cite this article in press as: K. Ng, et al., Mater. Today (2016), http://dx.doi.org/10.101
for cells. The slow degradation of paper may also limit its applica-

tion in transplantation, where the transplant for some tissues (e.g.,

cardiac muscle and skin) needs to degrade in a certain period of

time to allow the growth of tissue to replace the implant, so that a

secondary surgical procedure to remove the implant is unneces-

sary. The commercially available paper contains additives (e.g.,

clay, calcium carbonate, and titanium oxide) that are added during

the manufacturing processes, which may be released with the

degradation of paper and induce adverse effect to the cells. In

addition, paper-based cell culture platforms have relied on fluo-

rescence imaging for absolute quantification of cells [92], which is

inaccurate due to limited background fluorescence arising from

the paper fibers.

In order to enhance the properties of paper material and extend

its applications, the structural design and manufacture process

need to be further optimized. For instance, mechanical properties

of paper can be enhanced by increasing the fiber diameter, porosi-

ty, and porous orderliness. In addition, the formation of paper-

based composites by incorporating with other strengthened func-

tional materials (e.g., carbon fiber and graphene) can also reinforce

the mechanical property of paper materials. For increasing

biocompatibility of paper materials, it is necessary to modify

the biological molecules (e.g., peptide and adhesive proteins) in

the fibrous networks of paper-based materials, which can promote

the cell activities including adhesion, proliferation, and differen-

tiation. Another method is regulating the topographical properties

of paper fibers by optimizing the processing characters, which can

also enhance the cell adhesive behavior. In addition, to address the

limitation of insufficiency of ‘wet’ mechanical properties, it is

necessary to use the hydrophobic bonding agent (e.g., alum) that

can further promote the interaction between paper fibers while the

paper is immersed in the liquid, especially for cell culturing

system. Furthermore, existing advanced micro/nanotechnologies
6/j.mattod.2016.07.001
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(e.g., bioprinting, biopen, microfluidics, and electrochemistry)

can be integrated into the paper-based cell culture platform. For

example, bioprinting would allow cells encapsulated in ECM to be

ejected onto the desired position on paper-based cell culture

platform accurately with a well-controlled spatial distribution of

cells throughout the printed area. This purpose can also be

achieved by using a more cost-effective biopen, which allows cells

to be written onto a paper-based cell culture platform [93]. More-

over, microfluidic networks can be integrated into paper-based cell

culture platforms as blood vessels and capillaries, enabling studies

on the interaction among various cells or tissues. With such

integration, a paper-based cell culture platform that better mimics

the characteristics of native tissues can be developed efficiently

[30,31]. Following the development of a tissue model or disease

model, electrochemical device can be integrated by writing elec-

trodes using a ball pen onto the model, to assess the cell responses

(e.g., secretion of soluble molecules such as neurotransmitter) and

metabolic activities (e.g., pH and oxygen consumption) upon

experimental intervention (e.g., drug screening), which may be

beneficial in pharmaceutical development [85]. Furthermore, the

integration of paper substrate with various detection modalities

(e.g., optical and electrical sensing platforms) enables broad bio-

medical applications. For instance, a cellulose paper substrate

integrated with a mobile phone system was successfully developed

to detect Escherichia coli in plasma [94]. Particularly, it will be

beneficial to integrate paper-based cell culture platforms with

these detection modalities for cell-based diagnostics because of

the advantages including low cost, high sensitivity, and high

selectivity. In addition, to accurately quantify cells in the paper-

based cell culture platforms, a polymerase chain reaction (PCR)-

based method with a DNA barcoding strategy was developed,

enabling a small population of cells, which is distinguished

from other cell types to be detected in the paper-based cell

culture platforms [92]. We believe that due to its unique advan-

tages, paper will find a wide spectrum of application in the field of

biomedicine.

Acknowledgments
This study was financially supported by the National Natural

Science Foundation of China (11372243, 11522219, 11532009,

81300696), the International Science & Technology Cooperation

Program of China (2013DFG02930), China Postdoctoral Science

Foundation (2014M552463), Natural Science Foundation of

Shaanxi Province of China (2015JM8471), Fundamental Research

Funds for the Central Universities, Key Program for International

S&T Cooperation Projects of Shaanxi (2013KW33-01), the

Fundamental Research Funds for the Central Universities

(xjj2014059), High Impact Research Grant (UM.C/HIR/MOHE/

ENG/44) and Fundamental Research Grant Scheme (FP054-2015A)

from the Ministry of Higher Education Malaysia.

References

[1] Y.-H. Chen, et al. Trends Biotechnol. 33 (1) (2015) 4.

[2] A.W. Martinez, et al. Angew. Chem. Int. Ed. 46 (8) (2007) 1318.

[3] N.R. Pollock, et al. Sci. Transl. Med. 4 (152) (2012) 152ra129.
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