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Hydroxypropyl Cellulose Methacrylate as a PhotoPatternable and Biodegradable Hybrid Paper Substrate
for Cell Culture and Other Bioapplications
Aisha Qi, Siew Pei Hoo, James Friend, Leslie Yeo, Zhilian Yue, and Peggy P. Y. Chan*
medicine. In addition to influencing cell
interaction, proliferation, and function,[1]
tailoring scaffold microarchitecture with
specific properties is necessary to mimic
the desired in vivo cellular microenvironment (such as tissue vasculature, crucial
for oxygen, and nutrient supply as well
as waste removal to cells), especially for
engineering large, 3D tissue structures.[2]
Equally important is the choice of scaffold
material[3] on which the microarchitecture
is patterned. While various microfabrication techniques now exist for scaffold
microarchitectural patterning such as 3D
printing, micromolding, and microstereolithography,[4–7] these have primarily been
demonstrated for conventional polymers
such as poly(dimethylsiloxane) (PDMS)
and poly(DL-lactide-co-glycolide) (PLGA),
which have various limitations as scaffold materials due to their mechanical
rigidity[8] and bulk degradation kinetics.[9]
Here, we present a method for fabricating photo-patternable, free-standing,
and multifunctional cellulose substrates
for long-term cell culture and implantation
in addition to other biotechnological applications described below. The best known example of photo-patternable polymeric materials is perhaps SU-8, widely used as
a photoresist for the fabrication of semiconductor and microfluidic devices. While SU-8 is biocompatible and can be used
to pattern microstructures with high resolution, it is not biodegradable,[10] thus making it unsuitable as a substrate for tissue
engineering and cell culture applications. Other examples of
photo-patternable macromolecules include highly concentrated,
gel-like chitosan for vascular grafting,[11] photocrosslinkable
furfurylated gelatin as a bioadhesive,[12] gelatin methacrylate
for patterning cell-laden hydrogels,[13] methacrylamidoacetaldehyde dimethyl acetal-modified polyvinyl alcohol as hydrogel
scaffolds,[14] poly(ethylene glycol) diacrylate for cell encapsulation,[15] and di-acrylated Pluronic F127 as a drug delivery
vehicle for sustained release of an anti-cancer drug.[16] Nevertheless, it has been reported that controlling micropatterning
of many conventional hydrogels (e.g., collagen) is not possible
due to their poor mechanical strength. Using more robust
hydrogels, such as hyaluronic acid or poly(ethylene glycol) is
adversely affected by poor cell adhesion and response. And still
other photo-patternable polymers, such as poly(ethylene glycol)

In addition to the choice of appropriate material properties of the tissue
construct to be used, such as its biocompatibility, biodegradability, cytocompatibility, and mechanical rigidity, the ability to incorporate microarchitectural
patterns in the construct to mimic that found in the cellular microenvironment is an important consideration in tissue engineering and regenerative
medicine. Both these issues are addressed by demonstrating a method for
preparing biodegradable and photo-patternable constructs, where modified
cellulose is cross-linked to form an insoluble structure in an aqueous environment. Specifically, hydroxypropyl cellulose (HPC) is rendered photocrosslinkable by grafting with methylacrylic anhydride, whose linkages also render the
cross-linked construct hydrolytically degradable. The HPC is then cross-linked
via a photolithography-based fabrication process. The feasibility of functionalizing these HPC structures with biochemical cues is verified post-fabrication,
and shown to facilitate the adhesion of mesenchymal progenitor cells. The
HPC constructs are shown to be biocompatible and hydrolytically degradable,
thus enabling cell proliferation and cell migration, and therefore constituting
an ideal candidate for long-term cell culture and implantable tissue scaffold
applications. In addition, the potential of the HPC structure is demonstrated
as an alternative substrate to paper microfluidic diagnostic devices for protein
and cell assays.

1. Introduction
The ability to design and pattern microarchitecture such as the
geometry and interconnectivity of porous structures in scaffolds
is critical to the engineering of functional tissue in regenerative
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diacrylate (PEG-DA)[17] and photocrosslinkable chitosan,[13] are
not biodegradable or have limited solubility in typical physiological fluids therefore limiting their reactivity and processability, like chitosan, whose functionalization requires the
reagents to be reactive in water instead of undergoing hydrolysis,[18] or degradation kinetics that occur too quickly, as occurs
with gelatin methacrylate that typically degrades 60% over only
72 h.[13] Although a silk fibroin component can be introduced to
slow down its degradation kinetics, the fibroin is not biodegradable[19] and thus cannot be used for long-term cell culture and
implantation.
In the present work, we demonstrate photo-patterning in
hydroxypropyl cellulose (HPC) constructs by first rendering
the HPC photocrosslinkable by grafting with photopolymerizable methylacrylic anhydride, and subsequently patterning the
microarchitectures with pre-determined shapes through photocrosslinking. HPC is not only biocompatible and biodegradable,
thus possessing the requisite characteristics for microscale
tissue engineering applications,[20] but also inexpensive, readily
obtained, and easily functionalized; the HPC macromolecules
undergo an irreversible cross-linking process induced by ultraviolet irradiation to form a hydrophilic network that can provide
anchorage to cells during the cell-matrix adhesion process; this
cross-linked network, however, hydrolytically degrades slowly
during the cell proliferation phase to provide space for new
tissue growth. Moreover, its good mechanical properties not
only facilitate the patterning of microarchitectural structures
on the construct with high reproducibility and fidelity, but also
post-fabrication bio-functionalization without deteriorating the
construct, as demonstrated subsequently through standard
1,1′-carbonyldiimidazole (CDI) activation of hydroxyl groups
on the HPC chain, followed by conjugation of protein onto the
structure. Further, by demonstrating cell culture, haptotaxis
studies, and protein assays in the patterned HPC construct, we
not only provide evidence that it is possible to circumvent limitations of poor cell adhesion and response in other hydrogel
materials, but also show its potential utility for long-term cell
culture in applications beyond tissue engineering.
In particular, given that cellulose comprises the major component of paper, the HPC construct exhibits properties (and
hence exploits the advantages) of both hydrogels (biocompatibility, biodegradability, and cell-responsiveness) and paper substrates (patternability, mechanical rigidity, flexibility of use).
For example, the hybrid paper substrates can potentially be
stacked to form a free-standing 3D scaffold for direct implantation with interleaved patterned porous structures that mimic
the vascular structure to promote nutrient exchange and chemical signaling between the layers;[21] the 3D construct can also
be subsequently destacked to allow its analysis, for example,
to examine the influence of 3D biochemical gradients, without
the need for specialized equipment (e.g., laser microdissection) not available in most typical laboratories.[22] The patterned microarchitecture within the hybrid scaffold can also be
used to control drug release profiles and function as conduits
for directed delivery of therapeutics. Alternatively, arrays of
selective adhesive regions for protein conjugation that cannot
be achieved in current wet-well microarray formats can be patterned onto the hybrid construct to constitute a substrate for
protein and cell assays.
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The hybrid paper-like material also presents an alternative
to the paper microfluidic devices used for diagnostics.[23–25]
Paper is a useful substrate for inexpensive diagnostic devices;
however, most paper devices are not suitable for cell-based
applications given that cellulose does not possess cell adhesion moieties specific to mammalian cells. Further, the way
they are fabricated, by pressing cellulose pulp such that the
bonding between cellulose fibers can easily be broken when
the paper is immersed in an aqueous solution, is a further
limitation given that the mechanical integrity of the substrate
needs to be maintained in an aqueous environment over a
long period of time for protein or cell-culture-based assays.
This was circumvented by Derda et al.[22] by laminating celladhesive hydrogel (Matrigel, BD Biosciences, San Jose, CA)
layers to form a paper-based cell culture device designed to
mimic the spatial distribution of oxygen and metabolite found
in tissue, though the cost advantages of paper are consequently reduced with the introduction of Matrigel. Furthermore, while useful for ex vivo applications, Matrigel, being
derived from Engelbreth–Holm–Swarm mouse sarcoma cells,
has been reported to significantly enhance tumorigenicity[26,27]
and hence is unsuitable for implantation in contrast to HPC,
which is approved by the US Food and Drug Administration
(FDA) as a drug delivery agent.[28] Further, devices constructed
from HPC offer isosymmetric porosity without fibrous orientation unlike normal paper, which possesses an asymmetric
fiber orientation that disrupts the uniformity of fluid transport through its pores.[29]
Additionally, the Matrigel layers in the paper-based cell culture device of Derda et al.[22] required a custom-made holder,
as do most devices that employ hydrogels because they lack
sufficient structural integrity to remain intact without external
reinforcement:[12,17] an inconvenience. Further, detachment of
these polymeric structures from their support or template to
form free-standing structures is only possible by destroying
the template or awkwardly sandwiching a sacrificial, low
viscosity pre-polymer (such as a thermally cross-linkable
polymer) between the support and polymer to be crosslinked.[30] Moreover, successful detachment strongly depends
upon the appropriate combination of pre-polymer, support/
template, and polymer to be cross-linked, limiting the number
of polymers that can be used. The material reported herein
avoids these problems: it remains intact without support and
under substantial loading, especially important if the substrate is to be used for implantation in regenerative medicine
applications.

2. Materials and Methods
2.1. Synthesis of Photocrosslinkable HPC Methacrylate
HPC (Mn = 10 000 g mol−1), methylacrylic anhydride (MA),
N,N-dicyclohexylcardodiimide (DCC), and 4-dimethylaminopyridine were obtained from Sigma-Aldrich (Sydney, NSW,
Australia). Toluene, chloroform, dimethyl sulfoxide (DMSO),
and diethyl ether were purchased from Merck (Kilsyth, VIC,
Australia). HPC was first rendered photocrosslinkable by
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(11.9 mmole repeated units) was then dissolved in chloroform
(150 mL) to which an appropriate amount of MA (5.95 mole)
was added dropwise in chloroform (10 mL), followed by DCC
(5.95 mmole). This solution was stirred at room temperature
for 48 h in the presence of DMAP (0.4 g). The product was then
concentrated and precipitated into diethyl ether, and, finally,
dissolved in water, filtered, and further purified by dialysis
against deionized water for 72 h before lyophilization.
2.2. Fabrication of Degradable Porous HPC Patterns
via Photolithography

Figure 1. a) Reaction scheme for the synthesis of HPC methacrylate.
b) 1H NMR spectrum of HPC methacrylate in CDCl3 shows the degree of
modification of HPC. c) HPC methacrylate cross-linking in the presence
of photoinitiator under UV irradiation.

grafting with photopolymerizable MA, the linkages also
endowing the cross-linked constructs with hydrolytic degradable properties. The photocrosslinkable HPC methacrylate
was then cross-linked via UV photo-irradiation. Unlike the use
of non-degradable photoresist[24,31,32] or gel-like polymers as
negative molds,[33–35] the technique presented here allows the
creation of free-standing micropatterned constructs by directly
cross-linking the HPC methacrylate solution in a reservoir
covered by a photomask that defines the desired structures.
During cross-linking, porogens were introduced to create a
porous network to mimic the fibrous structure in paper for
rapid water permeation.
HPC was synthesized into photocrosslinkable HPC methacrylate, as illustrated in Figure 1, through dehydration
by azeotropic distillation in toluene. The dehydrated HPC
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To fabricate the micropatterned HPC structure, photomasks
with the desired patterns were designed using Adobe Illustrator CS5 (Version 15.0.0, Adobe, San Jose, CA). HPC methacrylate was then cross-linked to form a porous cellulosic
patterned structure via photolithography. The cross-linked
structure of HPC acrylate is depicted in Figure 1c, and the
key fabrication steps are illustrated in Figure 2. In brief, HPC
methacrylate stock solutions were prepared by dissolving HPC
methacrylate in DMSO at ratios of 5% (w/v), 10% (w/v), and
15% (w/v), and therefore denoted as HPC-5%, HPC-10%, and
HPC-15%, respectively. Fresh photoinitiator, 2,2-dimethoxy2-phenylacetophenone (Sigma Aldrich, Sydney, NSW, Australia), at a final concentration of 2.5%, 5%, and 7.5% were
added to HPC-5%, HPC-10%, and HPC-15% stock solutions,
respectively, before polymerization, and mixed until a clear
solution was formed.
Interconnected porous structures are known to be advantageous for cell culture and tissue scaffold applications as they
facilitate exchange of oxygen and nutrient throughout the structure, and provide support for cell proliferation and infiltration
of the extracellular matrix (ECM).[36] Many studies have shown
that the optimum pore size range for different cell types and
tissues range from 5 to 400 μm. For example, the optimum
pore size range is approximately 5 μm for neovascularization,
5–15 μm for fibroblast ingrowth, 20–125 μm for skin regeneration, 70–120 μm for chondrocyte ingrowth, 200–350 μm
for osteoconduction, and 100–400 μm for bone regeneration.[37] Therefore, pores were introduced into the HPC structures using a particulate-leaching method[36] to enable fluid
flow and to facilitate various biological applications, which we
demonstrate below. To do this, NaCl particles were added to
the HPC methacrylate solution to produce a uniform suspension prior to cross-linking. Specifically, sieved NaCl salt particles (106–150 μm) were filled into a dark colored container
(4.3 cm × 2 cm), as shown in Figure 2a. HPC stock solution
was then poured into the salt-loaded container to obtain a 3:1
salt weight to solution volume ratio, before removing excessive fluid from the surface, as seen in Figure 2b. A predesigned
photomask (printed on clear ink-jet transparency films with a
resolution of 4000/5000 dpi) was then pressed onto the fully
mixed HPC-salt surface as a contact photomask. The maskcovered container was then placed in a UV cross-linker (XL1000, Spectroline, Westbury, NY) with a typical intensity of
3500–4500 μW cm−2. The distance between the container and
the lamp was approximately 15 cm and the exposure time was
600 s. The cross-linked samples were first rinsed with DMSO
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2.3. Characterization of Mechanical and Physical Properties
A series of characterization experiments was conducted
to examine the physical and mechanical properties of the
fabricated structures. HPC structures in round disk shapes
(2 cm diameter, 0.5 cm thick) were prepared by cross-linking
HPC at three different HPC methacrylate concentrations,
as described above. The porous structures of the freeze-dried
samples were visualized with a scanning electron microscope
(Phenom G2 Pro Desktop SEM, Eindhoven, The Netherlands).
The porosities of the lyophilized HPC scaffolds were determined by the solvent-replacement method.[38] In brief, the dry
weight of each sample was recorded before immersing the
samples in absolute ethanol for 24 h. After excess ethanol on
the surface of the sample was gently blotted with clean laboratory paper (Kimwipe, Kimberly-Clark, Dallas, TX), the samples
were weighed again to obtain their wet weight. The porosity
was then calculated as

P=

mw − md
ρVt

(1)

where md and mw denote the weight of the sample before and
after immersion in ethanol, respectively. ρe is the density of
ethanol (0.789 g cm−3) and Vt is the total volume of the sample.
The mechanical properties of hydrated HPC structures were
evaluated by compression tests (EZ-S, Shimadzu Scientific
Instruments, Sydney, NSW, Australia), at a speed of 0.5 mm
min−1 at room temperature. The Young’s (elastic) modulus was
then calculated from the slope of the initial linear portion of the
stress–strain curves.

2.3.1. Swelling Property
Lyophilized samples were weighed individually before soaking
in phosphate buffer solution (PBS) at 37 °C for 24 h. After
gently blotting excess PBS from the sample surface, the wet
weight of the swollen samples was recorded and compared with
their corresponding dry weight to determine the swelling ratio
(Rs) of the sample
Figure 2. Images showing the steps involved in the fabrication of the
HPC structure, patterned with predesigned shapes via photolithography.
a) A dark color ceramic container was filled with sieved salt particles;
b) HPC-DMSO stock solution was poured into the container to mix with
salt particles; and c) a photomask was pressed onto the HPC-salt surface.

Rs =

mw − md
md

(2)

2.3.2. In Vitro Degradation Profile
to remove any unreacted HPC and photoinitiator, and then
with acetone followed by isopropanol. The cross-linked samples can be removed from the photomask without the need
to destroy the photomask by soaking the samples in water
for 1–3 min (Figure S1, Supporting Information). Finally, the
cross-linked samples were washed in running water for 2–3 h
to fully leach out the NaCl particle before lyophilization to produce the porous structure. The pore size range can be altered
by pre-sieving NaCl particles into the desired size range, or by
adjusting the salt to polymer volume ratio.
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HPC-5% was cross-linked into round disks of 1 cm diameter
and 1 mm thickness as described above. The lyophilized samples were individually inserted into 15 mL glass vials, and 5 mL
of PBS (pH 7.4) was added to each vial. The vials were subsequently incubated at 37 °C in a shaking incubator (200 rpm)
for 47 d. At different time points, the samples were carefully
removed from the vial and oven-dried for 24 h at 60 °C. Their
weight loss was then recorded. These experiments were performed with five replicates.
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The following experiments were conducted to demonstrate that
the hybrid HPC structure is useful as a diagnostic and analytical assay platform, particularly with cell-based assays and cell
cultures.
2.4.1. Protein Assay
The hybrid structure fabricated from HPC methacrylate and its
potential application as a protein assay was assessed to demonstrate its feasibility for use as a diagnostic device. The HPC
structure was first patterned into a star-shaped device with
six branches. Protein samples with different bovine serum
albumin (BSA) concentrations were prepared (0, 6.125, 12.25,
25, 50, and 100 mg mL−1). Each sample (2 μL) was spotted onto
the HPC device, one sample per branch. BCA protein assay
reagent (bicinchoninic acid) (Thermo Scientific Inc., Pierce, IL)
was then added to the center and allowed to permeate into each
of the branches. The HPC device was subsequently baked at
37 °C for 30 min and imaged simply by a mobile phone camera
(5-megapixel iSight camera, iPhone 4, Apple Inc., Cupertino,
CA). The reason for using a mobile phone camera is to demonstrate the simplicity of the diagnostic application, for example,
for use in developing regions where sophisticated imaging
equipment might not be accessible.[31] Images were converted
into grayscale using ImageJ (v1.44o, National Institutes of
Health, Bethesda, MD) for subsequent pixel-intensity analysis.
2.4.2. Haptotaxis Study
Haptotaxis is the phenomena whereby cell migration is
directed toward a substrate-bound chemoattractant. Such a haptotatic cell migration plays an important role in various physiological processes, including migration of inflammatory cells
to wound sites, axonal outgrowth, and cancer metastasis.[38,39]
An understanding of the underlying mechanisms of haptotaxis
is therefore important in the development of cancer therapeutics and for tissue scaffold development, and thus there is a
need for tools that mimic the haptotactic microenvironment
in cell migration studies. Traditionally, haptotaxis assays are
performed in a Boyden Chamber fitted with appropriate filters
pre-coated with a gel overlaid onto a well-plate; cells are subsequently loaded on the top of each chamber assembly. A series
of protein samples is then prepared and loaded into the blind
well of each chamber to create a concentration gradient. After
cell migration, the filters are removed from the chambers followed by staining with appropriate stains. The filters are then
mounted on microscope slides for cell counting.[39,40] A significant disadvantage is that the costs of Boyden chamber assays
are relatively high, and the preparation and sample processing
steps can be laborious and time-consuming.
Here, we demonstrate the potential of applying the hybrid
HPC structure as an alternative to the Boyden Chamber for
haptotaxis studies. Similar star-shaped hybrid HPC paper samples were first sterilized in ethanol (70%) overnight. The sterilized HPC samples were then activated in CDI (40 × 10−3 M;
Adv. Healthcare Mater. 2014, 3, 543–554
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Sigma-Aldrich, Sydney, NSW, Australia) in acetone at room
temperature for 3 h before rinsing with acetone five times to
remove unreacted CDI. Meanwhile, fetal bovine serum (FBS)
was mixed with sterile NaHCO3 buffer (pH 9) at a 1:1 (v/v)
ratio. For the six-branched, star-shaped HPC structure with
six branches, one drop of FBS-NaHCO3 solution (5 μL) was
blotted onto the first, third, and fifth branch while the other
branches were left untreated. The samples were left to react at
4 °C for 24 h, after which the samples were rinsed with sterile
PBS before cell seeding. After the FBS-conjugated HPC structure was submerged in FBS-free medium (Dulbecco’s Modified Eagle Medium (DMEM), high glucose; HyClone, Thermo
Fisher Scientific Inc., Waltham, MA), a suspension containing
human sarcoma cell line (HT1080) was infiltrated into the
center of the structure and allowed to incubate at 37 °C in a
5% CO2-humidified incubator. After 24 h, cells on the HPC
structure were stained by 4′,6-diamidino-2-phenylindole (DAPI)
(Invitrogen, Mulgrave, VIC, Australia) before being examined using laser scanning confocal microscopy (LSCM, Nikon
A1Rsi, Nikon Instruments Inc., Melville, NY). The captured
images were then converted to grayscale using ImageJ for further image analysis.
2.4.3. Biofunctionalization with Cell Adhesive Protein
To assess the ability of the HPC structure to facilitate cell
adhesion, similar star-shaped HPC substrates were fabricated
using the photolithography procedure described above. Substrates were subsequently sterilized and activated by CDI
using the above procedures, followed by treatment with gelatin (10 mg mL−1) in sterile NaHCO3 buffer (pH 9) for 24 h.
The conjugated structures were then washed three times with
sterile deionized water and sterile PBS. Mesenchymal progenitor cells (MPCs) obtained from the Monash Institute
of Medical Research (Clayton, VIC, Australia) were maintained in a DMEM medium, supplemented with FBS (10%),
−4
L-ascorbate-2-phosphate magnesium (1 × 10
M), L-glutamine
−3
(2 × 10 M), and penicillin–streptomycin (50 units mL−1).
MPCs were seeded onto the gelatin-functionalized device and
incubated at 37 °C in a 5% CO2 humidified incubator for 72 h.
Calcein AM (Invitrogen, Mulgrave, VIC, Australia) was subsequently used to stain the adhered cells. Prior to LSCM imaging,
cell-seeded devices were rinsed with PBS five times to remove
excess calcein stain and unbound cells.

2.4.4. Cell Culture
To investigate the feasibility of the HPC device to sustain
cell cultivation over long time periods, gelatin-functionalized HPC-5% structures were cross-linked into round disks
of 1 cm diameter and 1 mm thickness in a manner similar
to that described above. A suspension of MPCs (1 mL,
30 000 cells mL−1) was then seeded onto the device and incubated at 37 °C in a 5% CO2-humidified incubator for 1 to 14 d.
The culture medium was changed every 2–3 d. At selected time
intervals, the proliferation of MPCs was assessed by an alamarBlue assay (Invitrogen, Mulgrave, VIC, Australia) according to
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Figure 3. Images of the patterned HPC structures formed after cross-linking in DMSO. a1–c1) Images of the photomasks. a2–c2) Cross-linked HPC
structures attached to the photomasks. As shown in image (a2), the process breaks down at 0.1 mm.

the manufacturer’s protocol. In brief, cellseeded samples were incubated with 10%
(v/v) alamarBlue in phenol-red-free DMEM
supplemented with FBS (9%) for 4 h, after
which the media from each sample were
transferred to a 96-well plate and the absorbance at 570 and 600 nm was measured using
a microplate reader (BioTek SynergyMx,
Winooski, VT). The cell proliferation rate
of each sample was then expressed as the
percentage reduction of alamarBlue. For biohazard waste disposal, the HPC structures
were either autoclaved or incinerated.
2.5. Statistical Analysis

Figure 4. Images of the lyophilized HPC structures fabricated using photomasks with different
branch widths: a) 1.5 mm, b) 1 mm, and c) 0.5 mm.

All experiments were performed at least four
times. The results of each sampling group were analyzed for
normal distribution via the Shapiro-Wilk (SW) normality test
using IBM SPSS Statistics (Version 20.0.0, IBM, Armonk, NY).
The results proved to be normally distributed (p > 0.05), and
are presented as a mean value ± standard deviation. The mean
values of each group of data were then compared using analysis
of variance (ANOVA), where p values lower than 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Characterization of HPC Methacrylate
Methylacrylic anhydride (MA) was grafted onto HPC chains
via a DCC/DMAP coupling reaction to produce photopolymerizable HPC methacrylate containing hydrolytically degradable
ester linkages, the synthesis scheme for which is illustrated
in Figure 1a. The grafting was confirmed by a 1H NMR
spectrum, the degree of modification being approximately
0.5: 1H NMR (CDCl3, δ ppm): 0.5–1.5 (CH3–CH–), 1.8–2.0
(CH3–C=CH2), 5.5–6.2 (–C=CH2), 2.5–5.3 (all other protons),
548
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as shown in Figure 1b. The degree of modification is defined
as the substitution degree of available –OH groups on the
HPC chain.
3.2. Fabrication of Patterned HPC Structures via
Photolithography
HPC methacrylate was UV-irradiated through predesigned
photomasks, as shown in Figure 3, the cross-linking of HPC
methacylate being initiated by a photoinitiator, 2,2-dimethoxy2-phenylacetophenone, which produces free radicals under UV
irradiation. As depicted, the HPC methacrylate can thus be
cross-linked into various shapes and sizes matching the pattern of the photomask. Figure 4 shows the images of similar
HPC structure after lyophilization. The lyophilized sizes of the
structure were found to be roughly 1.24 ± 0.03 times (n = 5)
and 1.13 ± 0.03 times (n = 5) the designed size with 1 mm and
1.5 mm feature sizes, respectively. The differences between the
final and designed sizes were most likely caused by swelling of
the HPC structure. Also, as shown in Figures 3, 4, the limiting
feature size of this hybrid paper device fabrication technique, as
reported, is around 500 μm, acceptable given the fact that the
features in paper-based microfluidic devices are large: though
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the porous HPC structure created using salt
leaching is isotropic and therefore eliminates
undesirable nonuniformities associated with
the orientation of the paper grains in applications where flow through the substrate is
required, for example, when perfusion is
required for paper-based cell cultures.
3.4. Mechanical and Swelling Properties
During HPC structure preparation, a molar
excess of photoinitiator was added to ensure
that maximum cross-linking density was
obtained. The HPC structures were further characterized for
their physical and mechanical properties. Compression tests
and swelling ratio measurements were performed on HPC
samples equilibrated in PBS. The swelling ratios and Young’s
moduli of equilibrium-hydrated HPC structures at different
HPC methacrylate concentrations are shown in Figure 6. Given
the need for physiological samples in diagnostic applications
and since cell culture applications necessitate an aqueous
environment, water permeating the sample is inevitable; the
swelling ratio of the sample is consequently important as a
measure of hygroscopic behavior and being attributed to the
presence of both the pores to retain water and hydroxyl groups
on the HPC chain that participate in hydrogen bonding with
surrounding water molecules. The swelling ratio of the HPC
structure was observed to decrease with increasing HPC methacrylate concentration (11.7 ± 1.4, 7.7 ± 0.8, and 4.9 ± 0.3, for
HPC-5%, HPC-10%, and HPC-15% samples, respectively;
p < 0.05), since its increase leads to a higher number of crosslinking bonds per unit volume (i.e., higher cross-linking
density). It is then more difficult for water molecules and watersoluble substances to infiltrate into the more densely crosslinked network, thus resulting in a lower equilibrium swelling
ratio.
The mechanical properties of the substrate are vitally important to the cells’ behavior within, and the ability to tailor the

Figure 5. Representative cross-sectional SEM images showing the morphology of the HPC-5%,
HPC-10%, and HPC-15% structures (left to right, respectively).

the smallest feature size can be made into about 200 μm,[32]
the practical feature size utilized in most paper devices is
around 1 mm.[22,24,31,41] Moreover, the minimum feature size
also depends on the thickness of the fluid/structure during UV
exposure. In this case, the depth of the container filled with
salt–HPC mixture was 1 mm. Given the fact that the resulting
thickness of the mixture was around 1 mm, the minimum feature size obtained (0.5 mm) resulted in a maximum aspect ratio
of 2:1, rather favorable for such a simple approach. By reducing
the fluid container depth from 1 mm to 250 μm or less, it is
reasonable to expect minimum feature sizes of 100 μm and
less.

3.3. Physical Properties
The fabricated HPC structures were visualized and characterized using scanning electron microscopy (SEM), as shown in
Figure 5, where the concentration of HPC methacrylate solution used for cross-linking was varied from 5%, 10%, and
15%, respectively. The HPC structures exhibited interconnected porous structures with pore sizes that varied from 50 to
100 μm. As expected, the resulting structures cross-linked from
lower concentrations of HPC methacrylate possessed thinner
walls compared with those cross-linked from higher concentrations, because of the lower polymer content. In addition, there
are more particle-like deposits on the structures fabricated from
higher HPC concentrations, as observed in Figure 5. We presume that these particle-like deposits are HPC fragments as a
result of the salt-leaching process: the thicker the wall, the more
difficult for the salt particles to break from the structure, thus
leaving imprints on the structure and a relatively rougher edge
at the breaking position. However, these HPC fragments do not
affect subsequent use of the material. The HPC structures were
prepared at a fixed NaCl weight to HPC methacrylate solution
volume ratio regardless of HPC methacrylate concentration. As
shown in Figure 6, the average porosity of the HPC structures is
not dependent on the HPC methacrylate concentration: 90.8% ±
8.7%, 89.0% ± 15.1%, and 75.8% ± 9.1% (p = 0.256) for HPC5%, HPC-10%, and HPC-15%, respectively. These results show
that the porosity is instead solely controlled by the amount of
NaCl incorporated into the structure. In addition, unlike normal
paper fiber, this hybrid paper does not pose a grain structure:
an orientation axis that introduces nonuniformities in capillary transport and mixing in paper microfluidics.[29] In contrast,
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Figure 6. Mechanical and physical properties of HPC structures, crosslinked from different concentrations of HPC methacrylate, in terms of
the swelling ratio, Young’s modulus and porosity. Error bars represent
the standard deviation for measurements performed on four replicates.
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properties is the key to obtaining the desired results across
most potential applications of these materials. For example, a
soft substrate is known to stimulate neurogenesis of stem cell
cultures, whereas stiffer substrates have been reported to stimulate myogenesis.[42] The rigidity of a substrate is also able to
influence the cell migration direction.[43] A substrate with biomechanical properties that closely mimic the in vivo environment will clearly provide the best conditions for cell culture.
Therefore, it is desirable if the device’s mechanical properties,
particularly the Young’s modulus, can be tailored over a fairly
broad range to facilitate a variety of diagnostic or cell culture
applications. To assess this, the HPC structures were hydrated
with water followed by compression testing. These structures
appear to reform into a highly hydrated soft elastomer after
re-equilibration with water. The Young’s moduli of HPC-5%,
HPC-10%, and HPC-15% were found to be 8.8 ± 1.1, 14.5 ± 3.7,
and 16.8 ± 2.0 kPa, respectively; in other words, the mechanical
strength increases significantly with increasing HPC concentration (p = 0.007). This implies that the Young’s modulus of
the HPC structure can be tuned with the polymer content (i.e.,
higher cross-linking density). We note that the Young’s modulus of the HPC structures fabricated here are similar to those
of soft tissues including skeletal muscle, thyroid, and fat,[42,44,45]
therefore highlighting the potential of these HPC paper-like
structures for use as scaffolds to mimic these soft tissues.
3.5. Degradation Profile
Proteolytic degradation of the ECM plays an important role in
many biological processes including tissue remodeling, tissue
repair, and cell migration.[46] Cellulose-based structures, unfortunately, have limited in vivo degradability due to the lack of
appropriate hydrolyses.[28] To create a cellulosic structure that
can emulate the degradation features of natural ECM, MA
was employed as a pendant group on the cellulose precursor
to improve the degradability of the cross-linked structure, as
MA possesses bifunctional properties (photopolymerizable and
hydrolytically degradable). It is well known that MA pendants
on HPC can be radically polymerized to form a polyester network with enhanced mechanical and physical properties, the
ester linkages that form between HPC chains being hydrolytically degradable.[47,48] HPC-5% was selected for the degradation study in PBS, with the hydrolytic degradation monitored
by measuring the weight loss of the samples. The results were
reported as the percentage of remaining weight and plotted
against time, as shown in Figure 7. The hydrolytic degradation of ester bonds on the HPC structure is considered slow,
although we note that the weight loss of samples was significant over a 47-d period (p < 0.05), the dry weight decreasing
approximately 20%. While Yue et al.[28] observed no significant
degradation in an HPC structure after a period of 12 weeks, we
note that the use of ester linkages in the present design has
improved the degradability of HPC-based structure. It was
also observed that the HPC structure has slower degradation
rates compared with fast degradation time scales (several days)
of gelatin-based (e.g., gelatin methacrylate[13] constructs, thus
allowing them to be used as scaffolds for cell culture over prolonged periods, especially advantageous for tissue engineering
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Figure 7. Degradation profile of HPC-5% in PBS at 37 °C. The data are
shown as mean values with standard deviation (SD) as error bars in the
form of the mean value ± SD; the standard deviations appear to be small.

applications that require the scaffold to degrade slowly, such as
for cartilage and tendon repair.
3.6. Protein Assays
Paper-based microfluidic devices are a promising alternative to
conventional glass and silicon microfluidic structures in diagnostics due to their simplicity, ease of fabrication, low cost, and
versatility.[23–25,49] Their usefulness has been demonstrated in
various diagnostic applications including blood typing,[50] uric
acid testing,[51] and glucose and protein assays.[52,53] As a proofof-concept study, the HPC structure was employed as a simple
disposable diagnostic platform for protein assays as an alternative to paper-based diagnostic devices. Since the background
color of the HPC structure is relatively white (not unlike white
printing paper) and therefore provides good contrast to a
colored marker, it is suitable for colorimetric tests in the same
way as lateral flow immunoassays, a ubiquitous example of
which is the home pregnancy test strip.
A simple protein assay was performed using BSA as a model
analyte, as described in Section 2.4.1. BSA samples with different concentrations were spotted onto the different branches
of a star-shaped HPC structure, followed by addition of BCA
reagent. The original color of the BCA reagent is light green,
whereas reaction between BCA reagent and BSA leads to the
formation of a purple-colored product. Figure 8a shows an
image of the HPC device upon completion of the assay. The
blank branch with no BSA present appeared light green,
as expected. The rest of the branches that had BSA present
appeared purple with different intensities, which correspondingly increased with an increase in the protein concentration.
The increasing BSA concentration from branches F to A is
associated with a decreasing grayscale value as expected, shown
in Figure 8b. Figure 8c provides an example of the grayscale
count for branch D. Although a simple proof-of-concept, this
is an example of an alternative paper device made of HPC[28]
that can potentially be developed into a diagnostic test. The
results can in fact be imaged by mobile phone in the clinic and
sent to appropriate medical facilities for analysis.[31] Since this
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Figure 8. Example demonstration of the HPC hybrid paper-like device for a simple protein assay. a) Image taken by a mobile phone camera showing the
result of the BCA colorimetric assay conducted on star-shaped HPC substrate. BSA samples with varying concentrations shown in the corresponding
table below were spotted onto different branches. BCA reagent was then added to the center of the device and allowed to diffuse through the branches.
A purple coloration ensued upon reaction with the BSA present in each branch whose intensity increased with the BSA concentration. b) Grayscale
rendition of image (a), with grayscale values for each branch tabulated below showing a respective increase from branches A to F corresponding to
the decrease in the BSA concentration. c) Representative grayscale intensity distribution for branch D.

alternative paper device also possesses good structural integrity in an aqueous environment, it has the potential to also be
used for assays that might involve multiple washing steps or
long sample incubation times such as enzyme-linked immunosorbent assays (ELISA).
3.7. Haptotaxis Study
As a proof-of-concept study, we demonstrate the use of the fabricated HPC structure to study the migration of cancer cells.
HT1080 was employed as a model of invasive cancer cells,
and the star-shaped HPC hybrid paper device served as the
substrate for chemoattractant binding. FBS was employed as
a model chemoattractant and was conjugated directly on alternate branches of the substrate without requiring any additional
gel-coating steps. The difference in chemoattractant concentration along each branch then generates a haptotactic gradient. A
suspension of HT1080 cells in FBS-free medium is then permitted to infiltrate the center of the HPC device, and allowed
to freely migrate. The cell migration is monitored by directly
observing its fluorescence under a confocal microscope (A1R,
Nikon, Tokyo) without the need to cut out filters, necessary in
the traditional Boyden Chamber method.
Representative images showing the haptotactic migration are depicted in Figure 9: panels (a,c) show the FBS-free
branches whereas panels (b,d) show the FBS-conjugated
branches; the cell nuclei were stained using DAPI (blue) for
visualization. Due to the existence of the chemoattractant
gradient, we observed that the majority of HT1080 cells are
induced to migrate toward the FBS-conjugated branches, as
expected; only a few cells are observed on the edge of serumfree branches. From the acquired images, rendered grayscale,
the cell migration was quantified by measuring the grayscale
intensity of each pixel; the average grayscale value across the
y-axis of each image can then be plotted as a function of the
corresponding pixel position along the x-axis of the image.
Figure 9e,f show the intensity histograms for the images in
Figure 9a,b and Figure 9c,d, respectively. Clearly, the average
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grayscale value for images in Figure 9b,d is much higher
than those for images in Figure 9a,c, suggesting that there
are significantly more HT1080 cells on the FBS-conjugating
branches compared with those on the FBS-free branches,
thus confirming the preferential haptotactic migration of
the HT1080 cells toward the chemoattractant-rich regions,
and demonstrating the feasibility of using the fabricated
HPC structure as a simple diagnostic platform to study cell
migration.
3.8. Biofunctionalization
It is well known that biochemical cues have a strong influence
on cell function; for example, the arginine-glycine-aspartate
(RGD) peptide provides a high-affinity site for fibronectin to
bind to the cell membrane. Such biochemical cues are therefore often incorporated within tissue scaffolds to promote cell
adhesion and tissue regeneration.[54] HPC, as a cellulose derivative, possesses many favorable properties that make it attractive as a biomaterial,[28] but it lacks biochemical cues that are
specific to mammalian cells. To demonstrate the feasibility of
introducing biochemical cues to the HPC structure to enable
cell interaction, gelatin as a model protein was introduced
into the HPC structure using a well-established CDI coupling
chemistry.[55] In brief, the hydroxyl group of HPC structure was
activated by CDI followed by conjugation with gelatin, which
contains an RGD peptide sequence that can mediate adhesion between cells and the HPC structure (see Supporting
Information). MPCs were seeded onto the gelatin-functionalized HPC structure and allowed to cultivate for at least 24 h.
Fluorescent live/dead staining of the MPCs then revealed that
they appear to adhere onto the HPC structure, most of them
remaining viable, including those cultured at the center of the
structure. Figure 10a shows representative images of the MPCs
that adhered onto the HPC structure after 12 d, in which viable
cells stained by calcein AM appear in green, thus highlighting
the possibility for covalently immobilizing cell adhesive proteins onto the fabricated structure while retaining their efficacy
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Figure 9. HT1080 cell response to the substrate-bound chemoattractant challenge. Alternate branches of the device were conjugated with chemoattractant, after which the center of the device was infiltrated with HT1080 cells. a,c) The LSCM images indicate an absence of cells in the chemoattractant-free branches, while b,c) the images show HT1080 cells binding to the chemoattractant-conjugated branches. e,f) Histograms representing
the cell fluorescence intensity (in averaged grayscale value) across the y-axis as a function of the position along the x-axis of images (a–d), respectively.)

for cell adhesion (evidence for the covalent immobilization with
gelatin is provided in the Supporting Information).
3.9. Cell Culture
Cell-based assays are often used for toxicity evaluation of
potential drug candidates and biomaterials. Unlike traditional
microfluidic devices that can facilitate cultivation of cells and
thus have been used widely for such assays,[22,56] most paper
microfluidic devices are not suitable for cell-based applications
for the various reasons outlined in the introduction, and so
paper-based microfluidic devices for long-term cell culture or
tissue scaffolds are unlikely to be possible or practical. Here,
we investigate the HPC hybrid paper device to assess its potential to be used as a cell culture platform. For such purposes,
the device itself must first be cytocompatible. In what follows,
HPC-5% was selected to carry out a cytocompatibility study.
MPCs were cultured in the gelatin-functionalized structure
for a period of 14 d, the cell viability monitored by measuring
their metabolic activity using an alamarBlue assay. As shown in
Figure 10b, the increasing alamarBlue reduction indicates that
MPCs continued to proliferate for 14 d, thus revealing that the
HPC structure is biocompatible to MPCs. It was observed that
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the alamarBlue reduction increased significantly from about
42% to 67% (p < 0.05), indicating that the MPCs proliferate
slowly inside the HPC structure. Given the stiffness of the 5%
HPC structure, this appears to be consistent with studies on
mesenchymal stem cells conducted using gelatin-based hydrogels, where it was observed that mesenchymal stem cells tend
to proliferate slower in stiffer hydrogels (≈841 Pa) compared
with softer ones (≈281 Pa).[57] At the end of the assay, the HPC
structures were autoclaved or burned for biohazardous waste
disposal as shown in Figure S4 (Supporting Information). The
biocompatibility and the biodegradability of the HPC structure,
derived from an FDA-approved agent, suggest that it can potentially be used as an implantable tissue scaffold for applications
in regenerative medicine.

4. Conclusions
We have developed a novel method to fabricate biodegradable,
patternable cellulosic structures directly from photocrosslinkable polymer solution via photolithography. The fabrication
method is simple and allows fast production of free-standing
patterned structures. Once hydrated with water, the resulting
structures can form soft elastomers similar to hydrogels, and
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Figure 10. a) Representative image of MPCs attached onto the gelatinfunctionalized HPC structure after 12 d of cultivation. b) Proliferation of
MPCs in HPC-5% determined from an alamarBlue assay; the data are
shown as average values ± standard deviation.

these structures exhibit Young's moduli similar to that of soft
tissues and organs. Interconnected pores can easily be introduced into these structures using conventional particle leaching
techniques. These structures can also be readily functionalized
with biochemical cues such as cell adhesive proteins. Moreover,
the structures are hydrolytically degradable with improved
degradability compared to conventional cross-linked cellulosic
structures. Their cytocompatibility has also been demonstrated
by cultivating MPCs inside the structure over a long period
of time. As a proof of concept, we showed the versatility of
these hybrid paper devices for applications involving protein
assays, cell culture, and haptotaxis studies, demonstrating their
potential use as substrates for diagnostics or tissue scaffold
constructs.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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