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ABSTRACT: A cost-effective and energy-saving approach to
prepare microfibrillated cellulose (MFC) nanocomposites
from natural wood fibers is reported. The MFC was mixed
with calcium peroxide (CPO) with or without catalase to form
multilayered MFC nanocomposites that allow modulation of
the releases of hydrogen peroxide (H,0,) or oxygen (O,),
respectively. The release profile of H,O, from the MFC
nanocomposites up to five days was obtained, and the effects
of H,0, and O, on the responses of mammalian cells were
evaluated. The results showed that MFC itself possesses great
biocompatibility, and the MFC/CPO nanocomposites are able
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to suppress cell proliferation. The further addition of catalase into the MEC/CPO composites converts H,O, to O, so effectively
that enhanced L-929 fibroblasts cell density was clearly found. The as-prepared MFC/CPO and [MFC+catalase]/CPO
nanocomposites were shown to be applicable on alternative substrates and revealed similar functions. Moreover, the cell cultured
on the [MFC+catalase]/CPO composites under a serum-free condition revealed that the generation of oxygen plays a role in
supporting cell proliferation. This study is among the first work to report the modulation of the release of H,0O, and O, by using
microfibril cellulose-based materials for applications in wound sterilization and to accelerate wound healing.
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B INTRODUCTION

The utilizations of recycled or wasted materials for value-added
applications such as biodiesel and biomedical materials have
attracted tremendous attention in recent years due to the
increased costs of new materials and the shortage of natural
resources. Microfibrillated cellulose (MFC) was applied to
various fields due to its nanostructure, great biocompatibility,
and excellent mechanical property.

Tissue engineering scaffolds fabricated by biomimetic
approaches such as extracellular matrix (ECM)-like environ-
ments and porous structures revealed particular incentives for
the promotion of affinities between biomolecules and
materials." Various techniques were employed to prepare
biomimetic scaffolds by creatin§ topological niches™ or
providing biological functionalities.” In particular, biomaterials
with porous structures offer a three-dimensional microenviron-
ment and showed improved cell affinity when compared with
flat surfaces.” Natural polymers such as chitosan,” collagen,”
and cellulose® revealed versatility for applications in bio-
materials, and an increasing number of works were devoted to
create porous scaffolds from the aforementioned materials.”~"!

Herrick et al. and Turbak et al. reported the preparattion of
microfibrillated cellulose (MFC) by homogenizing the dilute
slurries of wood cellulose pulp repetitively under high
pressure.'” The average diameter of MEC fibers are 1—50 nm
and several micrometers in length. Therefore, MFC is regarded
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as fiber with nanostructure.'> MFC possesses advantageous
properties including large surface area due to its nanoscaled and
interconnected fibrils, outstanding mechanical property, bio-
degradability, and biocompatibility.'* Moreover, the sources of
naturally abundant wood pulps and the characteristic of easy
processing expand the wider applicability for MFC.

Hydrogen peroxide is the simplest peroxide that was often
employed as a cleaning agent and oxidizing agent. In
physiological condition, most human cells are exposed to
certain level of hydrogen peroxide. Nevertheless, the cytotox-
icity becomes an issue for tissue survival when the
concentration of H,0, exceeds 50 mM."> H,0, also plays a
role in antibacterial applications for wound dressing, biocide,
and for tooth bleaching.'®'” The most commonly used
methods for preparing H,O, such as hydrogenation, filtration,
and extraction, are usually complex and require multiple steps
of manufacturing. The concentration of oxygen in physiological
condition is crucial for promoting tissue repair and
regeneration.'® For example, the establishment of in vivo
vascularization for implanted organs relies on the supplies of
oxygen and nutrients from blood. In addition, the lack of
oxygen supply might also cause myocardial infarction, which is
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Figure 1. Surface morphology on (a) pristine MEC. MFC/CPO with different CPO concentrations: (b) S, (c) 10, and (d) 15 wt %. MEC/[CPO
+catalase] with different CPO concentrations: (e) S, (f) 10, and (g) 15 wt %.

a serious cardiac disease.'® Synthetic biomaterials, usually
lacking oxygen generating functions, are not suitable for long-
term clinical applications because of tissue damage or cell death
under hypoxic conditions. It is therefore important to develop
materials that are able to self-generate oxygen or to provide a
platform for the supplies of gas and nutrients diffusion.

In this study, a cost-effective method using materials
originated from natural wood pulps is proposed to prepare
sandwiched MFC composites that control the release of H,O,
or O, and further modulate the growth of mammalian cells.
Calcium peroxide (CPO) that reacts with water to release
H,0, under physiological condition was embedded in two
layers of MFCs to form MFC/CPO. The further addition of
catalase, a natural enzyme existing in living tissue, into MFC/
CPO to form [MFC+catalase]/CPO allowed for the
conversion of H,0, to oxygen sustainably under room
temperature with a fast reaction rate. The release rate of
H,0, was monitored for five days, meanwhile the effects of
cytotoxicity and tissue regeneration were evaluated by
cultivating L-929 mouse fibroblasts on the MFC/CPO and
[MFC+catalase]/CPO. Moreover, the as-prepared MFCs were
also integrated onto a polydimethylsiloxane (PDMS) substrate
to demonstrate the utility of the MFC nanocomposites. To the
best of our knowledge, this study is among the first work to
report the potential of modulating the release of H,0O, and O,
using wood fibers and a solvent-free process without
consuming much solvents and energy. The developed versatile
microfibrillated cellulose membranes provide promising in vivo
generation of H,O, or oxygen generation for antimicrobial,
wound dressing, and tissue regeneration applications.

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma unless
specified otherwise. The crude microfibrillated cellulose (MFC),
brick-like microfibril cellulose, and calcium peroxide (CaO,, CPO)
were purchased from Daicel Chemical Industries Ltd. (Japan) and
Acros Organics, respectively. All materials were used without further
purification. Catalase and p-benzoquinone were purchased from
Sigma-Aldrich. Rhodamine-conjugated phalloidin was acquired from
Molecular Probes, U.S.A. (R415). DAPI was purchased from
Chemicon International, Inc, U.S.A. (S7113). Analytical grade
chemical and reagents used for preparation of calcium peroxide
composite membrane were used as received.
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Preparation of MFC Nanocomposites. Crude MFC was first
homogenized in DI water at high speed for 40 min and then
underwent centrifugation through gradient of ethanol solutions (from
30 to 99 wt %) to remove water. The concentration of MFC was 1 wt
% in pure ethanol. The composite was prepared in a layer-by-layer
manner, where the MFC/CPO-x was composed of MFC, a mixture of
MEC and CPO-x, and MFC, where x represents the weight percentage
of CPO (x = S, 10, 15, respectively). The thickness of the prepared
MFC nanocomposites was shown in Figure S1 of the Supporting
Information. Moreover, [MFC+catalase]/CPO-x was prepared by
three layers of MFC+catalase, MFC and CPO-x, and MFC+catalase.

Surface Characterizations. Surface morphology of the MFC
membrane was observed by scanning electron microscope (JEOL
JSM-6300). The chemical composition was evaluated by electron
spectroscopy for chemical analysis (ESCA). Thermo VG Scientific
Theta Probe Instrument with a monochromatic source of Al Ka
(1486.6 eV) as excitation source was operated with pass energy of S0
eV. An Ar ion gun was employed with 3 kV voltage and 1 mA current.

Measurements of H,0, Release. The release of H,0, was
carried out at a closed batch system for five days. A total of 0.5 mg/mL
p-benzoquinone aqueous solution was prepared and poured into each
closed tube. MFC/CPO with different CPO concentrations was
immersed in the tube to measure the amount of released H,O,. H,0,
tends to self-decompose easily to two electrons, two protons, and one
oxygen molecule in solution. p-Benzoquinone was employed as a
mediator to react with the generated H,0, and form hydroquinone, as
shown in egs 1 and 2.

H,0, & 2H" +2¢” + O,

(1)

p-benzoquinone + 2HY + 2¢” o hydroquinone (2)

The reaction is accompanied with the color change and can be
measured under ultraviolet spectrometer at the wavelength of 360 nm.
The UV spectrum for the absorption of p-benzoquinone and
hydroquinone is shown in Figure S2a of the Supporting Information,
and the obtained calibration curve for the concentration of H,0, is
shown in Figure S2b of the Supporting Information. It is assumed that
the same reaction rate for the production of H,0, and least reversible
reaction was considered.

Cell Culture. Cell culture of L-929 fibroblasts was performed in a
humidified incubator with 5% CO, at 37 °C. All culture media were
purchased from Sigma: Dulbecco’s modified eagle medium (DMEM-
high glucose); trypsin, lyophilized powder; EDTA; fetal bovine serum;
sodium bicarbonate; sodium pyruvate; and L-glutamine. The L-929
cells were cultivated on the MFC samples from 24 h to five days, and
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the cell culture medium was changed every three days. The initial cell
seeding density was 20,000 cells/mL.

Cell Viability Assay. The density of the viable cells was
determined by performing lactate dehydrogenase (LDH) assay as
previously reported. The attached cells were lysed with 250 uL of 1%
Triton X-100 in PBS. The reaction solution contained 1/12 NAD+, 1/
12 diaphorase, 1/12 bovine serum albumin, 1/12 sucrose, 1/3
iodonitrotetrazolium, and 1/3 sodium lactate. The optical density
values were read at 490 nm by using enzyme-linked immunosorbent
assay (ELISA, iMark Absorbance Reader, BioRad). The cell density
was calculated based on the prepared calibration curve obtained by
using sequentially diluted cell solutions.

1-929 fibroblasts were fixed on the surface of composites by
immersing in a solution of 4% paraformaldehyde in phosphate
buffered saline (PBS, pH 7.4) and followed by permeabilized with
0.1% Triton X-100 at room temperature. The actin filaments and
nuclei of cells were stained with 165 nM of rhodamine-conjugated
phalloidin and DAPI (1:1000 dilutions) for 20 min at room
temperature. Confocal laser scanning microscopy (CLSM) was utilized
to visualize the stained cells (Leica-SP2, Germany)

Statistic Analyses. Variations of all data were statistically analyzed
by performing one-way analysis of variance (ANOVA), executed by
origin lab software. To compare the statistical difference of each
sample, the asterisk mark () was applied as * for p-value <0.0S, *: for
p-value <0.01, and ##:x for p-value <0.001.

B RESULTS AND DISCUSSION

The prepared MFC nanocomposites were characterized by
scanning electron microscopy (SEM) and ESCA. The cell-
material interactions were investigated by directly cultivating L-
929 fibroblast cells on the MFCs.

Surface Morphology of MFC Nanocomposites. The
surface morphology of pristine MFC was visualized by SEM,
which revealed the highly porous structure of MFC with
twisted fibers (Figure la). The fibers with submicrometer
diameter and pores facilitated the mass transportation and gas
diffusion through the microstructure to the peripheral environ-
ment of the membranes. Similar surface morphology was
observed on all MFC/CPO-x and [MFC-+catalase]/CPO-x
with different concentrations of CPO, indicating that the
incorporation of CPO and catalase did not show impact on the
pore size and surface morphology of membranes (Figures 1b—
g). Moreover, no small particle was observed from the SEM
images, confirming the well embedment of CPO and catalase in
the nanocomposites.

Chemical Compositions for MFC Nnocomposites.
Table 1 summarizes the surface chemical composition of
pristine MFC, MFC/CPO, and [MFC+catalase]/CPO ana-
lyzed by elemental surface chemistry analysis (ESCA). Carbon
and oxygen are the most important two elements on all MFCs
that the atomic carbon content is 64.6% on pristine MFC and

Table 1. Chemical Composition on Different MFC
Membranes

element (atom %)

sample Cyq Oy Ny,  Cay,
pristine MFC 646 354 - -
wt % of CPO MFC/CPO-§ 60.7 39.3 - -
MEC/CPO-10 59.2 40.4 - -
MFC/CPO-15 61.1 38.9 - -
[MFEC-+-catalase]/CPO-$ 570 430 - -
[MFC+catalase]/CPO-10 572 427 0. -
[MFC+catalase]/CPO-15  56.7 432 - -
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decreased slightly after the incorporation of CPO to about
~60% on MFC/CPO-x and ~57% on [MFC+catalase]/CPO-
x. On the other hand, the oxygen content increased slightly
from ~40% to 43% on [MFC+catalase]/CPO when compared
with that on MFC/CPO which is presumably resulted from the
oxygen functional groups of catalase. Moreover, it is noted that
no calcium signal was found on ESCA wide scan spectra,
confirming again the well entrapment of CPO in MFCs.

H,0, Release Profile. H,0, was released as soon as water
molecules penetrated into the middle layer (MFC+CPO-x) of
the composite membranes, and then the generated H,O,
diffused out of the membranes gradually via the pores. The
release behavior was monitored for one week. Figure 2a
revealed that an initial burst release of H,O, was observed on
all MFC/CPO-x for the first few hours, followed by a steady-
state release after 24 h. The amount of released H,0, depended
on the quantity of embedded CPO. The maximum
concentration of released H,O, was 327, 167, and 69 mM on
MEC/CPO-15, MFC/CPO-10, and MFC/CPO-S, respec-
tively.

Cell Responses on MFCs. L-929 fibroblast was directly
cultivated on all MFC composites to investigate the effects of
released H,0, and O, for a short period (one day) and long-
term (five days) that correspond to the release duration of
H,0,. It is noted that the commonly used cell culture plate
TCPS (tissue culture polystyrene) is used as a control group to
compare with the normal cell growth rate. On TCPS, cell
density was ~20,000 cells/cm® at day 1 and increased to
~34,200 cells/cm” at day S (Figure 2b).

On pristine MFC, L-929 fibroblasts grew linearly, from
~4500 to 38,900 cells/cm? on the pristine MFC from day 1 to
day S. It is noted that the cell density on the pristine MFC was
even higher than that on TCPS at day S, presumably due to the
highly porous MFC that provides the microenvironment niches
for cell growth. The results showed that pristine MFC is a
material with excellent biocompatibility.

MFC/CPO-x composites showed the toxicity due to the
generation of H,O, and that the cell density was ~3200, 2800
and 3000 cells/cm®> on MFC/CPO-5, MFC/CPO-10, and
MFC/CPO-1S after 24 h of cell culture. At day S, the number
of cells increased slowly to 5100, 5300 and 8400 cells/ cm? on
MFC/CPO-5, MFC/CPO-10, and MFC/CPO-15, respec-
tively, which is much lower than that on the pristine MFCs
(<21%).

The results confirmed that the sustained release of H,0,
during five days caused cell apoptosis. The death of cells was
presumably due to the toxicity from H,0, and the hydroxyl
radicals (HOe), which were decomposed from H,0,.*° It is
also noted that the concentration of CPO did not have a
significant influence on the cell density, indicating that 5% of
CPO is sufficient for the generation of H,O, and hydroxyl
radicals (HO@®) for the extent of toxicity to result in cell death.

On the other hand, the number of cells increased on all
[MFC+catalase]/CPO-x composites. Cell density was ~3400,
2900, and 3300 cells/cm? at day 1 and increased to ~6500
cells/cm?, 6200 cells/cm?, and 32,400 cells/cm? at day S on
[MFC+catalase]/CPO-5, [MFC+catalase]/CPO-10, and
[MFC+catalase]/CPO-15, respectively (Figure 2b). It was
observed that at day S a similar cell density was found on [MFC
+catalase]/CPO-S and [MFC+catalase]/CPO-10 but increased
to more than 9 fold on [MFC+catalase]/CPO-15, which is
even comparable with the cell density on TCPS, indicating
sufficient oxygen supplies for cell growth. The results implied
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Figure 2. (a) Release profile of H,0, on MFC/CPO for 120 h. (b) Cell viability on pristine MFC, MFC/CPO, and [MFC-+catalse]/CPO. Cell
density was evaluated by LDH assay and measured at 1, 2, and S days; N = S; s and ##% represent p < 0.01 and p < 0.001, respectively).
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Figure 3. Cell morphology on (a) pristine MFC. MFC/CPO-x with different CPO concentration: (b) S, (c) 10, and (d) 15 wt %. MFC/[CPO
+catalase] with different CPO concentration: (e) S, (f) 10, and (g) 15 wt %. Scale bar = 40 ym.
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that the incorporation of catalase catalyzed the conversion of
H,0, to O, effectively, which provided oxygen for cell
proliferation. Moreover, the particularly high cell density on
[MFC+catalase]/CPO-15 might be due to the highly porous
structure of MFC, which provided extremely large surface area.
Less significant impact on cell density for short period (day 1)
was presumably due to the time period required for cells to
adapt to the vicinity. In addition, less significant impacts were
received by cells for shorter cell culture period (one day),
presumably because most of the cells were adapting to the
vicinity during the first few hours.

In addition to cell density, cell morphology on all MFC
composites was observed by confocal laser scanning micro-
scope (CLSM) after seven days of cell culture. Figure 3
revealed that the number of cells reached confluence after seven
days on pristine MFC, which is in consistent with the cell
viability results, as well as an indication of the cell viability of a
long culture period. In contrast, only a limited number of cells
was found on all MFC/CPO-x. Moreover, more cells were
found on [MFC+catalase]/CPO-5 and [MFC+catalase]/CPO-
10 when compared to that on the MFC/CPO-x (Figures 3b—
f). Furthermore, a high cell density was found on [MFC
+catalase]/CPO-1S, confirming the results obtained from cell
viability (Figure 3g).

Cell Responses on MFC Composite-Coated PDMS. The
prepared MFC nanocomposites were also applicable on
different substrates. In this study, the MFCs were integrated
on polydimethylsiloxane (PDMS), which is often used as
substrates for microfluidic channels and biochips. L-929
fibroblasts were cultured on pristine-MFC/PDMS, MEC/
CPO-x/PDMS, and [MFC+catalase]/CPO-x/PDMS to inves-
tigate cell responses when H,0, or O, was released.
Furthermore, the fibroblasts were cultivated in both serum-
containing and serum-free conditions to evaluate the
importance of the supplies of oxygen and nutrients (serum)
on cell behavior.

The cell number of L-929 increased linearly on pristine
PDMS and is comparable than that on pristine MFC and TCPS
under the serum-containing condition. (Figure 4a). Similarly,
the generation of H,0, resulted in the decrease in cell viability
on MFC/CPO-x/PDMS that ~6100, 6000, and 2600 cells/cm?
were found on MFC/CPO-5/PDMS, MFC/CPO-10/PDMS,
and MFC/CPO-15/PDMS at day 1 and increased to 24,700,
18,800, and 15,600 cells/cm? at day S, respectively. The cell
number on MFC/CPO-15/PDMS decreased significantly, so
that the ratio of cell density compared to that on pristine MFC
was 22%, 36%, and 38% at day 1, day 2, and day S, respectively.

The incorporation of [MFC+ catalase]/CPO-x on PDMS
also revealed the successful conversion of H,O, to O,, which
led to higher cell viability. The cell density was similar at day 1
on [MFC+catalase]/CPO-5/PDMS, [MFC-+catalase]/CPO-
10/PDMS, and [MFC+catalase]/CPO-15/PDMS (~7000—
7500 cells/cm?). On the other hand, the number of L-929
fibroblasts increased 1.49 fold and 2.43 fold at day 2 on [MFC
+catalase]/CPO-5/PDMS and [MFC+catalase]/CPO-10/
PDMS, respectively, and further enhanced to about 3 fold at
day S. Notably, cell density on [MFC+catalase]/CPO-15/
PDMS (~ 43,600 cells/cm?) at day 5 showed a comparable cell
number in comparison with that on TCPS (~50,200 cells/
cm?). The responses of L-929 fibroblasts showed similar results
on MFCs/PDMS with that directly cultivated on MFCs, which
indicate the potential application of applying MFC composites
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on biomedical devices such as microfluidic biochips and related
devices.

For the samples cultured in serum-free condition, for 24 h,
the cell number on PDMS, pristine MFC, and all MFC/CPO-
x/PDMS did not show apparent differences, so that the cell
density is ~3,300 cells/cm® (Figure 4b). The cell number
increased slightly on [MFC+catalase]/CPO-5/PDMS and
[MFC-+catalase]/CPO-10/PDMS, so that the cell density was
~3700 cells/cm?. It is noted that the cell density on [MFC
+catalase]/CPO-15/PDMS (~5300 cells/cm?) is comparable
with that on TCPS (~5600 cells/cm?) at day 1, indicating the
excellent biocompatibility of [MFC+catalase]/CPO-15. The
reason that L-929 fibroblasts grew even better on TCPS under
the serum-free condition is because that the commercially
available TCPS is usually modified with a coating layer of
protein or with plasmas. The results also indicated that serum
plays a very essential role for modulating the initial cell
attachment and cell growth.

More significant impacts from the release of H,0, and O,
were found at day 2, so that the cell density was ~6400, 5700,
and 5100 cells/cm? on MFC/CPO-5/PDMS, MFC/CPO-10/
PDMS, and MFC/CPO-15/PDMS, respectively. On the other
hand, the cell density increased to ~6600, 6900, and 12,300
cells/cm* on [MFC+catalase]/CPO-5/PDMS, [MFC+cata-
lase]/CPO-10/PDMS, and [MFC+catalase]/CPO-15/PDMS,
respectively. It is noted that the cell density on [MFC
+catalase]/CPO-15/PDMS was even higher (~12,300 cells/
cm?®) than that on TCPS (~10,500 cells/cm?).

Cell density increased slightly at day S, which might be due
to the limited nutrients in medium. Nevertheless, the cell
density of ~13,100 cells/cm* was found on [MFC+catalase]/
CPO-15/PDMS, which was significantly higher than that on
TCPS (~10,200 cells/cm?). Moreover, the cell density on
MEC/CPO-5/PDMS, MFC/CPO-10/PDMS, and MEC/
CPO-15/PDMS was 25.7%, 34.7%, and 46.6% lower than
that on the pristine MFC/PDMS, respectively, indicating the
cytotoxicity of H,O,. These results suggest the potential usage
for the supplies of oxygen by coating [MFC+-catalase]/CPO on
biomedical devices in limited nutrients surroundings.

The cell morphology under the serum-free culture condition
was revealed by optical microscope. Limited cell quantity was
observed on pristine MFC and all MFC/CPO-x/PDMS
(Figure S3, Supporting Information). Nevertheless, an
increased cell number on [MFC+catalase]/CPO-x/PDMS
was easily found when compared to that on MFC/CPO-x/
PDMS, indicating that oxygen provides nutrients in some
extent to promote cell proliferation. In conclusion, both L-929
cell responses on MFC composite-decorated PDMS with or
without serum suggest that an approach for modulating cell
responses on different substrates for biomedical engineering
and clinical purposes.

4. CONCLUSION

Highly porous and biomimetic nanocomposites that allow for
modulating the growth of L-929 fibroblasts were prepared by
incorporating calcium peroxide (CaO,) and catalase into
microfibrillated cellulose using a facile and solvent-free
approach. CaO, was employed to produce hydrogen peroxide,
while catalase was added to catalyze the conversion of H,0O, to
O,. The experimental results showed that the three-dimen-
sional porous morphology facilitated both the diffusion of
generated gases and provided great niches for cell growth.
Sustained release of H,O, up to five days was found on the
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prepared MFC nanocomposites. Cell attachment decreased,
and cell proliferation was clearly delayed due to the generation
of H,0, on MFC/CPO. On the other hand, cell survival was
effectively promoted on the MFC containing CPO and catalase.
The as-prepared MFC nanocomposites were also applicable on
other substrates and demonstrated the same effects on cell
responses. Further works on culturing cells on the prepared
MEFC nanocomposites under a serum-free condition indicated
that generation of oxygen support effectively aided the cell
growth when no serum was provided. In conclusion, the
prepared MFC/CPO nanocomposites that allow the release of
H,0, are aimed to be applied in the fields of wound dressing,
tooth bleaching, and antimicrobial applications. On the other
hand, the [MFC+catalase]/CPO composites that release O,
possess particular potentials for applications in tissue
regeneration and research on stem cells.

B ASSOCIATED CONTENT
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Thickness of prepared MFC nanocomposites, how released
H,0, was measured, and cell morphology on MFC/CPO-x/
PDMS and [MFC+catalase]/CPO-x/PDMS. This material is
available free of charge via the Internet at http://pubs.acs.org.
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