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Abstract Herein, we fabricated highly porous and
stretchable electrospun nanofiber membranes using
eco-friendly lignin and polycaprolactone polymers,
which efficiently prevent mold colonization and
invasion in pine sapwood. Membranes of different
thicknesses were tested against four species of mold.
Membrane thicknesses of above 38 lm were found to
completely prevent mold invasion during the 2- and
4-week cultivation periods. The membranes were
characterized using various qualitative and quantitative analytical methods, including tensile tests. The
optimized fabrication conditions were established to
protect wood from mold growth and to accommodate
the periodic expansion and contraction of wood
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without degradation. The mechanically strong and
elastic nanofiber membranes enable an assessment of
the membrane’s suitability and feasibility as an
alternative to the existing wallpapers or paints.
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Introduction
Wood has been among the materials most valuable to
humans since the beginning of humankind. It is used
throughout human life, for example, as a fuel, raw
industrial resource, and construction material (Zabel
and Morrell 2012). Because wood is easy to handle
and renewable with moderate strength and good
durability, it has been used for thousands of years in
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construction. However, the use of wood as a building
material has been challenged recently because various
illnesses have been attributed to exposure to indoor
fungi-contaminated environments (Bernstein et al.
2008; Edmondson et al. 2005). This problem is called
sick-building syndrome (SBS) or toxic-mold syndrome (TMS), and has become increasingly prevalent
since the 1970s (Pettigrew et al. 2010; Redlich et al.
1997). Fungi grow in a broad range of pH and
temperature values when the moisture content of wood
exceeds 20% (Stienen et al. 2014). Growth is accelerated when the relative humidity exceeds 95%
(Viitanen and Ritschkoff 1991). Numerous studies
associating fungi and adverse human health effects
have been performed (Bush et al. 2006; Clark et al.
2004; Portnoy et al. 2005); however, the issue remains
unsolved.
Fungi causing surface discoloration with visible
multicellular hyphae are generally called molds. In
addition to mottling the surface of materials, molds
also produce spores and mycotoxins (or fungal toxins);
these mycotoxins negatively affect the human immune
system (Heseltine and Rosan 2013; Pettigrew et al.
2010). Symptoms and conditions such as coughing,
sneezing, eye irritation, skin rashes, vomiting, asthma,
and pneumonitis can be caused by fungi colonizing the
body through contact or inhalation (Kiffer and Morelet
1999; Samson et al. 2004; Singh et al. 2010). In sites
such as retirement homes, day-care centers, and
hospitals, fungi can be fatal. While ventilation and
sufficient drying of indoor wood is necessary because
of the ubiquity of molds, advanced prevention of mold
growth on indoor wood should take precedence over
all other measures, because wood supplies nutrition to
the molds.
To protect wood from molds outdoors, rapid
drying or poisonous chemical treatments are commonly used for the affordability and efficiency of
these techniques. However, the toxicity of the
chemicals and other problems related to the environment and human health remain as serious
concerns (Hong et al. 2014). In addition, some
molds are resistant to the toxic chemicals. Antifungal paint is often used for indoor wood; however,
cracks inevitably form because of the periodic
expansion and contraction of the wood, thus
enabling mold growth. For these reasons, a nontoxic environmentally friendly method should be
developed to protect wood from molds. A new
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approach to prevent mold from physically accessing
wood is required. Biocompatible soy protein-based
electrospun nanofiber membranes were recently
revealed to prevent the invasion of grapevines by
esca fungi (Sett et al. 2015). To physically block
fungi penetration, thus protecting pruning cuts and
wounds in the vines from esca fungi, electrospun
nanofibers deposited onto mechanically robust rayon
membranes were developed (Sett et al. 2015).
Here, porous and stretchable lignin/polycaprolactone (PCL) and PCL-only nanofiber membranes
(LPNM and PNM) were fabricated to protect wood
against mold invasion. The nanofibers were fabricated
by an electrospinning technique which is known as
one of the most attractive methods for producing
large-size non-woven or woven nanofiber fabrics (An
et al. 2016; Persano et al. 2013). In addition, the
nanofiber fabrics, where the diameter of nanofibers
ranges from tens to hundreds of nm, have a superior
surface-to-volume ratio compared to the general
fabrics, which facilitates much larger fabric-size
produced from a small amount of raw materials
without compromising the anti-fungi-barrier features.
Lignin is the second-most abundant natural polymeric
material, after cellulose, and comprises approximately
20% of annual terrestrial biomass production (Jennings and Lysek 1999; Schmidt 2006). Until recently,
lignin was considered a waste byproduct of the pulp
and paper industries. However, active study of the
material began (Hu and Hsieh 2013; Jennings and
Lysek 1999; Nelson et al. 2012; Wahba et al. 2015)
after it was recognized as an inexpensive, non-toxic,
and eco-friendly carbon-based material. PCL is
another biodegradable, non-toxic, and inexpensive
polymer that has been used extensively in engineering
(Hogan Jr and Niklas 2004; Zhang et al. 2009).
In the present work, we firstly demonstrate a
nanometer-scale manufacturing approach for the
amelioration of SBS by a mold invasion test. The
test was conducted on pine sapwood coated with
porous and stretchable membranes of various
thicknesses, which elucidated the preventive effect
of the membranes against mold invasion. The
membranes exhibited excellent prevention capability and mechanical properties by impeding mold
invasion velocity to 0.10–0.11 lm/h and yielding
only at the high strain value of 82–106%, respectively (in the present context strain means relative
elongation).
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Materials and methods

cladosporioides KUC1385, Penicillium brevicompactum KUC1819, and Trichoderma viride
KUC5062 were obtained from the Korea University
Culture collection. The target molds were cultivated
on 20 mL of 2% malt extract agar (MEA, Difco) at
25 °C for 2 weeks for sporulation. The inhibition of
mold spore germination was tested according to the
ASTM standard test method D4445. The size of each
specimen was 7 mm by 20 mm in cross-section and
70 mm long and the moisture contents in each
specimen was at least 40%. Each unseasoned pine
sapwood (Pinus densiflora) specimen was covered
with the fabricated membranes detached from the
drum collector (Fig. 1a). Subsequently, a suspension
of the mixed spores was inoculated by spraying onto
the specimens, which was adjusted to deliver 400 lL
suspension/spray as shown in Fig. 1b. Then, the
membrane-wrapped specimens exposed to molds were
evaluated after 2 weeks of cultivation.

Materials for electrospinning solutions
Low-sulfonate alkali lignin (lignin, Mw = 10 kDa),
polycaprolactone (PCL, Mn = 80 kDa), and polyacrylonitrile (PAN, Mw = 150 kDa) were used as solutes
in the electrospinning solutions. Formic acid (C95%),
acetic acid (99.7%), and dimethylformamide (DMF,
99.8%) were used as solvents. All materials were
purchased from Sigma-Aldrich.
Fabrication of lignin/PCL and PCL nanofiber
membranes
Solutions of 15 wt% lignin/PCL (lignin-to-PCL ratio of
1:1 w/w) and 15 wt% PCL were prepared by mixing the
solutes with a blended solvent of 1:3 w/w formic and
acetic acids. For example, 100 g of 15 wt% lignin/PCL
solution was prepared from 7.5 g of lignin, 7.5 g of PCL,
21.25 g of formic acid, and 63.75 g of acetic acid. Also,
100 g of 15 wt% PCL solution was prepared from 15 g
of PCL, 21.25 g of formic acid, and 63.75 g of acetic
acid. The solutions were stirred at 55 °C for 15 h until
they became homogenous. To fabricate a large-area thick
membrane, as shown in Fig. 1a, the electrospun
nanofibers were deposited on a drum collector using a
setup with two syringe pumps (Legato 100, KD Scientific) and two DC power supplies (EL20P2, Glassman
High Voltage, Inc.). The rotation speed of the drum
collector was 200 rpm. Each syringe was equipped with
an 18-gauge needle (Nordson EFD) at the exit. The
distance between the collector and needles was 6 cm.
Note that the electrically-driven polymer jets are issued
from the Taylor-cone at the nozzle exit and undergo
dramatic thinning process due to the electrically-driven
bending instability accompanied by the solvent evaporation. As a result, ultra-thin nanofibers are formed
(Reneker and Yarin 2008). The lignin/PCL nanofibers
were electrospun at a flow rate of Q = 200 lL/h and a
high DC voltage of V = 9–10 kV. PCL nanofibers were
electrospun at Q = 150 lL/h and 7–8 kV. After electrospinning was completed, the nanofiber membranes
were easily detached from the drum collector.
Mold species and cultivation conditions
Four species of mold were selected for the present
tests. Aspergillus versicolor KUC5201, Cladosporium

Tensile test procedure
The stress–strain curves of the membranes were
measured in tensile tests using an Instron 5942
machine equipped with a 100 N capacity load cell.
The membranes were cut in the machine direction MD
into 15 mm 9 60 mm pieces and clamped by two
pneumatic grips. The initial spacing between the upper
and lower grips was fixed to 20 mm, and the strain rate
was set to 10 mm/min. The membranes were stretched
until complete failure. Tensile tests were repeated ten
times per membrane.
Characterization
The morphology and thickness of the membranes were
studied by a field-emission scanning electron microscope (FE-SEM, S-5000, Hitachi). The size distribution of the nanofibers was estimated by
measuring *100 nanofibers from the SEM images.
Three-dimensional (3D) images were obtained using
an optical profiler (Wyko NT1100, Veeco). Brunauer–
Emmett–Teller (BET) tests for surface area were
conducted in N2 after 96 h pre-treatment at 50 °C. The
crystallinity of the PCL was identified by X-ray
diffraction (XRD, SmartLab, Rigaku). Thermogravimetric analysis (TGA, SDT Q600, TA Instruments)
and derivative thermogravimetric analysis (DTG)
were performed in air at a fixed flow rate of 100 mL/
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Fig. 1 a Schematics of the
electrospinning setup and
the membrane wrapping.
b Schematic of the mold
invasion test

min and a heating rate of 5 °C/min, using 1–2 mg of
membrane material heated from 20 to 600 °C. The
mold spores on the surfaces of the specimens and
membranes were observed by an optical microscope
(SZ61, Olympus) and FE-SEM.

Results and discussion
Lignin/PCL and PCL nanofiber membranes
(LPNM and PNM)
The LPNM and PNM were fabricated by electrospinning the precursor solutions for different times to
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create nanofibrous membranes of different thicknesses. The solvent of the precursor was evaporated
during electrospinning, and thus, solidified polymer
nanofibers were obtained. Accordingly, the weight
ratio of lignin-to-PCL in the LPNM is 1:1. The bulk
densities of lignin and PCL are 0.37 and 1.15 g/mL,
respectively. Using these values, we estimated the
volume ratio of lignin-to-PCL in the LPNM as 3.1:1.
Figure 2 shows SEM images of the LPNM and the
PNM membranes created using different deposition
times (tdep). Uniformly dense LPNM formed at
different deposition times are seen in Fig. 2a, whereas
the PNM membranes in Fig. 2b reveal the presence of
a few thick fibers on the micrometer scale. These
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thicker microfibers formed thicker membranes of
PNM (35, 42, and 75 lm, respectively) than the ones
obtained using LPNM (8, 21, and 38 lm, respectively). The corresponding fiber-size distributions are
shown in Supplementary Fig. S1.
To compare the average roughnesses (Ra) and
porosities of the membranes, the optical profiler and
Brunauer–Emmett–Teller (BET) analyses were used
on the tdep = 9 h samples, as shown in Figs. 3 and 4a.
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The LPNM sample had a much lower value of
Ra = 467 nm (Fig. 3a) than the PNM of Ra = 828 nm
(Fig. 3b); this is associated with the presence of the
micrometer-size PNM fibers mentioned above. In
addition, the LPNM sample revealed a surface area
four times larger than that of the PNM sample
(Fig. 4a), which relates to the corresponding average
fiber-diameter difference between the materials in
Supplementary Fig. S1. While the above analyses

Fig. 2 Top and cross-sectional SEM images of a the LPNM and b the PNM electrospun at different deposition times. The first, second,
and third columns correspond to tdep = 3, 6, and 9 h cases, respectively
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showed clear distinctions between the LPNM and
PNM samples, both samples have similar average pore
sizes (Fig. 4a).
Figure 4b shows the XRD patterns of the LPNM
and PNM for tdep = 9 h. Two high-intensity peaks at
2h = 21.5° and 23.8°, indicating the presence of PCL,
are clearly seen, but the broad peak at 2h = 22.5°
characteristic of amorphous lignin is covered by the
PCL peak and thus not exposed (Nelson et al. 2012;
Wahba et al. 2015).
The presence of lignin in the LPNM was confirmed
by TGA and DTG analyses, as shown in Fig. 4c, d.
Major weight loss is observed in both membranes from
100 to 400 °C (Fig. 4c), associated with the decomposition of the organic polymers. To better characterize the thermal decomposition of the LPNM, the DTG
curve was obtained (Fig. 4d). The DTG curve clearly
shows two peaks at 355 and 423 °C, corresponding to
the oxidation of lignin phenolic structures to quinone
methides and the decomposition of the quinone
methides, respectively (Hu and Hsieh 2013). In the
PNM, the peak corresponding to PCL decomposition is
located at 387 °C (Zhang et al. 2009).
Prior to the mold invasion test, water solubility
testing was conducted as shown in Supplementary
Fig. S2. Each membrane was fully wetted and stored at
room temperature (T = 25 °C) until it had dried
completely dried. The solubility of the nanofibers in
contact with water was necessary information, both
because the mold spore suspension is water-based and
because the tested specimens had high moisture
contents for culturing the molds. The lignin/PCL
nanofibers were only slightly dissolved because of the

Fig. 3 3D optical profiler images of a the LPNM and b the PNM
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alkalinity of the lignin, while the PCL nanofibers had
not dissolved at all. Despite the slight degradation of
LPNM in water, the porous structure was maintained.
Mold invasion test on the control pine sapwood
As stated, Aspergillus versicola KUC5201, Cladosporium cladosporioides KUC1385, Penicillium brevicompactum KUC1819, and Trichoderma viride KUC5062
were examined in the invasion test (cf. Fig. 5). Many
molds produce mycotoxins, which interfere with RNA
synthesis and cause DNA damage. In the case of A.
versicolor, macrocyclic trichothecenes, trichodermin,
and satratoxin G have been reported as mycotoxins.
Multiple cases have been documented in which high
concentrations of C. cladosporioides and Penicillium
chrysogenum spores caused hypersensitivity pneumonitis (Chiba et al. 2009; Pomés et al. 2016).
The presence of grown mold spores was confirmed
by optical microscope and SEM images, as shown in
Fig. 6. Broadly filled green-colored spore groups on
the surface of the control specimen of pine sapwood
are seen in Fig. 6a. Among the four molds used, T.
viride reveals more significant growth than the other
molds, implying antagonism between molds. The
genus Trichoderma is well known for producing
antifungal compounds, secretions of chitinase, and
mycoparasites against other fungi and being fast
growing. Accordingly, the antagonistic tendency of
T. viride disrupted the growth of the other molds. For
this reason, the genus Trichoderma is the most
frequently isolated mold found in lumber yards
(Schmidt 2006).

Cellulose (2017) 24:951–965
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Fig. 4 a BET analyses of the membranes. b XRD patterns of the membrane. c TGA and d DTG analyses of the two types of membranes
(filled diamonds lignin, and filled circles PCL)

Fig. 5 Photographs of the four molds tested, which correspond to Aspergillus versicola KUC5201, Cladosporium cladosporioides
KUC1385, Penicillium brevicompactum KUC1819, and Trichoderma viride KUC5062, respectively

Mold invasion test on the LPNM-wrapped pine
sapwood
The prevention effect of the membranes against mold
invasion of the sapwood was studied, as shown in

Figs. 7, 8 and 9. Prior to the invasion test, membranes
of various thicknesses were prepared to verify the
effect of thickness on mold invasion (cf. Fig. 2).
Figure 7 shows the results of the invasion test for the
LPNM-wrapped specimens. In contrast with the
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Fig. 6 a Optical microscope and b, c SEM images of the control pine sapwood specimen (without any membrane) after 2 weeks of
mold cultivation

control, a slight stain on the top surface of the LPNMwrapped specimen was observed by eye (Fig. 7b).
Interestingly, in the optical microscope images, only a
few spores are observed in tdep = 9 h case, whereas
multiple spores were observed in the tdep = 3 and 6 h
cases. In order to better characterize and quantify the
mold spore growth as the deposition time tdep and,
thus, the membrane thickness was increased, the
spore-covered areas were evaluated from ten randomly selected SEM images of the tested LPNMs. On
tdep = 3, 6, and 9 h cases, the covered areas measured
36,710, 26,915, and 15,185 lm2, respectively, within
total studied areas of 114,576 lm2 each. The growth is
reduced with increased tdep. This also implies that the
rate of nutrient supply from the wrapped sapwood to
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the spores depends on the wrapping membrane
thickness, diminishing as the thickness increases. This
inverse dependence of the nutrition supply on the
membrane thickness determines the prevention efficiency, as established in the invasion test and
described in the following sections. Note that the
above explanation is quite plausible given the moisture content of the specimens of 40%.

Fig. 7 Photographs of the LPNM-wrapped specimens a at the c
beginning and b after 2 weeks of mold cultivation. c Optical
image and d, e SEM images of the surface of the tested LPNM.
The first, second, and third columns correspond to tdep = 3, 6,
and 9 h cases, respectively

Cellulose (2017) 24:951–965
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b Fig. 8 Photographs of the PNM-wrapped specimens a at the

beginning and b after 2 weeks of mold cultivation. c Optical
image, and d, e SEM images of the surface of the tested PNM.
The first, second, and third columns correspond to tdep = 3, 6,
and 9 h cases, respectively

Mold invasion test on the PNM-wrapped pine
sapwood
Figure 8 shows the results of the mold invasion test on
the PNM-wrapped specimens. While the size of the
agglomerated spores is smaller than that seen in the
LPNM case, the overall covered area is larger than that
in the LPNM case (cf. Figs. 7c, 8c). The spore-covered
areas on the tdep = 3, 6, and 9 h cases were 36,604,
20,936, and 15,385 lm2, respectively, over the same
areal size studied in the LPNM case. This also reflects
the inverse dependence of the nutrition supply on the
membrane thickness, as with LPNM.
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for different kinds of fibers, fungi, and experimental
conditions, the membrane thickness can be controlled
selectively for the target cultivation time.
We conducted an additional mold invasion test
using the LPNM-wrapped specimens during a 4-week
cultivation period as shown in Fig. S4. At the
deposition times tdep = 3 and 6 h, the mold invasions
were clearly observed by the optical microscope
images (Figs. S4a and S4b), which was a natural
consequence based on the estimated value of the
invasion velocity Vinvasion. However, it should be
emphasized that a complete prevention of fungi
invasion was repeatedly achieved at tdep = 9 h even
during the 4-week cultivation period. Based on the
Vinvasion value of 0.10–0.11 lm/h, in the case of
tdep = 9 h corresponding to the 38 lm thickness (cf.
Fig. 2a), the coating should have been penetrated after
772 h (4 weeks) by the molds. Thus, we anticipate that
there could be a threshold value of the membrane
thickness to prevent mold invasion permanently.

Prevention efficiency
The prevention effect of the membrane wrapping as a
function of membrane thickness was studied using
images from optical microscopy (Fig. 9a–d) and SEM
(not shown here) of the tested specimens after
membrane removal. The prevention efficiency plotted
in Fig. 9d is defined as g = (1 - A/A0) 9 100%,
where A is the spore-covered area and A0 is the total
studied area of 233,532 lm2 in the ten randomly
selected SEM images. Most of the specimen surfaces
were protected. In the tdep = 6 h case of the PNM and
tdep = 9 h cases of both the LPNM and the PNM, in
particular, g = 100% was achieved (Fig. 9). It seems
that perfect prevention can be achieved for membrane
thicknesses of 35 lm or more during the 2-week
cultivation period; g = 99% for tdep = 3 h case of the
PNM (cf. Figs. 2, 9). The mold invasion velocity,
optimized under our experimental conditions, is
defined as Vinvasion = D/t. Here, D is the mold
invasion distance and t is the cultivation time. The
invasion distance in this study was set to
35 lm \ D \ 38 lm because g of 99% and 100%
were achieved in the tdep = 3 h case of the PNM and
the tdep = 9 h case of the LPNM (which had the
smallest thickness among all g = 100% cases),
respectively. The cultivation time was 336 h, exactly
2 weeks. Accordingly, Vinvasion is evaluated as
0.10–0.11 lm/h. While this velocity could change

Prevention mechanism
Before confirming the prevention mechanism of the
membranes, the growth of molds on biodegradable
versus non-biodegradable membranes were studied,
because it was possible that molds could obtain
nutrients by consuming the biodegradable components
of lignin or PCL, regardless of the nutrition supply
from the sapwood. A solution of 8 wt% PAN in DMF
was used to fabricate non-biodegradable membranes
at Q = 200 lL/h and V = 6.5 kV. Supplementary
Fig. S3 shows the results of the 2-week cultivation in
the absence of wood under the same cultivation
conditions. In all cases, no spore growth is observed,
verifying that the tested molds cannot consume either
lignin or PCL. Accordingly, it seems that the molds
sprayed onto the wrapped specimens had survived by
consuming nutrition from the sapwood, which was
decomposed by the cellulolytic enzymes from the
molds and transported through the membrane pores, as
illustrated in Fig. 10. Furthermore, the molds generated very thin fiber-shaped hypha (cf. Figs. 7, 8),
which could penetrate pores of 40–44 nm in size as
well as tens of micrometers through the membranes
(Fig. 4a), thus enabling mold invasion. As a result,
spores were formed on the surfaces of the wrapped
specimens (Fig. 10b).
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Fig. 9 (Left column)
Photographs and optical
microscope images of the
specimens after the LPNM
had been removed, and
(right column) the
specimens after the PNM
had been removed after
2 weeks of mold cultivation.
The a first, b second, and
c third rows correspond to
tdep = 3, 6, and 9 h cases,
respectively. d Prevention
efficiency of the membranes
against mold invasion
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Results of tensile tests

Fig. 10 Prevention mechanism of the membranes. a During
mold cultivation. Green and yellow arrows represent cellulolytic enzyme and nutrition moving paths, respectively. b After
2 weeks of mold cultivation. (Color figure online)

It is important to measure the mechanical properties of
the membranes because wood experiences periodic
expansion and contraction following the surrounding
environmental conditions (such as changes in temperature and humidity) (Hogan Jr and Niklas 2004).
While manufactured lumber and specimens thereof do
not change in dimensions as significantly as living
wood does, they still periodically expand and contract.
Stress–strain curves measured at 10 mm/min for
LPNM and PNM are shown in Fig. 11a, b, respectively. In Fig. 11c, the phenomenological elastoplastic model Green equation:

Fig. 11 Stress-strain curves of a the LPNMs and b the PNMs. c An example of fitting the Green equation (the green and red dashed line
for the LPNM and PNM, respectively). d Average values of Young’s modulus, ultimate stress, and strain-at-failure, respectively. (Color
figure online)
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rxx ¼ Y tanh
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E
exx
Y

ð1Þ

was fitted to the experimental data; rxx is the tensile
stress, E is the Young’s modulus, Y is the yield stress,
and exx is the tensile strain.
The measured stress and strain values at failure
(rmax and ef, respectively), as well as the Young’s
modulus and yield stress (E and Y, respectively), are
summarized in Supplementary Tables S1 and S2. As
discussed previously (Lee et al. 2015), the Green
equation encompasses the entire elastic response of a
membrane, including the transition into perfect plasticity. In the membranes used in this study, the
transition into perfect plasticity did not occur completely. For this reason, the fitting range was bounded
at the beginning of the early plastic region, after the
elastic part in the curve. In some cases, the fitting
accuracy was *99%. The blended nanofiber membranes (PNM) had lower ultimate strength and strainat-failure values compared to LPNM. According to
Sett et al. (2015), soy protein/nylon 6 nanofiber mats
have less resistance to stretching than pure nylon 6
nanofiber mats do. Similarly, in the present case,
blending PCL with lignin lowers the strain-at-failure
and the ultimate strength of the PNM.

mold spores. Complete prevention of mold invasion
was achieved for membranes of either material with
thicknesses of 35 lm or greater. The membrane
thickness can be selectively optimized according to
the mold invasion velocity calculated in the present
study. The highly porous structure of the membrane
hinders both the paths of the cellulolytic enzymes from
the molds and the nutrition supply from the wood,
while providing breathability for the wood, which
ultimately physically blocks the spread of mold in an
eco-friendly way. In addition, tensile tests revealed the
elasticity and durability of the membranes, illustrating
their capability to survive periodic expansions and
contractions of wood.
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