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nanofibrous membranes for tuberculosis
elimination†
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M. tuberculosis H37Ra is one of the most virulent microbes in the world; it causes endemic and neglected

disease that is highly drug resistant, and no vaccine has yet been created for it. In this present study,

mechanically robust and potent antibacterial membranes were fabricated for total elimination of water

and airborne tuberculosis (TB) bacteria. Via simple electrospinning, a multi-component, water-based

solution containing nanofunctional and antibacterial materials led to a thermally and chemically stable

nanofibrous membrane with water-repellent, UV-resistant, and antibacterial properties. The liquid- and

air-permeable multifunctional nanofibrous membrane contains distributed fibers with two distinct

characteristic sizes, proven to be unique physical origins of its exceptional sharp tensile strength and

elongation percentage. Concerns over the unfavorable release of nanosilver into the environment and

human respiratory systems were palliated by a unique approach for in situ formation of a chemical

network that trapped the concerned entities. The nanomembrane not only could effectively filter the M.

tuberculosis H37Ra bacteria, but could also completely exterminate them by a process involving cell

membrane destabilization via direct contact of the inherently intact lipid–protein bilayers with the

nanofibrous network with embedded lethal nanosilver. Finally, the persistent physical integrity of the

membrane after harsh simulated weathering indicates its potential and extended usage as a nanofilter in

remote areas where TB is endemic.
1. Introduction

Nanobrous membranes are an important topic in science,
technology, and a broad spectrum of product development.1,2

Disorderly deposition of nanobers onto a substrate leads to
ultrathin and light-weight nonwoven nanobers with minus-
cule pores distributed among nanobrous structures of the
membranes. The sizes of the pores are directly inuenced by the
sizes of the bers and their spatial alignment. It has been well
established that nanobrous membranes show promise in
broad applications such as in nanoltration,3,4 separation,5

catalysis,6 and biomedical engineering.7

However, as small bers create small pores with apparently
superior efficiency for several applications such as ltration, the
mechanical strength of the membrane tends to decrease and
become problematic in device fabrication. Since the chemical
and physical characteristics of nanobers and nanobrous
membrane directly dictate both their functions and strength,8
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to advance this membrane technology and make effective use of
nanobrous membranes, their functions, mechanical strength,
and structural integrity become crucial issues.

Tuberculosis (TB) is one of the leading neglected diseases
worldwide; it is caused by TB bacteria. The microbes can be
transmitted through air via miniscule liquid vesicles generated
by coughing, sneezing, and speaking.9 Recently, the recurrence
of infection cases in several regions around the globe is
a harbinger of a TB pandemic. Drugs with adverse side-effects
and multi-drug cocktails are oen used because most new TB
patients are infected with resistant bacteria.10–12 Moreover, the
research and development of new TB vaccines has not resulted
in successful clinical trials.13,14 For these reasons, a preventive
approach towards TB infection becomes one of the most
promising approaches to address the impending pandemic.

TB microbes are transmitted through air via aerosols con-
taining bacteria mainly generated from infected patients. As
only a few bacterial TB cells per cubic meter can cause infec-
tion,15 protection against the disease by entrapment of the
airborne bacteria could be considered as an effective preventive
approach. As a universal protective measure against several
microbial outbreaks, air ltration can be carried out using face
masks, portable lters, and ventilation systems.16,17 Given that
the smaller the pores of the lter, the better the ltration effi-
ciency, nanolters have emerged as one of the most promising
This journal is © The Royal Society of Chemistry 2017
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tools to eliminate microbial particles via a size-exclusion
approach while allowing clean air to ow through.

Although it has been reported that a polycarbonate lter
membrane has been used as a part of TB diagnosis by
employing a small membrane ltration (SMF) method,18,19 no
previous studies have reported the use of nanobrous
membranes for TB elimination. However, there are reports on
the research and development of functional nanobrous
membranes for broad applications. Souzandeh et al. have re-
ported polymer/protein composite nanobrous membranes via
electrospinning for ltration applications; they have found that
the membrane shows excellent ltration efficiency not only for
airborne particulates but also for poisonous gases such as
formaldehyde and carbon monoxide.20 In addition, Gopal et al.
have reported nanobrous membranes from polysulfone poly-
mers with efficiency for micro-particle removal from waste-
water.21 Moreover, Lala et al. have reported antimicrobial
nanobrous membranes fabricated from a variety of polymers
containing AgNO3 via electrospinning. It has been found that
the combination of PAN and 5 wt% AgNO3 leads to the most
effective bacterial elimination.22 It can be seen that no lters
have been reported for both blocking and killing TB cells.

It can be seen that research and development on the fabri-
cation of nanobers and nanobrous membranes has signi-
cantly advanced. While the use of nanobrous membranes for
ultrane ltration of airborne particles is prevalent, their
applications for antibacterial air ltration are limited. Most
importantly, the use of nanobrous membranes for physical
barriers of TB bacteria has long been unexplored.

In the present study, we explored multifunctional nano-
brous membranes for the airborne elimination of bacteria.
Mechanically robust and potent antibacterial membranes were
fabricated for total elimination of water and airborne tubercu-
losis (TB) bacteria. Via simple electrospinning, a deliberately-
designed, multi-component, water-based solution with nano-
functional and antibacterial materials was fabricated into
a thermally and chemically stable nanobrous membrane with
water repellent, UV-resistant, and antibacterial properties. The
chemical and physical structures of the nanomembranes were
investigated by SEM and IR and correlated with the resulting
functional and mechanical properties. Concerns regarding the
unfavorable release of nanosilver, the most potent antibacterial
agent, into the environment and human physiological and
respiratory systems needed to be addressed. The nano-
membranes were applied for ltration of water and airborne M.
tuberculosis H37Ra bacteria. Moreover, the physical integrity of
the nanomembrane was tested under harsh simulated weath-
ering to conrm its potential for extended usage in remote and
rural areas where TB is endemic.

2. Experimental
2.1 Materials

Mowiol 40-88 (polyvinyl alcohol, PVA, Mw �205 000 g mol�1),
silver nitrate, silver nanopowder, zinc acetate dihydrate, and
glutaraldehyde solution (50 wt% in water) were of analytical
grade and purchased from Sigma Aldrich, Bangkok, Thailand.
This journal is © The Royal Society of Chemistry 2017
Zinc oxide nanoparticles (Nano Materials Technology Co., Ltd.,
Chonburi, Thailand) and peruoroalkyl acrylate copolymer
emulsion (Archroma Co., Ltd., Bangkok, Thailand) were of
commercial grade. All chemicals were used as received.

2.2 Preparation of electrospinning precursors for
multifunctional nanobrous membranes

The following protocol has been provided as an example. A PVA
solution was prepared by adding PVA (2 g) to deionized water
(18 g) under magnetic stirring with applied heat at 80 �C for two
hours. Subsequently, silver nitrate (0.2 g), zinc acetate (0.2 g),
silver nanopowder (0.1 g), zinc oxide nanoparticles (0.1 g), and
peruoroalkyl acrylate copolymer emulsion (4 g) were added to
the PVA solution under magnetic stirring for 30 minutes fol-
lowed by sonication for 30 minutes. Then, glutaraldehyde
solution (4 g) was added to the abovementioned solution under
magnetic stirring for 5 minutes.23

2.3 Fabrication of multifunctional nanobrous membranes
by a Nanospider machine

For pre-pilot scale nanober fabrication using a Nanospider
machine (NS LAB 500), the precursor solution (30 ml) was
transferred into a 50 ml semi-cylindrical chamber. The distance
between the rotating wire electrode and the ground electrode
was adjusted to 18 cm. During the fabrication process, the
ground electrode was rotated at 5 rpm under an applied voltage
of 55 kV. Aer spinning, the resulting nanobrous membrane
was dried in a hot air oven at 140 �C for an hour. As indicated in
the Results and discussion section, GA 10 represents nanobers
with PVA and glutaraldehyde, GA 10_A represents nanobers
with PVA, glutaraldehyde, silver nitrate, silver nanoparticles,
zinc acetate, and zinc oxide nanoparticles, PF 10_A represents
nanobers with PVA, peruoroalkyl acrylate copolymer emul-
sion, silver nitrate, silver nanoparticles, zinc acetate, and zinc
oxide nanoparticles, and GA/PF 10_A represents nanobers
with PVA, glutaraldehyde, peruoroalkyl acrylate copolymer
emulsion, silver nitrate, silver nanoparticles, zinc acetate, and
zinc oxide nanoparticles.

2.4 Multifunctional nanobrous membrane
characterization by electron microscopy

The morphologies of the nanobers were characterized using
a scanning electron microscope (SEM, S3400N, 20 kV, working
distance of 5–7 mm; SEM-EDX, 20 kV, working distance of 10
mm).

2.5 Fourier transform infrared spectroscopy (FTIR)

The chemical characteristics of the multifunctional nano-
brous membranes were characterized by FTIR (Micro ATR,
Model: Nicolet 6700 FT-IR, Thermo Scientic, USA).

2.6 Contact angle measurements

Contact angle measurements were performed using a tensiom-
eter (Dataphysics Instruments, TC/TPC 150) to quantify the
water repellency levels of the nanobers. First, an electrospun
RSC Adv., 2017, 7, 46906–46915 | 46907
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membrane was placed on a sample stage. Then, a 1 ml water
droplet was dispensed on the surface prior to contact angle
measurement. An averaged value has been reported from ve
measurements on different areas.
2.7 Multifunctional nanobrous membrane
characterization by tensile strength measurements

The tensile strengths of the nanobrous membranes were
determined using a tensile testing machine (Instron model
5566). The nanobrous membranes were cut into 1 inch � 2
inch pieces at a 100 mm min�1 extension rate with a gauge
length of 20 mm8. Following the ASTM G 154:2006 method, the
simulated weathering conditions consisted of UVA irradiation
(340 nm, 0.8 W m�2) at 60 � 3 �C for 8 hours before moisture
condensation at 50 � 3 �C for 4 hours.
2.8 Ultraviolet protection factor (UPF) and transmittance
percentage testing

Both the ultraviolet protection factors (UPF) and UV trans-
mittance percentages of the nanobers were quantied by the
AATCC 183:2010 method.
2.9 Antibacterial activity testing

Antibacterial testing was performed against representative
Gram positive and Gram negative bacteria, i.e. Staphylococcus
aureus and Klebsiella pneumoniae, respectively. The anti-M.
tuberculosis H37Ra properties were evaluated by water and air
ltration.

2.9.1 Staphylococcus aureus and Klebsiella pneumoniae.
The primary antibacterial testing activities were performed
using the AATCC TM 100:2004 and AATCC TM 147:2011 stan-
dard testing methods. For both testing standards, Staphylo-
coccus aureus and Klebsiella pneumoniae were selected as Gram
positive and negative model bacteria, respectively.

2.9.2 M. tuberculosis H37Ra. The M. tuberculosis H37Ra
elimination efficiency was evaluated through water ltration in
a class II biosafety cabinet; the aerosol ltration was evaluated
in a class III biosafety cabinet.
2.10 Preparation of mycobacterial cell suspensions

The M. tuberculosis H37Ra cell suspension was prepared in
a class II biosafety cabinet. First, three to four loops-full of
a logarithmic phase mycobacterial culture were suspended in
a tube containing 5–6 glass beads. Subsequently, the myco-
bacterial cells were beaten with Middlebrook 7H9 broth sup-
plemented with 10% OADC until the mycobacterial clumps
were dispersed completely; the large clumps were then allowed
to settle for 20 min at room temperature. Last, 100 ml cell
suspension was inoculated into Middlebrook 7H9 broth sup-
plemented with 10% OADC incubate at 37 �C with interval
shaking to reach a McFarland turbidity of 1 (1–3 � 107 cfu
ml�1).24
46908 | RSC Adv., 2017, 7, 46906–46915
2.11 M. tuberculosis H37Ra elimination efficiency testing by
water media ltration in a class II biosafety cabinet

First, the nanobrous membranes were cut into square shapes
with diameters of 2.5 cm. Subsequently, the cut membrane was
inserted into a lter holder (Sartorius, Göttingen, Germany) and
autoclaved for 15 minutes at 121 �C 15 lb in�2 before being
dried overnight at 60 �C for sterilization. In the ltration step,
one ml of each diluted suspension was aliquoted by
a commercial syringe (TERUMO®SYRINGE, Tokyo, Japan) and
then ltered through a sterilized nanobrous membrane or
a Sartorius membrane (pore size 0.45 mm) used as a reference by
pushing with the thumb. Aer ltration, 100 ml of ltrate
solution was placed on Middlebrook 7H10 agar followed by
incubation at 37 �C for 3–4 weeks. Prior to incubation at 37 �C
for 2–10 days, the membrane was cautiously opened in a sterile
Petri dish and cut into small pieces of approximately 1–5 mm �
4–10 mm. Later, a piece of the membrane was transferred to
a well of a 96-well microtiter plate or glass slide. A Live/Dead
staining kit (1IVM-L7012 LIVE/DEAD BACLIGHT, Invitrogen,
USA) was utilized to determine the mortality of the cells.25 For
image processing detection, a confocal laser scanning micro-
scope (Nikon, ECLIPSE Ti, Japan) was employed.
2.12 M. tuberculosis H37Ra elimination efficiency testing by
aerosol spray ltration in a class III biosafety cabinet

To start, M. tuberculosis H37Ra was grown on the Low-
enstein–Jensen (LJ) medium at 37 �C for 3–4 weeks prior to
preparation of the cell suspension. Subsequently, a single
cell suspension was prepared in 0.85% NaCl to obtain
a turbidity of 1 McFarland. The cell suspension was ten-fold
diluted from 1–3 � 106 to 107 for further usage. Each one
milliliter of M. tuberculosis H37Ra with 1–3 � 106 cell
concentration was lled in a sterilized atomizer syringe (LMA
MAD NasalTM, Teleex, USA) one milliliter into the readily
pleated cartridge nanobrous membrane through a plastic
funnel xed on the cartridge. All the processes were per-
formed in the class III biosafety cabinet in the biosafety III
laboratory at the Faculty of Veterinary Science, Mahidol
University, Thailand. Aer ltration, different areas on the
cartridge under the projected scope of the funnel were
selected, and a small piece was cut and transferred onto the
surface of an M7H10 or water agar plate. Each piece was
marked on its front and back sides, on which the number of
mycobacteria was determined before incubation; the pieces
were then stained using a Live/Dead staining kit for 6 days.
During incubation, 3 sampling areas of the sprayed nano-
brous membrane were cut and viewed using a confocal
microscope aer 24, 48, 72, 96, and 168 hours to qualitatively
determine the numbers of live and dead mycobacterial cells
on the membranes according to eqn (1).26

Elimination percentage (%) ¼ dead TB cells/

total TB cells � 100 (1)
This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

While functional nanobers can be simply derived from func-
tional spinning precursors, the fabrication of multifunctional
nanobrous membranes faces several technical challenges
including compatibility among the components and stability of
the precursor solution as well as the manifestation of these
competing functional components. The key concepts for the
practical utilization of nanobrous membranes involve the
development of both functional and mechanical strength.27

In this study, mechanically robust, exible, and multifunc-
tional nanobrous membranes with potent antibacterial func-
tions were fabricated from a charge-stabilized multicomponent
nanocolloid via facile and scalable needle-free Nanospider
electrospinning. With unique functions, the nanomembranes
contain a unique combination of commercially available and
cost-effective functional materials. The spinning process was
made possible by the presence of water-soluble polyvinyl
alcohol (PVA) among well-dispersed and nanosized addi-
tives.28–30 Dangling hydroxyl groups were specically chosen to
act as a molecular platform for further chemical crosslinking
during the post-spinning heat-assisted mechanical develop-
ment process.

At rst, functional materials providing water repellence,
anti-UV properties, mechanical stabilization, and antibacterial
function were deliberately included during the material design
process. The water-repellent function was expected to
contribute to self-cleaning and non-stick features via low
surface energy. The anti-UV material was used for molecular
stabilization against environmental light while maintaining the
chemical and physical stability of the nanomembrane.31,32 In
addition, a crosslinking agent was employed to form a molec-
ular network within nanobers and stable physical crosslinking
between nonwoven nanobers.

While multiple auxiliary functions can help improve ease of
usage and nanomembrane stability, the central functional
development idea focused on the development of antibacterial
properties. The most important antibacterial additive for this
design is silver nanoparticles, which have been shown to have
the most potent antibacterial properties against a broad range
of bacterial strains.33 The silver nanoparticles were responsible
for killing micron-sized TB cells via contact mode when the
bacteria were trapped on nanopores within nanobrous
membranes.
Fig. 1 SEM images of the (a) GA 10, (d) GA 10_A, (g) PF 10_A, and (j)
GA/PF 10_A nanofibers. SEM images of the (b) GA 10, (e) GA 10_A, (h)
PF 10_A, and (k) GA/PF 10_A nanofibers after immersion in water. SEM
images of (c) GA 10, (f) GA 10_A, (i) PF 10_A, and (l) GA/PF 10_A
nanofibers after exposure to simulated weathering conditions.
3.1 Nanobrous membrane fabrication and characterization

3.1.1 Multifunctional nanobrous membrane fabrication.
The crosslinkable hydroxyl side groups on polyvinyl alcohol
(PVA) offered a simple route for the formation of a permanent
chemical bonding network.34 First, a precursor solution con-
taining both the polymer and glutaraldehyde (GA) was
prepared, and its compatibility and stability were studied as
a function of the solid content and mass ratio between the two
entities. Experimentally, three variations of the PVA to GA ratio,
i.e. 1 : 0.5, 1 : 1, and 1 : 2 (weight to weight ratio), were prepared
with 10 wt% PVA solution before the electrospinning process via
This journal is © The Royal Society of Chemistry 2017
Nanospider. At a 1 : 0.5 ratio, bead-free, homogeneous
nonwoven nanobers were observed by SEM (Fig. S1a, ESI†).
Post-spinning heat treatment at 140 �C for an hour was per-
formed to activate the formation of a chemical bonding network
of both GA and PVA. No distinct physical transformation among
the nanobers was apparent aer curing (Fig. S1b, ESI†). To
primarily evaluate the structural stability of the nano-
membrane, a 1 cm � 1 cm piece of nanomembrane was
immersed in water for 5minutes and dried at room temperature
(Fig. S2a, ESI†). The SEM analysis of the latter showed that the
nanobrous membrane had collapsed into a thin lm with no
trace of brous structures (Fig. S1c, ESI†). It could be deduced
from the drastic structural transformation that the crosslinking
was not effective.

Next, the percentage of GA was increased to achieve a weight
ratio of PVA to GA of 1 : 1 in the hope that the crosslinking
would be more effective (Fig. S1d, ESI†). Similarly to the 1 : 0.5
ratio in the previous example, post-spinning heating had no
effect on the physical character of the nanobers (Fig. S1e,
ESI†). However, their physical structure was slightly perturbed
during stability evaluation under water as the bers appeared to
merge with those in the vicinity (Fig. S1f, ESI†). Although
physical integrity could not be achieved at this step, it could be
conrmed by the result that GA played a key role in stability
improvement of the nanomembrane.

At a 1 : 2 ratio of PVA to GA, spinning resulted in a well-
dened nanobrous membrane (Fig. 1a) as post-spinning
curing did not change the structure (Fig. S2a, ESI†). Under
prolonged immersion in water, the nanomembrane showed
a certain degree of physical integrity, with some slightly merged
nanobers in the cross-over area (Fig. 1b). Although increasing
RSC Adv., 2017, 7, 46906–46915 | 46909
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the GA percentage in the PVA solution led to nanobers with
improved water resistance, the respective electrospinning
process suffered from a drastic increase in viscosity and the
glue-like solution that produced inhomogeneous nanobers
and ill-dened nanobrous membranes. As a result, a 1 : 2
weight ratio of PVA to GA was concluded to be the optimized
condition for producing a water-resistant PVA nanobrous
membrane.

Furthermore, the anti-weathering properties of the water-
resistant nanobrous membrane have been studied using the
ASTM G 154:2006 standard for textiles that employs UV expo-
sure and condensation processes. Experimentally, the
membrane was irradiated under UV-A (340 nm) at 60 �C for 8
hours before condensation at 50 �C for 4 hours. The protocol
represents actual conditions of the prolonged exposure to an
outdoor environment, where the presence of moisture and UV
irradiation may be dominant. As a result, the micropores within
the nanobrous membrane entirely collapsed into a thin, at
lm (Fig. 1c). This implied that the combination of the cross-
linker and polymer was insufficient to create a nanobrous
membrane with anti-weathering properties.

Aer improving the moisture- and UV-resistant properties of
the nanomembranes, a new generation of nanomembranes was
designed to include stability-enhancer additives. With a broad
range of future applications, such as in ltration and microbial
elimination, anti-UV and antibacterial additives were intro-
duced into the electrospinning pre-cursor solution. Aer the
addition of silver nitrate, zinc acetate, silver nanopowder, and
zinc oxide nanoparticles to the polymer solution in a xed
order, the resulting precursor solution appeared dark gray in
color. Aer nanober fabrication via the Nanospider machine,
SEM analysis revealed nanobers with a higher degree of
crosslinking in comparison with the GA_10 nanobers (Fig. 1d).
Aer heat treatment, the physical character of the membrane
remained intact (Fig. S2b, ESI†); this indicated the thermal
stability of the polymer in the presence of functional additives.
To conrm the presence of silver and zinc nanoparticles, SEM-
EDX analysis was performed to detect and qualitatively
enumerate the silver and zinc contents within nanobers
(Fig. S3, ESI†). Consequently, the prominent appearance of the
two elements proved the success of the fabrication process.
Moreover, the water resistance of the additive-containing
nanomembrane was evaluated by dipping the sample into
water. The nanobrous membrane manifested swelling
(Fig. 1e). Aer exposure to simulated weathering, the nano-
membrane remained mostly intact; however, it showed a more
serious degree of swelling in comparison with that observed in
the abovementioned water immersion experiment (Fig. 1f). It
can be inferred from this nding that addition of anti-UV and
antibacterial additives to the water-resistant nanobers helped
to improve their physical stability against moisture and UV
exposure. However, undesirable merging and swelling of the
constituting nanobers following weathering exposure resulted
in a partially-collapsed porous structure that might affect
ltration efficiency in future applications.

The observation of swelling for previous nanobrous proto-
types suggests the relevance of the solubility parameter and the
46910 | RSC Adv., 2017, 7, 46906–46915
surface energy of PVA. As swelling is a phenomenon in which
two materials of comparable solubility parameters dissolve
together, penetration of water into the crosslinked PVA suggests
that these values for these two chemicals are similar to a certain
degree. Furthermore, the undesirable PVA–water interface may
also be due to the high surface energies of both crosslinked and
non-crosslinked PVA. Therefore, it was hypothesized that
modication of the chemical composition of the matrix of the
nanobers could change both its solubility parameter and
surface tension. While the solubility parameter could be
changed via both decreasing and increasing the value, the
surface energy could only be lowered to prevent the formation of
the PVA–water interface.

In the next experiment, this hypothesis was tested by
replacing GA with peruoroalkyl acrylate copolymer emulsion
(PF). This replacement not only would result in lower surface
energy mainly due to the inherent characteristics of the copol-
ymer, but would also enable a change in the viscosity in the
absence of chemical bonding caused by GA. With this
molecular-level setup, any improvement in physical stability
must be due to changes in viscosity and surface energy; this
veries the established hypothesis. As a result, SEM analysis of
the as-spun sample showed no undesirable merging between
the nanobers; this is vastly different from the previous obser-
vations for the GA 10 and GA 10_A nanobers (Fig. 1g). The
nanostructure also remained perfectly intact aer heat treat-
ment (Fig. S2c, ESI†). In addition, the presence of uorine
element was conrmed by the SEM-EDX technique (Fig. S3c,
ESI†). Apparently, the GA-free nanobrous membrane revealed
excellent water-resistant functions in comparison with the
previous prototypes made with GA (Fig. 1h). Furthermore,
under simulated weathering conditions, the GA-free and water-
resistant nanomembrane developed into a slightly swollen
brous structure, as compared to the GA 10_A nanobrous
membrane (Fig. 1i). The enhanced stability implied the positive
effects of the changes in the solubility parameter and surface
energy upon replacement of GA with the peruoroalkyl acrylate
copolymer.

The abovementioned results indicated two relevant aspects
of stability in this study—physical stability via GA crosslinking
formation and chemical stability via the effects of the per-
uoro compound on the surface energy. Following this ratio-
nale, the combination of two additives, i.e. GA and PF, was
realized in subsequent fabrication. For the as-spun sample,
SEM analysis showed a moderate crosslinking degree as
compared to that of previous samples made with either GA or
PF (Fig. 1j). The GA/PF-containing membrane maintained its
well-dened nanobrous structure aer heat treatment
(Fig. S2d, ESI†) and prolonged immersion in water (Fig. 1k).
Furthermore, the nanomembrane showed a minimal degree of
swelling upon exposure to weathering conditions in compar-
ison with the previous membrane prepared without GA and PF
(Fig. 1l). It can be concluded that both the chemical cross-
linkers, such as GA, and surface energy modiers, such as PF,
can function synergistically to improve moisture and UV
resistance in PVA.
This journal is © The Royal Society of Chemistry 2017
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3.2 Structural analysis and unique crosslinking morphology

From primary characterization of the crosslinked nanobers by
SEM, it was found that different types of crosslinking structures
were formed within the bulk of the nanobrous membranes.
Interestingly, three different types of crosslinking were
observed for the GA 10_A, PF 10_A, and GA/PF 10_A nanobers.
Fig. 2a illustrates the characteristic crosslinking of GA 10_A,
which shows tight merging of bers with large diameters
(Fig. 2a). However, homogeneity and a low merging degree were
observed in the PF 10_A nanobrous membrane (Fig. 2b).
Finally, the GA/PF 10_A nanomembrane possessed more
distinctive characteristics of crosslinked nanobers (Fig. 2c).
Evidently, nanobers with two different diameters, seemingly
inherited from those representative of GA 10_A and PF 10_A,
appeared simultaneously in GA/PF 10_A. It can be hypothesized
that the chemical interactions between GA or PF molecules and
PVA had independent effects.

Surface wetting analysis was conducted, where the contact
angles for GA 10_A, PF 10_A, and GA/PF 10_A nanomembranes
were measured using a tensiometer. GA 10_A showed the lowest
contact angle at 96.17�. This result conrmed the low hydro-
phobicity of the sample; this partially explained low stability
during the anti-weathering effect test. The increased contact
angles for both the PF 10_A and GA/PF 10_A nanomembranes at
136� and 135.40�, respectively, can be attributed to the presence
of PF molecules on the surface of the nanobers.

3.3 Fourier transform infrared spectroscopy (FTIR)
characterization

The chemical characteristics and molecular bonding between
the hydroxyl groups of PVA and the aldehyde groups of GA were
Fig. 2 The crosslinking character of the (a) GA 10_A, (c) PF 10_A and
(e) GA/PF 10_A nanofibers. Contact angles of the (b) GA 10_A, (d) PF
10_A and (f) GA/PF 10_A nanomembranes.

This journal is © The Royal Society of Chemistry 2017
conrmed by FTIR. In addition, hydrogen bonding between PVA
and PF was revealed by the chemical shi at the O–H stretching
position. Herein, four major absorption bands, as shown in
Fig. 3, represent the O–H, C–H, C]O, and C–F stretching
vibrations. The largest band in the range 3200–3600 cm�1

indicated the O–H stretching vibrations of the hydroxyl groups
under both intermolecular and intramolecular bonding. The
O–H stretching peak intensity of the non-crosslinked PVA
molecules was higher than that of the crosslinked/reacted PVA
molecules due to the reduced degrees of freedom of the
hydroxyl groups aer the chemical reaction among available
hydroxyl groups on PVA and GA as well as hydrogen bond
formation with PF molecules.35 In addition, the chemical shi,
as shown in Fig. 3 (positions i and iv), signied the strength of
intermolecular hydrogen bonding between hydroxyl groups on
PVA.36 The peak of maximum intensity of the PVA nanobers at
the position i (3289 cm�1) was shied to 3322 cm�1 in PF 10_A,
as indicated by position iv. This observation implies that weak
intermolecular interactions between PVA molecules occurred
possibly because of interruptions due to the formation of H–F
bonds by the PF molecules. In contrast, the maximum absorp-
tion peak of the GA 10 sample was shied from 3289 cm�1 to
3267 cm�1. This latter observation indicated that strong inter-
molecular hydrogen bonding occurred between PVA molecules
possibly because the GA crosslinker limited the spatial move-
ment of the PVA molecules. As such, the hydroxyl groups can
form stronger intermolecular hydrogen bonds.
3.4 Tensile strength testing

The mechanical and dimensional integrities of the nanobrous
membranes with controlled thickness were evaluated via tensile
strength and elongation percentage. To observe the stability
aer recycling, the nanobers aer exposure to weathering
effects were also examined for comparison with the as-spun
nanobers (Table S1, ESI†). The tensile strength results of the
GA 10 nanobers before and aer exposure to weathering
effects were drastically different (Fig. 4a). The tensile strength of
the as-spun nanobers was averaged to be 5.27 N, and their
Fig. 3 FTIR spectra of the (a) PVA, (b) GA 10, (c) GA 10_A, (d) PF 10_A,
and (e) GA/PF 10_A nanomembranes.

RSC Adv., 2017, 7, 46906–46915 | 46911
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Fig. 4 Tensile strength profiles of the (a) GA 10, (b) GA 10_A, (c) PF
10_A, and (d) GA/PF 10_A nanomembranes before (black line) and
after (red line) exposure to simulated weathering conditions.

Fig. 5 (a) Nanofiber structure collapsing profile of GA/PF 10_A
showing (b) non-stretching nanofibers, (c) stretched nanofibers, (d)
breaking of intermolecular crosslinking, and (e) the collapsed nano-
fiber structure.
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elongation was 54.45%. Aer exposure to the weathering effects,
both parameters decreased to 0.44 N and 21.67%. The dramatic
decreases in both parameters aer exposure to weathering
effects is consistent with the transformation of the nanobers
into a thin lm previously revealed by SEM. Contrasting
phenomena were observed for the GA 10_A membrane. Aer
exposure of the membrane to weathering effects, the tensile
strength and elongation percentage increased from 2.98 N and
31.11% to 10.67 N and 35.00%, respectively (Fig. 4b). These
results were also consistent with the previous SEM observations
in terms of the swelling and merging of nanobers aer this
treatment. Although the seemingly crosslinked nanobers
offered higher tensile strength, their reduced porosity as
a consequence of collapsed internal pores was inevitable.

As illustrated in Fig. 4c, the tensile strength and elongation
of the PF 10_A membrane increased by 43.1% and 36.67%,
respectively, aer exposure to weathering effects. Apparently,
the elongation percentage of the treated samples was almost 12
times higher than that of treated GA 10_A membrane. It can be
said that the PF 10_A membrane possessed higher exibility
aer exposure to weathering effects than the GA 10_A
membrane. It was hypothesized that peruorocarbon might
have played a role in both the composition and molecular
structure of the membrane, which helped improve its resistance
to weathering effects.

Fig. 4d presents the interesting mechanical characteristics of
GA/PF 10_A. Incidentally, the combination of glutaraldehyde
and peruorocarbon resulted in the highest tensile strength
and elongation percentage aer exposure to weathering effects
(Fig. 4d). The tensile strength and elongation percentage were
increased from 4.08 N and 35.56% to 6.68 N and 73%, respec-
tively. Evidently, the simulated weathering conditions trans-
formed the nanobrous membrane into a crosslinked lm. It
was hypothesized that the resulting crosslinked polymers
inherited better mechanical strength than their nanobrous
46912 | RSC Adv., 2017, 7, 46906–46915
counterparts and showed improved tensile strength and elon-
gation percentage aer exposure. In addition, the collapse
prole of GA/PF 10 was additionally scrutinized to understand
the physical transformation mechanism and the origin of the
mechanical strength of GA/PF 10. The fracture mechanics
prole can be divided into 4 regions: the threshold (non-
stretching nanobers) period, the elongation (stretched nano-
bers) period, the overstretching (breaking of intermolecular
crosslinking) period and, nally the failure (nanober structure
collapsing) period (Fig. 5a). Fig. 5b shows the rst period, where
the nanobers are aligned randomly. Subsequently, the nano-
bers were somewhat aligned and stretched, as clearly observed
by SEM (Fig. 5c), in the second stage. The third and longest
period in the tensile strength prole (Fig. 5a, point iii) repre-
sented the breaking of the intermolecular crosslinking (Fig. 5d),
where the nanobers were signicantly and directionally
aligned. Finally, the last period (Fig. 5a, point iv) showed
collapsing of the nanober structures (Fig. 5e).
3.5 Multifunctional property evaluation: ultraviolet (UV)
protection and transmittance

The anti-UV properties of the nanobrous membranes were
measured according to the AATCC 183:2010 standard testing
method. The membrane conditions were divided into dry and
wet under the three tested parameters: ultraviolet protection
factor (UPF), UV-A transmittance percentage, and UV-B trans-
mittance percentage (Table S2, ESI†). The UPF values of the PF
10_A and GA/PF 10_A membranes showed the highest values of
50+ under both wet and dry conditions. Similarly, the GA 10_A
membrane showed 50+ UPF under dry conditions and 32 under
wet conditions. Last, the GA_10 membrane possessed the
lowest UPF values under both the wet and dry conditions (7 and
3, respectively).

The UV-A and UV-B transmittances of the PF 10_A
membrane were slightly higher than those of the GA/PF 10_A
membrane (less than 0.1% difference) under both membrane
conditions. For the GA 10_A membrane, the two transmittance
values under dry conditions were 0.2%, whereas under wet
conditions, the UV-B transmittance was higher than the UV-A
transmittance by 0.5%. Based on these results, the membrane
with the highest UV transmittance percentage was GA 10. For
this membrane, the value under the wet conditions was
This journal is © The Royal Society of Chemistry 2017
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approximately two times higher than that under the dry
conditions.
3.6 Primary antibacterial properties

The primary anti-bacterial properties of the nanobrous
membranes were measured according to the AATCC TM
100:2004 and AATCC TM 147:2011 standard testing methods
(Table S3, ESI†). The rst standard evaluates the anti-bacterial
properties by dynamic contact in liquid media within 24
hours, whereas the second standard measures the zone of
bacteria inhibition on agar plates. Under the AATCC TM
100:2004 standard, all nanobrous membranes showed more
than 99.9% efficiency towards elimination of representative
Gram positive and negative bacteria. In the AATCC TM 147:2011
test, the GA_10 membrane showed no anti-bacterial properties,
whereas the rest of the membranes showed clear anti-bacterial
properties with varying zones of inhibition. Evidently, the GA/PF
10_A membrane possessed the largest inhibition zone (Fig. S5,
ESI†).
3.7 Anti-tuberculosis properties for water-borne TB

M. smegmatis mc2155 was selected as a representative in the
anti-tuberculosis water ltration experiment. A commercially
Fig. 6 Confocal laser scanning microscopy images showing dead
(red) and living (green) M. smegmatis mc2155 cells on (a–c) Satorius
cellulosemembrane (pore size of 0.45 mm), (d–f) GA 10, (g–i) GA 10_A,
(j–l) PF 10_A, and (m–o) GA/PF 10_A nanomembranes after liquid
filtration.

This journal is © The Royal Society of Chemistry 2017
available cellulose membrane with a pore size of 0.45 microns
(Sartorius membrane) was used as a reference. Fig. 6 shows
dead (red), living (green), and merged-image (green and red)
cells ofM. smegmatismc2155 on the membranes aer ltration.
The ltrate obtained from the Sartorius membrane contained
living bacteria (green dots) with no observable dead bacteria
(red dots) on the membrane (Fig. 6a–c). Similarly, large clusters
of green dots were observed on the GA 10 membrane with
respect to those of the dead cells (Fig. 6d–f), suggesting the
absence of an anti-tuberculosis effect. For the GA_10
membrane, both dead and living cells of M. smegmatis mc2155
were observed (Fig. 6g–i). Finally, PF 10_A and GA/PF 10_A
showed the highest anti-TB properties, as seen from the very low
numbers of living M. smegmatis mc2155 cells observed on the
membranes (Fig. 6j–o). The GA/PF 10_A membrane was selected
for further experiments on pre-pilot TB aerosol ltration due to
its excellent antibacterial and weathering effect functions. It
was noted that aer water ltration, all the nanomembranes
remained physically intact, as demonstrated by SEM (Fig. S6,
ESI†).
3.8 Observation of anti-tuberculosis properties by aerosol
ltration

Pre-pilot scale of M. tuberculosis aerosol ltration testing was
performed in a class III safety cabinet. The ltration system
contained a machine-pleated and framed nanobrous
membrane under operation by an air purier machine (Fig. 7).

The size of the pleated membrane was designed to t with
a model commercial air purier machine (Fig. S7, ESI†). The
GA/PF 10_A membrane was selected for this study, and the GA
10 membrane was used as a control. Aer ltration, 3 pieces of
the contaminated membrane were incubated for 24, 48, 72, 96,
and 168 hours, followed by colony counting for TB elimination
percentage calculation according to eqn (1). Aer 24 hours of
incubation, the GA 10 membrane showed 2.94% dead TB (two
dead cells from 68 total TB cells). Aer 48 hours of incubation,
the membranes showed no TB elimination properties (zero
dead TB cells from 109 total TB cells). Subsequently, a very low
TB elimination percentage resulted aer 72 hours of incubation
(2.04%) with 11 dead TB cells from 538 total TB cells on the
Fig. 7 M. tuberculosis H37Ra aerosol droplet filtration setup scheme
inside the class III biosafety cabinet.

RSC Adv., 2017, 7, 46906–46915 | 46913
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Fig. 8 Cumulative M. tuberculosis H37Ra elimination percentage for
GA 10 (black) and GA/PF 10_A (red) nanofibrous filters.
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membranes. Aer 96 and 168 hours of incubation, 0% TB
elimination was observed on the membranes, with 0 dead TB
cells from 104 total TB cells and 0 dead TB cells from 379 total
TB cells at 96 and 168 hours of incubation, respectively (Fig. S8,
ESI†).

On the other hand, the GA/PF 10_A membrane showed 100%
TB elimination aer 48 hours of incubation. Aer 24 hours of
incubation, 131 dead TB cells were found on the membranes of
143 total TB cells, which showed 91.61% TB elimination.
Moreover, the back side showed no cells of TB trapped on the
membrane. At 48, 72, 96, and 168 hours of incubation, all TB
cells were dead. Moreover, seventy-four TB cells were found
dead on the membrane aer 48 hours of incubation, whereas
99, 62, and 70 TB cells were found dead aer 72, 96, and 168
hours of incubation, respectively (Fig. S9, ESI†). In addition, the
TB cell elimination percentage of GA/PF 10_A was plotted in
comparison with that of the control GA 10membrane (Fig. 8). In
conclusion, the GA/PF 10_A membrane showed an exceptional
TB killing efficiency of 100% aer 48 hours of incubation.
4. Conclusions

Mechanically robust and multifunctional nanomembranes for
water and airborne M. tuberculosis H37Ra bacteria ltration
were successfully fabricated from a charge-stabilized water-
based multicomponent nanocolloid via Nanospider tech-
nology. It was found that the addition of a crosslinking agent
helped improve the physical integrity of the nanomembrane.
However, the nanomembrane containing a specic combina-
tion of crosslinker and peruoro (PF) compounds showed
excellent mechanical strength and exibility; this was attributed
to its unique bimodal-diameter crosslinking characteristics and
the hypothetical interruption of PF molecules by the formation
of H–F bonds. Moreover, the nanomembrane possessed the
highest anti-TB properties in the water phase. For aerosol
ltration, 100% of the trapped TB cells on the nanomembrane
46914 | RSC Adv., 2017, 7, 46906–46915
were eliminated aer 96 hours of incubation. It can be
concluded that this nanomembrane has promising qualities
for application in remote and rural areas to prevent the spread
of TB.
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