
1. Introduction
Since the outbreak of COVID-19 was declared a
public health emergency of international concern
(PHEIC) on 30 January 2020, the number of con-
firmed cases has increased exponentially worldwide
[1, 2]. The rapid spread and infectious nature of the
disease have put people in an unprecedentedly vul-
nerable situation, leading to a significant rise in the
demand for surgical masks [3–8]. Masks are widely
used personal protective equipment designed to re-
duce exposure to bacteria, with more than 4 billion
consumed daily [9–12]. However, the increased de-
mand and disposal of surgical masks have led to sig-
nificant economic costs and environmental impacts
[13–15]. Currently, the most common type of surgi-
cal masks, made from melt-blown polypropylene
(PP), has raised concerns about their self-sterilization

and safety for prolonged wear [16–18]. Additionally,
the disposal and decontamination of masks con-
tribute to the daily burden of 250000 t of plastic pol-
lution [19]. Given the high economic and environ-
mental costs, it is crucial to develop degradable
masks with self-sterilizing properties that are also
accessible to the general population on a large scale
[3, 10, 20]. To address the shortage, several strate-
gies are being rapidly developed and implemented
[21, 22], such as dry heat, chemical treatments, and
steam sterilization. However, these methods either
reduce the filtration efficiency of the masks or in-
crease the risk of damaging the PP textile. Recent
studies have also focused on developing reusable
masks by coating their surfaces with metal or metal
oxide nanoparticles, such as carbon nanomaterials and
graphene [19, 22–25]. However, these approaches
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face the drawback of potential nanoparticle detach-
ment and inhalation due to the incompatibility be-
tween the particles and polymers [16, 26, 27].
Respiration is essential for maintaining human life,
and exhaled breath can offer valuable health insights
as it contains various substances, including water
vapor [24, 28–30]. Specifically, fluctuations in hu-
midity during respiration can be linked to numerous
illnesses, such as heart disease, pneumonia, bronchi-
tis, and sleep apnea syndrome [31–34]. Additionally,
human exhaled air consistently maintains a high rel-
ative humidity (RH) level (>90%), which remains
unaffected by movement, environment, or seasons
[35]. Flexible, wearable humidity sensor technolo-
gies in [24] surgical masks offer a promising solution
for portable health monitoring. Although materials
like carbon, metallic oxides, nanophase silicon,
supramolecular materials, inorganics, and graphene
have been widely used to enhance the humidity re-
sponse of masks [7, 36, 37], their performance re-
mains suboptimal at high relative humidity, and there
is a risk of particles detaching and being inhaled dur-
ing mechanical shaking. To date, although the qua-
ternary ammonium compounds are widely used an-
timicrobial materials [24], their application to the
mask encountered notable limitations primarily due
to the performance decline stemming from a non-
bonded, tenuous attachment on the filter surface, and
the complexity, inefficiency, and lack of scalability
associated with surface modification [38].
In this study, compound ionic salts composed of di-
dodecyldimethylammonium chloride (DDAC) and
sodium methanesulfinate (SMS), featuring ammoni-
um and sodium sulfonate groups, respectively, were
used to create an ionization layer on polylactic acid
(PLA). This novel organic salt modification strategy
imparts a positive charge to the PLA textile, endow-
ing it with respiratory detection and excellent self-
sterilization capabilities, as well as good biodegrad-
ability. Additionally, the mechanism influenced by
both the ammonium and sodium sulfonate groups has
been thoroughly explained. This approach provides a
new solution to enhance the antibacterial and respi-
ratory detection performance of biodegradable masks.

2. Experimental section
2.1. Materials
Didodecyldimethylammonium chloride (DDAC),
sodium alpha-olefin sulfonate (SAOS) and sodium
methanesulfinate (SMS) were obtained from Shanghai

Aladdin Biochemical Technology Co., China. Ethyl
alcohol was purchased from Shanghai Co., China.
PLA melting non-woven fabrics were acquired from
Smartwin Import and Export Trading Co., China.
PLA melting non-woven fabrics have an areal density
of 32 g/m2 and a thickness of 0.20±0.01 mm. The av-
erage diameter is about 3.9 μm, and the average pore
diameter is 22.6 μm.

2.2. Characterization and method
The fabric surface morphology was evaluated by
scanning electron microscope (ZEISS, Sigma-300,
Germany) equipped with an energy dispersive X-ray
analyzer (Bruker, Quantax XFlash SDD 6, Ger-
many). Also, the surface element of samples was an-
alyzed using XPS analysis (Thermo Scientific,
K-Alpha, USA). Fourier transform infrared (FTIR)
spectra were obtained by a spectrometer (Brooke,
Tensor 27, Germany). DSC measurements were ob-
tained by Mettler Instruments (a Netzsch, DSC 
214, Germany). The humidity sensing was tested on
equipment (KEITHLEY, 6500, USA) in a constant
temperature and humidity test chamber. The relative
resistance change (ΔR/R0) can be calculated from
Equation (1):

(1)

2.3. Humidity sensors fabrication
Both the DDAC and SMS were separately dissolved
in 25 ml ethyl alcohol and magnetic stirred for 1 h.
Then, PLA non-woven fabric (3×3 cm) was im-
mersed in the solution. The coated fabric was rinsed
with ethyl alcohol to remove unbonded DDAC or
SMS. After that, the fabric was removed and dried at
40°C for 8 h. The composition of PLA/DDAC/SMS
is shown in Table 1.

2.4. Antimicrobial evaluation
The antibacterial activity of the fabric was quantified
according to the procedures of GBT-31402. Before
inoculation of the bacteria, the pieces of fabric were
disinfected by ultraviolet C irradiation for 1 min. In
this test, both Golden-yellow grapes and E. coli were
used to challenge the control and the coated samples.
The pre-cultured bacterial microorganisms were di-
luted into 6·104 colony-forming units (CFU/ml). The
225 ul of microorganism suspension was placed onto
the center of the textile (5×5 cm), and then the textile
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was ‘sandwiched’ using another identical sample to
ensure full contact. After different periods of contact
time, the samples were immediately transferred into
10 ml of soya casein digest lecithin polysorbate
broth (0.7 wt%) to quench the residual antimicrobial
agent. The quenched solution was diluted and plated
onto trypticase agar plates. The plates were incubat-
ed at 35 °C 48 h, and the number of viable bacterial
colonies were used for final analysis.

2.5. Soil burial test and hydrolytic
degradation 

The natural active soil was applied to assess the soil
burial degradability. The natural soil was character-
ized by a known capacity to retain water and with a
specified water content of 45±10%. The pH value
of the soil was 6.5–7. PLA fabric was cut into
3×3 cm. Then, samples were weighed and buried in
natural soil under aseptic conditions. The samples
were weighed both at the beginning of the test and
at the end of the test period. The experimental sec-
tion needs regular watering to maintain the humid-
ity. Soil degradation of all samples was evaluated
on days 0, 30, 60 and 90 days. At the end of each
testing period, the polymeric materials were pre-
vailed from the soil, washed with distilled water in
order to remove adherent soil and dried on filter
paper.
For hydrolytic degradation tests, PLA fabric was cut
into 3×3 cm. Then, samples were weighed and
placed in labeled vials containing 20 ml of phos-
phate buffer solution (PBS) with a pH of 1 and 12.
All samples were evaluated on days 0, 1, 30, and
60 days, and the weight variation (weight ratio: Wm)
was determined using Equation (2):

(2)

where M0 is the initial mass of samples, and M1 is
the final mass after degradation and drying.

3. Results and discussion
3.1. Construction of multifunctional

ionization layer of PLA/DDAC/SMS
The fabrication strategy for the multifunctional ion-
ization layer of PLA/DDAC/SMS is illustrated in
Figure 1. Melt-blown PLA serves as the matrix for
the surgical mask (Figure 1a), while SMS, which
contains a hydrophilic group, and DDAC, which
contains an ammonium group, together form the
multifunctional ionization layer (Figure 1b). This in-
novative design results in an all-organic, multifunc-
tional intelligent surgical mask with capabilities for
respiratory humidity detection, excellent self-steril-
ization, and biodegradability, as shown in Figure 1c.
The morphology of the textile before and after treat-
ment is depicted in Figure 1d. The untreated fabric
has a net structure and a smooth surface with a typ-
ical fibril structure. After treatment, the textile be-
comes rougher, and the net structure is more ex-
posed. Clearly, both DDAC and SMS are integrated
into the PLA textile, forming an all-organic layer that
enhances compatibility and stability.
To assess the structural reliability of the multifunc-
tional ionization layer, the intrinsic interactions be-
tween PLA, DDAC, and SMS are examined in
 Figure 2. Figure 2a shows that the loading of DDAC
and SMS on the PLA textile increases with the con-
centration of the suspension, demonstrating a posi-
tive functional relationship. Additionally, Figure 2b
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Table 1. The PLA/DDAC/SMS textiles were obtained in different concentrations of both DDAC and SMS.

Sample code Ethyl alcohol
[ml]

Mass ration of DDAC to ethyl alcohol
[mg/ml]

Mass ration of SMS to ethyl alcohol
[mg/ml]

PLA/DDAC-1 20 25 0
PLA/DDAC-2 20 50 0
PLA/DDAC-3 20 75 0
PLA/DDAC-4 20 100 0
PLA/DDAC-5 20 125 0
PLA/DDAC/SMS-1 20 25 20
PLA/DDAC/SMS-2 20 25 30
PLA/DDAC/SMS-3 20 25 40
PLA/DDAC/SMS-4 20 25 50
PLA/DDAC/SMS-5 20 25 60



presents the correlation between chlorine content and
the concentration of DDAC suspension, highlighting
its significant impact on antibacterial properties.
Figure 2c explores the effect of suspension concen-
tration on hydrophilicity. The untreated PLA fabric
has a hydrophobic surface with a water contact angle
of approximately 142.9°. However, after coating
with DDAC and SMS, the contact angle rapidly de-
creases to 30°, indicating a complete transformation
from hydrophobic to hydrophilic. The hydrophilicity
of the PLA/DDAC/SMS mask shows minimal vari-
ation, attributed to the sodium ion structure of SMS
and its interaction with water. Figures 2d–2f evaluate
the breathability and examine the morphological
changes of the textile at different DDAC and SMS
suspension concentrations. The SEM photograph re-
veals that the PLA/DDAC/SMS textile maintains
better porosity at a low concentration of 20 mg/ml,
whereas at concentrations of 30 and 50 mg/ml, the
textile becomes partially or completely blocked, re-
spectively. EDS images in Figures 2g–2i show that
Cl, S, and Na are evenly distributed on the surface
of the PLA textile at the 20 mg/ml concentration.
Consequently, the PLA textile treated with a concen-
tration of DDAC (at 25 mg/ml) and SMS (at
20 mg/ml) suspension with average pore diameter

PLA/DDAC/SMS is 15.72 μm, which exhibits high
hydrophilicity, excellent breathability, and moderate
chlorine content, holds significant potential for use
in intelligent surgical masks.
To further confirm the effectiveness of the DDAC
and SMS coating, the FT-IR results are shown in
Figure 2j. In the spectrum of pure PLA, the charac-
teristic absorption peak is located at a wavenumber
of 1755 cm–1, corresponding to the C=O stretching
vibration. Two absorption bands are observed in the
wavenumber range of 1300–1000 cm–1, represent-
ing the asymmetric stretching vibration of C–O–C
from ester groups. FT-IR results indicate that the
coating does not affect the PLA structure. For the
PLA/DDAC/SMS spectrum, the peak at 781 cm–1 is
attributed to the S=O bond from SMS. Two distinct
peaks at 2852 and 2920 cm–1 are associated with the 
–CH2 groups in the long alkyl chain from hyamine.
Overall, the PLA/DDAC/SMS spectra primarily fea-
ture the characteristic peaks of each individual com-
ponent, suggesting that no chemical reaction occurs
between DDAC and SMS; they are physically blend-
ed. Additionally, the XPS spectra show that DDAC
and SMS are present on the textile (Figure 2k and
Figure 2l). Significant peaks at ~200 and ~167 eV
are attributed to chloride and sulfide, respectively.
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Figure 1. Construction of the PLA/DDAC/SMS intelligent surgical mask sensor. a) Structure diagram of the pristine PLA
mask. b) PLA/DDAC/SMS intelligent surgical masks, showing the assembly of DDAC and SMS on the surface
of PLA. c) Multifunctional PLA sensor with capabilities for monitoring respiration, antibacterial activity, and
degradation. d) Microstructure of the PLA sensor mask, including the PLA textile modified with DDAC and SMS.



3.2. Sensing mechanism of salt-modified PLA
textile

To evaluate the moisture-sensing performance of the
multifunctional ionization layer, the effect of DDAC
concentration on respiratory detection is examined

in Figure 3a. Interestingly, the ability to sustain
moisture absorption decreases as DDAC concentra-
tion increases. Specifically, the time-dependent ∆R/R0
variation decreased from 25 to 15 s, 12, 8, and 5 s,
respectively. This is mainly due to the occurrence of
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Figure 2. Structure of the PLA/DDAC/SMS intelligent surgical mask sensor. a) Relationship between DDAC and SMS sus-
pension concentration and coating mass (PLA, 10×10 mm, 0.5 g). b) Variation in chlorine content with DDAC
suspension concentration. c) Hydrophilic properties as affected by the concentrations of DDAC and SMS suspen-
sions. d)–f) Morphological changes in PLA/DDAC/SMS textile with SMS suspension concentrations of 20, 30,
and 50 mg/ml, respectively, with a constant DDAC suspension concentration of 25 mg/ml. g)–i) Representative
EDS mapping images showing the distribution of Cl, S, and Na in the coated PLA textile. j) Fourier transform in-
frared spectroscopy used to track DDAC and SMS on the surface of the PLA mask sensor. k) XPS spectrum in-
vestigating the chemical binding energies of chlorine and sodium. l) Cl 2p XPS spectrum of the PLA/DDAC/SMS
intelligent surgical mask sensor.



the obturator phenomenon in the PLA/DDAC textile
at higher concentrations. Subsequently, the highly
effective PLA/DDAC-1 is further treated with SMS,
as shown in Figure 3b. The time to reach saturation
humidity decreases with increasing SMS concentra-
tion. To further assess the sensing capability, both
∆R/R0 and resistance signals are plotted in Figure 3c.
It is noted that the sensor exhibits a high humidity
sensitivity of 0.92 at RH 90%. Resistance variation
shows a sensitive dependence on humidity changes,

increasing from 50 to 450 kΩ as humidity rises from
30 to 90%.
The sensor demonstrates an ultrafast response time
and recovery time of approximately 0.12 and 0.16 s,
respectively, as shown in Figure 3d. Additionally, the
resistance signal of the multifunctional ionization
layer shows excellent stability within a consistent
humidity range, as depicted in Figure 3e. Repro-
ducibility is assessed by real-time recording of ∆R/R0
during periodic moisture loading and unloading
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Figure 3. Sensing mechanism of the PLA/DDAC/SMS surgical mask sensor. a) Effect of DDAC concentration on moisture
detection. b) Impact of DDAC/SMS concentration on ∆R/R0 variation. c) ∆R/R0 and resistance behaviors of the
PLA/DDAC/SMS sensor with changes in humidity. d) Sensitivity of the PLA/DDAC/SMS sensor during the res-
piratory process. e) Resistance stability of the PLA/DDAC/SMS sensor at different humidity levels: 30, 60, and
90%. f) Reproducibility test of the PLA/DDAC/SMS sensor at 60% humidity over 40 cycles. g) Interaction between
H2O and DDAC/SMS from low to high humidity. h) Interaction between H2O and DDAC/SMS from high to low
humidity.



 cycles at 60% humidity. The output resistance signal
remains nearly unchanged after 600 s (Figure 3f).
Importantly, a model is proposed to explain the sens-
ing mechanism, as illustrated in Figures 3g and 3h.
The breathing process in real-world scenarios can be
classified into ‘low-to-high humidity’ and ‘high-to-
low humidity’ conditions. In a low-to-high humidity
environment, the polar SMS rapidly adsorbs water
molecules and quickly reaches a dynamic equilibri-
um, and corresponding conclusions have also been
reported [39]. In a high-to-low humidity environ-
ment, the alkyl chain facilitates the desorption of
water molecules. During this process, a liquid layer
forms around the polymer film, and H3O+ ions are
produced by the dissociation of adsorbed water.
Figure 4 illustrates the use of the ionic salt-modified
PLA textile sensor in a surgical mask for detecting
physiological activities such as breathing and cough-
ing. As shown in Figure 4a, the sensor is attached to
a mask and exposed to human respiration. The sensor

signal, depicted in Figure 4b, can detect both cough-
ing and rapid breathing. We monitored the relative
humidity (RH) from nasal breath rather than from
the mouth, as nasal breath provides a more accurate
measure of lung hydration levels without interfer-
ence from saliva. The results indicate that coughs,
characterized by stronger airflow, can be statistically
distinguished from regular respiration based on
changes in resistance values. Additionally, the wave-
form for fast breathing fluctuates more frequently
than that for normal breathing. According to previ-
ous reports, one complete respiratory cycle, from ex-
haling (Tn

Ex) to inhaling (Tn
In), and the respiratory rate

in each breath cycle were calculated as follows
(Equation 3) [40]:

(3)

Figure 4c shows normal breathing, with the respira-
tory rate calculated as approximately 16 breaths/min

minR
T T

60 breaths
res

n
Ex

n
In=

+
# &
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Figure 4. Respiratory application of the PLA/DDAC/SMS surgical mask sensor. a) Schematic diagram of the PLA/DDAC/SMS
surgical mask sensor in a respiratory application. b) Detection of normal breath, cough, and rapid breath. c) Re-
producibility of the sensor's response to normal breath. d) Detection of light breath and deep breath.



using Equation (1), consistent with the normal adult
rate of 16–18 breaths/min. Additionally, both light
and deep breathing can be detected, as shown in
Figure 4d. Therefore, the mask is capable of simul-
taneously monitoring both exhaled flow humidity
and respiratory rate in real time.

3.3. Self-sterilization of salt modified PLA
textile

Figure 5 illustrates the antimicrobial activity of the
salt-modified PLA textile composite, which displays
markedly different antibacterial properties. PLA fab-
ric control samples show no significant biocidal ef-
fects. However, after exposure to E. coli and S. au-
reus for a period, the PLA/DDAC/SMS samples
effectively reduced bacterial counts to zero, achiev-
ing a total sterilization of 104 CFU/ml (Figure 5a).

Remarkably, PLA/DDAC/SMS exhibited reductions
of 99.9% against both E. coli and S. aureus after 1 h
of contact. The bacterial reduction against E. coli in-
creased significantly to 6 logs, while the reduction
against S. aureus slightly rose to 4.7 logs. The rela-
tionship between antimicrobial activity and contact
time is shown in Figure 5b. This indicates that a low
loading of DDAC can exhibit superior antimicrobial
properties. The PLA/DDAC/SMS demonstrates
stronger antimicrobial performance against Gram-
positive S. aureus compared to Gram-negative E. coli.
Figure 5c shows both S. aureus and E. coli before
and after treatment with PLA/DDAC/SMS, reveal-
ing almost no viable bacterial colonies. Additionally,
the antibacterial mechanism of PLA/DDAC/SMS is
detailed in Figure 5d. The quaternary ammonium
cationic groups on the surface of PLA/DDAC/SMS
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Figure 5. Self-sterilization of the PLA/DDAC/SMS surgical mask. a) Comparison of antimicrobial activity of
PLA/DDAC/SMS against E. coli and S. aureus. b) Effect of DDAC concentration on antimicrobial activity against
E. coli and S. aureus. c) Comparison of inhibition test results for E. coli and S. aureus. d) Antibacterial mechanism
of PLA/DDAC/SMS.



bind to the negatively charged bacterial membranes
[38], while the long alkyl chains of SMS disrupt
the cell membranes [24], leading to leakage of cy-
toplasmic components and ultimately deactivating
the bacteria, resulting in potent antimicrobial ac-
tivity.

3.4. Degradation property of salt-modified
PLA textile

Figure 6 shows the degradation properties of PLA/
DDAC/SMS surgical masks during soil burial hy-
drolytic degradation. The pure PLA and PLA/DDAC/
SMS surgical masks exhibit distinctly different

degradation behaviors, as shown in Figure 6a. The
excellent biodegradability of PLA/DDAC/SMS is
attributed to the hygroscopicity of the ammonium
cationic group and Na+, which effectively facilitate
the hydrolysis process [18]. Figure 6b illustrates the
morphological changes of pure PLA and PLA/
DDAC/SMS after 30 and 90 days. Figure 6c shows
the acid degradation behavior of pure PLA and PLA/
DDAC/SMS, with pure PLA showing a mass loss
rate of around 2.57%, while PLA/DDAC/SMS reach-
es up to 60.38% after 30 days. Similarly,  Figure 6d
demonstrates the alkaline degradation behavior of
both materials.
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Figure 6. Degradation property of PLA/DDAC/SMS surgical mask. a) The mass loss rate comparison between
PLA/DDAC/SMS and PLA on soil burial degradation. b) SEM images of the PLA/DDAC/SMS on 30 and 90 days.
c) The acid degradation effected on PLA/DDAC/SMS and PLA. d) The alkaline degradation effected on
PLA/DDAC/SMS and PLA.



4. Conclusions
In summary, we present a multifunctional ionic salt
modification strategy for PLA textile that not only
enhances respiratory detection and antibacterial
properties but also promotes efficient degradation.
The modified PLA textile sensor exhibits high sen-
sitivity to respiratory humidity (0.92 at 90% RH),
with ultrafast response (0.12 s) and recovery times
(0.16 s). Additionally, the textile demonstrates ex-
cellent antibacterial performance against both E. coli
(99.9%) and S. aureus (99.9%) after 1 h of contact.
It also shows notable biodegradability with a weight
loss rate of 60.38% after 30 days. The novel organic
salt-modified PLA textile strategy offers a new ap-
proach to mitigating the severe risks of disease trans-
mission and environmental pollution associated with
non-degradable PP disposable masks.
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