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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, 10x10 mm, 0.5 g). b) Variation in chlorine content with DDAC
suspension concentration. ¢) 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. 1) Cl 2p XPS spectrum of the PLA/DDAC/SMS
intelligent surgical mask sensor.

3.2. Sensing mechanism of salt-modified PLA  in Figure 3a. Interestingly, the ability to sustain

textile moisture absorption decreases as DDAC concentra-
To evaluate the moisture-sensing performance of the  tion increases. Specifically, the time-dependent AR/Ry
multifunctional ionization layer, the effect of DDAC  variation decreased from 25 to 15s, 12, 8, and 5 s,
concentration on respiratory detection is examined respectively. This is mainly due to the occurrence of
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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
AR/Ry 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 kQ 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 AR/Ry
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 AR/R, variation. c) AR/R 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. €) 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
H,0 and DDAC/SMS from low to high humidity. h) Interaction between H,O and DDAC/SMS from high to low

humidity.
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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 H3;0" 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
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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 (7£¥) to inhaling (7,"), and the respiratory rate
in each breath cycle were calculated as follows
(Equation 3) [40]:

R —=— 60 breaths]
res Trllix + Trlln min

3)

Figure 4c shows normal breathing, with the respira-
tory rate calculated as approximately 16 breaths/min
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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.
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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).
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Remarkably, PLA/DDAC/SMS exhibited reductions
0f99.9% 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 5¢ 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.
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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
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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 6¢ 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.

PLA/DDAC/SMS

d) Alkaline degradation (NaOH. pH = 13)

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.
¢) The acid degradation effected on PLA/DDAC/SMS and PLA. d) The alkaline degradation effected on

PLA/DDAC/SMS and PLA.
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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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