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ABSTRACT: Cotton fabrics with durable and reusable daylight-induced
antibacterial/antiviral functions were developed by using a novel fabrication
process, which employs strong electrostatic interaction between cationic
cotton fibers and anionic photosensitizers. The cationic cotton contains
polycationic short chains produced by a self-propagation of 2-die-
htylaminoehtyl chloride (DEAE-Cl) on the surface of cotton fibers.
Then, the fabric (i.e., polyDEAE@cotton) can be readily functionalized
with anionic photosensitizers like rose Bengal and sodium 2-anthraquinone
sulfate to produce biocidal reactive oxygen species (ROS) under light
exposure and consequently provide the photo-induced biocidal functions.
The biocidal properties of the photo-induced fabrics (PIFs) were
demonstrated by ROS production measurements, bactericidal performance
against bacteria (e.g., E coli and L. innocua), and antiviral results against T7
bacteriophage. The PIFs achieved 99.9999% (6 log) reductions against
bacteria and the bacteriophage within 60 min of daylight exposure. Moreover, the PIFs showcase excellent washability and
photostability, making them ideal materials for reusable face masks and protective suits with improved biological protections
compared with traditional PPE. This work demonstrated that the cationized cotton could serve as a platform for different
functionalization applications, and the resulting fiber materials could inspire the development of reusable and sustainable PPE with
significant bioprotective properties to fight the COVID-19 pandemic as well as the spread of other contagious diseases.
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1. INTRODUCTION

Infectious diseases have always been severe threats to human
health and safety globally, and the pandemic of COVID-19 in
2019−2020 has become a once per decade human crisis in
many countries.1,2 By August 26, 2020, the COVID-19
pandemic has caused over 23 million confirmed cases and
more than 815 thousand death all over the world.3 Since many
respiratory infectious diseases are mainly transmitted via
aerosol droplets, the application of personal protective
equipment (PPE) such as face masks, protective suits, and
face shields has shown effective roles in lowering the spread of
the diseases.4−6 However, PPE that is widely used can only
physically block or electrostatically repel the pathogens with a
limited lifetime, usually within several hours. Any live
infectious pathogens surviving on the surface of the
contaminated PPE could still cause cross-contamination during
its reuse and disposal. However, sterilization and reuse of the
current PPE have been an emergency practice during the
COVID-19 pandemic due to the global shortage of PPE
supplies.7 Alternatively, cloth masks are recommended and
affirmed as a tool to lower the virus transmittance in public.8

Different cloth materials provide significant filtration efficiency
against nanoscale aerosol particles,9,10 yet surface-contami-

nated cloth face masks can still be a hazard and potentially
contagious. Thus, the pathogen inactivation function of cloth
masks has been proposed to inherently reduce cross-
contamination during application and improve protection for
the public.
Antimicrobial agents can be incorporated onto PPE

materials to provide offensive protection by disinfecting and
deactivating the pathogens. For instance, rechargeable N-
halamine biocidal materials have been designed and intensively
studied for food packaging, self-cleaning textiles, and water
disinfection.11−13 However, the release of free chlorine from N-
halamine materials is a health concern when they are used in
face masks. Moreover, a plasmonic heating effect of silver
nanoparticle coating was successfully applied on N95 masks,
achieving improved antimicrobial functions under light
illumination, accompanied by an instant temperature increase
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to around 80 °C on the surface of the masks.14 Although the
high temperature could assist the biocidal property of the
mask, it also poses concerns during the practical use in contact
with the mouth and skin. On the other hand, photosensitizers
could generate biocidal reactive oxygen species (ROS) in
polymers under light exposure,15 and the ROS could damage
protein, DNA, and lipid of microorganisms to result in rapid
inactivation. Benzophenone, anthraquinone, and xanthene
derivatives are representative photoactive compounds and
have been applied to polymers and fabrics to provide rapid
antibacterial functions with acceptable washability and photo-
stability.16−18 Moreover, benzophenone structures were
modified on the poly(vinyl alcohol-co-ethylene) nanofibrous
membrane, achieving daylight-induced bioprotection with
excellent bacterial and virus disinfection (i.e., 5−6 logs
reduction) under light or even dark conditions.15

Herein, we present a new technology of fabricating photo-
induced antibacterial and antiviral cotton fabrics (PIFs)
through a simple chemisorption process, which is promising
for industrial and mass production. Polycationic short chains
were covalently formed by a nucleophilic substitution reaction
and self-propagation of 2-diethylaminoethyl chloride (DEAE-
Cl) on cotton fibers.19 The resultant cationic cotton cloth is
denoted as polyDEAE@cotton. The presence of the
polycationic short chains on the cotton fibers makes them
unique for the incorporation of light-induced antibacterial and
antiviral anionic photosensitizers by chemisorption. Rose
Bengal and anthraquinone-2-sulfonic acid sodium salt mono-
hydrate (2-AQS) were employed as anionic photosensitizer
(PS) examples to illustrate the affinity between polyDEAE@
cotton and PSs and the bioprotective functions of the PIFs
against bacteria and viruses. A cotton cationization agent was
used to prove the proposed chemistry and uniqueness of the
polyDEAE@cotton. The development of PIFs is expected to
provide offensive protection as face masks and protective suits
against pathogen-containing droplets to lower the spread and
infection of COVID-19 as well as other infectious diseases.

2. MATERIALS AND METHODS
2.1. Chemicals. Plain cotton fabrics Style 400 (weighting 98 g/

m2, 60 × 60) was purchased from TestFabrics Inc. (West Pittston, PA,
USA). DEAE-Cl, rose Bengal (RB) sodium salt (dye content ∼60%),
2-AQS, and L-histidine were bought from Sigma-Aldrich (St. Louis,
MO, USA). (2-Chloro-2-hydroxypropyl)-trimethylammonium chlor-
ide (CHPTAC) was purchased from TCI (Portland, OR, USA).
N,N′-Dimethyl-4-nitrosoaniline (p-NDA) was bought from Spectrum
Chemicals & Laboratory Products (Gardena, CA, USA). All the
chemicals were used as received without further purifications.
2.2. Cotton Modification with DEAE-Cl and CHPTAC. Cotton

fabrics were activated in NaOH solution (120 g/L) at room
temperature for 40 min. The liquor ratio was controlled at 1:50.
The specific concentration of DEAE-Cl was prepared in isopropanol
(IPA) (liquor ratio = 1:50). The activated cotton fabrics were
removed from the NaOH system and transferred into the DEAE-Cl/
IPA solution. The modification reaction is performed at 60 °C for 60
min. Then, the DEAE-Cl modified cotton fabrics (polyDEAE@
cotton) were washed with an excess amount of deionized water and
dried at 80 °C for 5 min.
The modification of the cotton fabric by CHPTAC was performed

by treating the fabric in 50 g/L NaOH solution at room temperature
for 30 min. Then, CHPTAC was added to reach a final concentration
of 30 g/L. The mixture was further reacted at 80 °C for 60 min. The
resultant fabric, denoted as CHPTAC@cotton, was washed with
deionized water and dried at 80 °C for 5 min.

2.3. Functionalization of PolyDEAE@cotton with PSs. Two
anionic PSs, RB and 2-AQS, were selected to functionalize
polyDEAE@cotton for achieving daylight-induced antibacterial/
antiviral functions as a PIF, which was easily performed under
traditional dyeing process. PS solutions were prepared by dissolving a
specific amount of RB or 2-AQS in deionized water and were used as
dyeing solutions. A fabric to PS solution ratio (liquor ratio) was
controlled at 1:50. The solution pH was adjusted to 6.0 with 0.1 M
HCl solution. For RB dyeing, first, the polyDEAE@cotton or pristine
cotton was wetted with water and squeezed before putting into a
dyeing bath (60 °C) for 10 min. Afterward, the temperature of the
dyeing bath was increased to 90 °C within 10 min, and the RB dyeing
was further continued for 30 min at 90 °C. On the other hand, the
dyeing of 2-AQS was accomplished at 60 °C for 40 min. Then, the
dyed fabrics were washed thoroughly with soap water and cold water
and dried at 80 °C for 5 min. The adsorption amounts of PSs on the
fabrics were measured based on the PS concentration changes after
dyeing. The calibration curves for quantify the concentrations of RB
(CRB) and 2-AQS (C2‑AQS) in mg/L are A550 = 0.0093 × CRB-0.0322
(R2 = 0.9935) and A330 = 0.016 × C2‑AQS + 0.012 (R2 = 1.0000),
respectively.

2.4. Characterizations. Scanning electron microscope (SEM)
images were captured using a FE-SEM (Quattra ESEM, Thermo
Fisher Scientific, USA). Thermogravimetric analysis (TGA) was
performed with a TGA-60 system (Shimadzu Science Instruments,
Inc., USA). The sample weight was around 10 mg. First, the sample
was heated from room temperature to 120 °C (rate = 20 °C/min)
and held for 3 min to eliminate free water with N2 flow (30 mL/min).
Then, the sample was cooled to room temperature with the
protection of an N2 atmosphere and reheated to 600 °C (rate = 10
°C/min).

The presence of polycationic short chains on the cellulose surface
was proved and evaluated by an indirect method: adsorption of
negatively charged protein of bovine serum albumin (BSA). In detail,
around 200 mg of PIF was immersed in 1 g/L BSA solution (pH =
7.4) and stored at 4 °C for 24 h. The BSA concentration before and
after fabric adsorption was quantified with bicinchoninic acid (BCA)
protein assay. The testing solution was prepared by mixing 2 mL of
BCA reagent A, 40 μL of BCA reagent B, and 100 μL of sample
solution. The mixture was incubated at 37 °C for 30 min; then, the
color intensity of the mixture was monitored using a UV−vis
spectrophotometer. The BSA concentration in g/L (CBSA) was
calculated based on the absorbance intensity at a wavelength of 560
nm (A560) according to an established calibration curve of CBSA =
1.2171 × A560−0.1355, R2 = 0.9957. The water contact angle of the
fabrics was measured using a Dino-Lite microscope (Dunwell Tech.
Inc., USA) by dropping 10 μL of distilled water on the fabric; the
images at a specific time interval after water-dropping were captured
with DinoCapture 2.0.

2.5. Measurement of ROS. Here, p-NDA was selected as a highly
selective hydroxyl radical scavenger for ROS measurements.20,21 The
PIF (2 cm × 2 cm) was immersed in 10 mL of 40 μM p-NDA
solution in a glass Petri dish. Then, the samples were exposed to
daylight in an XL-1500 crosslinker for 30 min. The light intensity in
the crosslinker was measured using a light meter (EXTECH, Model #
LT300) to be 13000 Lux. As a reference, the light intensity of outdoor
under the sun (on July 22, 2020, in Davis, CA, USA), outdoor in the
shade (on July 22, 2020, in Davis, CA, USA), in office, and in a
supermarket was measured to be 87,000, 3000, 1000, and 600 Lux,
respectively. The color fading of the p-NDA solution, contributed to
the quenching by hydroxyl radicals produced from the PIF, was
detected with a UV−vis spectrophotometer. The concentrations of p-
NDA solution in 1 × 10−5 M (Cp‑NDA) before and after light
illumination were calculated according to a calibration curve (A440 =
0.3387 × Cp‑NDA-0.0095, R

2 = 0.9998), and the maximum absorption
intensity at a wavelength of 440 nm (A440) was recorded. The
concentration change of the p-NDA (ΔCp‑NDA1) was applied to
evaluate the production of hydroxyl radicals by PIFs. For testing the
generation of singlet oxygen from PIFs, 0.01 M L-histidine was added
into the p-NDA solution.21 In this case, the decrease of the p-NDA
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concentration (ΔCp‑NDA2) was attributed to the quenching of p-NDA
by hydroxyl radicals and the singlet oxygen oxidized L-histidine. The
production of singlet oxygen by PIFs under daylight illumination can
be evaluated by the difference between ΔCp‑NDA1 and ΔCp‑NDA2. It is
important to note that there is no color fading of p-NDA solution
either under a dark condition or under light but without PIFs (Figure
S1).
2.6. Antibacterial Test. The antibacterial function of PIFs was

examined against two model bacteria: gram-negative Escherichia coli
O157:H7 [American Type Culture Collection 700,728] and gram-
positive Listeria innocua [American Type Culture Collection 33090].
The bacterial culture was processed by mixing E. coli and L. innocua
colonies with 10 mL of lysogeny broth and 10 mL of trypticase soy
broth, respectively, and incubated at 37 °C for 24 h. Thereafter,
around 4 × 106 CFU mL−1 E. coli and 1 × 105 L. innocua cultures can
be obtained for further antibacterial tests.
Before the antibacterial test, the bacterial culture solution was

subjected to 2 cycles of centrifugation (5000 rpm, 8 min) and washing
(10 mL of cold phosphate-buffered saline) processes. Then, 20 mL of
phosphate-buffered saline (PBS) was mixed with the bacterial
precipitate as the final bacterial culture suspension. PIFs (2 cm × 2
cm) were placed in a Petri dish and wet with 20 μL of bacterial
culture suspension. Here, 0.1 wt % Triton X-405 was added in the
bacterial culture solution to assist the complete wetting of
hydrophobic samples. Then, different fabrics were exposed to daylight
in an XL-1500 crosslinker or incubated under the dark condition for
different durations. Sterile PBS (20 μL) was dropped on the sample
surface every 5 min to avoid the killing effect from elevated
temperature during light illumination. After this, the residual bacteria
on the fabric were extracted with 1 mL of sterile PBS buffer and were
serially diluted (×100, ×101, × 103, × 105) to be inoculated on a
lysogeny agar plate (E. coli) or trypticase soy agar plate (L. innocua)
for bacterial enumeration at 37 °C for 24 h. The quantification of
antibacterial function was evaluated by the plate count of residual
bacterial CFU numbers. All the bacterial reduction was calculated

based on the CFU number obtained on the pristine cotton, and it
showed negligible effects on the killing of bacteria.

2.7. Antivirus Test against T7 Bacteriophage. T7 bacter-
iophage was selected as a model viral target in this study based on the
results of our previous study in which we demonstrated that photo-
inactivation resistance of T7 was relatively higher/similar compared to
a model coronavirus.22 T7 bacteriophage was prepared according to a
procedure provided in the Supporting Information. 1 × 107 PFU
mL−1 T7 bacteriophage suspension (10 μL) was uniformly loaded on
the surface of PIFs or control samples in a size of 2 × 2 cm2. The
samples were then placed under dark conditions or daylight
irradiation for different durations. At each specific time point, the
samples were vortexed vigorously with 3 mL of maximum recovery
diluent to collect the T7 phages from the fabrics. After serial dilution,
100 μL of the phage dilution was mixed with 200 μL of E. coli BL21
(1 × 109 CFU mL−1) suspension and incubated for 10 min at 37 °C.
Molten Luria Bertani (LB) agar (3 mL) at 45 °C was then mixed with
the T7 phage-E. coli mixture followed by immediately pouring onto a
prewarmed LB agar plate. After agar solidification, the plates were
incubated overnight at room temperature, after which the phage
plaques were counted and standardized to the initial concentration.

2.8. Light and Washability Tests. The as-fabricated PIFs were
exposed to office light for 7 days. The light intensity was measured
using a light meter (EXTECH, Model # LT300) to be around 1000
Lux. According to AATCC Test Method 107−2009 and AATCC
Test Method 61−1996, the washability of the fabrics was performed
in a beaker (1st wash) and with a Launder-O-Meter (2nd and 3rd
washes). For the first-time wash, PIFs were immersed in 300 mL of
deionized water with 0.3 wt % detergent. The mixture was stirred
(200 rmp) for 45 min at 40 °C. Then, the fabrics were rinsed with
deionized water to remove the detergent and dried at 80 °C for 3 min.
By using the Launder-O-Meter, PIFs (2 × 6 in2) were immersed in
150 mL of water containing 0.225 g detergent with 50 steel balls.
Then, the washing was performed in the Launder-O-Meter at 50 °C
for 45 min. Afterward, the PIFs were rinsed with water and dried at 80
°C for 3 min. The bioprotective functions of the PIFs were evaluated

Figure 1. (a) Schematic illustration of the fabrication of daylight-induced antibacterial and antiviral textiles. SEM images of (b) cotton, (c)
polyDEAE@cotton, and (d) RB-dyed polyDEAE@cotton. (e) 2-AQS-dyed polyDEAE@cotton. Adsorption amount and dye exhaustion of (f) RB
and (g) 2-AQS on polyDEAE@cotton with different initial concentrations. The “cotton” in the x axis means pristine cotton dyed with 250 mg/L
RB or 2-AQS. (h) Design of a face mask based on PIFs.
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through antibacterial tests. Each time of the washing in the Launder-
O-Meter is equivalent to 5 times of household handwashing.

3. RESULTS AND DISCUSSION

3.1. Preparation of PIFs. The design of PIFs was guided
by three criteria: (i) the PIFs can be easily fabricated with
industrial scalability; (ii) the fabrics must show efficient
antibacterial and antiviral functions under daylight illumina-
tion; and (iii) the fabrics must provide good surface contact to
pathogens to ensure the efficient contact-kill. In order to
achieve the first requirement, cotton fabric was selected as the
substrate with the advantages of being naturally derived, widely
used in cloth face masks, and environmentally friendly. The
last two criteria were satisfied by uniquely incorporating
polycationic structures onto cotton fiber surfaces to provide
strong electrostatic interactions with anionic PSs. The
antibacterial and antiviral functions resulted from the efficient
production of ROS by the electrostatically incorporated PSs
under light illumination. Here, two known anionic PSs, 2-AQS
and RB, were selected as representatives, which could generate
ROS through different paths under light illumination.23−25 On
the other hand, an innovative modification of cotton with
DEAE-Cl achieved the growth of polycationic short chains on
the cotton fibers. The presence of the polycationic short chains
(denoted as polyDEAE) on the cotton fibers not only provides
the electrostatic interactions for PS functionalization but also
assists the affinity of PIFs to negatively charged bacteria (e.g.,
E. coli and L. innocua) and viruses (e.g., enveloped
coronavirus), which is crucial for the biocidal efficiency of
the PIFs. The modification of cotton cellulose with polyDEAE
was achieved via a two-step reaction, including cotton
activation with 120 g/L NaOH solution and polyDEAE

growth based on nucleophilic substitution and self-propagation
of DEAE-Cl (Scheme S1). Then, the functionalization of
polyDEAE@cotton with PSs through electrostatic chemisorp-
tion is illustrated in Figure 1a. The surface morphology of the
cotton after different treatments was examined under the SEM
(Figure 1b−e). There is no obvious surface morphology
change of the cotton fibers after polyDEAE growth, indicating
that the size of the polyDEAE short chains was at the
molecular level. Similarly, no significant morphology change of
the cotton fibers was noticed under the SEM after PS
functionalization. In spite of this, the chemical structures and
component variations of the PIFs were confirmed through
FTIR and TGA (Figure S2).
The antibacterial and antiviral functions of PIFs are provided

by the incorporated anionic PSs on the polyDEAE@cotton, a
result of strong electrostatic interactions between two ionic
groups with opposite charges.19 Different initial concentrations
of RB and 2-AQS were applied to examine the attractive static
interactions with the polycationic short chains on the
polyDEAE@cotton. As shown in Figure 1f, the RB adsorbed
on the polyDEAE@cotton increased, as the initial concen-
tration of RB was increased from 25 to 500 mg/L, and became
steady if the RB concentration was further increased to 1000
mg/L. From the calculated dye exhaustion by the fabrics in
Figure 1f, more than 95% of the RB in solution (initial
concentration ranging from 25 to 500 mg/L) was attracted
onto the polyDEAE@cotton after the 40 min dyeing process,
whereas the dye exhaustion rate dropped to around 45.0%
when the RB concentration reached 1000 mg/L. A similar
phenomenon can be noticed for the use of 2-AQS as a PS, as
presented in Figure 1g. The 2-AQS exhaustions by the
polyDEAE@cotton were tested to be >95%, when the initial 2-

Figure 2. (a) Jablonski diagrams illustrating the daylight excitation of a photosensitizer to the singlet state and following intersystem crossing to the
triplet state, finally performing the generation of ROS via path I and path II mechanisms. (b) Scheme of the daylight-induced functions of PIFs. (c)
Normalized UV−vis spectra of RB and 2-AQS aqueous solutions and adsorbed on the polyDEAE@cotton accompanied by the spectrum of the
D65 standard light source. Measurement of ROS production from (d) RB-polyDEAE@cotton and (e) 2-AQS-polyDEAE@cotton according to RB
and 2-AQS initial concentrations under 30 min daylight illumination. The ″Cotton/500″ in the x axis refers to the pristine cotton dyed with 500
mg/L RB and 500 mg/L 2-AQS solution, respectively.
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AQS concentration was below or at 500 mg/L, and then
dropped to 43.6% when the concentration reached 1000 mg/L,
due to saturation of adsorption of the anionic molecule. More
importantly, the presence of polycationic short chains on the
polyDEAE@cotton is crucial for ensuring the biocidal
functions by having sufficient amounts of PSs on the PIFs.
The highest adsorption amounts of both RB and 2-AQS on the
polyDEAE@cotton were found at 26.28 mg/g and 25.16 mg/g,
respectively. In contrast, the pristine cotton only showcased
1.09 mg/g of RB adsorption and no affinity to 2-AQS at the PS
initial concentration of 500 mg/L (Figure 1f,g). The optical
images of the PIFs and a demo of using PIFs for face mask
design are shown in Figure S3 and Figure 1h, respectively. The
growth of the polyDEAE on the cotton fibers leads to high
exhaustion of PSs by the polyDEAE@cotton, making the
fabrication of PIFs efficient, green, and environmentally
friendly by reducing residual PSs in the wastewater.
3.2. Photoactivity of PIFs under Daylight Illumina-

tion. The generation of ROS on the PIFs under daylight
represents desired biocidal functions against both bacteria and
viruses.25 The specific mechanism of ROS generation from PSs
under light can be explained by the Jablonski diagram
illustrated in Figure 2a. The achievement of the triplet excited
state (*Tn) of the PS through intersystem crossing is essential
for generating ROS, including hydroxyl radicals (•OH),
superoxide radicals (•O2−), hydrogen peroxide (H2O2), and
singlet oxygen (1O2), in the presence of oxygen, which
consequently performs biocidal functions. The generated ROS
are strong oxidants, which can damage DNA, RNA, proteins,
and lipids of microorganisms, contributing to the antibacterial
and antiviral functions.26,27 Figure 2b showcases the
diagrammatic illustration of biocidal functions of the PIFs
under daylight exposure. Once the pathogens are attached on
the surface of the PIFs, the light-induced ROS could instantly
kill the bacteria or viruses.
To gain an insight into the photoexcitation process of PSs

on PIFs, we used time-dependent density functional theory
(TD-DFT) calculations to evaluate the photoactivity of RB
and 2-AQS. The required energy for triggering the excitation
from the ground state of the PS to its singlet excited state can
be visually examined through the UV−vis absorption spectrum
of the PS. As shown in Figure 2c, the maximum absorption
wavelength (λmax) of 2-AQS and RB appears at 330 and 550
nm, respectively. Given that the light absorption of RB
completely lies in the visible range, the ROS production from
the RB excitation under daylight is expected to be efficient.
Although the λmax of 2-AQS showcases in the UV range, the
light energy provided by a D65 standard light source ranging
from 300 to 400 nm can still trigger the photoexcitation
(Figure 2c).

The presence of anionic carboxylate in RB and sulfonate
groups in 2-AQS structures makes them attractive to the
polycationic short chains on the polyDEAE@cotton, leading to
an easy functionalization of cotton cloth with photo-induced
antibacterial and antiviral properties. Nevertheless, it is
essential to investigate the photoactivity of PSs after the
formation of the electrostatic pairs with polyDEAE@cotton. As
presented in Figure 2c, the λmax of RB and 2-AQS on the
polyDEAE@cotton shows a negligible difference to that of the
PS in aqueous solution, illustrating no influence on the energy
requirement of photoexcitation. Meanwhile, according to TD-
DFT calculation of RB and 2-AQS, neither the carboxylate nor
the sulfonate orbital involved in the achievement of excited
singlet and triplet states of the PSs (Figure S4). Since the
photoactivity of RB and 2-AQS is excluded from their anionic
groups, the adsorption of RB and 2-AQS on the polyDEAE@
cotton based on electrostatic interaction would not disturb
their photoexcitation process. Meanwhile, the RB- and 2-AQS-
dyed PIFs showed similar absorption spectra to the free PSs
(Figure 2c), making the photoexcitation of PIFs identical to
that of the PS in the water system.
To evaluate the photoactivity of PIFs, the production of

ROS by both RB- or 2-AQS-dyed polyDEAE@cotton, denoted
as RB-polyDEAE@cotton or 2-AQS-polyDEAE@cotton, was
examined with daylight illumination for 30 min (Figure 2d,e).
Consistent with other studies, RB is a good producer of singlet
oxygen (1O2) via the path II photoreaction mechanism with a
negligible amount of •OH production. By increasing the initial
concentrations of RB in the dyeing solution, the RB-
polyDEAE@cotton produced more 1O2, which is super
oxidative but short-lived. Nevertheless, only around 0.1 ×
10−5 mol/L p-NDA was bleached by •OH, a ROS produced as
a result of photoreaction path I, indicating that RB molecules
in the RB-polyDEAE@cotton still exclusively undergo the path
II photoreaction. Alternatively, anthraquinones are a group of
PSs performing both path I and path II mechanisms of ROS
production. As presented in Figure 2e, the amounts of
generated •OH and 1O2 on the 2-AQS-polyDEAE@cotton
samples were comparable except for the one dyed with 1000
mg/L 2-AQS. The total generation of ROS (e.g., •OH and
1O2) was increased with more 2-AQS incorporating on the
surface of the polyDEAE@cotton, a piece of evidence that the
self-quenching of the ROS on the fabrics was not severe in the
tested concentration range of 2-AQS. A high concentration of
2-AQS on the surfaces of the fibers may block its access to the
hydrogen donor in the path I reaction (R−H in Figure 2a),
without affecting the path II reaction, and consequently reduce
the generation of •OH. However, the adsorption amount of
RB, as well as the 1O2 production, on the RB-polyDEAE@

Table 1. Surface Hydrophobicity and Daylight-Induced Antibacterial Function of PS-Adsorbed polyDEAE@Cotton Fabrics

the reduction rate of bacterial count (%)

samples WCA (°) (1 s/20 s) E. coli (106 CFU/mL) L. innocua (105 CFU/mL)

30 min 60 min 30 min 60 min

Pristine cotton 0/0 0.00% 0.00% 0.00% 0.00%
polyDEAE@cotton 0/0 98.50% 99.25% 85.75% 96.19%
50 mg/L RB 108.2/0 99.99% 99.9999% 99.999% 99.999%
100 mg/L RB 114.2/0 77.50% 99.99% 99.999% 99.999%
250 mg/L RB 122.0/120.0 6.07% 99.29% 99.98% 99.999%
250 mg/L AQS 85.0/0 99.97% 99.9999% 99.98% 99.98%
500 mg/L AQS 110.0/0 99.9999% 99.9999% 99.999% 99.999%
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cotton reached saturation when the initial dyeing concen-
tration of RB was 1000 mg/L.
As a summary, by taking the merit of the strong electrostatic

interaction between the polyDEAE cationic short chains on the
cotton fibers and the anionic PSs, the photoactivity of PSs was
successfully retained on the substrate, allowing the resultant
PIFs as potential biocidal functional materials for applications
in PPE like cloth masks and protective suits against pathogen
attack.
3.3. Antibacterial Functions of PIFs. To obtain an

insight on the biocidal function of the PIFs, RB-polyDEAE@
cotton and 2-AQS-polyDEAE@cotton were challenged by
direct contact with bacteria. The PIFs were inoculated with E.
coli (Gram-negative) and L. innocua (Gram-positive) suspen-
sions individually and then exposed to daylight illumination for
30 or 60 min. The bacterial reduction rates on the PIFs were
determined by comparing the ratios of colony counts from
different PIFs and pristine cotton samples (Table 1). The
pristine cotton presents no biocidal functions, while the
quaternary ammonium salts on the polyDEAE@cotton lead to
rather limited antibacterial performance under both light and
dark conditions (reduction around 1−2 logs). Without light
exposures, however, the biocidal functions of PS-dyed PIFs
were decreased and finally eliminated with increasing amounts
of anionic PSs on the fabrics (Table S1). Therefore, the
bacterial reduction on the PIFs under the daylight illumination
is solely attributed to the photo-induced ROS oxidations.
Residual excess cationic polyDEAE sites should still exist on
the PIFs but did not show noticeable biocidal outcomes.
However, their affinity to the anionic microorganism is
expected to facilitate the antibacterial and antiviral functions
of the PIFs.
As summarized in Table 1, both E. coli and L. innocua

appeared to be susceptible to the PIFs under light illumination.
Interestingly, with increasing the initial RB concentration from
50 to 250 mg/L, the biocidal function of the PIFs dropped
dramatically from 6 log reduction to only 2 log reduction
under 60 min daylight exposure. This phenomenon was more
obvious when the light illumination was shortened to 30 min
(Table 1). The hydrophobicity of the RB-polyDEAE@cotton
increased by having more hydrophobic RB aggregated on the
surface, reducing contact of the surface with microorganisms,
and potentially lowering the biocidal function of the PIFs.
However, this issue was not observed in 2-AQS-dyed PIFs, and
its killing efficiency toward both E. coli and L. innocua can be
improved by increasing the amount of 2-AQS on the fabrics
(Table 1). Here, the surface properties of the PIFs modified by
different concentrations of RB and 2-AQS were examined by
measuring their water contact angles (WCAs) (Table 1). The
hydrophobicity increase of the PIFs would reduce surface
contact and lower the reduction against bacteria. For RB-dyed
PIFs, the initial concentration of RB at 50 mg/L (i.e., 3.35 mg/
g RB on the PIFs) achieved the best killing performance
against both E. coli and L. innocua and exhibited bacterial
reduction rates of 99.99 and 99.9999% with 30 and 60 min
daylight exposure, respectively. The PIFs dyed with 2-AQS
also showcased effective biocidal functions with 5−6 logs of
reductions against both gram-positive and gram-negative
bacteria after 60 min light exposure (Table 1).
3.4. Bioprotective Function Expansion to Other

Cationic Cotton Cloth. The use of electrostatic interaction
to functionalize polyDEAE@cotton with PSs opens a new
approach to produce novel functional textiles, and con-

sequently, the cationic cotton could serve as a platform.
With such a hypothesis, cotton fabrics modified with other
cationic moieties can also be applied as the substrate. For
instance, CHPTAC was developed to treat cotton fabrics for
salt-free reactive dyeing and could be a potential alternative.28

The cotton fabrics were modified with CHPTAC
(CHPTAC@cotton) according to a reaction shown in Scheme
S2, and the treated cotton was employed to adsorb RB and 2-
AQS. At the initial concentrations of RB (100 mg/L) and 2-
AQS (250 mg/L), the adsorption amounts of both agents on
the CHPTAC@cotton were 5.719 mg/g (RB) and 12.346 mg/
g (2-AQS), respectively, which are comparable to those
adsorbed on the polyDEAE@cotton. As summarized in Table
2, the resultant PIFs showed efficient antibacterial functions
against both E.coli and L. innocua, with reduction rates
examined around 2−6 logs under 60 min daylight illumination.

Interestingly, the presence of excessive polyDEAE cationic
sites on the fabric could provide strong interactions toward
anionic cell membranes of microorganisms, improving the
biocidal efficiency of the PIFs due to the improved surface
contacts.29,30 As a proof of this hypothesis, an anionic protein
of BSA was selected as a microorganism mimic to evaluate the
affinity between the PIFs and pathogenic microorganisms. As
shown in Figure 3a, once the initial dyeing concentration of RB
reached 250 mg/L, the cationic sites on the RB-polyDEAE@
cotton became almost fully covered, and the fabric lost its
affinity toward negatively charged BSA. Similarly, almost all
cationic sites on the 2-AQS-polyDEAE@cotton were con-
sumed by 2-AQS when its initial dyeing concentration reached
1000 mg/L, and the fabric showed a negligible affinity to extra
anionic proteins (Figure 3b). On the other hand, the
adsorption affinities between the CHPTAC@cotton, RB-
CHPTAC@cotton, 2-AQS-CHPTAC@cotton, and BSA were
very weak, presenting almost no protein adsorption in Figure
3c. This fact can be explained as the relatively weak attractive
force of single cationic sites on the CHPTAC@cotton toward
large molecules of anionic proteins, and this phenomenon was
reported in the literature.31 In this case, the existence of the
polyDEAE cationic short chains on the cotton ensures the
sufficient adsorption of anionic PSs on the surface and provides
additional attractions to anionic microorganisms.
Consequently, with comparable amounts of PS adsorbed on

both polyDEAE@cotton and CHPTAC@cotton, the lack of
extra interaction toward microorganisms of the CHPTAC@
cotton resulted in less efficient biocidal functions. Upon 60
min daylight irradiation, the reduction rates of E. coli and L.
innocua by RB-CHPTAC@cotton were about 2 logs lower
than those of the RB-polyDEAE@cotton (Tables 1 and 2).
Nevertheless, the biocidal efficiency difference was blurred
when 2-AQS was employed on the PIFs since •OH is a

Table 2. Daylight-Induced Antibacterial Function of PS-
Adsorbed CHPTAC@Cotton Fabrics

the reduction rate of bacterial count (%)

samples E. coli (106 CFU/mL) L. innocua (105 CFU/mL)

60 min 60 min

Pristine cotton 0.00% 0.00%
CHPTAC@cotton 99.52% 50.00%
100 mg/L RB 99.98% 99.999%
250 mg/L AQS 99.9999% 99.97%
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reactive and less selective oxidant than 1O2,
32 which can be

generated by 2-AQS under light illumination. Overall, the
CHPTAC@cotton still can serve as a good intermedium for
effectively incorporating reactive species to provide desired
photoactive functions.
3.5. Antiviral Functions of PIFs. The generation of strong

oxidants of ROSs by PIFs under daylight makes the biocidal
function nonselective and applicable for a broad-spectrum of
biological applications. Due to the fact that we were unable to
test the biocidal function of PIFs against SARS-CoV-2, to get
an insight on the bioprotective function of PIFs against viruses,
T7 bacteriophage was selected as a surrogate of mammalian
viruses to inoculate onto the PIFs under daylight illumination,
since early results indicated that T7 bacteriophage was more

resistant to ROS than some coronavirus.22 Cotton and
polyDEAE@cotton showed no obvious biocidal functions
against T7 bacteriophage either with light exposure or under
dark conditions (Figure 4a,b). On the contrary, the PIFs
containing different amounts of RB or 2-AQS present rapid
and efficient killing of T7 bacteriophage, resulting in more than
6 log reduction of plaque-forming units (PFU) with 30 min or
longer contact under daylight exposures. It further proved that
the antiviral function of the PIFs is highly attributed to the
efficient generation of ROS by the PSs under daylight
exposure. Excitingly, the complete kill of the T7 phage (6
logs PFU) can even be achieved in only 10 min of contact with
PIFs dyed with higher concentrations of PSs, such as 100 mg/
L RB and 500 mg/L 2-AQS, though there were 16.52 and

Figure 3. Adsorption of negatively charged protein (BSA) on (a) RB-polyDEAE@cotton, (b) 2-AQS-polyDEAE@cotton, and (c) CHPTAC@
cotton dyed with different initial concentrations of RB and 2-AQS.

Figure 4. Antiviral results of polyDEAE@cotton-based PIFs (a) with daylight illumination and (b) under dark condition. Antiviral results of
CHPTAC@cotton-based PIFs (c) with daylight illumination and (d) under dark condition. The inserted photo in (a) illustrates the virus count on
pristine cotton (left) and PIFs (right) after 30 min daylight illumination, and (c) virus count on CHPTAC@cotton-based PIF after 30 min daylight
illumination.
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79.13% of the virus PFU decreases on the PIF under the dark
condition (Figure 4a,b). 2-AQS itself might be toxic to T7
bacteriophage, especially in high concentrations (Figure 4b).
Moreover, the PIFs modified on CHPTAC@cotton with

100 mg/L RB or 250 mg/L 2-AQS also showcased highly
efficient killing effects against T7 bacteriophage (Figure 4c).
Again, CHPTAC@cotton performed no biocidal functions
regardless of light illumination. A 6 log reduction of T7
bacteriophage was achieved on RB-CHPTAC@cotton and 2-
AQS-CHPTAC@cotton after 10 and 30 min of daylight
exposure, respectively. Meanwhile, there were negligible
decreases of bacteriophage PFU count on the PIFs under
dark conditions (Figure 4d), which further demonstrated the
essential role of ROS generated on the PIFs for ensuring the
bioprotective function.
Here, the results proved the broad application potential of

using cationic cotton as a platform for cotton fabric
functionalization by anionic PSs as photo-induced biocidal
agents. RB on polycationic cotton (RB-polyDEAE@cotton)
seems an ideal combination.
3.6. Stability and Washability of PIFs. The washability

and photostability of the PIFs are crucial for their long-term
use in practical applications, and PIFs made from polyDEAE@
cotton were selected. The first-time wash of the PIFs was
performed in soap water at 40 °C for 45 min. As shown in
Table 3, the PIFs retained their efficient antibacterial functions
after the first washing. More interestingly, the PIF dyed in 100
mg/mL of RB presents an increased (1 log higher) bacterial
reduction after the first wash, which could be caused by
increased surface hydrophilicity. Although the washing with
anionic surfactants could remove certain surface-adsorbed RB
from the PIFs, the strong electrostatic interactions of
polyDEAE cationic chains with RB molecules, as well as the
hydrophobic nature of RB, slowed down the further removal of
the photoactive agents from the fabrics. Meanwhile, there is no
dye leaching from the PIFs when the fabrics were immersed in
water without surfactants. To further prove the feature of the
fabrics, a Launder-O-Meter washing procedure was applied to
the PIFs dyed with 50 and 100 mg/L RB. According to
AATCC Test Method 61−1996, each washing process is
equivalent to 5 times of household hand wash.33 The samples
were additionally washed in a Launder-O-Meter for another
two times, and then, the samples were challenged with both E.
coli and L. innocua under 60 min daylight illumination. The
PIFs successfully maintained their efficient biocidal functions
against E. coli and L. innocua. Even after washing 2 times,
equivalent to 10 times of hand washes, the RB-polyDEAE@
cotton still exhibited 3−5 logs of bacterial reduction (Table 3).
On the other hand, 2-AQS molecules on the 2-AQS-dyed PIFs

were less tolerant to the washing process, possibly due to the
high hydrophilicity. Antibacterial functions of the fabric
dropped to only 65.71 and 99.94% reduction to E. coli and
L. innocua, respectively (Table 3). In this regard, 2-AQS-dyed
PIFs might not be ideal for long-term application and reuse, so
no further Launder-O-Meter washing was performed on 2-
AQS-dyed PIFs.
PSs will suffer from photobleaching under light illumination

and gradually lose their functions during long-term usage even
without any biological burdens. Therefore, the PIFs, including
RB- and 2-AQS-dyed fabrics, were challenged by continuous
daylight exposure for 7 days, and, then their retained
antibacterial functions were examined. Again, the longtime
daylight challenge can cause color fading of the PIFs, whereas
the antibacterial function of the RB-dyed PIFs was retained.
Nevertheless, a slight decrease of the biocidal functions of 2-
AQS-dyed PIFs was noticed. The results are shown in Table 3.
Overall, the RB-dyed PIFs are washable (i.e., for at least 10

times of hand washes) and present photostability (i.e., daylight
exposure for 7 days); all better than that of the PIFs dyed with
2-AQS, making the former one a more promising fabric
material used in reusable and antibacterial/antiviral cloth face
masks and protective suits for improving protection against the
transmission of COVID-19 and other infectious diseases.

4. CONCLUSIONS

In this work, we present a novel approach for fabricating PIFs
via chemisorption of anionic PSs on cationic cotton fabrics.
The cationic cotton cloth was successfully achieved by
covalently modifying the cotton with two chemical agents,
DEAE-Cl or CHPTAC, respectively, and revealed potential to
serve as a platform for the developments of functional textiles.
The strong electrostatic interactions provided by cationic
cotton with anionic RB or 2-AQS ensured sufficient adsorption
capacity and washability of the photoactive agents on the
materials. The resultant PIFs showcased a highly efficient
biocidal effect against bacteria (e.g., E. coli and L. innocua) and
a surrogate of viruses (T7 bacteriophage) with microorganism
reduction rates around 5−6 logs under daylight treatment no
longer than 60 min. Moreover, the presence of polycationic
short chains on the polyDEAE@cotton further facilitated the
biocidal functions by providing the same electrostatic affinity
to microorganisms. On the other hand, the PIFs dyed with RB
showed excellent washability (up to 10 times of hand wash)
and photostability. This work is expected to provide a
technology that can produce different innovative functional
textiles for PPE developments.

Table 3. Washability and Photostability of PS-Dyed polyDEAE@Cotton Fabrics in Terms of Antibacterial Functions (60 min
Daylight Irradiation)

the reduction rate of bacterial count (%)

samples E. coli (106 CFU/mL) L. innocua (105 CFU/mL)

before
wash 1st wash 2nd washa 3rd washa

after 7 days of
light exposure

Before
wash 1st wash 2nd washa 3rd washa

after 7 days of
light exposure

50 mg/L
RB

99.9999% 99.9997% 99.9999% 99.9999% 99.9999% 99.999% 99.98% 99.9999% 99.9999% 99.999%

100 mg/L
RB

99.99% 99.9995% 99.99% 99.98% 99.9999% 99.999% 99.999% 99.999% 99.999% 99.999%

250 mg/L
AQS

99.9999% 65.71% 99.74% 99.999% 99.94% 98.10%

aThe wash was performed with Lander-O-Meter and each washing equals to 5 times of household hand washes.
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