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Abstract
The urgent demand for scalable, potent, color variable, and comfortable antimicrobial textiles as personal protection equip-
ment (PPE) to help reduce infection transmission in hospitals and healthcare facilities has significantly increased since the 
start of the COVID-19 pandemic. Here, we explored photodynamic antimicrobial polyethylene terephthalate/cotton (TC) 
blended fabrics comprised of photosensitizer-conjugated cotton fibers and polyethylene terephthalate (PET) fibers dyed with 
disperse dyes. A small library of TC blended fabrics was constructed wherein the PET fibers were embedded with traditional 
disperse dyes dominating the fabric color, thereby enabling variable color expression, while the cotton fibers were covalently 
coupled with the photosensitizer thionine acetate as the microbicidal agent. Physical (SEM, CLSM, TGA, XPS and mechani-
cal strength) and colorimetric (K/S and CIELab values) characterization methods were employed to investigate the result-
ant fabrics, and photooxidation studies with DPBF demonstrated the ability of these materials to generate reactive oxygen 
species (i.e., singlet oxygen) upon visible light illumination. The best results demonstrated a photodynamic inactivation of 
99.985% (~ 3.82 log unit reduction, P = 0.0021) against Gram-positive S. aureus, and detection limit inactivation (99.99%, 
4 log unit reduction, P ≤ 0.0001) against Gram-negative E. coli upon illumination with visible light (60 min; ~ 300 mW/
cm2; λ ≥ 420 nm). Enveloped human coronavirus 229E showed a photodynamic susceptibility of ~ 99.99% inactivation after 
60 min illumination (400–700 nm, 65 ± 5 mW/cm2). The presence of the disperse dyes on the fabrics showed no significant 
effects on the aPDI results, and furthermore, appeared to provide the photosensitizer with some measure of protection from 
photobleaching, thus improving the photostability of the dual-dyed fabrics. Taken together, these results suggest the feasi-
bility of low cost, scalable and color variable thionine-conjugated TC blended fabrics as potent self-disinfecting textiles.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s43630-023-00398-1&domain=pdf
http://orcid.org/0000-0001-6479-6624
http://orcid.org/0000-0001-9886-0196
http://orcid.org/0000-0002-6450-9311


1574 Photochemical & Photobiological Sciences (2023) 22:1573–1590

1 3

Graphical abstract

Keywords Antibacterial · Antiviral · Cotton · Photodynamic inactivation · Photostability · Textiles

1 Introduction

Hospital-acquired infections (HAIs) are a major threat 
to human health worldwide, responsible for 1.7 million 
infections and approximately 100,000 deaths annually, 
with a $45 billion economic burden in the US alone [1]. 
Since the start of the catastrophic COVID-19 pandemic 
caused by the SARS-CoV-2 virus, concerns over HAIs 
have increased as global health care systems have become 
overwhelmed with potentially infectious patients seeking 
testing and care [2]. Preventing the spread of HAIs to and 
from healthcare workers and patients heavily relies on 
the effective use of personal protective equipment (PPE), 
e.g., gloves, face masks, air-purifying filters and gowns 
[3]. However, current PPE can only physically prevent the 
direct exposure of the wearers to the microbial pathogens 
rather than inactivating them [4–6], leaving the pathogens 
potentially infectious on the PPE surfaces, thus increasing 
the risk of infections caused by cross-contamination or 
during the PPE removal process [6, 7]. To address these 
issues, many strategies have been explored for imparting 
antimicrobial properties to PPE, including embedding dif-
ferent bactericidal agents like antibiotics [8], quaternary 
ammonium salts [9], and metal nanoparticles [10], and 
although each of these strategies can be considered suc-
cessful, they all exhibit one or more limitations includ-
ing poor efficacy against drug-resistant pathogens [11], 

inducing drug-resistance itself [12], environmental toxic-
ity, and/or unacceptable side effects [13].

To circumvent some of the limitations associated with 
several of these antimicrobial strategies, antimicrobial pho-
todynamic inactivation (aPDI) has been investigated as a 
promising strategy to produce nonspecific, robust, environ-
mentally friendly and cost-effective antimicrobial materials. 
Photodynamic materials employ a nontoxic photosensitizer 
(PS), visible light, and molecular oxygen to generate reactive 
oxygen species (ROS), including hydroxyl radicals (OH), 
superoxide  (O2

−) and singlet oxygen (1O2), as bactericidal 
agents that cause irreversible damage to the bacterial cell 
membrane and/or cellular components leading to pathogen 
inactivation [14]. A number of potent photodynamic anti-
microbial materials have been developed, including rose 
bengal and toluidine blue-O conjugated cellulose film [15], 
porphyrin-conjugated cellulose materials (nanocrystals, 
nanofibers, and paper) [16–21], BODIPY-conjugated paper 
sheets [19], PS-embedded polyacrylonitrile nanofibers [22, 
23] or olefinic block copolymers [11], and PS-containing 
spray coatings [24, 25]. Among all the diverse applications 
for these photodynamic materials, self-disinfecting textiles 
are particularly attractive not only as their inherent wearable 
properties makes them ideal candidates for PPE, but also 
that their antimicrobial ability can eliminate odor and mil-
dew stains caused by microorganisms [26], and prevent the 
excretion of acid by bacteria to protect against both discol-
oration and mechanical damage [27]. Materials based on an 
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aPDI strategy also have advantages for antimicrobial textiles 
as the short lifetime (87 ms for 1O2 in  CCl4 solvent [28]) 
and limited diffusibility (55 nm for 1O2 in tissue [29]) of the 
bactericidal ROS agents are not able to penetrate the stra-
tum corneum, the outermost layer of the epidermis measur-
ing 10–30 μm in thickness that is comprised of corneocytes 
(dead cells) [30], and is therefore considered safe for the 
user. Several photodynamic antimicrobial textiles employing 
photosensitizer-grafted cellulosic fabrics [31], polypropyl-
ene nonwoven fabrics [32], or polyester/cotton fabrics [33] 
have been successfully designed, however the appearance 
of these fabrics were dominated by the color of photosen-
sitizer itself, and thus limited the commercial application 
of the these fabrics. To initially address this limitation, we 
designed a series of color-variable rose bengal embedded 
wool/acrylic blended fabrics [26, 27], and although these 
materials showed promise in terms of their tunable color 
palette and photodynamic efficacy, the inherent scratchy feel 
of wool and its poor heat dissipation limits the wearability 
of wool/acrylic fabrics as PPE. Moreover, these materials 
employed an electrostatic attachment of the anionic rose 
bengal photosensitizer to the cationic wool fibers, and this 
may be compromised during laundering.

To overcome these application and design limitations, 
here we chose to employ polyethylene terephthalate/cotton 
(TC) blended fabrics as the basis for a next-generation dual-
dyed photodynamic textile. The TC blended fabric is one of 
the most comfortable and affordable fabrics on the market, 
combining the advantages of both cotton and PET textiles, 
such as breathability and good mechanical properties [34]. 
To prepare the color-variable photodynamic antimicrobial 
TC fabrics, the PET fibers were dyed with 4 different tradi-
tional disperse dyes (red, yellow, blue, green) using a tradi-
tional PET high-temperature high-pressure (HTHP) dyeing 

method to tune the color of the fabrics, and the photosensi-
tizer thionine was grafted onto the cotton fiber via covalent 
attachment using cyanuric chloride (2,4,6-trichloro-1,3,5-
triazine) as the coupling agent (Fig. 1) [16, 35]. Thionine, a 
dye that is structurally related to methylene blue, has been 
shown to be a relatively low-cost, yet efficient photosensi-
tizer, and, more importantly, thionine maintains its ability 
to photodynamically generate singlet oxygen even when 
grafted to a surface [36]. Physical (SEM, CLSM, TGA, 
XPS and mechanical property), colorimetric (K/S, CIELab 
values) and photooxidation studies against DPBF as a model 
substrate were employed to characterize the resultant small 
library of antimicrobial PET/cotton fabrics, and photody-
namic inactivation studies employing both Gram-positive 
and Gram-negative bacteria were performed. Human coro-
navirus strain 229E (a BSL-2 surrogate for SARS-CoV-2) 
was employed as a model virus to investigate the antiviral 
activities of the prepared fabrics against enveloped viruses. 
The photostability of both single and dual-dyed fabrics 
under different light sources and environmental conditions 
was also investigated to assess if the disperse dyes could 
protect the thionine photosensitizer from photobleaching. 
Taken together, the results strongly suggest the feasibility 
of thionine-conjugated TC blended fabrics as high-perfor-
mance, color-tunable self-disinfecting textiles.

2  Experimental

2.1  Materials

Polyester terephthalate/cotton blended yarns (abbreviated 
as TC) were obtained from Uster Technologies (Suzhou, 
China) Co., Ltd. Disperse red 153 (abbreviated as DR, 

Fig. 1  The schematic illus-
tration of the preparation of 
dual-dyed TC blended fabrics 
and their corresponding photo-
graphic images. Also shown are 
the photographs of the fabrics 
when dyed with either the dis-
perse dyes or thionine alone
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CAS: 78564-87-1), disperse yellow 23 (abbreviated as DY, 
CAS: 6250-23-3), and disperse blue 60 (abbreviated as DB, 
CAS: 12217-80-0) were purchased from Meiernuo Chemi-
cal Co. (Wenzhou, China). Disperse green dye (abbreviated 
as DG) was prepared by mixing DY and DB in 1:1 ratio. 
Sunsolt 7000 (CAS: 65423-83-8) was purchased from Nicca 
Chemical Technology Consultation (Shanghai, China) Co., 
Ltd. and was used as a dispersant during the dyeing pro-
cess. Thionine acetate (CAS:78,338–22-4) was purchased 
from J&K Scientific (Beijing, China) Co., Ltd. 1,3-diphe-
nylisobenzofuran (DPBF) was purchased from Shanghai 
Vita Chemical Reagent Co. Ltd. All other chemicals were 
of laboratory grade and used as received from commercial 
sources without further purification.

2.2  Preparation of antimicrobial fabrics

2.2.1  Polyester/cotton blended (TC) fabric

Polyester/cotton blended yarns were knitted into a plain knit 
structure on a CMS 530 HP knitwear flat knitting machine 
(STOLL, Germany) with a working width of 50″/127 cm.

2.2.2  High temperature–pressure polyester dyeing

Knitted TC fabric was cut into 8 cm × 8 cm swatches before 
being dyed in a high temperature–pressure dyeing machine 
(Datacolor, AHIBA IR, USA). Two 8  × 8 cm fabric swatches 
were dyed with 0.5% o.w.f. disperse dye (DR, DY, DG or 
DB) in 100 mL water and 10 mL dispersant under a con-
tinuous heating process of 4 °C/min from 30 to 130 °C, and 
maintained at 130 for 30 min. The dyed fabric was boiled 
in water (1:40 bath ratio) containing 2 g/L NaOH and 2 g/L 
 Na2S2O4 for 20 min to remove free dyes, polyester oligomers 
and other impurities, then washed with copious amounts of 
water and dried at 40 °C to improve the color fastness and 
vividness of the dyes.

2.2.3  Thionine‑conjugated cotton yarns

Pristine TC fabric and the DR, DY, DG, or DB singly dyed 
T/C fabrics from Sect. 2.2.2 were separately soaked in 1 M 
NaOH over 1 h to deprotonate the hydroxyl groups of the 
cotton yarn. The alkalized fabric was then placed in a solu-
tion of cyanuric chloride (2,4,6-trichloro-1,3,5-triazine; 
variable concentration based on amount of thionine used in 
Table 1) in tetrahydrofuran and incubated for 12 h at 40 °C, 
after which deionized water and tetrahydrofuran were used 
to wash out unreacted cyanuric acid and other impurities. 
The activated fabric was then submerged in a solution of 
thionine acetate (TA; 0.25 molar equiv of cyanuric chloride) 
in 80 mL deionized (DI) water at 40 °C for another 12 h. 
The conjugated fabrics were first dried at 40 °C, and then 

washed with deionized (DI) water and phosphate buffered 
saline (PBS; aqueous solution of 340 mM NaCl, 6.8 mM 
KCl, 20.0 mM  Na2HPO4, 1.8 mM  KH2PO4) to remove free 
thionine acetate. The washings were collected for calculat-
ing the amount of TA loaded onto the fabrics as follows: to 
ensure the successful removal of unbound thionine from the 
washing procedure, the prepared fabrics were placed into 
3 mL PBS/cm2 fabric for 1 h with vigorous shaking before 
being transferred to a cuvette and the absorbance at 603 nm, 
corresponding to the absorption maximum of thionine ace-
tate, was recorded. When the leaching of TA could no longer 
be observed within the detection limit of the spectrometer, 
the fabrics were then dried at 40 °C in an oven and stored in 
the dark until further use. Different initial concentrations of 
TA were employed to explore the concentration-dependent 
bactericidal activity of TA, and the names and relative the 
amounts of TA used are listed in Table 1.

2.2.4  Photobleaching of thionine‑conjugated 
antimicrobial fabrics

The thionine-conjugated TC-TA and the four dual-dyed 
TC-DR-TA, TC-DY-TA, TC-DG-TA and TC-DB-TA fabrics 
were cut into 3 cm × 3 cm swatches and then illuminated at 
a vertical distance of 15 cm for 12 h with a xenon lamp (500 
W) equipped with a long-pass filter (λ ≥ 420 nm), and these 
samples are referred to with the suffix ‘B12h’. One control 
group of fabrics was similarly illuminated but under a humid 
environment with 1 mL water added to the fabric swatch 
every 2 h for 12 h, referred to with the suffix ‘HB12h’. 
Another control group of fabrics was illuminated under a 
commercially available LED light (white light, 10 W) at a 
vertical distance of 18 cm for 5 days without any other light 
sources, and is referred with a suffix ‘LED’.

2.3  Physical characterization

2.3.1  Determination of dye loading

The amount of loaded thionine acetate for each fabric (F, 
mol/g) was calculated based on an absorbance:concentration 

Table 1  Concentrations of thionine and cyanuric chloride used in the 
production of the TA-conjugated TC fabrics

TC-TA% (w.o.f.) Amount of TA (mmol) Amount 
of TCT 
(mmol)

0% (TC) 0 0
0.72% (TC-TA1) 0.125 0.5
1.44% (TC-TA2) 0.25 1
5.76% (TC-TA3) 1 4
11.52% (TC-TA4) 2 8
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relationship at the λmax of the dyes (determined by the Beer-
Lambert law) using the following Eq. 1:

where M0 (mol) is the initial TA quantity added, C1 (mol/L) 
and V1 (L) are the concentration and volume of the collected 
water washings, and C2 (mol/L) and V2 (L) are the concen-
tration and volume of the collected PBS washings, and Wf 
(g) is the weight fabric.

2.3.2  Photometry and colorimetric characteristics

The colorimetric characteristics [CIE (L*, a*, and b*) color 
space and color depth (K/S)] of the dual-dyed fabrics were 
evaluated using a Datacolor 650 spectrophotometer (USA) 
employing a D65 light source with an aperture of 9 mm. 
Each sample was folded into 2 layers to give a sufficient 
thickness to prevent show-through. The K/S values of the 
fabrics were calculated by the Kubelka − Munk equation 
(Eq. 2) as follows:

where K and S are the absorption and scattering coefficient 
of the fabrics, and R is the reflectance of the fabrics at λmax. 
The spectra were normalized to the intensity of the 700 nm 
peak, except for the DG series that was normalized to the 
intensity of the 540 nm peak. K/S values have also been 
used, at the wavelength of maximum absorption, to gain 
a quantitative assessment of the amount of dye on fabric, 
with the degradation of thionine calculated based on the K/S 
values of unbleached fabrics vs. the corresponding bleached 
ones.

2.3.3  Confocal laser scanning microscopy (CLSM)

Confocal laser scanning microscopy was performed on a 
TCS SP8 instrument (Leica Microsystems GmbH, Germany) 
to visualize the localization of the disperse dyes and thio-
nine acetate on the TC fabric. Laser excitation at 488 and 
552 nm were employed to excite the disperse red (DR) dye 
and thionine acetate, respectively, with corresponding emis-
sion wavelengths of 570–630 (for DR) and 610–680 nm (for 
thionine acetate). The dual-dyed fabrics were first decon-
structed by a knife to separate the yarns, which were then 
placed on a glass slide with one drop of water to smooth the 
surface, and then a coverslip was added on top, whose four 
edges were sealed with nail polish.

2.3.4  X‑ray photoelectron spectroscopy (XPS)

The surface chemical compositions of one cotton fabric 
and TC-TA were characterized by X-ray Photoelectron 

(1)F =
(

M
0
−C

1
V
1
−C

2
V
2

)

∕Wf

(2)K/S = (1 − R)2∕2R

Spectroscopy (Kratos Analytical Axis Ultra). The cotton 
fabric was fully washed by ethanol and DI water to remove 
any unbound species prior to characterization. All data were 
calibrated to the C–C peak at 284.8 eV.

2.3.5  Scanning electron microscopy (SEM)

The surface morphology of dye-free TC, TC-TA, and TC-
DY-TA fabrics were visualized with a SU1510 (Hitachi, 
Ltd., Japan) scanning electron microscope with an accel-
erating voltage of 5.0 kV. Images were gathered at either 
of 500, 1000 or 5000 × magnification at room temperature. 
Prior to SEM imaging, the prepared samples were fixed on 
a metal plate by conductive resin and were sputtered with a 
thin layer of gold nanoparticles.

2.3.6  Synchronous thermal analyzer (STA)

Thermal gravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) of the pristine TC, singly dyed 
TC-DY, and dual-dyed TC-DY-TA fabrics, as well as pure 
thionine acetate, were carried out using a thermal analyzer 
(Mettler, Toledo) under continuous  N2 purging (60 mL/min). 
Each sample (∼5 mg) was heated in a platinum pan sample 
holder from 30 to 790 °C at a rate of 10 °C/min. Differential 
thermogravimetry (DTA) was deviated based on the TGA 
data.

2.3.7  Mechanical property studies

Bursting strength tests were employed to investigate the 
mechanical properties of TC, TC-DY, and TC-DY-TA fab-
rics via an electronic fabric strength tester from Hongda 
Experiment Instructions Co. Ltd (Nantong, China). Burst-
ing strength values were determined by the constant-rate-
of-traverse (CRT) ball burst method according to GB/T 
19,976 (2005). Briefly, samples were cut into 80 mm diam-
eter circles to cover the ring snare mechanism with an inner 
diameter of 45 mm. A polished steel ball with a diameter 
of 25 mm was pressed into the fabric sample through a ring 
snare mechanism at 300 mm/min. The force required for 
penetrating each sample was recorded.

2.3.8  UV–visible spectroscopy

The absorption spectra of saturated DR, DY, and DB acetone 
solutions were obtained on a Shimadzu UV-2600 UV–vis-
ible spectrophotometer. The DG solution was prepared by 
mixing saturated DY and DB solutions in a 1:1 v/v ratio. The 
data were normalized by the peak value of DR at 500 nm.
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2.3.9  Detection of singlet oxygen (1O2)

1,3-diphenylisobenzofuran (DPBF), a colorimetric agent 
that reacts with singlet oxygen to produce a colorless prod-
uct, was used to detect 1O2 production. Fabric samples 
(3 cm × 3 cm) were first soaked with 10 mL ethanol for 
30 min to remove any leachable thionine, and were then 
placed in the bottom of a 10 mL beaker containing 5 mL 
150 mM DPBF solution in ethanol. The sample was illumi-
nated by a handheld laser (532 nm, 85 ± 1 mW/cm2; HTPOW 
Laser Limited) for 10 min, and the UV–visible spectrum of 
the solution was recorded every 2 min at 410 nm.

2.4  Antimicrobial photodynamic inactivation (aPDI)

2.4.1  Bacterial cell culture

Staphylococcus aureus (S. aureus) ATCC-6538 was cul-
tured overnight at 37 °C in tryptic soy broth (TSB) in an 
orbital shaker (100–120 rpm). Escherichia coli (E. coli) 
8099 and methicillin-resistant S. aureus (MRSA) (ATCC-
44) were grown by the same procedure but substituting TSB 
with lysogeny broth (LB) and tryptic soy broth (TSB) with 
5 mg/L tetracycline, respectively. Bacterial strains were 
grown to an initial concentration of  107–109 CFU (colony 
forming units)/mL. Cultures were pelleted via centrifuga-
tion (10,000 × g) for 10 min, the supernatant was decanted, 
and the bacteria were re-suspended in phosphate buffered 
saline (PBS; aqueous solution of 170 mM NaCl, 3.4 mM 
KCl, 10.0 mM  Na2HPO4, 1.8 mM  KH2PO4, pH 7.2) contain-
ing 0.05% Tween-80.

2.4.2  Antibacterial photodynamic inactivation assays

Photodynamic inactivation studies employing the above bac-
teria were performed in triplicate as previously described 
[24, 25, 27, 35, 37]. Briefly, three fabric samples (1 × 1 cm, 
∼40 mg) were individually placed into adjacent wells of 
two identically prepared 24-well plates. A 100 μL PBS ali-
quot containing  107–109 CFU/mL of bacteria was added 
to each of the three wells per plate. The 24-well plate was 
illuminated at a distance of 12 cm for a defined time period 
with a xenon lamp (500 W) equipped with a long-pass filter 
(λ ≥ 420 nm) to provide a light fluence of ~ 65 ± 5 mW/cm2, 
while an identically prepared 24-well plate was kept with-
out illumination as the dark control. Following illumination, 
0.9 mL of sterile PBS was added to each well in both the 
illuminated and the dark control plates, and the plates were 
manually stirred with a pipet for 10 s to resuspend the bacte-
ria. Each sample well was then 1:10 serially diluted (100 μL 
in 0.9 mL aliquots of PBS) six times, and 10 μL from each 
diluted well were separately plated in columns on gridded 
six column square plates (TS-agar for S. aureus and MRSA; 

LB-agar for E. coli), followed by overnight dark incubation 
at 37 °C. A material-free dark control was prepared by ali-
quotting 100 μL bacterial PBS solution into 0.9 mL sterile 
PBS, and following the same dilution process. The number 
of visible colonies on the agar plates was determined by 
colony counting, and the survival rate was determined by 
the ratio of CFU/mL of the illuminated plate versus that of 
the corresponding material-free dark control. The minimum 
detection limit was 10 CFU/well (based on the plated 10 μL 
aliquot from the 1 mL undiluted well), and the detection 
limits of bacterial survival for S. aureus and E. coli were 
0.001% and 0.01%, respectively.

2.4.3  Antiviral photodynamic inactivation assays

Human coronavirus HCoV-229E was grown to a titer of  107 
 TCID50/mL on the human hepatocarcinoma Huh-7 cell line 
in cell growth media (DMEM, 1% antibiotics, 10% fetal 
bovine serum, FBS) at 35 °C. The fabric samples (6 mm 
diameter) were fitted into the well-bottoms of a 96-well 
plate, and 25 μL of virus suspension (free of the host Huh-7 
cells) was added to the wells. A set of dark controls wrapped 
in aluminum foil was left unexposed to light for 60 min. For 
samples exposed to light, the illumination conditions were 
400–700 nm, 65 ± 5 mW/cm2. After illumination for 60 min, 
75 μL of infection media (DMEM 1% antibiotics, 1% FBS, 
1% HEPES buffer) were added, and the virus was eluted by 
triturating several times, followed by rapid transfer to new 
wells. Virus suspensions were immediately diluted serially 
tenfold, and 50 μL of four replicates of each dilution were 
used to infect Huh-7 cells seeded the previous day at a den-
sity of  104 cells per well in a  TCID50 assay protocol. The 
plates were incubated at 35 °C with 5%  CO2. After 168 h, 
the cytopathic effect was monitored by visual inspection, and 
resulting  log10TCID50/mL values (MDL of 2.8  log10TCID50/
mL) were calculated according to the Spearman-Kaerber 
method. All studies were performed in triplicate.

3  Results and discussion

3.1  Material characterization

3.1.1  Materials preparation

The color-variable photodynamic antimicrobial TC fabrics 
were prepared in a two-step process wherein the PET fibers 
were dyed with 4 different common disperse dyes (red, yel-
low, blue, green) using a traditional PET high-temperature 
high-pressure (HTHP) dyeing method to tune the color of the 
fabrics (as illustrated in Scheme 1), and the photosensitizer 
thionine was grafted onto the cotton fiber via covalent attach-
ment using cyanuric chloride (2,4,6-trichloro-1,3,5-triazine) 
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as the coupling agent (Scheme 2). In HTHP dyeing, under 
high temperature and high pressure, the highly hydrophobic 
disperse dyes are able to penetrate the boundary layer of 
the PET fibers, where they are retained uniformly in the 
presence of a dispersant. Conversely, the hydrophilic cotton 
fibers are barely dyed with disperse dyes under these con-
ditions [38], leaving the primary and secondary hydroxyl 
groups on the repeating units of the cotton fibers chemi-
cally reactive for surface modification via cyanuric chloride 
(2,4,6-trichloro-1,3,5-triazine) coupling, a method that has 
been previously successful in grafting photosensitizers onto 
cellulosic materials [16, 35, 39].

The physical appearance of the pristine PET/cotton (TC) 
blended fabric, the single-dyed thionine TC-TA fabric, the 
single-dyed disperse dye fabrics TC-DR, TC-DY, TC-DG 
and TC-DB, and the dual-dyed TC-DR-TA, TC-DY-TA, 
TC-DG-TA, and TC-DB-TA fabrics are displayed in Fig. 1. 
Compared to the pristine TC fabric, single-dyed fabrics 
via both HTHP (disperse dyes) and chemical conjugation 
(thionine) both presented with vivid colors as expected 
from the presence of the loaded dyes, with dual-dyed fabrics 
exhibiting colors that were the colorimetric combination of 
the disperse dyes with thionine. Notably, both HTHP and 
chemical conjugation resulted in a uniform material color, 
and no obvious variation in the physical touch or feel of the 
materials was observed for the dyed fabrics. This straight-
forward color change suggested the successful loading of 
both disperse dyes and thionine, and quantitative analysis 
of the loaded thionine onto the pristine and dyed fabrics 
was determined by differential uptake measurements com-
paring the amount of initially added thionine against that 

remaining in the residual bath after dyeing, as well as the 
amount recovered after each washing step. As shown in 
Table 2, single-dyed thionine possessed the highest loading 
amount of 33.36 μmol/g, representing 66.7% uptake of the 
initial thionine added in the conjugation process. All dual-
dyed fabrics exhibited virtually the same level of loaded 
thionine (20.5–23.25 mol/g), representing a decrease in PS 
loading efficiency compared to the single-dyed TC-TA. The 
lower loading of thionine in the dual-dyed fabrics may be 
caused by the loss of reactive hydroxyl groups from a minor 
amount of surface damage to the cotton fibers during the 
HTHP process, which was shown by the micro-morphology 
observation studies (see below).

FT-IR spectroscopy was initially chosen to investigate 
covalent bond formation in the TC-TA materials, however, 
due to the low degree of substitution, no significant changes 
were observed (data not shown). Rather, we employed X-ray 
photoelectron spectroscopy (XPS) to confirm the covalent 
attachment of the PS in TC-TA (Fig. 2). As shown in Fig. 2a, 

Scheme 1  Dyeing of polyethylene terephthalate fibers with disperse dyes

Scheme 2  The grafting of thionine onto cotton fibers via 2,4,6-trichloro-1,3,5-triazine coupling

Table 2  Loading of thionine acetate (mol/g) on the TC-TA, TC-DR-
TA, TC-DY-TA, TC- DG-TA and TC-DB-TA fabrics, and the corre-
sponding loading efficiency compared to the initial amount of thio-
nine acetate

TA loading (μmol/g) Efficiency (%)

TC-TA 33.36 66.72
TC-DR-TA 22.75 45.50
TC-DY-TA 20.5 41.00
TC-DG-TA 23.25 46.50
TC-DB-TA 23 46.00
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the surface of the pristine cotton fabric was dominated by 
 C1s and  O1s signals, while new peaks corresponding to 
 NaKKL and  N1s from thionine were observed on the surface 
of the TC-TA, along with the  C1s and  O1s signals. This fur-
ther demonstrated that thionine was successfully incorpo-
rated onto the surface of the fabric. As depicted in Fig. 2b, 
c, the  C1s curve of the pristine cotton fabric exhibited three 
peaks at 284.9, 286.6 and 288.1 eV, which corresponded to 
the C–C (or C-H), C–O–C (or C–O–H), and C = O signals, 
respectively. The peak at 286.6 eV and assigned as a C = O 
signal may be assigned to semi-cellulose or other impurities, 
which is consistent with previous literature reports [40, 41]. 
Similar peaks corresponding to C–C (or C-H), C–O–C (or 
C–O–H), and C = O were also observed in the  C1s curve 
of TC-TA, while the ratio, calculated on the relative distri-
butions of the different bound carbons as estimated from 
the high-resolution carbon  C1s XPS spectra through the use 
of peak fitting to isolate the signals into different Gaussian 
components, of C–O–C increased from 45.66% to 52.13%. 
Considering the blending of PET fibers will not introduce a 
higher ratio of C–O–C bond [42], this increasing ratio was 
attributed to the C–O–C covalent bond between the cotton 
fiber and thionine.

3.1.2  Determination of thionine localization

TC-DR and TC-DR-TA fabrics were chosen as models to 
visualize the localization of the disperse dyes and thionine 
acetate via confocal laser scanning microscopy (CLSM), 
as the absorption and emission of DR and thionine are the 
easiest to distinguish when compared to the other disperse 
dyes. Both single PET fibers with straight cylinder struc-
tures and single twisted tube-like cotton fibers [34] were 
observed in all images (Fig. 3). Under bright field condi-
tions (panels a, d, and g), the polyester fibers were opaque 
and dark in color for TC-DR and TC-DR-TA, whereas they 
appeared transparent for the untreated PET fiber in TC-TA, 
suggesting the loading of disperse red was mainly localized 
to the PET fibers. Consistent with the bright field images, in 

merged panel b, the PET fibers in TC-DR showed a strong 
florescence signal from 570 to 630 nm (red) correspond-
ing to the emission of DR, while the cotton fibers only pre-
sented a weak florescence signal, again indicating that the 
DR dye was mainly localized to the PET fibers. In panel e, 
the luminescence signal from 610 to 680 nm (green), attrib-
uted to thionine acetate, was observed only from the cot-
ton fibers of the TC-TA fabric, indicating the localization 
of thionine was mainly on the cotton fibers (as designed). 
In panel h, the PET fibers showed a dark yellow color that 
can be considered as a combination of red and green signals 
given that DR has an absorption at both 488 and 552 nm 
excitation wavelengths (with emission observed in both the 
570–630 nm and 610–680 nm windows), while the cotton 
fibers only exhibited a green signal from thionine, with the 
luminescence images (panel i) further demonstrating that. 
Taken together, the CLSM studies confirmed the loading of 
the disperse dyes and thionine on the dual-dyed fabrics, and, 
more importantly, demonstrated their localization to the PET 
and cotton fibers, respectively, as designed.

3.1.3  Colorimetric characterization of the fabrics

CIELab color values [light–dark (L*), red-green (a*), and 
yellow-blue (b*)] of the pristine TC, single and dual-dyed 
fabrics are provided in Table 3, and their corresponding 
color space coordinates are shown in Fig. 4. The coordi-
nates of the thionine-only single-dyed TC-TA were observed 
closer to the yellow-blue (b*) axes, with a small a* value 
of − 2.2 and a large b* value of − 15.4, consistent with the 
cyan color of the thionine-only TC-TA fabric in Fig. 1. As 
expected, compared to pristine TC and disperse dye single-
dyed fabrics, the b* value of thionine-loaded fabrics showed 
an obvious decrease corresponding to the hypsochromic 
color shift of the fabrics. The yellow (TC-DY and TC-DY-
TA) and blue (TC-DB and TC-DB-TA) series fabrics exhib-
ited the greatest (-38.11) and least (-4.4) change in b* value, 
respectively, representing the most and least color change 
due to the loading of thionine. Overall, the coordinates of 

Fig. 2  The XPS survey scan spectra of (a) cotton fabric and TC-TA, and the  C1s XPS spectra and corresponding fittings of (b) cotton fabric and 
(c) TC-TA
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TC-TA were found in the green–blue (− a*, − b*) quad-
rant, the coordinates of the dual-dyed fabrics were found 
in the red-yellow (+ a*, + b*) quadrant for TC-DR-TA, 

the green-yellow (− a*, + b*) quadrant for TC-DY-TA and 
TC-DG-TA, and the red-blue quadrant (+ a*, − b*) for TC-
DB-TA, which essentially followed the coordinates of the 

Fig. 3  CLSM images of TC-DR (a–c), TC-TA (d–f) and TC-
DR-TA (d–f). Panels a, d, and g are bright-field images, panels 
c (λex = 488  nm; λem = 570–630  nm), f (λex = 552  nm; λem = 610–

680  nm), and i (λex = 488  nm; λem = 570–630  nm) are luminescence 
images, and panels b, e, and h are the merged images

Table 3  CIELab values of the 
pristine TC and single-dyed 
TC-DR, TC-DY, TC-DG, and 
TC-DB fabrics (− TA), and the 
corresponding fabrics dyed with 
thionine (+ TA)

L* a* b*

N/TA  + TA N/TA  + TA N/TA  + TA

TC 90.23 63.79  − 0.01  − 2.22 7.6  − 15.43
TC-DR 56.05 44.39 41.27 17.94 18.89 1.28
TC-DY 74.31 50.86 17.29  − 4.87 47.89 9.78
TC-DG 63.31 48.04  − 18.57  − 13.06 16.31 2.99
TC-DB 49.06 43.67 0.83 1.3  − 25.89  − 30.29
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disperse dye single-dyed fabrics, suggesting that although 
the colors of the dual-dyed fabrics resulted from a colorimet-
ric combination of the disperse dyes and thionine, the dis-
persed dyes were the ones that dominated the fabric colors.

Color depth (K/S value) characterization (reflectance 
measurements) was also performed on the fabrics. The 
UV–visible absorption spectra of the DR, DY, DG and DB 
disperse dyes in acetone solution, as well as TA in aqueous 
solution, are shown in Figure S1. As shown in Fig. 5a, the 
TA single-dyed fabrics all presented one characteristic peak 
around 610 nm, which is consistent with the characteristic 

absorption peak of aqueous thionine. Furthermore, as 
expected for thionine as a dye, the intensity of this charac-
teristic peak proportionally increased as the amount of thio-
nine used in the dyeing process increased from 0.125 mmol 
(TC-TA1) to 2 mmol (TC-TA4). Meanwhile, single-dyed 
TC-DR, TC-DY, TC-DG, and TC-DB (solid lines in Fig. 5b) 
exhibited absorption maxima 500, 450, 660, and 670 nm, 
respectively, consistent with the characteristic absorptions 
of the disperse dyes in acetone solution (Figure S1), which 
further provides evidence for the presence of the disperse 
dyes on the fabrics. Dual-dyed fabrics TC-DR-TA, TC-DY-
TA and TC-DG-TA (dotted lines in Fig. 5b) exhibited char-
acteristic peaks from both the corresponding disperse dye 
and the thionine photosensitizer, while TC-DB-TA appeared 
to only have one peak centered around 620 nm, which is 
likely attributable to the overlap of the DB and TA absorp-
tion maxima. The almost twofold stronger intensity of the 
620 nm band of the dual-dyed fabric compared to the DB-
only single-dyed fabric also supports this supposition. The 
colorimetric descriptions here provide a semi-quantitative 
analysis of the color changes of the dual-dyed TC fabrics, 
and suggest the successful loading of both thionine and dis-
perse dyes on the fabrics.

3.1.4  Micro‑morphology of the dyed fabrics

The morphological features of pristine TC, TC-TA, and 
TC-DY-TA fabrics were investigated by scanning electron 
microscopy. Artificial polyester (polyethylene terephthalate) 
fibers with a uniformly straight cylinder shape and natural 
cotton fibers with typical convolutions and kidney-shaped 
structures can be observed in the yarns of all 3 samples 
under lower magnification in Fig. 6a, c, and e). Panels b, d, 
and f show the higher magnification images, and the surfaces 

Fig. 4  The coordinate positions of TC-TA, TC-DR-TA, TC-DY-TA, 
TC-DG-TA, and TC-DB-TA fabrics in CIELab color space for a* and 
b*. The L* values were not plotted for simplicity

Fig. 5  Color depth (K/S) spectra of the thionine single-dyed fabrics (a), and disperse dye single-dyed fabrics (solid line) and dual-dyed fabrics 
(dotted-line) (b)
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of the PET and cotton fibers are clearly visualized in the yel-
low outlined and red outlined panels, respectively. The PET 
fibers in the pristine TC, single-dyed TC-TA, and dual-dyed 
TC-DY-TA fabrics have no distinguishable features, with all 
fibers exhibiting smooth surfaces (< 10 μm diameter), while 
the cotton fibers in the three samples show different surface 
features: for the cotton fibers from pristine TC fabric (panel 
b), some smooth grooves can be observed corresponding to 
the wax layer on the cuticle, the outermost layer of cotton 
fibers [43]. In the thionine single-dyed TC-TA fabric, a criss-
cross pattern owing to the non-structural orientation of cel-
lulose and non-cellulosic materials from the primary walls 
(the secondary layer of cotton fibers [43]) can be clearly 
observed, indicating minor surface damage resulting from 

the triazine coupling reaction. After both the high tempera-
ture–pressure dyeing and the coupling reaction, the cotton 
fibers in TC-DY-TA presented a compact parallel structure 
corresponding to highly ordered crystalline cellulose, which 
is only found in the inner secondary wall of cotton fibers, 
suggesting further damage to the cotton fiber surface that 
was attributed to the harsher two-step dyeing/coupling pro-
cess employed for making the dual-dyed fabrics.

3.1.5  Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) under inert atmosphere 
was employed to understand the thermal behavior of pristine 
TC, single-dyed TC-DY, and dual-dyed TC-DY-TA fabrics. 

Fig. 6  SEM images of pristine TC fabric (a, b), TC-TA (c, d), and TC-DY-TA (e, f) under different magnifications ( × 500 for a, c, and e; × 1000 
for b, d, and f). Yellow and red outlined panels are higher magnification images ( × 5000)
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As shown in the Fig. 7a, pristine TC exhibited three stepwise 
decomposition stages: in the first stage up to 100 °C, a minor 
initial weight loss of ∼ 3% was noted, corresponding to the 
loss of moisture. A fast weight reduction (from ca. 97% to 
ca. 20%) was observed in a second stage with onset tempera-
tures from 270 to 430 °C, attributed to the decarboxylation 
and dehydration of the fabric to volatile gasses or chars. Two 
DTG peaks around 340 °C and 420 °C for the pristine TC 
fabric were noted (Fig. 7b) in this stage, which are associ-
ated with the pyrolysis temperature of pure polyester [44] 
and cotton [45], respectively. A gradual weight decompo-
sition from 20 to 0% with a maximal decomposition rate 
peak around 440 °C was further observed, indicating the 
decomposition of previously formed char and volatiles from 
the second stage was occurring during this final stage [46]. 
TC-DY and TC-DY-TA fabrics showed a comparable three 
stage decomposition profile as the pristine TC fabric. How-
ever, the onset temperature for the second stage of TC-DY 
(310 °C) and TC-DY-TA (320 °C) were both higher than that 
of the pristine TC fabric, suggesting both hydrogen bond 
and intra-strand cross-linking [16] formed during dyeing and 
conjugation processes, respectively, likely had a thermal sta-
bilizing effect on the fabrics. In the third stage, compared to 

the pristine TC fabric, both TC-DY, and TC-DY-TA fabrics 
displayed a more modest weight decomposition, from ca. 
20% to ca. 10%, indicating a successful chemical modifica-
tion of the raw TC material [45]. Overall, the TGA data 
suggest that both HTHP dyeing and triazine coupling do 
not negatively affect the thermal decomposition behavior 
of the TC fabric.

3.1.6  Mechanical property studies

To evaluate the damage caused by HTHP dyeing and the 
covalent attachment of thionine on the mechanical proper-
ties of the dyed materials, we employed bursting strength 
tests on TC, TC-DY and TC-DY-TA fabrics. As expected, 
pristine TC possessed the best mechanical property, with 
a bursting strength of 767 N. TC-DY was slightly lower at 
727 N, while TC-DY-TA had the lowest value at burst of 681 
N. The decreasing trend of bursting strength indicated that 
both HTHP dyeing and chemical conjugation via triazine 
coupling slightly altered the structure of the fabrics, which 
is consistent with the SEM observations. However, such 
decreases can still be considered minor, with the dual-dyed 
TC-DY-TA fabric still possessing a relatively fair mechanical 
burst strength for textile-based materials.

3.1.7  Determination of singlet oxygen production

1,3-diphenylisobenzo-furan (DPBF), a colorimetric chemi-
cal scavenger that exhibits a highly specific oxidative reac-
tion with singlet oxygen (1O2) to form colorless 1,2-dibenzo-
ylbenzene [47], was employed to determine 1O2 generation 
by the fabrics. The UV–visible absorption spectrum of 
DPBF solution in the presence of the illuminated fabrics was 
monitored as a function of time. Initially, the DPBF ethanol 
solution with the TC-TA material exhibited a characteristic 
absorption maximum at 400 nm (Fig. 8a), which decreased 
linearly as a function of illumination time, suggesting the 
formation of singlet 1O2. Similar spectral changes at 400 nm 
were also observed for the DPBF solution with TC-DR-TA, 
TC-DY-TA, TC-DG-TA and TC-DB-TA (Fig. 8b), suggest-
ing that all thionine-containing single/dual-dyed fabrics 
could generate 1O2 under visible light illumination. Neg-
ligible absorbance decreases at 400 nm were observed for 
the material-free light control (Fig. 8b) and material-present 
dark control (Fig. 8c), indicating that the photodynamic 
material and light were both necessary for the formation 
of 1O2. These results provide unequivocal evidence for the 
generation of 1O2 under visible light illumination for the 
TC-TA, TC-DR-TA, TC-DY-TA, TC-DG-TA and TC-DB-
TA fabrics. Although these data cannot rule out other reac-
tive oxygen species produced via a Type I photochemical 
mechanism, they demonstrated the ability of these fabrics 

Fig. 7  TGA (a) and DTG (b) curves of pristine T/C fabric (gray), 
TC-DY (yellow), TC-DY-TA (green)
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to at least function via a Type II photochemical mechanism 
for pathogen inactivation [48].

3.2  Antimicrobial photodynamic inactivation 
studies

3.2.1  Photodynamic antibacterial activity of thionine 
single dyed‑fabrics

In vitro aPDI studies against methicillin-resistant S. aureus 
(MRSA; ATCC-44) employing a series of thionine-loaded 
single-dyed fabrics with different amounts of thionine used 
in the coupling reactions were performed to determine the 
optimum thionine concentration to use for the dual-dyed 
materials. Unless otherwise noted, assays were carried out 
under fixed illumination conditions (60 min, 400–700 nm 
noncoherent light, 65 ± 5 mW/cm2) and employed a starting 
concentration of  108–109 CFU/ mL determined by colony 
counting. As shown in Fig. 9, all dark control samples exhib-
ited negligible inactivation without illumination, indicating 
the necessity for light to photodynamically generate biocidal 
ROS (consistent with the DPBF studies above). At the low-
est level of thionine-loading (0.025 mmol/g), illumination 
of TC-TA1 resulted in MRSA inactivation of 99.86% (2.85 
log units, P = 0.0054), and increased further to 99.99% (4 
log units, P = 0.0096) at 0.05 mmol thionine/g TC-TA2. 
However, when the initial concentration of TA increased to 
0.2 mmol/g (TA-TC3) and 0.4 mmol/g (TA-TC4), the inac-
tivation efficacy decreased to 2.49 log units (99.68% inacti-
vation, P = 0.028) and 1.59 log units (97.42%, P = 0.0008), 
respectively. One possible explanation for these counter-
intuitive results at high thionine loadings (where greater 
pathogen inactivation was expected) is that the aggrega-
tion of thionine is substantially increased on the cotton 
surface, leading to photosensitizer self-quenching, which 
has been observed for the related photosensitizer methylene 
blue [49]. Such self-aggregation leads to fast non-radiative 

decay (3–4 ps) of excited dimer/aggregate photosensitizer 
[50], decreasing singlet oxygen production [51], and thereby 
negatively affecting the bactericidal efficacy of the fabrics. 
Given the results from these antimicrobial photodynamic 
inactivation studies, a loading of 0.05 mmol thionine/g fab-
ric was used in the preparation of the dual-dyed fabrics.

3.2.2  Photodynamic antibacterial activity of TA 
and dual‑dyed TC fabrics

Gram-positive Staphylococcus aureus (S. aureus) ATCC-
6538 and Gram-negative Escherichia coli (E. coli) 8099 
were employed to evaluate the in vitro inactivation efficacy 
of the dual-dyed fabrics. Unless otherwise noted, assays 
were carried out under fixed illumination conditions [xenon 
lamp (500 W) equipped with a long-pass filter (λ ≥ 420 nm)] 
for 60  min and employed a starting concentration of 
 108–109 CFU/ mL for S. aureus and  107–108 CFU/ mL for E. 

Fig. 8  Absorption spectra of the DPBF solution in the presence of 
TC-TA fabric under 532 nm laser illumination (a), the single wave-
length data (400 nm) for studies performed with TC-TA, TC-DR-TA, 

TC-DY-TA, TC-DG-TA and TC-DG-TA fabrics as well as a material-
free DPBF solution with (b) and without (c) illumination

Fig. 9  Photodynamic inactivation studies employing TC-TA1-4 
against MRSA (ATCC-44). Displayed are the % survival (vs material-
free dark control, black) for the TC-TA1-4 dark controls (dark blue) 
and illuminated TC-TA1-4 materials (light blue). Illumination condi-
tions are the same for all inactivation studies (60 min, 400–700 nm 
non-coherent light, 65 ± 5 mW/cm2). The detection limit for MRSA 
here was 0.0001%
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coli. Consistent with the above dark control results against 
MRSA, no significant inactivation was observed for either 
S. aureus or E. coli in the absence of light (Fig. 10), yet 
both bacteria exhibited population reductions in the presence 
of the photodynamic fabrics under visible light illumina-
tion. For S. aureus (Fig. 10 a), compared to the single-dyed 
TC-TA fabric that showed 99.98% inactivation (3.74 log 
units, P = 0.088) after 60 min illumination, the dual-dyed 
TC-DR-TA (99.91%, 3.04 log units, P ≤ 0.0001) and TC-DB-
TA (99.95%, 3.28 log units, P = 0.0089) exhibited slightly 
lower levels of inactivation, while TC-DY-TA (P ≤ 0.0001) 
and TC-DG-TA (P = 0.0021) showed almost the same level 
of bactericidal efficacy (99.98%, 3.9 log units). These data 
demonstrate that the presence of the disperse dyes on the 
PET fibers had a limited impact on the ability of the thio-
nine-loaded cotton fibers to mediate the photodynamic inac-
tivation of S. aureus. A more obvious effect was noted for E. 
coli: for TC-TA and TC-DB-TA, detection limit inactivation 
(99.99%, 4 log units, both P ≤ 0.0001) was observed. For 

TC-DR-TA and TC-DG-TA, similar inactivation levels of 
99.9% (3 log units, P ≤ 0.0001) and 99.92% (3.09 log units, 
P = 0.022) were found, while TC-DY-TA performed more 
modestly with 99.58% (1.61 log units, P = 0.0007) inacti-
vation. Overall, our observations here showed that Gram-
positive S. aureus is more susceptible to inactivation than 
Gram-negative E. coli, which is consistent with the literature 
studies [11, 16, 24–26] on other photodynamic materials 
that showed that Gram-negative strains, due to their rela-
tively more impermeable outer membrane, are more resistant 
to in vitro photodynamic inactivation than Gram-positive 
strains.

3.2.3  Photostability of the dyed antimicrobial fabrics

The photostability of the fabrics was assessed through both 
color depth (K/S) spectra and photodynamic antimicrobial 
efficacy. Different light sources and illumination times, i.e., 
Xe lamp, 500 W, for 12 h (suffix as ‘B12h’) and white LED 
light, 10 W, for 5 days (suffix as ‘LED’), were employed 
in the evaluation. Different humidity conditions were also 
considered as a parameter under xenon lamp illumination 
(suffix as ‘HB12h’). The photodynamic antimicrobial effi-
cacies of the photobleached fabrics against S. aureus and 
E. coli were evaluated under the same protocol described 
above for the dual-dyed TC fabrics. As expected, no nota-
ble inactivation was observed for any of the dark control 
samples of the bleached fabrics (Figure S2). As shown in 
Fig. 11 (non-bleach vs. B12h) for S. aureus, all ‘photo-aged’ 
dual-dyed fabrics were less effective than the fresh dual-
dyed TC fabrics by ~ 1–2 log units. This resulted in the least 
effective material possessing a relatively poor inactivation of 
88.63% (TC-DB-TA), with the most effective one being rela-
tively good at 98.88% inactivation (TC-DR-TA). Notably, 
however, the antimicrobial efficacy of the ‘photo-aged’ TA 
single-dyed fabric only achieved 71.4% inactivation upon 
illumination, suggesting that the presence of the disperse 
dyes protected the dual-dyed fabrics from more extensive 
photobleaching under the B12h conditions. A similar phe-
nomenon was observed when the fabrics were examined 
against E. coli: TC-TA (B12h) was less effective than pris-
tine TC-TA, reaching only 58% inactivation after 60 min 
illumination. The inactivation of E. coli in the presence of 
‘photo-aged’ dual-dyed fabrics was lower by ~ 1–2 log units 
when compared to the pristine materials, but with the best 
material (TC-DB-TA) still able to reach 99.17% inactivation.

To further evaluate the photostability of the fabrics under 
illumination conditions that better simulate real-life condi-
tions, the fabrics were photo-aged using a more common 
10 W white LED light. As shown in Fig. 11, after 5 days 
of LED photobleaching, the dual-dyed fabrics were less 
effective than their pristine counterparts, but still achieved 
96.54%, 99.24%, 91.79% and 90.33% inactivation with 

Fig. 10  Photodynamic inactivation studies employing TC-TA (indigo 
columns), TC-DR-TA (red columns), TC-DY-TA (yellow columns), 
TC-DG-TA (green columns) and TC-DB-TA (blue columns) against 
(a) S. aureus and (b) E. coli. Displayed are the % survival (vs mate-
rial-free dark control) for the material-free control (left columns 
with black color), dark control (middle columns with deeper relative 
color) and illuminated conditions (right column with lighter rela-
tive color). Illumination conditions are the same for all inactivation 
studies (60 min, xenon lamp at 500 W, equipped with a long-pass fil-
ter λ ≥ 420 nm). The detection limits for S. aureus and E. coli were 
0.001% and 0.01%, respectively
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TC-DR-TA (LED), TC-DY-TA (LED), TC-DG-TA (LED) 
and TC-DB-TA (LED), respectively, against S. aureus, and 
95.38%, 97.08%, 90.77% and 89.75% inactivation against 
E. coli. By way of comparison, TC-TA (LED) exhibited 
the lowest bactericidal activity among the LED bleached 
materials of 84.9% inactivation against S. aureus and 26% 
inactivation against E. coli when compared to the pristine 
TC-TA material. Again, these results demonstrate that the 
presence of the disperse dyes protected the dual-dyed mate-
rial from more extensive photobleaching under prolonged 
LED illumination.

Although the photobleaching mechanism of a photosen-
sitizer is complicated, it is widely believed that the ROS 
produced by the excited PS are themselves responsible for 
photosensitizer decomposition [52]. As to the protective 
role of the disperse dyes, two possibilities can be consid-
ered: first, that the dispersed dyes absorb light rather than 
the thionine photosensitizer, leading to less ROS produced 
(as supported by the DPBF results above), and thereby 
protecting the photosensitizer from ROS-mediated oxida-
tive damage; or second, the disperse dyes themselves react 
with the ROS, thus serving as sacrificial substrates in lieu 
of thionine. Finally, it is known that water can react with 
an excited state photosensitizer to form hydroxyl radicals 

(OH), superoxide  (O2
−) and hydrogen peroxide  (H2O2), 

and that these ROS can further accelerate photosensitizer 
decomposition [53]. To investigate this, water was added 
to the fabrics during the 12 h xenon illumination studies 
(HB12h). In all cases, these conditions resulted in less 
than 1 log unit of pathogen inactivation regardless of the 
fabric examined or the bacterium studied, thus demonstrat-
ing that environmental humidity is an important parameter 
for the photostability of photodynamic fabrics. Although 
these data show both single and dual-dyed fabrics were 
susceptible to photobleaching, they still demonstrated suf-
ficient photostability for applications ranging from dis-
posable to short-term use textiles, particularly under dry 
conditions.

3.2.4  Antiviral study of TC‑DR‑TA and TC‑DG‑TA fabrics

The antiviral photodynamic activities of TC-DR-TA and TC-
DG-TA fabrics were evaluated against the enveloped human 
coronavirus 229E (HCoV-229E) under LumaCare PDT light 
(60 min, 400–700 nm, 65 ± 5 mW/cm2). When compared to 
the material-free dark control that was set to 100% survival 
(Fig. 12), in the presence of both TC-DR-TA and TC-DG-
TA, the dark controls exhibited ~ 1 log unit reduction in virus 
density, which may be ascribed to an incidental amount of 
minimal light exposure needed to perform the biological 
assays or the fouling effect introduced by the fabric sam-
ples. Notably, upon illumination (60 min, 400–700 nm, 
65 ± 5 mW/cm2) in the presence of TC-DR-TA or TC-DG-
TA, a ~ 99.99% reduction (4.17 log units, P = 0.0042) in 
virus density was observed for both samples. These results 
confirm that the dual-dyed fabrics are capable of the photo-
dynamic inactivation of enveloped viruses.

Fig. 11  The % survival (vs material-free dark control) of photody-
namic inactivation studies performed with pristine fabrics (plain 
columns), and those that were photobleached under xenon light for 
12  h (dotted), LED light for 5  days (diagonal hashes) and xenon 
light for 12  h with water (checkered) against (a) S. aureus and (b) 
E. coli. Illumination conditions were the same for all inactivation 
studies [60 min, xenon lamp (500 W) equipped with a long-pass fil-
ter (λ ≥ 420 nm)]. The detection limits for S. aureus and E. coli were 
0.001% and 0.01%, respectively

Fig. 12  Antiviral photodynamic inactivation studies employing TC-
DR-TA and TC-DG-TA against human coronavirus 229E. Displayed 
are the material-free dark control (right column), material-present 
dark controls (middle columns), and material-present light studies 
(left columns)
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4  Conclusions

We successfully prepared dual-dyed PET/cotton blended 
fabrics with variable color tunability that were capable of 
the photodynamic inactivation of Gram-positive S. aureus, 
Gram-negative E. coli and enveloped HCoV-229E virus. 
Both the HTHP dyeing and triazine coupling reactions 
employed in the production of these fabrics resulted in 
minimal damage to the fabric in terms of their morpholo-
gies and mechanical properties, and the thermal proper-
ties of the dyed fabric were improved compared to those 
of the pristine TC fabric. Colorimetric characterization 
qualitatively demonstrated the successful loading of thio-
nine, with the disperse dyes having the dominant effect 
on the color expression of the fabrics. CLSM further 
confirmed the localization of disperse dyes and thionine 
were mainly on the PET and cotton fibers, respectively. 
The presence of the disperse dyes did not significantly 
impact the photodynamic inactivation ability of the thio-
nine photosensitizer, with both Gram-positive S. aureus 
and Gram-negative E. coli being photodynamically sus-
ceptible to single and dual-dyed thionine-loaded fabrics. 
Compared to the dual-dyed fabrics, the thionine-only 
single-dyed TC-TA exhibited poorer photostability under 
both xenon and LED lights, demonstrating that the dis-
perse dyes afford a measure of protection to the photosen-
sitizer against photobleaching. While humidity was also 
illustrated as an important factor that has a negative effect 
on the photostability of the dyed fabrics, measures can be 
taken to increase fabric hydrophobicity in future iterations 
of material design. Taken together, these findings suggest 
that PET/cotton blended fabrics possessing both a photo-
sensitizer for bactericidal/virucidal activity and a disperse 
dye for color variation have promising applications as eas-
ily implementable, yet effective self-disinfecting textiles 
for PPE that can inhibit the transmission of pathogens 
based on an irreversible, nonspecific, and nontoxic photo-
dynamic mode of action.
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