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intensified light-emitting
multifunctional textiles via digital printing of
biobased flavin†
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Mehmet Orhan a and Vincent Nierstrasz a

Flavin mononucleotide (biobased flavin), widely known as FMN, possesses intrinsic fluorescence

characteristics. This study presents a sustainable approach for fabricating color-changing intensified

light-emitting textiles using the natural compound FMN via digital printing technologies such as inkjet

and chromojet. The FMN based ink formulation was prepared at 5 different concentrations using water

and glycerol-based systems and printed on cotton duck white (CD), mercerized cotton (MC), and

polyester (PET) textile woven samples. After characterizing the printing inks (viscosity and surface

tension), the photophysical and physicochemical properties of the printed textiles were investigated

using FTIR, UV/visible spectrophotometry, and fluorimetry. Furthermore, photodegradation properties

were studied after irradiation under UV (370 nm) and visible (white) light. Two prominent absorption

peaks were observed at around 370 nm and 450 nm on K/S spectral curves because of the

functionalization of FMN on the textiles via digital printing along with the highest fluorescence intensities

obtained for cotton textiles. Before light irradiation, the printed textiles exhibited greenish-yellow

fluorescence at 535 nm for excitation at 370 nm. The fluorescence intensity varied as a function of the

FMN concentration and the solvent system (water/glycerol). With 0.8 and 1% of FMN, the fluorescence of

the printed textiles persisted even after prolonged light irradiation; however, the fluorescence color

shifted from greenish-yellow color to turquoise blue then to white, with the fluorescence quantum

efficiency values (4) increasing from 0.1 to a value as high as 1. Photodegradation products of the FMN

with varying fluorescence wavelengths and intensities would explain the results. Thus, a color-changing

light-emitting fluorescent textile was obtained after prolonged light irradiation of textile samples printed

using biobased flavin. Furthermore, multifunctional properties such as antibacterial properties against E.

coli were observed only for the printed cotton textile while increased ultraviolet protection was observed

for both cotton and polyester printed fabrics for the high concentration of FMN water-based and

glycerol-based formulations. The evaluation of fluorescence properties using digital printing techniques

aimed to provide more sustainable solutions, both in terms of minimum use of biobased dye and

obtaining the maximum yield.
1. Introduction

Photoluminescence or uorescence is the property of certain
substances that emit light. The light-emitting phenomenon
seen in uorescent dyes results from the absorption of a lower
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2528
wavelength of light.1 Fluorescent dyes are functional dyes, and
the emission light usually is of higher wavelength than the
absorbed light. The uorescent effect has been widely used in
many different elds, such as biological imaging,2 probes,3,4

and textiles;5–7 smart textiles is one such eld gaining tremen-
dous attention. The development of photochromic and uo-
rescent textiles using strontium aluminate pigments has been
explored.8 However, due to recent awareness, environmental
concerns, and increasing regulations, many uorescent dyes
have been banned.9,10 Hence, an eco-friendly uorescent dye for
textile applications would be necessary.

Further, along with the potential of achieving color perfor-
mances, there has been growing research interest in using
environment-friendly dyes due to biodegradability and multi-
functional properties such as antimicrobial, antioxidant,
This journal is © The Royal Society of Chemistry 2020
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deodorizing, anti-UV.11,12 The uorescent dyes application on
textiles using conventional dyeing, coating, and screen printing
techniques have been studied.13–15 However, all these tech-
niques do not necessarily fulll the criteria of green production
due to the massive consumption of resources such as water,
energy, and waste emissions in water. Thus, it is necessary to
move towards more sustainable textile coloration techniques
and acquire modication or functionalization of textiles
through ultrasonic radiation, microwave radiation, plasma
treatment, and digital printing techniques.16–22 In the current
study, the focus was to use digital printing techniques for the
coloration of textiles using biobased FMN. Digital printing is
mainly an inkjet process with a series of print heads spraying
the dye or ink onto the fabric.23 The efficient use of raw
materials and energy resources in the manufacture and
application of ink or chemical can contribute toward green
chemistry.24 Riboavin (RF), widely known as vitamin B2, is
an important biological molecule, a naturally occurring
compound, and plays a vital role in energy metabolism.25 The
natural resources of riboavin are milk, almonds, meat, etc.
and can be isolated from an extensive variety of animals and
plants.26 Its derivative avin mononucleotide (FMN) enzy-
matically functions as the precursor of riboavin27 and emits
greenish-yellow uorescence. Its illumination by blue and
near-ultraviolet light leads to phototropism and chloroplast
migration in plants. The uorescence properties of FMN in
solution form have been widely studied using spectroscopic
techniques.28–30 FMN is a non-toxic biobased molecule and
constitutes distinctive physicochemical properties such as
redox property and photosensitivity.31 The molecule is water
soluble due to the presence of ionic phosphate group. The
isoalloxazine ring and its conjugation system allow the
molecule to possess uorescence effect and strong absorp-
tion peak observed at both ultraviolet and visible regions.32

Various studies have been explored using FMN for biosensors
and bioengineering application elds.33,34 Our previous
work35 showed FMN's potential use as photoluminescent
moiety on cellulosic textile using conventional exhaustion
dyeing techniques. In our current study, FMN was printed on
textiles using digital printing techniques such as inkjet and
chromojet. The research work focused on the photophysical
properties of FMN printed on woven textile materials such as
cotton duck white (CD), mercerized cotton (MC), and woven
polyester (PET), before and aer prolonged UV and visible
white light irradiation. The ink formulations and their
stability were determined using surface tension and viscosity
measurements to study the jettability behavior before
printing on textiles. Different concentrations of inks were
formulated, and Fourier transform infrared spectroscopy
(FTIR), UV visible spectroscopy analyses were performed. The
light-emitting property of textiles before and aer light irra-
diation was evaluated using uorescence spectroscopy, and
the respective color strength of the printed textile was also
measured. Moreover, the uorescence quantum efficiency
(FQE) values were determined theoretically. Besides, multi-
functional properties such as UV protection and antibacterial
properties were also explored.
This journal is © The Royal Society of Chemistry 2020
2. Experimental details
2.1 Materials and chemicals

All chemicals such as riboavin 50-monophosphate sodium salt
hydrate widely known as avin mononucleotide (FMN),
surfactant Triton X 100, and glycerol were purchased from
Sigma Aldrich and used as received without any further pre-
treatment. The substrate material used for printing was
cotton duck white woven (CD), mercerized cotton woven (MC)
purchased from Whaleys (Bradford Ltd.) having textile weight
170 g m�2 respectively and a 100% plain woven polyester (PET)
textile of 160 g m�2 provided by FOV Fabrics AB, Sweden.

2.2 Ink preparation

The study was conducted using the ink solution formulated for
inkjet and chromojet printing, respectively. Initially, for inkjet
printing, the ink solution of 0.1% FMN by weight was prepared
using 50% glycerol in an aqueous solution containing 0.3%
Triton X 100 (glycerol-based). For chromojet printing, along
with glycerol-based (GB), water-based (WB) formulations using
deionized water with 0.1, 0.3, 0.5, 0.8, and 1% FMN by weight
were prepared, respectively.

2.3 Fabrication of uorescent textile substrates

2.3.1 Inkjet printing technique. The ink formulation
prepared for the rst phase of the study was printed on the CD,
MC, and PET textile surface using a Xennia Carnelian 100 inkjet
printer. The printer was set up using a piezoelectric print head
from Dimatix Sapphire QS-256/80 AAA (Fujilm, USA) with
a printable drop size of 80 pL. A solid square pattern at a 100 dpi
resolution was printed on textiles placed in the adjustable
platform for 2, 4, 6, 8 and 10 consecutive print passes. The inks
were supplied directly into printhead from glass bottles via inert
plastic tubing. Thorough cleaning of the printhead and tubing
was ensured to prevent choking.

Further, to eliminate any agglomeration of particles at the
orice or the nozzle path, the ink solutions were ltered
through a nylon syringe lter having a pore size of 0.45 mm
before loading into the print head. The initial 30 mL of ink
solution was purged out to remove any previous traces of ink.
The jetting was performed at a temperature of 25 �C, and
multiple printhead passes were printed, keeping the jetting
voltage and waveform constant. The printed textile samples
were then air-dried and conditioned at room temperature for 24
hours for further analysis.

2.3.2 Chromojet printing technique. The water-based and
glycerol-based formulations were printed on the respective
textile surface using chromojet printer CHR-TT-130 by Zimmer
(Austria). The electromagnetic type print head known as chro-
mojet is based on jetting uid using a switchable electromag-
netic valve combined with pressurized air. The quantity of ink
can be controlled by coverage, nozzle diameter, viscosity, pres-
sure, and head speed. In this study, 150 mm of nozzle diameter
at 2 bar pressure with a head speed of 1 m s�1 was used. A 100%
print cover pattern was printed on CD, MC, and PET textile
surface at 50 dpi resolution.
RSC Adv., 2020, 10, 42512–42528 | 42513
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2.4 Sample observation and irradiation

FMNmoiety's uorescence effect on printed textile samples was
qualitatively analyzed by observing them under UV light (370
nm) in a closed dark chamber.35 The visual images of printed
textiles under the UV chamber were captured using a phone
camera with ashlight in the ‘OFF’ mode. Moreover, FMN
solutions and the FMN printed textile samples of size 5 � 5 cm
were irradiated using UV light (UVI) of 370 nm with approx. 4 W
power and visible (VISI) white light in laboratory (power approx.
10 W) for 24 hours. The irradiated FMN printed textile samples
were further analyzed qualitatively and quantitatively to study
the degradation property of the uorescent molecule FMN on
textiles.
2.5 Characterization and measurements

Surface tension and viscosity were analyzed for the formulated
ink solution before inkjet printing to evaluate quantitatively
and verify the printhead specications of viscosity range 8–14
mPa s and surface tension between 25–35 mN m�1.36 The ink's
surface tension was measured using an optical tensiometer
(Attension theta, Biolin scientic). A pendant drop method was
used with an ink drop volume of 4 mL, and an average of three
independent measurements are reported. The ink's rheological
properties were measured using a modular compact Anton Paar
rheometer (Physica MCR500, Austria). The viscosity was recor-
ded at the highest measurable shear rate of the instrument
10 000 s�1 with a temperature range from 20 to 35 �C.
2.6 Evaluation of the photophysical properties

The absorption spectrum of freshly prepared FMN solution and
also FMN solution irradiated with UVI and VISI light for 24
hours was studied using Thermo scientic (Evolution 201, USA)
UV-visible spectrophotometer. The Fourier transform infrared
spectra (FTIR) was recorded on a Nicolet iS10 spectrophotom-
eter (ThermoFisher Scientic) using the KBr pellet technique
within the scan range 4000 to 400 cm�1. Further, a quantitative
analysis of uorescent properties for all FMN printed textile
samples before and aer UVI and VISI light irradiation was
analyzed using a Horiba Fluorolog-3 uorescence spectropho-
tometer, a monochromated xenon arc lamp was used as an
excitation source. The slit width of both excitation and emission
was set at 1 nm, and the scan wavelength speed at 1200
nm min�1. The uorescence emission spectra were scanned in
the wavelength range from 385 nm to 700 nmwith an increment
of 1 nm wavelength having an integration time of 0.1 s. The
samples were measured at a xed excitation wavelength of
370 nm. The uorescence intensities (S, counts per second –

CPS) were normalized to the intensity of light (R, microamps) to
minimize the uctuations over the time of recording.
2.7 Colorimetric measurements

The color characteristics of the printed textile samples were
evaluated using a Datacolor Check II reectance spectropho-
tometer. Reectance measurements were conducted under D65
illuminant and 10� standard observer on the folded samples
42514 | RSC Adv., 2020, 10, 42512–42528
(four layers). The color strength was then determined using the
Kubelka–Munk eqn (1)

K

S
¼ ð1� RÞ2

2R
(1)

where, R is the diffused reectance, K is the absorption coeffi-
cient and S is the scattering coefficient.

The K/S values of all FMN printed textile samples before and
aer UVI and VISI light irradiation were evaluated.

2.8 Evaluation of UV protection

The UV protection properties were evaluated according to the
standard GB/T 18830-2009. Four measurements were read at
different positions of each printed sample, and the mean values
were reported. The ultraviolet protection factor and UV trans-
mittance through the textile samples were measured using
Labsphere UV 1000F ultraviolet transmittance analyzer (USA).

2.9 Evaluation of antibacterial activities

The antibacterial activity was evaluated as per the standard
ASTM 2149 method against Gram-negative Escherichia coli (E.
coli, ATCC 25922). The bacterial concentration of about 105 CFU
mL�1 was prepared, and samples were placed in 50mL bacterial
suspension. It was shaken in a wrist-action shaker for 24 hours.
The viable colonies were counted (in CFU mL�1), and the anti-
bacterial activity was expressed in % reduction of the organ-
isms. The reduction rate (R%) of bacteria was calculated using
eqn (2).

Rð%Þ ¼
�
B� A

B

�
� 100 (2)

where ‘A’ is the number of bacteria recovered from inoculated
treated test sample in jar incubated for 24 hours, and ‘B’ is the
number of bacteria recovered from inoculated treated test
sample at ‘0’ contact time.

2.10 Fluorescence quantum efficiency

The uorescence quantum efficiency (FQE) of all the chromojet
FMN printed textile samples, before and aer UVI and VISI light
irradiation was analyzed theoretically using the extended
Kubelka–Munk eqn (3).37 The detailed measurement descrip-
tion is provided in our previous studies.35

R
fðl0Þ ¼

Kf

S
4
�
l
0�

�
1þ RNðl0Þ

��
1þ R

0
N

�
 

1

RNðl0Þ
� RNðl0Þ

!
þ
�

1

R0
N

� R
0
N

	 (3)

where, l0 is absorption wavelength and f(l0) is quantum effi-
ciency at l0 wavelength. RN(l0) is spectral reectance of the
treated sample at l0 wavelength. R0

N is spectral reectance of
substrate at l0 wavelength. Rf(l0) is the difference in spectral
reectance value between forward and reverse measurement at
the absorption wavelength. Kf is the absorption coefficient of
the dyed samples minus that of the undyed samples. S is the
scattering coefficient of the undyed sample in the emission
region.
This journal is © The Royal Society of Chemistry 2020
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2.11 Stability of ink

All the ink formulations prepared were stored in glass bottles at
ambient temperature, and precipitation, if any, was observed.
The ink solutions were stable, and no precipitation was
observed. Glycerol was used as a viscosity modier to attain the
optimum viscosity level, and the use of nonionic surfactant
Triton X 100 contributes to the process of efficient drop
formation in a drop on demand print system. The low surfac-
tant concentration was maintained for the surface tension
stability in glycerol-based formulations because excess use of
surfactant can cause foaming, thus affecting the drop formation
and printing performance.38
3. Results
3.1 Surface tension and viscosity of the printing solution

The surface tension and viscosity are essential characteristics of
the printing solution and closely connected to the printing
performances.39 The result for viscosity and surface tension were
8.2 mPa s and 27.42 mN m�1, respectively (Fig. SI 1†), which ful-
lled the printhead specications.40 The viscosity of 0.1% GB
showed no signicant change with an increase in temperature
from 20 to 30 �C. The average viscosity of 8.1 mPa s for GB and 3.1
mPa s for WB formulations (Fig. SI 1b†) was obtained, and
viscosity remained the same irrespective of varying concentrations.
As expected, the surface tension of all WB ink formulations was 72
mN m�1, equivalent to that of surface tension of pure water.
3.2 UV-visible spectroscopy and FTIR analysis of FMN
solution

The absorption spectrum of freshly prepared FMN solution
showed absorption maxima at 268 nm, 373 nm, and 445 nm,
respectively (Fig. 1a).

The spectrum of both UV and visible light irradiated FMN
solutions exhibited absorption maxima at 260 nm and 353 nm
while the absorbance at 445 nm depleted, showing the possible
Fig. 1 (a) UV-visible spectroscopy of FMN solutions, (b) FTIR spectra of FM
the blue line represents FMN solution irradiated with UV light (UVI) and

This journal is © The Royal Society of Chemistry 2020
formation of degradation product(s) of FMN such as lumichrome,
as themaximum absorbance for lumichromemolecule in aqueous
solution41 is observed at 350 nm. However, the FTIR spectra of
FMN solution under different light irradiation (Fig. 1b) did not
show any changes in the spectra, and the respective absorption
band regions are elaborated in section 3.3.2.

3.3 Inkjet printed textile analysis

In this section, all the printed textile samples were observed
visually under UV light to check the uorescence effect, and
FTIR analysis of all the multi-pass (2, 4, 6, 8, and 10 print
passes) printed textiles were analyzed and compared.

3.3.1 Images of inkjet printed samples under UV chamber.
Qualitative analysis of the untreated and FMN inkjet printed
textiles was done by visual observation in a chamber under UV
light of 370 nm placed in dark chamber, to conrm the uo-
rescence of printed samples (Table 1).

3.3.2 FTIR evaluation. The Fourier transform infrared
(FTIR) spectrum of FMN solution and FMN inkjet printed
textiles CD, MC, and PET, shown in Fig. 2, revealed absorption
bands at 1031, 1315, 1430 cm�1 corresponding to C–N, C–C, and
N–H band, respectively. Further, the absorbance bands at 1647,
3337 cm�1 can be attributed to stretching bands of C¼ 0 and C–H
stretching (Fig. 2a–c), respectively, in agreement with the literature
data.42 In the case of all inkjet printed textile samples, the absor-
bance peak values increased with an increase in the number of
print pass. However, only the mercerized cotton (MC) showed an
absorbance value equivalent to that of FMN solution aer 10 print
pass (Fig. 2b). Thus, we can conclude that more number of the
print pass would be required for a higher amount of FMN depo-
sition on the textile surface. Hence, to avoid the number of print
passes, a chromojet printer was used for further research.

3.4 Chromojet printed textile analysis

3.4.1 FTIR evaluation. The FTIR spectra of CD, MC, and
PET printed textile samples were evaluated as absorbance
N solutions. Note: black line represents freshly prepared FMN solution,
the red line represents FMN solution irradiated with visible light (VISI).

RSC Adv., 2020, 10, 42512–42528 | 42515
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Table 1 Images of inkjet printed textile samples under *UV lamp (370 nm), #day light

No. of print pass CD printed textile MC printed textile PET printed textile

Untreated#

Untreated*

2*

4*

6*

8*

10*
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values versus wavelength (cm�1), same as represented for inkjet
printed textiles (Fig. 2). The chromojet printed textile revealed
similar bands, as described in section 3.3.2. The absorbance
value represents the intensity of the associated peak due to
bonding vibration of covalent bonds, and the wave number
represents the infrared energy absorbed by the bonds during
the analysis. Overall, the absorbance intensities of all chromojet
printed textiles using different concentrations of FMN (Fig. SI
2†) were equivalent to that of inkjet printed samples with the
maximum print pass, except for PET textiles printed with low
FMN concentration (Fig. SI 2e†).

3.4.2 Chromojet printed sample observation under UV
lamp. All the chromojet printed samples were observed in
a dark chamber under a UV lamp of 370 nm, as described in
section 2.5. Table 2 represents the images of the FMN chromojet
printed textile samples for the cotton white duck (CD),
mercerized cotton (MC), and polyester fabric (PET), using water-
based and glycerol-based formulations with 0.1 to 1% FMN. The
printed samples before irradiation were observed in daylight in
the laboratory and UV light in a dark chamber. Yellow colora-
tion with varying intensities was observed under daylight,
whereas yellow to greenish-yellow uorescence was observed
under UV light for all samples, except for PET printed at low
FMN concentrations (0.1 and 0.3% WB).

3.4.3 Color strength. The color strength (K/S) of chromojet
printed textile samples are presented in Table 3 and Fig. SI 3.†
42516 | RSC Adv., 2020, 10, 42512–42528
An increase in the color strength value was observed with the
increase in FMN concentration for both cotton (CD, MC) and
polyester (PET) textile samples.

Two prominent absorption peaks at 370 and 450 nm were
observed for the cotton textiles (CD and MC) printed using both
water and glycerol-based formulations before irradiation, as
represented in Fig. 3. However, a decrease in K/S values (Table 4)
at both maxima absorbance of 370 and 450 nm was observed
aer UVI and VISI irradiation. Overall a signicant decrease in
color strength value at 450 nm was observed for both water and
glycerol-based formulations (Fig. SI 4a–h†).

In polyester (PET) printed textile samples, maximum
absorption peaks were obtained at 360 and 450 nm before
irradiation. The maximum K/S value was observed for PET
before irradiation (Fig. 3c) at both 360 and 450 nm, respectively.
Aer UVI and VISI light irradiation of PET textile samples
printed using the glycerol-based formulation, a sharp decrease
in K/S value at 450 nm was observed. In contrast, PET textile
printed using water-based formulation showed absorbance at
both 360 and 450 nm even aer UVI and VISI light irradiation.
However, the K/S values were comparatively lower than that
observed before irradiation of PET textile samples (Fig. SI 4i–l†).
Although the K/S value for untreated MC textile was 0, both CD
and PET textiles possessed minor color strength value at
360 nm.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 FTIR of inkjet printed textile (a) CD untreated and varying print pass (2–10 pass), (b) MC untreated and varying print pass (2–10 pass), (c)
PET untreated and varying print pass (2–10 pass).
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The color strength (K/S) of chromojet printed textile samples
aer irradiation for 24 hours under UVI and VISI light (0.1 to 1%
FMN) are presented in Table 4. Overall, as shown in Tables 3
and 4, the color strength values were comparatively higher in
water-based formulations for all textile (CD, MC, PET) samples.
Among the different textile samples, maximum color strength
values were observed for mercerized cotton textile (MC) in both
water and glycerol-based formulations, followed by polyester
(PET) and cotton (CD) textile samples. The difference in color
strength value between the two different cotton textiles could be
due to morphological differences such as round shaped
mercerized cotton (MC) ber cross-section as compared to the
bean-shaped cotton duck white (CD) which can allow higher
deposition of FMN on MC textile surface.43
This journal is © The Royal Society of Chemistry 2020
3.4.4 Fluorescence analysis. Initially, the FMN solution's
uorescence effect was analyzed to observe the emission
wavelength and the variation in intensity at different FMN
concentrations (for both water-based and glycerol-based
formulations). The uorescence emission spectra were evalu-
ated at excitation wavelengths of 370 nm over the emission
spectra range of 385–700 nm. The maximum uorescence
emission wavelength of all printed textiles was observed around
540 nm for both water-based and glycerol-based formulation at
all FMN concentrations before irradiation. The uorescence
intensity values varied depending upon the FMN concentration
and the type of solvent used for printing. In water-based
formulations with 0.3% FMN, the maximum uorescence
intensity obtained was 3 � 106 CPS/microamps. This intensity
value decreased with an increase in FMN concentration
RSC Adv., 2020, 10, 42512–42528 | 42517
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Table 2 Images of chromojet printed textile samples. The values mentioned in the table represent the maximum fluorescence emission
wavelength and intensity values in CPS/microamps (* ¼ 1 � 106) for all printed textile samples

Water-based formulations (CD, MC, and PET) Glycerol-based formulations (CD, MC, and PET)

0.1% 0.3% 0.5% 0.8% 1% 0.1% 0.3% 0.5% 0.8% 1%

Cotton duck (CD)

Aer print
under
daylight

Aer print
under
daylight

Aer print
under UV
chamber

Aer print
under UV
chamber

Mercerized Cotton (MC)

Aer print
under
daylight

Aer print
under
daylight

Aer print
under UV
chamber

Aer print
under UV
chamber

Polyester (PET)

Aer print
under
daylight

Aer print
under
daylight

Aer print
under UV
chamber

Aer print
under UV
chamber
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(Fig. 4a), probably explained by the uorescence quenching
effect.30 Further, in the case of glycerol-based formulations, the
intensity values were higher. However, they did not vary
signicantly (Fig. 4b) compared to water-based (Fig. 4a),
Table 3 K/S values of CD, MC, and PET chromojet printed textile using

FMN% in
water-based (WB)
system

K/S of CD at K/S of MC at K/S of PET at F
g
sy370 nm 450 nm 370 nm 450 nm 360 nm 450 nm

0.1% 0.48 0.35 0.82 0.86 0.97 0.74
0.3% 1.44 1.53 2.58 2.91 1.71 1.94
0.5% 1.94 2.12 1.88 2.09 1.88 2.11
0.8% 2.93 3.05 3.92 4.46 2.88 2.21
1% 1.99 2.27 6.30 7.75 4.12 5.37

42518 | RSC Adv., 2020, 10, 42512–42528
indicating a lower quenching effect in glycerol : water mixture
system.

Correspondingly, the emission spectra of all chromojet
printed textiles (before irradiation) at lexc 370 nm was
0.1–1% FMN concentration with WB (left) & GB (right) systems

MN% in
lycerol-based (GB)
stem

K/S of CD at K/S of MC at K/S of PET at

370 nm 450 nm 370 nm 450 nm 360 nm 450 nm

0.1% 0.52 0.55 1.03 0.93 1.73 1.69
0.3% 0.39 0.36 1.24 1.25 2.10 2.47
0.5% 0.79 0.84 1.82 1.97 2.26 2.78
0.8% 0.82 0.82 2.86 3.28 2.17 2.56
1% 0.87 0.85 2.75 3.20 2.53 2.92

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 K/S values before (solid line) and after UVI (dash) and VISI (dots) light irradiation for 0.5% WB and 0.5% GB samples. (a) CD printed textiles,
(b) MC printed textiles, (c) PET printed textiles.
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evaluated, as shown in Fig. 5 and Table SI 1.† Indeed, without
FMN, the untreated cotton (CD, MC) textile samples showed
maximum intensity at 435 and 430 nm with intensity values of
Table 4 K/S values of CD, MC, and PET chromojet printed textile after U

FMN% in
water-based
system

K/S of CD at K/S of MC at K/S of PET a

370 nm 450 nm 370 nm 450 nm 360 nm 450

UV-
irradiated

0.1% 0.38 0.19 0.39 0.19 0.65 0.24
0.3% 0.49 0.24 2.13 1.24 1.04 0.86
0.5% 1.01 0.53 1.77 1.63 1.12 0.97
0.8% 2.93 1.96 3.97 2.52 3.03 3.04
1% 1.64 1.02 7.55 5.59 3.26 2.90

VIS-
irradiated

0.1% 0.33 0.12 0.54 0.24 0.72 0.34
0.3% 0.72 0.28 2.41 1.22 1.10 0.99
0.5% 1.97 1.22 1.70 0.72 1.47 1.21
0.8% 3.00 2.03 4.09 2.09 2.58 2.23
1% 1.99 1.15 8.25 6.89 2.70 2.98

This journal is © The Royal Society of Chemistry 2020
1.4 � 106 and 1.2 � 106 CPS/microamps, respectively. The
polyester (PET) untreated textile showed maximum uorescence
emission peak at 397 nm with shoulder peak observed at 418 nm
V (UVI) and visible light (VISI) irradiation

t FMN% in
glycerol-based
system

K/S of CD at K/S of MC at K/S of PET at

nm 370 nm 450 nm 370 nm 450 nm 360 nm 450 nm

0.1% 0.36 0.20 0.37 0.18 1.10 0.22
0.3% 0.26 0.15 0.79 0.42 1.91 0.64
0.5% 0.23 0.1 1.21 0.80 2.24 0.83
0.8% 0.67 0.42 1.95 1.39 2.09 0.67
1% 0.67 0.40 1.85 1.22 2.19 0.90

0.1% 0.40 0.16 0.59 0.21 1.52 0.50
0.3% 0.31 0.12 0.79 0.30 1.96 0.86
0.5% 0.55 0.23 1.51 0.72 2.23 1.27
0.8% 0.77 0.36 1.99 0.91 2.11 1.05
1% 0.77 0.34 1.93 0.83 2.28 1.43

RSC Adv., 2020, 10, 42512–42528 | 42519
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Fig. 4 Fluorescence emission spectra of solutions (a) water-based formulation at lex 370 nm (b) glycerol-based formulation at lex 370 nm.
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with similar intensities around 2 � 106 CPS/microamps. In
exposure to UV light, all the three untreated textiles showed
blueish uorescence, as shown in Table 1. All the chromojet
printed textile showed maximum intensity in the range of 520–
570 nmat 370 nmexcitationwavelength (Fig. 5a–c), conrming the
FMN uorescence.31,44

By virtue of the inherent uorescence property of FMN,
overall, both the cotton-based textiles (CD and MC) printed
using water and glycerol-based formulations displayed
greenish-yellow emission in the wavelength range 520–
550 nm.45,46 Besides, the maximum uorescence intensity
observed at wavelength range 550–570 nm corresponds to the
yellow uorescence emission region.47

Both cotton-based textiles (CD and MC) printed using water-
based formulations (0.1–1% FMN) showed greenish-yellow
uorescence emission with varying intensity values ranging from
2 � 106 to 6 � 106 CPS/microamps depending upon the concen-
tration. Besides, CD andMC, glycerol-based (0.1–1% FMN) printed
textiles also exhibited greenish-yellow uorescence with intensity
values ranging from 6 � 106 to 10 � 106 CPS/microamps.
Comparatively, higher uorescence intensity values were
observed for glycerol-based formulations. However, the intensity
values either remained the same or decreased with increased FMN
concentration for both cotton (CD, MC) water and glycerol-based
printed textiles. The decrease in uorescence with an increase in
FMN concentration was observed in solution and textiles due to
the quenching effect seen in FMN.29,48

Furthermore, the PET printed textiles using water-based
formulations showed inherent uorescence as that of
untreated with maximum intensity around 398 nm (0.1%, 0.3%
FMN) along with shoulder peak observed in the range 560–
570 nm (Fig. 5c), which indeed was due to lower amount of FMN
deposited on the textile surface. In PET printed textiles using
water-based formulation due to the increased FMN concentra-
tion (0.5%, 0.8%, and 1% FMN), a greenish-yellow to yellow
uorescence emission at a wavelength around 570 nm and 539 nm
was observed. However, when glycerol-based formulations (0.1
42520 | RSC Adv., 2020, 10, 42512–42528
to 1% FMN) were used, the uorescence intensity value of 0.43
� 106 CPS/microamps was observed for PET textile (0.1% FMN)
at 566 nm revealing yellow uorescence emission, whereas
intensities ranging from 4 � 106 to 6 � 106 CPS/microamps
at around 535 nm were observed for PET textiles (0.3 to 1%
FMN), thus exhibiting greenish-yellow emission. Hence, the
comprehensive quantitative analysis study resembled that of
qualitative observations, as shown in Table 2. Moreover, uo-
rescence images aer UVI and VISI irradiation are summarized
in Table 5, and quantitative uorescence analysis of all the
chromojet printed textile samples can be seen in Fig. SI 5a–f.†
Even aer 24 hours of irradiation with UV and visible light, the
printed samples showed yellow to blueish-green uorescence
emissions. However, the intensity values varied depending
upon the FMN concentration in the printing formulations and
the irradiation type to which the printed samples were
subjected.

Majority of all the cotton duck (CD) printed textile samples
using both glycerol and water-based formulations possessed
maximum uorescence emission around 530–540 nm even aer
UV (UVI) and visible (VISI) light irradiation (Fig. SI 5a and b†)
and intensity values ranging from minimum 1 � 106 to
maximum 3 � 106 CPS/microamps.

In the case of UVI samples, the CD textile printed using lower
FMN concentration (0.1% WB) showed relatively high intensity
at 435 nm due to inherent blue uorescence; however,
a shoulder peak around 500 nm was also observed, which might
be due to trace amount of surface FMN. A 6-folded decrease in
uorescence intensities at 530 nm was observed with water and
glycerol-based for low FMN concentrations (0.3, 0.5%) and
around 3-folded decrease for high FMN concentrations (0.8 and
1%). A similar observation was made for the visible light irra-
diated printed CD textiles (Table SI 2†).

In the case of VISI samples, CD textile exhibited a sharp
uorescence peak at 540 nm, along with a broad peak observed
around 440 to 460 nm wavelength range. However, aer visible
light irradiation, the samples exhibited two prominent
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Fluorescence emission spectra of chromojet printed textile samples before irradiation (a) CD printed (b) MC printed (c) PET printed at lexc
370 nm wavelength. Green shade (light to dark) corresponds to water-based formulations (0.1–1% FMN), and violet shade (light to dark)
corresponds to are glycerol-based formulations (0.1–1% FMN).
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uorescence peaks obtained around 540 nm and 440 nm,
respectively, except at higher FMN concentrations (water-based
formulations: 0.5, 0.8 and 1%), the uorescence intensity
around 540 nm was higher, possessing yellow uorescence.
Further, for both water and glycerol-based with low FMN
concentration (0.1%, 0.3%), the uorescence intensities at
440 nm were either higher or equivalent to that of the untreated
CD along with shoulder peak observed around 500 nm that
explains blue uorescence observed for some samples.

Themercerized cotton (MC) textile samples at 0.3 to 1% FMN
concentrations (water-based) possessed high uorescence
intensity values ranging from 1 � 106 to maximum 4 � 106 CPS/
microamps around 540 nm even aer UV and visible light
irradiation. However, at 0.1% FMN concentrations, a broad
peak with low-intensity values about 0.84 and 1.38 � 106 CPS/
This journal is © The Royal Society of Chemistry 2020
microamps were observed at 505 and 443 nm, respectively,
thus explaining the blue turquoise coloration. At 0.3% FMN
concentration (glycerol-based), a broad peak with low uores-
cence intensity at 451 nm was observed for VISI sample. At
higher FMN concentration, the uorescence intensity values
did not vary signicantly for MC textile printed using water-
based formulations; however, a 3-folded decrease in intensities
was observed in the case of glycerol printed textiles (Table SI 2†).

UV light irradiated PET printed textiles with water-based
showed one main uorescence emission peak around 560 nm
exhibiting yellow uorescence. Except at a low FMN concen-
tration (0.1%), the intensity shi of 20 nm was observed, and
the uorescence emission wavelength was observed at 540 nm
along with shoulder peak observed around 400 nm. Further, the
glycerol-based PET printed textile showed one main peak
RSC Adv., 2020, 10, 42512–42528 | 42521

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05533f


Table 5 Images of chromojet printed textile samples after UVI and VISI treatment under UV chamber
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around 520 nm, with two shoulder peak around 440 nm and
400 nm for almost all UV irradiated samples (Fig. SI 5c†), except
for 0.1% FMN showing the main peak at 423 nm along with
shoulder peak around 520 nm, thus corresponding to the blue
uorescence observed.49 The PET printed samples aer visible
light irradiation (water-based) showed one prominent absor-
bance peak around 550–560 nm, except at low FMN concen-
tration (0.1%), possessing maximum emission at 400 nm. The
glycerol-based also showed one major absorbance peak around
525 nm, exhibiting around 10 nm shi in uorescence emission
from 535 nm before irradiation. A signicant 5-folded decrease
in intensities of glycerol-based PET-printed textile samples was
observed except for 0.1% FMN concentration. However, water-
based PET printed textile samples did not show a signicant
difference in intensity values (Table SI 2†).

3.4.5 Fluorescence quantum efficiency. The quantum effi-
ciency value of avin mononucleotide varies from 0.20 to 0.32,
depending on the solvent that has been studied.50–52 Further,
the quantum efficiency values for FMN dyed textile samples
using conventional dyeing techniques ranging from 0.1 upto 0.3
have been reported in our previous studies.35 Thus, in this
study, the FQE values for the chromojet printed samples (water
and glycerol-based with 0.1 to 1% FMN) before and aer UV
(UVI) and visible light irradiation (VISI) were evaluated at
maximum absorbance of 370 and 450 nm for cotton textiles and
360, 450 nm for PET textiles as shown in Table 6.

Both cotton textiles (CD andMC) showed quantum efficiency
values in the range of 0.1–0.3 for most of the printed samples
(water and glycerol-based) before and aer UV and visible light
irradiation. However, at a lower FMN concentration (0.1 and
42522 | RSC Adv., 2020, 10, 42512–42528
0.3%), the efficiency values varied from 0.4 to 1, mainly for light
irradiated samples. In the case of PET chromojet printed
samples (water-based 0.1 to 1% FMN), higher quantum effi-
ciency values from 0.3 to 0.6 were observed for samples before
UV and visible light irradiation; however, FQE values of 0.1 to
0.3 were observed aer UV and visible light irradiation. With
low FMN concentrations (0.1%), higher quantum efficiency
values of 0.3 to 0.7 were obtained. Besides, the glycerol-based
PET printed textiles revealed 0.1 to 0.3 FQE values for almost
all samples before and aer UV and visible light irradiation,
except for the 0.1% FMN sample, which showed a higher
quantum efficiency value at both absorbance wavelength.
3.5 Multifunctional properties

3.5.1 UPF analysis. In recent days, the demand for textiles
with UV protection property is increasing due to the threat of
ozone layer depletion. The textiles dyed with natural colorants
exhibit better UV blocking ability.53–55 The UPF values range
from 15–24, 25–35, above 40, can be rated as good, very good,
and excellent UV protection property as per the standard GB/T
18830-2009. In general, UV radiation can be further sub-
divided into UVA (320–400 nm), UVB (290–320 nm), and UVC
(100–290 nm). As shown in Fig. 6, improved UPF values were
obtained for chromojet printed textile samples. The untreated
CD textile showed UPF mean value of 22 whereas, CD chromojet
printed textile samples (water and glycerol-based formulation
with 0.1 to 1% FMN) showed UPF mean value greater than 50
revealing excellent UV protection (Fig. 6a). Untreated MC textile
showed UPF value 8 and an increase in UPF value was obtained
for MC samples at all concentrations for both water and
This journal is © The Royal Society of Chemistry 2020
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Table 6 Quantum efficiency for MC printed textile sample, CD printed textile sample, and PET printed textile sample

Sample
details
(water-
based)

Fluorescence quantum efficiency of
Sample
details
(glycerol-
based)

Fluorescence quantum efficiency of

CD MC PET CD MC PET

370 nm 450 nm 370 nm 450 nm 360 nm 450 nm 370 nm 450 nm 370 nm 450 nm 360 nm 450 nm

Before prolonged
light irradiation

0.1% 0.32 0.30 0.19 0.17 0.58 0.38 0.1% 0.27 0.21 0.17 0.17 0.19 0.15
0.3% 0.18 0.16 0.14 0.13 0.49 0.35 0.3% 0.36 0.27 0.17 0.16 0.18 0.14
0.5% 0.16 0.15 0.15 0.14 0.52 0.38 0.5% 0.22 0.19 0.16 0.15 0.18 0.14
0.8% 0.15 0.14 0.13 0.13 0.50 0.37 0.8% 0.21 0.18 0.14 0.13 0.18 0.14
1% 0.16 0.15 0.13 0.12 0.20 0.17 1% 0.20 0.18 0.14 0.13 0.18 0.15

UV-irradiated 0.1% 0.64 0.84 0.50 0.66 0.59 0.33 0.1% 0.52 0.57 0.50 0.68 0.43 0.63
0.3% 0.36 0.46 0.17 0.19 0.31 0.19 0.3% 1.03 1.00 0.27 0.33 0.25 0.29
0.5% 0.22 0.27 0.17 0.17 0.27 0.17 0.5% 0.83 0.58 0.20 0.22 0.23 0.27
0.8% 0.16 0.17 0.15 0.16 0.19 0.16 0.8% 0.27 0.29 0.17 0.18 0.25 0.31
1% 0.19 0.21 0.14 0.14 0.19 0.17 1% 0.27 0.29 0.18 0.19 0.24 0.27

VIS-irradiated 0.1% 0.66 1.24 0.33 0.47 0.78 0.50 0.1% 0.57 0.93 0.28 0.44 0.27 0.31
0.3% 0.27 0.40 0.17 0.20 0.27 0.17 0.3% 0.31 0.45 0.25 0.37 0.24 0.25
0.5% 0.19 0.21 0.19 0.26 0.25 0.19 0.5% 0.25 0.33 0.19 0.24 0.21 0.20
0.8% 0.16 0.17 0.16 0.18 0.19 0.17 0.8% 0.25 0.34 0.18 0.22 0.21 0.21
1% 0.17 0.20 0.14 0.15 0.19 0.16 1% 0.24 0.22 0.18 0.22 0.21 0.20
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glycerol-based system. A maximum UPF value greater than 50
was obtained for 0.8 and 1% FMN (Fig. 6b) revealing excellent
UV protection. In the case of PET treated samples (Fig. 6c), the
UPF values obtained were greater than 50. The untreated
synthetic PET textile itself showed UPF mean value greater than
50 exhibiting inherent UV protection property. However, the
UPF values increased due to the FMN molecule's printing,
which allowed more deposition of FMN on the textile surface.
The UV protection value varies due to different conditions such
as the physical or chemical type of ber, textile construction,
thickness, and porosity. It can have different UV protection
abilities depending on the interaction between the textile and
UV radiation. Exposure to UVA and UVB region is associated
with skin-related issues such as aging and cancer. Among all
three different types of radiation, UVC is the most dangerous
and lethal even in moderate condition. But, as most of the UVC
radiation is ltered by the ozone layer and does not penetrate
the surface of the earth, UV protection majorly contributes UVA
and UVB region. The UPF factor increases as a function of %
FMN especially for water-based (0.1 to 1%) printed textile
samples. For glycerol-based (0.1 to 1% FMN) printed textile
samples, the increase in FMN concentration showed only
a slight increase in UV protection.

3.5.2 Antibacterial. The antibacterial nishes are typically
applied to textiles to prevent undesirable effects such as the
generation of unpleasant odor, discoloration, and contamina-
tions.56 The antibacterial performances of samples were tested
against E. coli, according to ASTM 2149, and results are
summarized in Table SI 3.† Firstly, FMN powder exhibits good
biocidal activity,57 and the same effect can be prominently seen
from the activation zones in Fig. 7a. All untreated samples and
FMN printed on PET fabric did not exhibit bacterial inactiva-
tion, especially untreated CD and MC, wherein they supported
the bacterial growth (sample no. 2, 3, 4 and 7 in Fig. 7b and c).
However, FMN printed on cotton textile (1% FMN, sample no. 5
This journal is © The Royal Society of Chemistry 2020
and 6 in Fig. 7b) caused a signicant bacterial growth reduction.
It was also found that mercerized textile (1% FMN, sample no. 8
and 9 in Fig. 7c) had the maximum antibacterial activity.
Overall, the cotton samples MC and CD showed good antibac-
terial properties as that of control sample shown in Fig. 8.
However, the PET chromojet treated samples did not show any
antibacterial effect. It can be concluded from these results that
FMN could be an effective antibacterial compound in textile
treatments.
4. Discussions

The study of fabricating photoluminescent textiles using an
inkjet printer allowed a higher amount of FMN deposition on
the textile/ber surface, increasing the number of the print pass
from 2 to 10. Hence, we could attain the appropriate conditions
by maintaining and assessing the ink formulation's viscosity,
which allowed printing FMN on both cotton (CD and MC) and
PET textiles using the inkjet printing technique. Further studies
carried using the chromojet printing technique were compara-
tively better. It allowed more surface deposition of the FMN
molecule with optimum quantity and a single print, which
sufficed due to the large nozzle size. Besides, the advantage of
the chromojet technology is the possibility of using formula-
tions with a high range of viscosity, surface tension, water-based
liquids, pH ranging from 2 to 13, and high quantities of liquids
that could be ejected. Particle size can go upto 7 mm, and the
nozzle diameter range is 120 to 280 mm, hence having a broader
tolerance of ink viscosity and particle size. The chromojet
printing study was done using both water and glycerol-based
formulations as the chromojet technique does not possess
viscosity restriction for jetting compared to an inkjet printer.
Photophysical properties of the ink molecule and all the treated
textile samples were investigated in the wavelength range of
l ¼ 350 to 700 nm using UV-visible, uorescence, and IR
RSC Adv., 2020, 10, 42512–42528 | 42523
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Fig. 6 UPF mean values for (a) CD chromojet printed textile, (b) MC chromojet printed textile, (c) PET chromojet printed textile.
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spectroscopy. The photo, thermal, and chemical degradation
properties of both FMN solutions have already been studied in
the literature.58,59
Fig. 7 Antibacterial activities against E. coli (ATCC 25922) according to AS
sample no. 1, 2, 3, 4, 5, 6 (c) chromojet printed textile sample no. 7, 8, 9

42524 | RSC Adv., 2020, 10, 42512–42528
The UV-visible spectrum of non-irradiated textile samples
showed two prominent peaks 370 nm, 450 nm for cotton prin-
ted (CD, MC), and 360, 450 nm for PET printed textiles that can
TM E2149 test method for (a) FMN powder (b) chromojet printed textile
.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Antibacterial activity of printed textiles using water and glyc-
erol-based formulation with 1% FMN.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 1
0:

44
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
be attributed to the FMN molecule. However, aer UV and
visible light irradiation, the FMN has undergone photo-
degradation, and a dominant product, probably lumichrome,
was formed, showing maximum absorbance around 350 nm.60

The spectral and the intensity changes indicated that avin
mononucleotide suffers chemical transformations upon UV and
visible light irradiation. The isoalloxazine ring of FMN
undergoes intramolecular photoreduction wherein the ribityl
side-chain serves as the electron donor, and due to oxidation of
the side chain, fragmentation may occur, resulting in photo-
product such as lumichrome.61 The enhancement in FMN's
degradation rate can be a consequence of the reaction of the
excited states of FMN subject to interference by molecular
oxygen. Thus, loss of the absorption band at 450 nm reects the
formation of lumichrome, a photolysis product formed aer UV
and visible light irradiation under aerobic conditions.

Further, the formation of a broad peak around 440–460 nm
exhibited by cellulose-based textile aer UV and visible light
irradiation is consistent with the work described of lumichrome
Fig. 9 Schematic illustration of the reaction of (a) FMN with the cotton

This journal is © The Royal Society of Chemistry 2020
on cellulose.62 Also, the shi of uorescence observed around
520–525 nm for glycerol-based FMN printed PET textile aer UV
and visible light irradiation can be due to the formation of
crystals of lumichrome which shows uorescence at 525 nm.63

In cotton (cellulose-based), the shi of uorescence towards
525 nm could not be observed due to the probable formation of
bonds between lumichrome and cellulose as described in
previous work,62 which might not be feasible in the case of PET
textile ber.

The evaluation of color strength values for both cotton (CD,
MC) and PET textiles showed an increase in K/S values with an
increase in FMN concentrations for both water and glycerol-
based formulations at respective maxima absorbance wave-
length. FMN printed textiles irradiated under UV light with
a lower concentration of FMN exhibited degradation but to
a much lesser extent than the visible light irradiated textiles.
Overall, the K/S values were highest for mercerized cotton-MC
chromojet printed textiles, both with glycerol and water-based
formulations, followed by polyester-PET and cotton duck
white-CD printed textiles.

All treated textiles showed uorescence emission intensity at
around 535 nm as expected for FMN in aqueous solution. The
color strength value and the uorescence intensity varied with
an increase in FMN concentration for all chromojet printed
textiles. Although the K/S obtained was comparatively low in the
glycerol-based formulation, the uorescence intensity obtained
was higher for the glycerol-based formulation, which may be
due to FMN being slightly polarized when water is the only
solvent. However, the addition of glycerol suppresses the
molecule's rotational diffusion, which, in turn, increases the
degree of horizontal polarization and increases the uorescence
intensity.47 Also, in the glycerol-based solution, the uorescence
intensity was observed to be constant, even at varying concen-
trations, which must be due to the stability of the formulation
attained in the presence of glycerol water mixture (as shown in
Fig. 4b). Thus, the study reveals the relationship between water-
based and glycerol-based formulations used for printing. The
textile surface (b) FMN with glycerol (c) FMN with PET textile surface.

RSC Adv., 2020, 10, 42512–42528 | 42525

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05533f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 1
0:

44
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
results indicated that the FMN dye was adsorbed onto the textile
ber surface through hydrogen bonding and van der Waal force
of attraction. The OH group present in the cotton substrate can
link with the phosphate group of FMN (Fig. 9a).

The absorption and the uorescence phenomena in aqueous
solutions and glycerol-based solutions can be explained
through hydrogen bonding and intermolecular interactions of
the chromophore dyes. Based on the glycerol interaction study
with FMN, the hydrogen bonding seems stronger in the pres-
ence of FMN:glycerol system (Fig. 9b) than the FMN:water
system. The possible N–OH linkage between the –OH of glycerol
and the ‘N’ terminal group of FMN could contribute to a more
stable system (Fig. 9c). Further, depending upon the textile such
as –OH terminal of cotton and C]O of PET can either link with
–OH of glycerol and –OH of the phosphate group in FMN
(Fig. 9). The fastness properties have to be worked upon; as
indicated, the FMN molecules are linked through weak
hydrogen bonds only. The photodegradation of FMN using
different radiation sources also reects the inuence of light
intensity (number of quanta s�1) and wavelengths (UV or
visible) depending on the photodegradation reactions.64,65

The uorescence intensity data were in agreement with the
changes in the uorescence effect seen visually under the UV
chamber. Although specic UV and visible irradiated samples
showed low uorescence intensity, the samples printed using
a higher concentration of FMN (0.8 and 1%) still exhibited
uorescence effect irrespective of prolonged UV and visible light
irradiation. The photodegradation property of the riboavin
solution has been studied.64 However, in this study, the light
intensity effect of FMN on the textile substrate could be deter-
mined, wherein the range of uorescence from greenish-yellow
to yellow and blue uorescence49 as well as white uorescence66

could be attained on textiles aer UV and visible irradiation.
Further, the uorescence quantum efficiency values also sup-
ported the uorescence effect exhibited by FMN printed textile
samples before and aer UV and visible light irradiation.
Almost all the yellow to greenish-yellow uorescent textile
samples showed FQE values in the range of 0.1 to 0.3. However,
higher quantum efficiency values in the range of 0.4 to 1 were
observed for blue to white uorescent samples.66 In addition,
the antibacterial property was observed mainly for cotton
textiles (CD, MC) and not polyester-based (PET) textile samples,
which may be due to the nature of the ber, as synthetic ber
tend to retain more bacteria compared to natural bers as it has
low or poor adsorbing properties.67

5. Conclusions

Photoluminescent material has gained much attention due to
broad application elds, such as biosensors. Various biobased
materials exhibit photophysical properties due to the presence
of conjugated chains serving as light-emitting units. Flavin
mononucleotide is an interesting biobased molecule exhibiting
the photophysical property. It has wide applications in medical,
health, and other elds. In this study, we could obtain color-
changing and multifunctional light-emitting textiles. Before
and aer irradiation of the FMN printed textiles by UV and
42526 | RSC Adv., 2020, 10, 42512–42528
visible light for prolonged hours, shis in uorescence wave-
length(s) were observed. Subsequently, the color-changing light
intensities were seen. In combination with FMN and lumi-
chrome, we could observe color varies depending upon the
irradiation and shi in uorescence from green, yellow,
turquoise to white. These combinations of a blue and yellow
variety of colored uorescence could be interesting for specic
smart textile applications, artistic perspectives related to
scientic data.68 Globally, polyester (PET) and cotton are the
most produced and consumed textiles69 due to its major
industrial applications, and hence the photoluminescent effect
was studied on both cotton and polyester textile material.
Currently, textile industries are pursuing digital printing tech-
nology to make changes from the conventional techniques that
consume large quantities of water and energy. Digital printing
techniques, such as inkjet and chromojet printing processes,
are efficient due to less energy consumption. They can bridge
design and technology. Further, the use of the printing tech-
nique allowed the deposition of FMN molecule to a sufficient
amount on the textile ber surface, which enabled multifunc-
tional properties such as antibacterial and UV protection along
with photoluminescent effect.
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