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Carbon dots are fluorescent nanomaterials with interesting optical properties and good biocompatibility that can
be fabricated from many carbon sources. In the present work, we have produced carbon dots from non-woven
cotton waste, following an ecological strategy, easy to scale up. The fabricated carbon dots possess strong
photoluminescence (PL), they are chemically very stable and biocompatible. We have investigated their pho-
tocatalytic properties under visible-near IR light irradiation, and consequently their antibacterial properties
under these conditions, using as a model cell the Gram-negative bacteria Escherichia coli (E.coli). Finally, we have

fabricated a proof-of-concept paper sensor by functionalizing lab filter paper with the produced carbon dots,
using poly(vinyl alcohol) as binder. The analysis of digital photographs of the paper sensors under UV light
reveals a quenching of the photoluminescence of the carbon dots in the presence of E. coli, extending the po-
tential applications of carbon dots to paper-based bacterial sensors.

1. Introduction

Carbon dots (CDs) are a relatively new kind of nanomaterial [1,2]
that has attracted great attention in recent years due to a set of prop-
erties that makes them desirable for many applications. They are
carbon-based fluorescent nanomaterials with diameter smaller than 10
nm, good photostability, chemical stability and biocompatibility. They
are easily dispersed in water and can be easily functionalized, and their
fabrication is generally inexpensive [3,4]. These characteristics make
them desirable for applications such as fluorescent sensors [5] for metal
ions [6,7], organic solvents [8] and inorganic nanoparticles [9], light
emitted devices [10], cell imaging [11,12], photocatalysis [13-15] etc.

Despite that the controllable synthesis of CDs is still in its infancy,
one of their biggest advantages is that they can be produced using facile
methods, not requiring expensive equipment, such as pyrolysis or sol-
vothermal treatment [3,16], from any source containing carbon,
including biomass waste. Biomass waste includes food waste, such as
peels and leaves, or other waste coming from consumer or industrial

activities, such as fabrics [3], and is most often discarded. However,
biomass waste is a low-cost carbon source that can be upcycled to create
added-value materials [17]. To this end, CDs have been produced from a
variety of carbon sources, such as orange juice [11], cotton [18], yeast
[19], brown sugar [8], rice [20], food waste [21] or magnolia flowers
[22].

Recently, CDs have emerged as excellent photosensitizers [23] due to
their fluorescent and photocatalytic properties. Thus, they have been
used to enhance the photocatalytic properties of semiconducting nano-
particles that suffer from fast electron-hole recombination rates and low
activity under visible light, by the fabrication of hybrid carbon dot —
semiconductor nanostructures [24-27]. However, few reports exist
where carbon dots are used as stand-alone photocatalysts for pollutants’
removal [14,15,28,29].

The generation of electrons and holes that takes place upon irradi-
ation of a photocatalyst, results in the production of reactive oxygen
species (ROS), such as hydroxyl radicals (OHe) and superoxides (03),
which are able to cause oxidative stress in bacteria, perforation of the
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cell wall, and elimination of intracellular components, leading to cell
death [30,31]. Hence, CDs have also emerged as very attractive anti-
microbial agents for photodynamic inactivation (PDI) of pathogens, a
method that is considered a great promise against antimicrobial resis-
tance [32,33]. PDI relies on the irradiation of pathogens in the presence
of photosensitizers, using light with the appropriate wavelength to
excite the photosensitizers and cause the consequent production of ROS.
However, most photosensitizers absorb light and thus act photo-
catalytically only under UV irradiation. This is a disadvantage because
UV light can be absorbed by most biological samples. In previous works,
CDs that have been used for bacteria killing under visible light irradia-
tion were functionalized either with 2,2-(Ethylenedioxy)bis(ethyl-
amine) (EDA) [34,35] or with ampicillin [36]. The use of visible light
was attributed either to the broad absorption spectrum covering the
visible region or not discussed.

Herein, we have produced CDs from waste cotton (cotton waste
carbon dots, CWCDs) via a simple carbonization process of different
non-woven waste materials. These include heterogeneous cotton threads
of different sizes and densities. In order to homogenize the carbonization
process of the different fabrics, we have dissolved them in an appro-
priate solvent system, prior to carbonization. We demonstrate that the
produced CWCDs, have strong PL properties and they exhibit photo-
catalytic activity under visible-NIR light irradiation. Furthermore, the
CWCDs have been proven antibacterial against the Gram-negative
Escherichia coli (E. coli), under visible-NIR light irradiation. Neverthe-
less, CWCDs maintain their biocompatible nature when in contact with
healthy cells, even under visible-NIR light irradiation for several hours.
Finally, a paper sensor has been fabricated, based on the fluorescence of
the CWCDs, which quenches in the presence of bacteria. Hence, we
demonstrate how the optical characteristics of CWCDs lead to a multi-
functional action of the CWCDs for killing and detecting Gram-negative
bacteria.

2. Experimental methods
2.1. Materials

waste cotton fibers with a title between 140 and 220 mTex and waste
spun cotton with a title between 3 and 300 Ne were obtained from local
suppliers (Genova, IT). Acetic anhydride, acetic acid, and sulfuric acid
were purchased from Sigma Aldrich and used without further purifica-
tion. Polyvinyl alcohol (PVA, Mw 146,000-186,000) was purchased
from Sigma Aldrich. Filter paper was purchased from Whatman. MilliQ
water was used as a solvent. Dialysis membrane (Spectra/Por® 3) was
purchased from Fisher Scientific.

2.2. CWCD preparation

Cotton waste material, derived from different phases of the spinning
process, spun or unspun, was cut to pieces between 0.1 and 300.0 um, in
order to increase the available surface area for the subsequent dissolu-
tion. The obtained powder was dried at 100 °C for 1 h to reduce the
adsorbed humidity in the fibers, resulting in a weight loss after drying of
ca. 5 %. The material was then dissolved at T = 50 °C via esterification. 5
g of the dried cotton powder were immersed in 60 mL of acetic acid to
activate the swelling of the fibers and increase their available active
surface area. After 1 h, 20.00 mL acetic anhydride and 0.25 mL of sul-
phuric acid that acted as a catalyst were added to acetylize the hydroxyl
groups of the anhydroglucose monomers of cotton’s cellulose, thus
dissolving the acetylated cellulose. The solution was left under 300 rpm
magnetic stirring for 23 h, until complete dissolution. The obtained
solution was poured in a glass Petri dish (diameter 10 cm) for solvent
evaporation under ambient conditions.

Carbonization of the product was performed in a furnace, following
solvent evaporation, by setting a temperature ramp to 200 °C, at a speed
of 1 °C/min, and keeping the temperature at 200 °C for 2 h. The samples
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were collected from the furnace after the temperature was decreased
back to room temperature, and they were crumbled with a mortar.
Subsequently, ultrapure water (Milli-Q, 18.2 MQecm) was added to the
carbonized product and the mixture was tip sonicated (Sonics, Vibra
cell, VC750, 750 W max, 30 % of power used) at ambient temperature,
for ~3 h, in order to form the CWCDs. First, the insoluble carbon resi-
dues were filtered using a 0.2 pm filter membrane. Then, the aqueous
dispersion of CWCDs underwent dialysis using a dialysis membrane of
3.5 kDa, for 72 h, changing the water twice a day, resulting in ultrafine
CWCDs [37]. The CWCD aqueous dispersion was then centrifuged (12,
000 rpm, 30 min) and the supernatant containing the CWCDs was
selected for the work herein. The purified CWCDs were adjusted to a
concentration of ~3 mg/mL.

2.3. Characterization

Absorption curves were taken using a UV-visible spectrophotometer
(CARY200 Scan, Varian). Photoluminescence (PL) was measured by a
Fluorimeter (Horiba). A UV lamp (analytikjena, UVP UVGL-58, 6 Watt)
was used to illuminate the fluorescence of the specimens and photo-
graphs were taken by digital camera and analyzed with ImageJ [38].

X-ray photoelectron spectroscopy (XPS) was performed using an
electron spectrometer (Lab2, Specs, Germany) equipped with a mono-
chromatic X-ray source (1486 eV) and a hemispherical energy analyzer
(Phoibos, HSA3500, Specs, Germany). The applied voltage of the Al Ka
X-ray source was set at 13 kV and the applied current at 8 mA. The
pressure in the analysis chamber was ~1 x 10~° mbar. The large area
lens mode was used for both wide and narrow scans. For the wide scan,
the energy pass was 90 eV and the energy step was 1 eV. For the narrow
high-resolution scan, the energy pass was 30 eV and the energy step was
0.1 eV. A flood gun was used to neutralize the surface charge, having an
energy of 7 eV and a filament current of 2.2 A. XPS samples were pre-
pared with carbon dots deposited on indium substrate.

The pRaman spectra (Renishaw Invia, UK) were collected at ambient
conditions, with a 514 nm laser excitation line, in backscattering ge-
ometry through a 100x objective lens of a microscope (numerical
aperture 0.75) used to excite the specimens, at a power of 0.4 mW. A
grating with 2400 lines/mm was used. The spectral region scanned was
1000—3000 cm Y, at a spectral resolution of ~1 cm™!.

Small angle X-ray scattering (SAXS) experiments were carried out in
transmission geometry by using a Malvern PANalytical third generation
Empyrean multipurpose platform. Cu ko radiation (A=1.54 A) was used
(40 kV, 45 mA). 1D-SAXS measurements were carried out in a vacuum
path chamber (Scatter X78) using a beam with line collimation and a
GaliPIX3D detector. Quartz capillary (Hilgenberg, DE) with a 1 mm
diameter (100 pL volume) was used. Background measurement of ul-
trapure pure water was performed in the same capillary used for the
CWCD dispersion. Scans were performed in the q region 0.1-5.0 nm *
with step size 0.014°, with an exposure time of 30 min. The data analysis
was performed using the EasySAXS software (Malvern-PANalytical).
The software performs primary data handling steps, such as absorption
correction, background-subtraction, and conversion of the scattering
angle 20 to the scattering vector q. Determination of nanoparticle dis-
tribution was done by an indirect integral transform technique that re-
lates experimental SAXS data to the volume distribution function Dv(R)
using a regularization procedure.

Scanning electron microscopy (SEM; JSM-6490LA, JEOL) analyses
were performed, at 10 kV acquiring the signal from secondary electron
detector.

Transmission electron microscopy (TEM) was performed using a
JEM-1400Plus, with thermionic source (LaB6), operated at 120 kV. 30
uL of the CWCD suspension was deposited on an ultrathin C-film on
holey/Cu grid, previously cleaned by plasma (Gatan Solarus 950, O5 and
Ar, 15 W forward RF target power, 1 min).
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2.4. Photocatalytic degradation of MB under visible-NIR light

The photocatalytic performance of the CWCDs was investigated by
performing photodegradation of aqueous solutions of methylene blue
(MB @10 mg/L), containing the CWCDs, under the visible-NIR light of a
Xenon lamp (Hamamatsu L9588, 200 W). CWCDs and MB solutions
were adequately mixed to reach final CWCD concentrations either 40
mg/mL or 600 mg/mL (named CWCD40 and CWCD600, respectively).
The solutions were kept in the dark for at least 1 h before starting the
irradiation, in order to reach the adsorption/desorption equilibrium of
the dye on the surface of the CWCDs. The distance between the lamp and
the sample was 17 cm. The MB degradation was estimated by measuring
the MB absorption in the range 400-800 nm and monitoring the change
of the 664 nm peak during light irradiation, the intensity of which de-
creases with MB degradation [39] (UV-Vis-NIR spectrophotometer,
Varian Carry 6000i, US). The photocatalytic degradation kinetics were
described by a pseudo-first-order model, expressed by Eq. (1):

In(Co/C) =kt @

where Cj stands for the initial MB concentration (10 mg/L), C the MB
concentration at time t of irradiation, and k is the first-order rate
constant.

2.5. Antibacterial properties under visible-NIR light

The antibacterial activities of the CWCDs were performed on Gram-
negative E. coli (E.coli) under visible-NIR light irradiation (Xenon lamp,
Hamamatsu L9588, 200 W). First, an inoculum of E. coli (ATCC 25,922)
was prepared by adding 10 pl aliquot from an E. coli stocked batch in 10
mL of Miiller-Hinton broth (Sigma-Aldrich). The inoculum was shaken
at 80 rpm at 37 °C overnight. Subsequently, the optical density (OD) of
the broth culture was evaluated by measuring the absorption at 600 nm
with a cell density meter (Model 40, Fisher Scientific), and the con-
centration of the bacteria was adjusted in order to obtain a final OD of
0.2, corresponding to ca. 2 x 108 CFU/mL. The stock solution of CWCDs
(3 mg/mL) was firstly filtrated with a 0.2 pm cut-off filter to avoid
microorganism contamination and ensure the sterility of the samples.
Then, CWCDs were diluted in Milli-Q sterile water and subsequently
aliquoted inside the 0.2 OD bacterial culture to obtain final concentra-
tions of 56.3, 112.5, 225.0, 450.0, and 600.0 pg/mL in the wells of a 96-
well plate. A sample not containing CWCDs but still irradiated with the
Xenon lamp under visible-NIR light was used as control. The OD at 0 h of
each mixture was measured at 600 nm in a Spark Multimode microplate
reader (Tecan Group Ltd., Mannedorf, Switzerland). Subsequently, the
96-well plate was irradiated for 30 min of bacterial growth with visible-
NIR light emitted from the xenon lamp, at a distance of 17 cm. During
the irradiation, the wells were covered with a glass Petri dish to avoid
exposure to UV light. Then, the plate was incubated at 37 °C, and after
24 h, the OD at 600 nm was measured for each sample. Triplicate tests
were performed in three independent experiments.

Once the optimal concentration at which the CWCDs exerted the
higher antibacterial activity was estimated, the effect of the time dura-
tion of the irradiation was investigated. The E. coli solutions with OD =
0.2 were mixed with the selected concentration (600 pg/mL) of sterile
CWCDs and aliquoted in a 96-well plate. The irradiation times used were
0.5, 1, 2, and 3 h. Samples not containing CWCDs but treated with the
aforementioned irradiation times were used as control. An extra control
was samples that contained CWCDs, but kept in the dark (i.e., no irra-
diation). The OD at 600 nm was measured as previously described after
24 h. Tests were performed in triplicates, in three independent experi-
ments. Scanning electron microscopy (SEM) was also used to image the
bacterial morphology post-irradiation. Briefly, the cells were fixed on a
glass coverslip with 2 % glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4, Sigma-Aldrich) for 90 min at room temperature. The
fixative solution was subsequently withdrawn, and the samples were
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washed three times for 10 min each with 0.1 M sodium cacodylate buffer
and stored overnight at 4 °C. The samples were post-fixed in 1 % osmium
tetroxide (Sigma Aldrich) in 0.1 M sodium cacodylate buffer and then
dehydrated in a series of ethanol solutions. Finally, they were incubated
in hexamethyldisilazane (HMDS, Sigma-Aldrich) / ethanol solution se-
ries, air-dried, sputter-coated with gold, and analyzed by SEM.

2.6. Biocompatibility under visible-NIR light irradiation

Primary human dermal adult fibroblast cells (HDFa, Thermo Fisher
Scientific) were used to investigate the in vitro biocompatibility of the
CWCDs after visible-NIR light irradiation. Following the protocols pre-
viously established in our group [40], cells were cultured in T75 culture
flasks and were maintained in a humidified incubator with 5 % CO- at
37 °C in the presence of fresh Fibroblast Basal Medium supplemented
with Supplement Pack Fibroblast Growth Medium 2 (Sigma Aldrich)
until 80 % confluency. Afterwards, cells were trypsinized and seeded
onto 24-well plates at a density of 7000 cells/cm? in 0.5 mL of medium
and let attach overnight. The next day the medium was removed, and
the fresh one mixed with sterile CWCDs was added, maintaining the
final concentration at 600 pm/mL. HDFa mixed with CWCD were kept in
the dark or irradiated with visible-NIR light for 1 or 3 h. Cells incubated
in normal medium, without CWCDs but irradiated for 3 h, were
considered as control. After that, the cells were incubated for additional
24 h. The cell viability was determined via MTS assay: the NAD(P)
H-dependent dehydrogenase enzymes in metabolically active cells
caused the reduction of the MTS tetrazolium compound and generated
the colored formazan product that is soluble in the cell culture media.
The color change was recorded via optical density at 490 nm. All assays
were performed in triplicates and with three independent experiments.

2.7. Paper sensor for bacteria

PVA:water mixtures (5% w/v) were placed on a hot plate at 90 °C
under magnetic stirring until PVA was dissolved. Then, the CWCDs were
added at a concentration of 10% w/w. The paper sensors were prepared
by dip coating. Briefly, Whatman filter paper was cut in circular pieces
(6 mm diameter) and dipped for 10 min in 2 mL of the aforementioned
solution. Subsequently, the paper sensors were dried overnight at
ambient conditions. For the sensing experiments, 20 uL of bacteria
suspended in Miiller-Hinton broth (2 x 108 CFU/mL) were placed on the
circular filter paper and let dry. Subsequently, the sensors were placed
under a UV lamp (emitting at 365 nm) and digital photos were taken.

3. Results and discussion
3.1. Characterization of CWCD

The elemental composition of CWCDs was analyzed by XPS. In
Fig. la the high resolution XPS scan shows that they are mainly
composed of oxygen and carbon, with small contributions of sulphur
and nitrogen. Fitting the C1s curve (Fig. 1b) reveals the contributions of
sp2 carbon (C-C, C = C at 284.8 eV), sp3 carbon (C-O at 286.49 eV) and
O-C = O (and C = N—H) at 288.48 eV. In the same spectral region
coincide the contributions of sulphur and nitrogen [8,41]. Fitting the
O1s peak (Fig. 1c) reveals the contributions of C = O (from the sp2
carbons at 531.41 eV), S-O (at 532.25 eV) and C-O (at 532.95 eV) [8].
The S»p peak (Fig. 1d) can be fitted by two components arising from
—C-SOx- (x = 3,4) species [29]. Finally, the N1s scan (Fig. 1e) shows two
nitrogen contributions from pyrrolic N (at 399.78 eV) and graphitic N
(at 402.28 eV) [42,43].

Furthermore, Raman investigation of the CWCDs was performed. In
Fig. 1f the yRaman spectrum shows two broad peaks, at 1347 cm ™! (D
peak) and 1546 em ! (G peak). The D peak is due to the presence of
defects in the graphite lattice (sp> carbon), while the G peak is due to the
sp? carbon lattice. The existence of these two peaks indicate the presence
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Fig. 1. (a) XPS survey spectrum of CWCDs. The unidentified peaks on the survey spectrum come from the indium substrate. (b) C1s peak fitting. (c) O1s peak fitting.

(d) S peak fitting. (e) N peak fitting. (f) Raman spectrum of CWCDs.

of graphitic structure of the CWCDs. The ratio Ip/Ig equals 1.11, indi-
cating a high amount of defects present in the CWCDs [41].

SAXS measurements were performed in order to measure the diam-
eter of CWCDs (Y, SI). At the very low q region, an abrupt increase of the
scattering signal is documented, due to the presence of particle aggre-
gates, and was excluded from the fitting. Assuming spherical, carbon
particles, the fitting of the experimental curve (after background
correction) determines the diameter of the particles to be ca. 1 nm.

TEM imaging (Fig. S2, SI) did not give us concrete results on the
morphology of the CWCDs. As becomes obvious from the recent litera-
ture, a scientific discussion on the structure and origin of fluorescence of
CDs is ongoing, with some authors debating that the fluorescence comes
from small molecular byproducts [44-47], rendering TEM analysis
insufficient for the CD characterization. In the present study, although
we were not able to image tangibly the CWCDs by TEM, we lean on the
existence of small particles with graphitic core, as clearly indicated by
the existence of the D and G bands in the Raman spectrum and SAXS.

(a)

Absorption [arb. u.]

0.2 4 271 350

0.1 1

0.0

400 500 600 700 800

Wavelength [nm]

200 300

3.2. Optical properties

The absorption spectrum of the aqueous dispersion of CWCDs, shown
in Fig. 2a, displays a broad UV absorption at 271 nm and a tail extending
into the visible. The first is due to the transition of the aromatic sp?
domains of the C = C bond, while the second is due to the n-n* of the C =
O bond of the CWCDs [9,48]. In the inset, the photographs of a CWCD
aqueous solution are taken under normal lab light (left) and under a UV
light of 365 nm (right). The blue colour of the solution in the second case
is due to the fluorescence of the CWCDs. Furthermore, the excitation
(PLE) and emission photoluminescence (PL) spectra are shown in
Fig. 2b. The PLE exhibits two peaks, at 260 nm and 320 nm, indicating
two electronic transitions. PL emission from the CWCDs is excitation
dependent and the PL peak is redshifting with increasing excitation
wavelength (Fig. S3, SI). On excitation with 320 nm, the PL spectrum
shows an intense emission centred at 440 nm.

440nm

(b) PLE

Aoy =320 nm

PL Intensity [arb. u.]

PLE Intensity [arb. u.]

250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 2. (a) UV/Vis Absorption spectrum of an aqueous dispersion of CWCDs and photographs under ambient and UV light. (b) PL and PLE of aqueous dispersions

of CWCDs.
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3.3. Photodegradation of MB under visible-NIR light

The photocatalytic performance of CWCDs under visible-NIR lamp
irradiation was investigated by the photodegradation of MB. MB solu-
tions containing different concentrations of CWCD, namely 40 and 600
pug/mL (named CWCD40 and CWCD600, respectively) were tested.
Furthermore, a pure MB solution control sample was irradiated under
the same conditions, where approximately 17 % of degradation took
place, due to intrinsic photolysis [39]. The absorption of the MB-CWCD
solution at different irradiation points is shown in Fig. S4 (SI). The
photodegradation of MB is much more significant in the presence of
CWCD (Fig. 3a), where the photocatalytic efficiency (C/Co) of CWCDs is
shown to depend on their concentration. More specifically, the initial
concentration of MB decreases by 40 % in the case of CWCD600 and 35
% for CWCDA40, after 360 min of visible light irradiation. It is interesting
to note here, that the photocatalytic degradation of MB follows also
different kinetics for the two CWCD concentrations. In the case of
CWCD600, degradation follows a pseudo-first-order kinetic, as shown in
Fig. 3b. However, in the case of CWCD40 the MB degradation curve
exhibits an initial delay in the photocatalytic performance for the first
180 min, followed by pseudo-first-order kinetics. Indeed, the first 180
min the photodegradation of the MB follows the same kinetics as the
intrinsic MB photolysis. This delay might be due to the slower diffusion
of the CWCDs on the sites of action, due to their lower concentration.
The photodegradation rate constant (k) was calculated using Eq. (1) to
be 0.0014 min! (R?=0.990) for CWCD600 and 0.0017 min~!
(R?=0.963) for CWCDA4O0 after the first 180 min.

Upon irradiation of the CWCDs with visible light, photogeneration of
electrons and holes takes place. Subsequently, the electrons reduce Oz to
superoxide radicals (O2"), while the holes either directly oxidize MB or
oxidize Hp0 to form hydroxyl radicals (OHe). The CWCDs-induced
degradation of MB takes place when redox reactions are initiated by
these radical species [15,39].

3.4. Antibacterial properties under visible-NIR light irradiation

The ability of CWCDs to generate ROS species when exposed to
visible-NIR light irradiation, as shown from their photocatalytic prop-
erties, can directly affect the growth and morphology of bacterial cells in
their vicinity. Hence, the antibacterial properties of CWCDs against
E. coli were investigated. Fig. 4a shows the bacterial growth after visible-
NIR irradiation for 30 min in the presence of different CWCD concen-
trations, and subsequent 24 h of incubation. A bacteria solution without
CWCDs (0 pg/mL) was considered as control. Compared to the control
sample, no considerable change in bacterial growth is observed for
CWCD concentrations up to ca. 400 pg/mL. However, once the
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concentration of CWCDs reaches 450 pug/mlL, the bacterial concentration
is decreased by ~11%. The antibacterial action of CWCDs is further
increased when their concentration becomes 600 pg/mL, reaching
~33% reduction in bacteria concentration.

Next, using the CWCD concentration that demonstrated the best
antibacterial activity upon 30 min irradiation, we performed the anti-
bacterial assay for different irradiation periods (Fig. 4b). The samples
were either kept in the dark (sample: CWCD dark), or irradiated for
different times, namely 0.5, 1.0, 2.0 and 3.0 h. In the control sample, no
CWCDs were added. First, there is a decrease in bacterial concentration
with the mere presence of CWCD, even without irradiation, indicating
the antibacterial nature of the CWCDs. In comparison to the data ob-
tained in the dark, a stronger antibacterial activity was observed when
the samples were irradiated with visible-NIR light. After 0.5 h of visible-
NIR light irradiation, there was a decrease of 23.3 %, while over 30.0 %
of the E.coli cells were killed within 3 h at the same CWCDs dose. The
increasing irradiation time, from 0.5 to 3.0 h only minimally enhances
the reduction of E. coli, and no statistically significant differences were
found between these groups.

Furthermore, the effect of CWCDs and visible-NIR light irradiation
on the E. coli morphology was investigated by SEM. As shown in Fig. 4c,
bacteria cells treated in the dark containing CWCDs, exhibit smooth cell
walls and clearly defined borders. In contrast, bacteria incubated with
CWCD and irradiated for different time durations presented wrinkled
and damaged cell surfaces.

The above results evidence that the CWCDs possess antibacterial
activity even in the absence of irradiation. Nevertheless, upon irradia-
tion with visible-NIR light their antibacterial activity is significantly
enhanced. This is related to the photoinduced redox processes due to the
photocatalytic activity under visible-NIR light irradiation (Fig. 3). The
morphology of the cells seen at SEM after treatment also indicates that
the antimicrobial process includes breaking bacterial cell walls. It is
interesting to note here, that although CWCDs are antibacterial even
without light irradiation, we have seen cell wall destruction only when
bacteria were treated with light. This possibly indicates different anti-
bacterial actions, since the bacteria walls are destroyed only under the
action of ROS. However, a more detailed biological analysis would be
needed in order to fully understand the different antibacterial actions of
CWCDs, with and without light irradiation, which is beyond the scope of
this paper.

3.5. Biocompatibility under visible-NIR light irradiation
In order to evaluate the cytotoxicity due to the irradiation with

visible-NIR light on human cells, cell viability experiments were carried
out in vitro for various irradiation periods, using the CWCD

0.6
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Fig. 3. (a) Photocatalytic degradation efficiency of MB aqueous solutions (10 mg/L) in the presence CWCDs. (b) Kinetics of MB photocatalytic degradation under

visible-NIR light.
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compared to the control samples.

concentration presenting the highest antibacterial activity upon visible-
NIR light irradiation. In this test, human dermal fibroblast (HDFa) cells
were used as the in vitro model. Fibroblast cultures, containing 600 pg/
mL CWCDs, were kept either in the dark or irradiated for 1 or 3 h and
subsequently they were incubated for 24 h. As shown in Fig. 5, cells
grown in the dark in the presence of 600 pg/mL CWCDs, present a
viability of (105.75 + 3.01)%, i.e., they are completely viable. A small
decrease in the viability of cells that were irradiated is observed, with
cells reaching (78.77 + 6.05)% viability for 1 h irradiation and (75.95 +

Cell viability [%]
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Fig. 5. Biocompatibility tests. Cell viability of HDFa after 24 h incubation with
600 pg/mL CWCDs under different conditions. Cells not receiving any treat-
ment are considered control samples. All results are presented as mean =+
standard error of n = 6 experimental results for each condition. Significance is
expressed in terms of p < 0.001 (***) and p < 0.01 (**) compared to the
control samples.

4.33)% viability for 3 h irradiation. Hence, a decrease in biocompati-
bility is observed with increasing irradiation time. However, fibroblast
viability remains higher than 70 %, which is above the threshold defined
by ISO 10,993-5, indicating that the tested materials have no cytotox-
icity activity.

3.6. Proof-of-concept paper sensor for the detection of E.coli

Based on the fluorescent properties of the CWCDs, we have fabri-
cated paper sensors for the optical detection of bacteria, as a proof-of-
concept. Following our previous work [9], we have used PVA/CWCD
functionalized paper to detect the presence of E. coli by monitoring the
fluorescence of the CWCDs in the absence or presence of bacteria. First,
filter paper was cut in circular pieces (diameter 6 mm), immersed in
PVA/CWCD aqueous solution (10% w/v) for 10 min and left to dry.
Fig. 6A shows characteristic photos of the paper samples, functionalized
with either pure PVA or PVA/CWCD, taken under UV light (365 nm).
Both samples exhibit a blue colour under 365 nm illumination, since also
PVA exhibits weak fluorescence upon excitation at this wavelength [49].
In order to enhance the difference in colour due to the fluorescence of
CWCDs, we have followed the procedure described in Ref. [9]. By
splitting the RGB channels, using the ImageJ software, and applying a
colour filter (Lookup Table), different colours appear in channel R for
the two samples, as clearly shown in Fig. 6B, as a result of the different
fluorescence of the CWCDs in that channel. Subsequently, 20 pl of E.coli
solutions (2 x 10® CFU/mL) were placed on the paper samples, and they
were left for 15-20 min to dry, before new photos were taken under the
365 nm light. In Fig. 6C the photos of the samples display a blue colour
similar but not identical to Fig. 6A. Upon further analyzing the photos
with ImageJ, the colour of the PVA/CWCD sample matches the one of
the PVA sample, indicating the quenching of the fluorescence of the
CWCDs.

The quenching of the CDs PL in presence of E. coli has been seen in
the literature [61] and it was attributed to possible involvement of the
CDs surface functional group that can interact with the bacteria. Until
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Fig. 6. A: Pristine digital photographs of the paper sensors functionalized with PVA or PVA/CWCDs. B: Processed images of the paper sensors in (A). C: Pristine
photographs of the paper sensors after been exposed to E. coli bacteria. D: Processed images of the paper sensors in (C).

now, carbon dot fluorescent sensors for bacteria have been presented in
their solution form, thus limiting the practical usefulness of the appli-
cation [50-52]. Sensors based on paper have great advantages in terms
of manipulation, transport, and ease of use [53]. The preliminary results
of the proof-of-concept test presented here can pave the way to simple
and efficient methods for fast detection of the presence of E.coli bacteria.

4. Conclusions

We have developed a simple and green procedure to produce highly
fluorescent carbon dots (CWCDs) from cotton waste. The resulting
CWCDs exhibit strong PL properties. The CWCDs are very stable even
after storage for several months and we have used them for MB degra-
dation under visible-NIR light irradiation, showing good photocatalytic
properties. They are biocompatible even under visible-NIR light irradi-
ation against human fibroblasts, but show antibacterial activity against
Gram-negative bacteria (E.coli), which increases upon irradiation with
visible-NIR light. Finally, we have produced an optical paper sensor
based on the CWCD fluorescence. The fluorescence of the paper sensor is
quenched in the presence of E.coli, as shown by a simple image analysis.
Although the results on the paper sensor are still rather qualitative than
quantitative, this proof-of-concept test evidences the potential of the
carbon dots, that in conjunction with their antibacterial properties can
be used in a range of applications.
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