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A B S T R A C T

Hematogenous spread of infections from colonized central intravenous catheters or central lines is a long-re-
cognized problem with infection rates of 2 and 6.8 per 1000 days, respectively. Besides, removal of severe
microbial colonization of implanted biomaterials is still a challenge and usually requires invasive operations.
Hence, on demand self-sterilizing materials are required to avoid explant of colonized biomaterials and improve
patient compliance. Moreover, photoluminescence is needed to make trackable biomaterials, which can be easily
monitored upon implanting them in the body. Here, we propose the incorporation of near infrared (NIR) sen-
sitive red-emitting carbon nanodot (CDs) into a polymeric matrix to give rise to innovative biomaterials with
self-tracking and photothermal antimicrobial abilities. We obtain a material which can be processed to obtain
medical devices using different techniques, among which, for instance, electrospinning. Herein, a proof-of-
concept preparation of electrospun scaffolds is reported as it is highly desired in biomedical applications. Beside
to confer imaging properties to the scaffold, that would allow an easy control over the in vivo positioning of
implanted biomaterials as well as its degradation state and grade of integration with the surrounding native
tissues, thanks to the capability to convert NIR light into local heat CDs can be exploited to exert broad-spectrum
antimicrobial effect toward several pathogens. The rise in temperature can be easily modulated by controlling
the irradiation time to achieve both an in vitro self-sterilization of the device and eventually in vivo destabili-
zation of the microbial colonization. This innovative biomaterial could successfully inhibit biofilm formation and
might be used as a powerful tool to treat antibiotic-resistant nature of biofilm-related infections in implanted
medical devices.

1. Introduction

Recently “biomaterialists” have made many efforts to produce ver-
satile biocompatible materials designed to act at the human tissues/
material interface. For instance, many medical devices such as in-
travenous and urinary catheters, and scaffolds for tissue engineering
applications are designed to be somehow implanted in the human body
to guarantee perfusion or the regeneration of native damaged tissues or
lost due to traumatic injuries or degenerative diseases [1,2].

Nowadays, beside numerous attempts made to produce biomaterials
with optimal physicochemical and mechanical properties able to in-
tegrate with native tissues, there are still some challenging issues re-
lated mainly to the limited possibility to control the fate of the

implanted bioengineered devices. For example, implant-associated in-
fection is often responsible of many treatments failure because of the
necessity to explant the affected medical device [3,4]. Bioengineered
bone substitutes [5], scaffolds for hernia repair [6], vascular graft [7]
and devices for soft tissues regeneration [8] are some well documented
examples of devices that often experienced unsolvable infection in vivo.
Besides, the development of resistant biofilms represents a common
drawback on indwelling intravenous and urinary catheters [9–11].

In the past years the possibility to exploit a scaffold as an antibiotic
delivery system to eradicate the source of infection has been explored
by several research groups [12–16]. The extreme variability of the
possible etiology of the infection (Gram positive bacteria, Gram nega-
tive bacteria, fungi) rises the difficult dilemma related to the choice of
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the antibiotic and its efficacy. Of course, in this approach the release of
the active molecule is limited to a certain period of time and there is the
possibility that the chosen antibiotic has no effect on the microorganism
responsible of the infection. Still, the possible presence of multidrug
resistant bacteria or difficult to treat biofilm forming microorganisms
could strongly limit this strategy [17]. For this reason, there is a strong
interest in the development of biomaterials that exert an “on demand”
non-specific antimicrobial effect when activated by external stimuli.
Kiamco and coworkers, as example, developed a wound dressing that in
contact with the body fluids releases hypochlorous acid as a results of
the application of an electrical stimulus [18].

Another interesting approach is represented by the possibility to use
biomaterials able to generate hyperthermia at the site of action [19,20].
Indeed, photothermal active nanoparticles have been recently proposed
as potential tool for the treatment of local microbial infection thanks to
their thermogenic effect [21]. Despite the local rise in temperature has
been mainly proposed as a powerful tool for tumors ablation, it has
been demonstrated that can be also exploited to inhibit bacterial pro-
liferation and mobility, since it increases autolysis and cell wall damage
[22]. Also, several authors report that hyperthermia is particularly ef-
fective in destabilizing the biofilm structure and increase the effect of
commonly used antibiotics [23,24].

Hyperthermic effect can be obtained through nanostructures with
photothermal properties such as polydopamine [25], silver and gold
nanoparticles [26], carbon nanotubes [27], graphene oxide [28] and
carbon dots (CDs) [29,30]. These materials exhibit strong light ab-
sorption ability in the near infrared region (NIR) (700–900 nm) and can
effectively convert light into heat because of the delocalization of the
electron states [31]. Devices doped with photothermal agents can exert
an “on demand” localized hyperthermic effect as a result of irradiation
from the outside with NIR laser beam. Among the above mentioned
nanosystems, CDs are particularly interesting materials that combine
remarkable photothermal properties with peculiar features such as
strong and stable fluorescence in the biologically transparent region
(red region), high photo/thermostability, large surface area, low cost
and high biocompatibility [30]. On the whole, compared with other
photothermal nanoparticles they show stable self-tracking capability by
fluorescence imaging that could provide on-line instrumental mon-
itoring of the degradation and positioning of the implanted device. This
is of particular importance to control the progression of tissue re-
generation in tissue engineering applications or to assess device da-
mage.

In this work, we designed a scaffold composed of poly-L-lactic acid
(PLA) doped with red-emitting CDs by means of the electrospinning
technique. Electrospinning of PLA has been selected since it is a pow-
erful process to obtain fibrillar biomaterials with different three-di-
mensional shapes that have been proposed as scaffolds for both soft and
hard tissues engineering as well as bioartificial substitutes of vascular
tissues and hearth valves [32–34]. Hence, the combination of CDs and
PLA leads to a biomaterial with intrinsic NIR-dependent “on demand”
antibacterial effect and self-tracking capabilities. The photothermal
bactericidal effect have been tested on planktonic and biofilm forms of
clinical isolates of Pseudomonas aeruginosa, Staphylococcus aureus, and
Candida parapsilosis, taken as model of severe and difficult-to-treat in-
fections in humans [35,36].

2. Materials and methods

2.1. Chemicals

PLA (RESOMER™ L 209 S, 120 kDa) supplied by Boehringer
Ingelheim Pharma KG. Dichloromethane (DCM), N,N-
Dimethylformamide (DMF) and Dulbecco's phosphate buffer saline
(DPBS), urea (99%), citric acid (99.5%) and absolute ethanol were
purchased by Sigma-Aldrich and used as received (Italy). Dulbecco's
modified Eagle's medium (DMEM), fetal bovine serum (FBS), 1% L-

glutamine, 1% penicillin/streptomycin, and 0.25% amphotericin B,
were purchased from Euroclone (Milan, Italy). CellTiter 96 AQueous
One Solu-tion Cell Proliferation (3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium) (MTS assay)
was purchased from PROMEGA (Italy).

The electrospinning process was conducted with a high voltage
power supply (Spellman CZE 1000 R) and a programmable syringe
pump (Legato 100, KD scientific) using a homemade earthed cylindrical
rotating collector. Optical and fluorescent images were obtained using
an AxioVert200 microscope equipped with Axio Cam MRm (Zeiss).

A Flir T250 Infra-Red infrared camera with a resolution of
240 × 180 pixels, sensitivity of 80mK NETD/0.08 °C and measurable
temperature range of −20/350 °C were used for photothermal analysis
to measure the average temperature of irradiated scaffolds surfaces. The
bulk temperature in the irradiated well was instead measured with fiber
optical temperature probe (CEM). Confocal analysis was conducted
with an Olympus FluoView FV10i microscope. Cell cultures were per-
formed using an Eppendorf New Brunswik S41i incubator. UV mea-
surements were performed using an Eppendorf AF2200 spectro-
photometer.

2.2. Synthesis of carbon nanodots (CDs)

Red-emitting carbon nanodots (CDs) were prepared as previously
described [30]. In particular, urea (6 g) and citric acid (3 g) were so-
lubilized in DMF (30 mL) and placed under solvothermal conditions at
160 °C and 13.5 bar for 4 h. Then, the reaction was cooled down to r.t.,
and ethanol (60 mL) was added. The precipitate was retrieved by
centrifuging at 10,000 rpm for 10 min and washed with ethanol
(30 mL) three times. The dark powder was dispersed in water (8 g L−1)
by sonicating (15 min × 3), and CDs with different size distributions
and absorption bands were separated by size exclusion chromatography
(SEC), using a glass column (100 cm length, 1.5 cm diameter) packed in
turn with Sephadex G-25 (15 g), G-15 (15 g), and G-10 (30 g). Red-
emitting CDs with a strong NIR-sensitive photothermal behavior were
retrieved as a dark powder after freeze-drying.

2.3. Chemical and physicochemical characterization of the carbon nanodots
(CDs)

The size distribution of the CDs was attained on the basis of their
height from the atomic force microscopy (AFM) micrographs obtained
on mica using a Bruker FAST-SCAN microscope equipped with a closed-
loop scanner (X, Y, Z maximum scan regions: 35, 35, 3 μm, respec-
tively). Scans were recorded in soft tapping mode using a FAST-SCAN-A
probe with an apical radius of 5 nm. The fine structure was char-
acterized using a JEOL JEMS-2100 high-resolution transmission elec-
tron microscope (HRTEM) operating at 200 kV electron energy.
Samples were prepared in milliQ water with a concentration of
0.1 mg mL−1 and deposited on a 400 μmmesh Cu grid covered by holey
amorphous carbon film, with a nominal thickness of 3 nm. Surface
functional groups of CDs were characterized by FTIR on a Bruker Alpha
II spectrometer using a transmission geometry (24 scans, 4 cm−1 re-
solution). Samples were prepared as KBr pellets and measurements
were carried out at room temperature.

2.4. Optical and photothermal characterization of the CDs

Absorption studies were performed on aqueous dispersions of CDs in
ultrapure water (0.02 mg mL−1) on Schimadzu Spectrophotometer in
the 200–800 nm range in a quartz cuvette (1 cm). Emission spectra
were collected on diluted dispersions of CDs in ultrapure water by a
JASCO FP-6500 spectrophotometer in a 1 cm cuvette with a 3 nm re-
solution bandwidth. The quantum yield of CDs was calculated com-
paring the emission with a reference sample (Rhodamine 6G in water at
pH 13). To evaluate the photothermal conversion of CDs, a dispersion
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of CDs PBS pH 7.4 (200 μL, 100 μg mL−1) was treated with a 810 nm
diode laser (GBox 15A/B by GIGA Laser) with the power fitted at
2.5 W cm−2. At scheduled time intervals the sample temperature was
measured and reported as a function of the exposure time.

2.5. Production of PLA/CDs dispersion and electrospinning process

PLA was dispersed in DCM:DMF 2:1 v/v mixture at 13% w/v under
magnetic stirring at room temperature. CDs (0.1% w/w respect to PLA)
were dispersed in the obtained solution under sonication for at least
1 h. The dispersion was loaded into 1 mL syringes fitted with blunt
tipped stainless steel needles with an internal diameter of 0.8 mm
(Terumo, Japan). Horizontal electrospinning process was conducted
with an accelerating voltage of 13 kV by delivering the polymeric dis-
persion at a constant feed rate of 20 μL/min. The distance between the
needle and the rotating collector was set to 15 cm. Scaffolds were
collected on aluminum foil and stored at−20 °C until use. CDs free PLA
scaffold, employed as control, was produced by spinning a 13% w/w
PLA solution in DCM:DMF 2:1 v/v mixture using the processing para-
meters already described.

2.6. Morphological characterization of electrospun scaffolds

Scanning electron microscopy (SEM) of PLA and PLA/CDs scaffolds,
with and without biofilm, was performed using a Phenom XL by
Alfatest operating at 5 kV. The mean diameter of electrospun fibers was
calculated by analyzing optical microscope images captured with a
40× objective. For each electrospun scaffold, 10 pieces (from different
areas of the sample) were analyzed. The diameters of at least 50 fibers
per sampled portion were measured by means of AxioVision software.
Fluorescence images were taken with a 40× air lens with suitable ex-
citation (540 nm) and emission (630 nm) light filters.

2.7. Physicochemical characterization of the PLA and PLA/CDs scaffolds

The ability of PLA chains to interact with CDs was investigated by
differential scanning calorimetry (DSC) coupled with thermal gravi-
metric analysis (TGA), using a DSC/TGA 131 EVO (by SETARAM
Instruments). Each DSC measure was performed under nitrogen atmo-
sphere with a flow of 1 mL min−1, using about 5 mg of dried sample
placed into an aluminum crucible. The heating rate applied was:
10 °C min−1, 20–500 °C. Surface wetting was evaluated by contact
angle measurements carried out using a DSA25 by Kruss Germany. In
order to assess the equilibrium time, contact angle was measured after
the deposition of the water drop as well as after 5 min.

Photothermal properties of the PLA/CDs electrospun scaffold were
investigated by irradiating at 810 nm round shaped samples (with
diameter of 5 mm and thickness of 0.2 mm) immersed in 200 μL of PBS
pH 7.4 in a 96 well plate. The irradiation of cell free and cell containing
electrospun scaffolds was conducted with an 810 nm diode laser (GBox
15A/B by GIGA Laser; power 0.1 W mm−3). The irradiating source was
positioned at 10 cm from the sample. At scheduled irradiation times the
bulk temperature was measured by immersing in the medium the fiber
optical temperature probe while the average temperature in the culture
well was investigated with the IR thermal camera previously calibrated.
CDs free PLA scaffold was used as negative control. Each experiment
was performed in triplicate.

2.8. Biological characterization

2.8.1. In vitro cytocompatibility assay
In vitro cytocompatibility studies were conducted by evaluating the

viability of eukaryotic cells cultured onto the CDs containing or CDs
free PLA electrospun scaffolds irradiated or not with 810 nm laser.
Human dermis fibroblasts (HDF) or human colon cancer cells (HCT-
116) were cultured in DMEM supplemented with fetal bovine serum

(10% v/v), glutamine, penicillin-streptomycin solution, and ampho-
tericin. Round shaped electrospun samples (diameter of 1 cm and
thickness of 0.2 mm) were inserted into CellCrown insert (Sigma-
Aldrich), sterilized by cold ethanol treatment and conditioned with
DMEM at 37 °C. 2 × 104 cells were seeded onto each scaffold placed
into a 24 well plate and cultured for 24 h at 37 °C and 5% CO2 atmo-
sphere. Samples were irradiated with 810 nm laser positioned at 10 cm
from the scaffold surfaces for 80 s then the medium was changed and
the cell viability was measured by means of MTS assay following the
supplier instructions.

The viability of cells cultured onto unirradiated scaffold was also
measured. Each experiment was conducted in triplicate.

2.8.2. Free carbon dots minimum inhibitory concentration (MIC)
determination

MIC of the CDs was determined on planktonic cells of clinical bac-
terial strains of methicillin resistant S. aureus (62) and metallo-β-lac-
tamase producing P. aeruginosa (31), and clinical yeast strain of C.
parapsilosis (38).

The CDs standard stock solutions were prepared in fresh medium
with a dilution range of 500–0.9 μg mL−1. MIC values were determined
using a standardized broth microdilution method in 96-well plates as
suggested by CLSI guidelines and defined as the lowest concentration of
antimicrobial exhibiting no visible growth at 35 ± 2 °C after overnight
incubation [37]. The antimicrobial assay with MICs determination was
carried out in triplicate and repeated subjecting the plate to 810 nm
NIR laser exposure (80 s, 5 W cm−2) at fixed power (5 W cm−2) for 80,
100 and 120 s.

2.8.3. PLA and PLA/CDs antimicrobial activity on planktonic cells
Single colonies of clinical strains of S. aureus 62, P. aeruginosa 31

and C. parapsilosis 38, grown in Mueller-Hinton agar (Sigma-Aldrich,
USA) and Sabouraud agar (Sigma-Aldrich, USA), were resuspended in
saline solution to a turbidity equivalent to a 0.5 McFarland standard
(1.5 × 108 CFU). Then, the suspensions were diluted to reach an in-
oculum density of 7.5 × 105 CFU/mL and plated in two sterile 96 well
plates where each microorganism was put into contact with either PLA
or PLA/CDs scaffolds. A first plate was incubated at 37 °C overnight,
while a second plate was subjected to 810 nm NIR laser exposure before
incubation. The assay was repeated with different time exposition (80,
100 and 120 s) of the plate. Antimicrobial effect was evaluated sub-
culturing 10-fold dilution of the microbial suspensions on Plate Count
Agar Oxoid™ and colony-forming-unit counts were performed.

2.8.4. Biofilm inhibition on PLA and PLA/CDs with and without NIR laser
exposure

Biofilm evaluation on scaffolds surface was performed by confocal
microscopy and scanning electron microscopy. Fragments of virgin PLA
or PLA/CDs (1.376 mm2) mats were placed on plastic supports and
transferred into 24-well plate. Bacterial and yeast suspensions were
obtained from broth cultures growth overnight in trypticase soy broth
(TBS) and sabouraud broth and subsequent dilution to achieve a tur-
bidity equivalent to a 0.5 McFarland standard. One hundred microliters
of 1:40 dilution aliquots were placed on scaffold, concomitantly biofilm
formation was confirmed with strain aliquots put on wells plate. Biofilm
inhibition was analyzed with 3D confocal microscopy and scanning
electron microscopy (SEM) before and after NIR laser treatment (80 s,
5 W cm−2) and before and after 1 cycle and 3 cycles NIR laser treat-
ments (80 s and 80 s × 3, 5 W cm−2). For this analysis, colonized
samples, irradiated or not with 810 nm laser as described above, were
treated with CellTracker Green CMFDA dye (Thermofisher) following
the supplier instruction.

The analysis was conducted with a 60× water immersion objec-
tives. The laser excitation was set at 492 nm and emission was recorded
at 517 nm.
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3. Results and discussion

Red-emitting carbon nanodots (CDs) with suitable NIR photo-
thermal properties were synthesized by a simple and industrially scal-
able solvothermal method from urea and citric acid in N,N-di-
methylformamide (DMF) as previously described. Briefly, size exclusion
chromatography allowed isolation of CDs with very narrow size dis-
tribution (1.5 ± 0.3 nm), high surface functionalization with car-
boxylic groups providing physical interactions with polar groups, high
NIR photothermal conversion (25.8%) and suitable quantum yield in
the red region (QY = 4%) (Supplementary, Fig. S1). The

physicochemical and morphological characterization of CDs is reported
in Fig. S1. It should be noticed that, unlike several noble metal and
carbon nanoparticles with similar theranostic properties (gold na-
norods, carbon nanotubes, graphene oxide, etc.), CDs have a diameter
of 1.5 nm and would be eliminated by renal excretion (cutoff: 5 nm)
thus avoiding bioaccumulation in the human body. Moreover, CDs have
a very huge specific surface area which provides plenty of scope for
development of nanocomposite materials with smart features.
Interestingly, thanks to the presence of polar surface groups (carboxylic
acid, amines, amides, hydroxyl) they can be dispersed both in hydro-
phobic polymers as well as in hydrophilic matrices such as

Fig. 1. Chemical and morphological characterization of the nanocomposite. Scanning electron microscopy of electrospun PLA (a) and the PLA/CDs nanocomposite
(a’). Size distribution of the electrospun scaffolds by optical microscopy (b). Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) for the
virgin PLA compared with the nanocomposite (c-c”): endothermic peak down. Fluorescence microscopy for the PLA/CDs nanocomposite: brightfield (d), CDs red
fluorescence (d’), merge (d”). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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polyaminoacids, polyalcohols and porous silica. Hence, we used these
CDs as filler of PLA electrospun nanofibers to provide 3D scaffolds with
self-tracking and photothermal properties useful in several biomedical
applications. A particular field of application of a such material could
be producing safe and self-sterilizing catheters or implants, since they
are very liable to develop infections at the human/material interface. In
fact, in clinical experience many microorganisms can be responsible of
severe infections both on medical devices and implants. Their ability to
form biofilm determines a condition in which microorganisms are not
susceptible to available antibiotic treatment and therefore are more
likely to cause chronic infections and to develop antibiotic resistance.
Among the most pathogen microorganisms isolated in medical devices,
methicillin resistant S. aureus (Gram-positive pathogen) worldwide is
one of the major concerns for public health and is estimated to cause
40–50% of prosthetic heart valve infections and bloodstream infections
[38]. On the other hand, carbapenem-resistant P. aeruginosa (Gram-
negative pathogen) is one of the greatest biofilm producers in urinary
catheters and is frequently resistant to most antibiotic classes. Also,
fungi may cause severe infections in vulnerable patients and C. para-
psislosis represents a common isolated yeast from intravenous catheters.
Their ability to produce biofilm on indwelling medical devices de-
termines the frequent inefficacy of specific antimycotic treatment and
the need to withdraw and replace them [39]. Hence, the idea here is to
develop a PLA/CDs nanocomposite endowed with a combination of
optical and photothermal properties providing eradication of plank-
tonic and biofilm forms of these relevant pathogens.

To obtain PLA/CDs nanocomposite scaffolds a dispersion of CDs
(1%) in the organic spinning solution of PLA was prepared by sonica-
tion. We chose this particular concentration of CDs since it is well-
known that, as a rule, the higher amount of nanofiller which provide a
complete dispersion into a polymer matrix (no particle-particle inter-
actions) should not exceed 1% on a weight basis. After the dispersion
process, no precipitation or formation of macroscopic aggregates was
observed even when the dispersion was left at room temperature for
24 h. It might be noticed that this dispersion may be used to obtain
different kind of objects and using many techniques widely employed
for polyesters such as film casting, 3D printing, injection molding or
phase separation. Macroscopically the presence of CDs does not influ-
ence the processability of the dispersion since it was not necessary to
change the processing parameters usually adopted for the virgin PLA
spinning solution (applied voltage, distance from the rotating collector,
extrusion rate of the dispersion). In both cases the spinning process was
continuous and without leaking phenomena and with a stable and
continuous jet. Likely, at this concentration and thanks to their “zero-
dimensions” (1.5 nm diameter), CDs do not interfere significantly with
PLA chains entanglement [40] nor with the surface tension of the dis-
persion. This last aspect is in accordance with what reported in the
literature by different authors that stated that nanoparticle size and
concentration are inversely proportional with their ability to influence
the surface tension of the so called “nanofluids” [41,42]. Interestingly,
after the electrospinning process a withe scaffold was obtained, even if,
as stated above, the starting dispersion was dark (typical carbon black
colour). This means that during the deposition of the polymeric mate-
rial, CDs are mainly conveyed in the core of the fibrillar structure. This
is demonstrated by SEM analysis that revealed that there are no mac-
roscopic morphological differences between CDs containing and CDs
free samples (Fig. 1 a-a’). In both cases, unwoven fibers with random
orientation and smooth surface were obtained (Fig. 1a-a’).

It is important to highlight the no ribbon like structures or beads
were observed in the CDs containing sample meaning that even during
the fiber formation and deposition there are no aggregation phenomena
between the nanoparticles (Fig. 1a’).

The size distribution analysis of fibers' scaffold showed a slight and
significant reduction of the average fibers' diameter in the PLA/CDs
nanocomposite (from 1.5 to 1.1 μm) (Fig. 1b). Perhaps, this is due to a
fiber reorientation phenomenon owing to non-covalent interactions

between CDs surface groups and PLA polar moieties during the eva-
poration of the solvent. This effect shrinks fibers and leads to a more
compact structure at the nanoscale level. DSC and TGA data reported in
Fig. 1c-c”’ seem to avail this theory, since the nanocomposite scaffold is
characterized by higher melting point and degradation temperature
compared with the virgin sample. In particular the melting point passes
from 167 to 169 °C and the degradation temperature from 322 to 345 °C
for the virgin and nanocomposite scaffold, respectively. By contrast,
according with the literature the nano-filler does not significantly affect
the glass transition of the PLA fibers [43].Clearly the compactness of
PLA fibers in the presence of CDs confers higher bulk thermal de-
gradation stability to the sample [44].

As already stated, CDs have a twofold function in that they can
allow the in vivo imaging of the implanted material and confer pho-
tothermal properties to the scaffold thanks to their ability to convert
NIR irradiation into heat. CDs employed here have a peculiar red
emission which makes them particularly advantageous for in vivo
imaging compared with other CDs so far reported in the literature [30].
Fluorescence images confirmed that CDs endows the nanocomposite
scaffold with self-tracking properties in the red region (biologically
transparent window) (Fig. 1d-d”). Besides, fluorescence microscopy
displays an outstanding homogeneous distribution of CDs in the PLA
fibers as denoted by the uniform fluorescence of the investigated
samples (Fig. 1d-d”).

The uniform CDs distribution inside PLA nanofibers was also con-
firmed by angle contact measurements (Fig. 2a-a”’) in which both
samples display comparable contact angle after a drop deposition on
the surface (Fig. 2a, a”) and only a small increase of wettability of the
nanocomposite after at the equilibrium time (after 5 min) (Fig. 2a”’).
This time-dependent wettability observed for the nanocomposite is
ascribed to a different reorientation of polar moieties at the material/
water interface due to the presence of the CDs filler. The sample
homogeneity observed is of crucial importance, since it is related to the
possibility of visualizing all parts of the scaffold eventually implanted in
the body. Besides, a homogeneous distribution of the nano-haters
would allow a uniform thermogenesis over the scaffold surface after
NIR irradiation.

The ability of the scaffold to transform NIR laser input into localized
heat (photothermal property) here is proposed to produce on-demand
and selective insults so as to eradicate planktonic and biofilm infections
of highly pathogenic microbes, which usually invade implantable de-
vices and biomaterials. This could be of help to develop self-sterilizing
materials to combat infections at the human/biomaterial interface. The
photothermal behavior of the PLA/CDs nanocomposite was studied in
bulk, by measuring the average temperature of the medium in which
the materials is socked and measuring the temperature distribution at
the material surface using a thermocamera (Fig. 2b-b”’, c, d). These two
different measurements give us a detailed idea on the thermal dis-
sipation during laser irradiation and on local temperatures throughout
the irradiated material. The latter is of particular interest in view of
medical applications in vivo, since sharp local temperature increments
could damage surrounding human tissues. Thermocamera measure-
ments carried out under 810 nm laser irradiation with a power of
5 W cm−2 clearly show that CDs confer to the nanocomposite scaffold
remarked photothermal properties, increasing the average well tem-
perature up to ≈ 45 °C after just 80 s of laser exposure (Fig. 2b-b”’).
This is an optimal temperature range to perform well as photothermal
agent in vivo, even if higher temperature can be reached without da-
maging the scaffold structure (about 85 °C). It might be noticed that
there are regions with higher local temperature, maybe due to scat-
tering phenomena inside the plastic well, reaching about 65 °C in some
bit (Fig. 2b-b”’, d). In Fig. 2c has depicted the behavior of the nano-
composite under irradiation with different powers, displaying a good
temperature tunability as a function of the laser power. Thus, the same
temperature can be reached using different combinations of laser power
and exposure time, depending on the kind of application. Typically, on-
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demand sterilization of materials requires low power and prolonged
exposure time, whereas shorter exposure time is preferred for in vivo
applications in order to limit undesired damage of human tissues.

3.1. In vitro biological studies

Cytocompatibility studies were conducted by evaluating the effect
of NIR irradiation on the viability of eukaryotic cells cultured onto the
surface of PLA/CDs scaffolds and the parent virgin samples. This was
made to ensure a direct contact with the thermogenic surface to ef-
fectively mimic what could happen in vivo to cells of native tissues that
eventually come in contact with the implanted material. Fig. 3 shows
that HDFa viability is not influenced by the presence of CDs into the
scaffold nor by the heat developed after 80 s of irradiation with a
810 nm laser diode with power of 5 W cm−2 (bulk temperature of
42 °C). As expected, HCT-116 cancer cells show a small decrease in
viability (13%) only after NIR irradiation under the same conditions
adopted for HDFa. This can be ascribed to the higher sensitivity of
cancer cells toward hyperthermia. In fact, as reported by numerous
authors, cancer cells are particularly susceptible to the local increase in
temperature so much so that hyperthermia is now an established
method for the ablation of tumor cells from healthy tissues and for the
debulking of solid tumors [45–47].

On the whole, cytocompatibility studies demonstrated that the na-
nocomposite electrospun scaffold is highly cytocompatible toward both
HDFa and HCT-116 cells and that the irradiation process, conducted for
a time sufficient to reach temperatures that could have a destabilizing
effect on the microorganisms' proliferation, is absolutely safe for
healthy cells of surrounding tissues.

The antimicrobial effect of pristine CDs and the nanocomposite
scaffold was established on clinical strains of different relevant patho-
gens: metallo-β-lactamase producing P. aeruginosa 31, methicillin-re-
sistant S. aureus 62 and C. parapsilosis 38. These bacterial pathogens

Fig. 2. Physicochemical characterization of
the nanocomposite. Time dependent con-
tact angles of the electrospun PLA (a-a’) and
the nanocomposite (PLA/CDs) (a”-a”’).
Thermal micrographs of a 96-well con-
taining DMEM-embedded (200 μL) nano-
composite under 810 nm laser exposure
(5 W cm−2) for 80 s (b-b”’). Bulk tempera-
ture variation profile of the DMEM-em-
bedded (200 μL) nanocomposite under in-
creasing laser power density (c).
Comparison of bulk and average hy-
perthermia obtained from the DMEM-em-
bedded (200 μL) nanocomposite under the
same NIR laser exposure (5 W cm−2) (d).
Data shown as mean ± s.e.m. (n = 6, 2
independent replicates).

Fig. 3. Cytocompatibility study for the virgin PLA and the PLA/CDs nano-
composite on human fibroblasts (HDFa) and colorectal carcinoma (HCT-116)
cell lines by MTS assay: cell viability was assessed with and without applying a
810 nm laser insult for 80 s at fixed power density (5 W cm−2). Data are shown
as mean ± s.e.m. (n = 6, 2 independent replicates).
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were chosen since they are listed by the WHO as “antibiotic-resistant
priority pathogens” that pose the greatest threat human health, while C.
parapsilosis because it is an important nosocomial pathogen frequently
responsible of insidious infections in vulnerable patients, exposed to
wide spectrum antibiotic treatments or affected by underlying diseases.

First of all, we compared the in vitro activity of the free CDs in
inhibiting the growth of planktonic cultures of clinical strains with the
virgin and nanocomposite scaffolds. The antimicrobial activity is re-
ported in Fig. 4 with and without 810 nm laser irradiation with a power
of 5 W cm−2. Preliminary study on pristine CDs showed that they are
not toxic toward microbes up to a concentration of 1 mg mL−1 (data not
shown), showing only a feeble decrease of the growth kinetic especially

for P. aeruginosa 31 and C. parapsilosis 38 (Fig. 4a). While they exhibit
MIC values of 0.125 mg mL−1 under NIR exposure for 80 s for all mi-
croorganisms considered (Fig. 4a). The PLA/CDs nanocomposite
treated in the same manner display a reduction of the growth kinetic for
P. aeruginosa 31 and S. aureus 62s, as complete sterilization occurred for
the C. parapsilosis 38 infected scaffolds (Fig. 4a). No significant effect
was measured for the virgin PLA scaffolds. This trend can be explained
considering the different nature of the three pathogens, which implies a
different sensitivity toward physical insults. In a second set of experi-
ments, we established the minimum inhibition temperature (MIT),
namely the minimum NIR exposure time needed to avoid micro-
organism growth, by evaluating the kinetic growth of the inoculum
after increasing NIR laser exposure (80 ➔ 120 s, 5 W cm−2; corre-
sponding to 42 ➔ 51 °C) (Fig. 4b). Surprisingly, for all microorganisms
considered the treatment of the PLA/CDs nanocomposite with 810 nm
laser diode with power of 5 W cm−2 for 100 s provides a complete
sterilization of the material. The complete sterilization of the material
can be ascribed to the higher interfacial temperature generated during
the irradiation (> 65 °C, Fig. 2), which allows efficient dissipation to-
ward prokaryotic cells at the material/cell interface. Besides, it should
be noticed that a strong reduction in the growth kinetics is observed
also under biocompatible laser exposure (80 s), providing a good evi-
dence that microorganism growth can be prevented also in implanted
biomaterials.

The ability of the PLA/CDs nanocomposite of inhibiting the growth
of pathogens as sessile community (biofilm) was also assessed using
sub-MIT conditions, considering MIT values obtained for the planktonic
form of all pathogens (Fig. 4b). This was evaluated comparing the
normalized fluorescence (FL mm−2) of the NIR laser treated biofilms
with those of the untreated controls under the same growth conditions
(Fig. 5a–c). The antibiofilm activity toward bacterial strains was also
tested using MTT assay, corroborating confocal analyses. By contrast,
the determination of cell viability on the fungal strain did not give us
any information since MTT may not enter fungal wall to be metabolized
(Supplementary S2). Not surprisingly, the PLA/CDs nanocomposite is
able to eradicate the biofilm of all pathogens after a biocompatible NIR
laser exposure (80 s, 5 W cm−2, ≈ 42 °C), and the effect do not follow
the same trend observed for the planktonic forms (i.e., Staphylo-
coccus<Pseudomonas<Candida) (Fig. 5a–c). In particular, we ob-
served a percentage of biofilm reduction of roughly 64% for S. aureus
62, 47% for P. aeruginosa 31 and 28%. C. parapsilosis 38 biofilms
(Fig. 5a’-c’). Besides, the eradication of the three biofilms can be in-
creased by repeating the same photothermal insult, showing that this
peculiar material does not lose its photothermal properties over time.
Fig. 5a’-c’ shows that the biofilm inhibition can be increased of about
25–40% after 3 cycles of photothermal treatments for all the biofilms
considered. The latter aspect is of particular interest since it is possible
to photothermally induce biofilm eradication several times so as to
guarantee clean materials for prolonged periods. This could be of help
to produce catheters or skin patches that can be sterilized on demand by
the application of an external stimulus. The physical eradication of S.
aureus 62, P. aeruginosa 31 and C. parapsilosis 38 biofilms was also
confirmed by SEM analysis of the nanocomposite scaffolds treated with
one cycle of NIR irradiation for 80 s with low power density
(5 W cm−2). In Fig. 5d-f’ is possible to see that all biofilms are removed
from the scaffold surface after applying the photothermal insult, cor-
roborating the broad-spectrum activity and the high versatility of this
material. Again, as expected, no significant effect was observable for
the virgin PLA scaffolds (not shown). The physical eradication of sessile
community is ascribable to the destabilization of the biofilm extra-
cellular matrix induced by the sudden and localized rise in temperature.
Biofilm forming microorganisms exploit this three dimensional archi-
tecture made by polysaccharides and protein to anchor the material
surface and proliferate. The disorganization of this structures, beside to
cause the “cleaning” of material surface, increases the microbes sus-
ceptibility toward the antibiotics.

Fig. 4. Antimicrobial effect of the nanocomposite and free CDs
(0.125 mg mL−1) against clinical isolates of P. aeruginosa 31, S. aureus 62 and C.
parapsilosis 38 with and without 810 nm NIR laser exposure (80 s, 5 W cm−2)
(a) at fixed power (5 W cm−2) and increasing time exposure (b).
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4. Conclusions

Mostly, implantable biomaterials and surfaces such as cartilage and
bone implants, peritoneal patches and intravenous catheters suffer from
spread of infections in vivo at the biomaterial/tissue interface. This is
due to several factors, among which protein deposition onto hydro-
phobic surfaces that usually characterize hard bioresorbable materials
suitable for medical applications such as polyesters-based medical de-
vices. Here, a nanocomposite polyester-based material, named PLA/
CDs, consisting of red-emitting carbon nanodots of 1.5 nm diameter
dispersed inside a PLLA matrix was obtained. It was demonstrated that
this nanocomposite can be easily processed into electrospun nanofiber
scaffolds without any significant technological issues. This biodegrad-
able material is characterized by self-tracking ability by fluorescence
imaging and can be sterilized because of its ability to convert NIR light
into heat. Both features are highly desired in medical applications,
especially to evaluate the morphology of the implanted material by in
vivo fluorescence imaging and for the on-demand sterilization of device
before and after implantation. The rise in temperature triggered by
laser irradiation is the driving force that cause the destabilization of
microbial membranes and enzymes so as the disorganization of the
extracellular matrix in the biofilm community. This non-specific mi-
crobicidal effect represents the strongpoint of the approach since it is
crucial to overcome the acquired microbial resistance toward anti-
biotics. It is noteworthy that photothermal properties of the proposed
nanocomposite scaffold allow effective sterilization of planktonic forms
of Gram-positive and Gram-negative bacteria as well as fungal strains

by applying a biocompatible 810 nm laser exposure for a few seconds.
Besides, we found that a strong depletion of biofilms obtained from
clinical isolates of S. aureus 62, P. aeruginosa 31 and C. parapsilosis 38
can be photothermally induced several times, implying the possibility
to efficiently eradicate persistent infections in situ and for prolonged
periods. Overall, the extraordinary photothermal-induced broad-spec-
trum antibiofilm activity of the PLA/CDs nanocomposite and the cost-
effective synthetic procedure adopted pave the way to future medical
applications, especially to produce self-sterilizing and self-tracking de-
vices, inserts and implants, which usually require on-demand eradica-
tion of severe drug-resistant infections. Considering the huge need of
resistant devices toward nosocomial infections, we believe that these
findings can be considered a proof of concept that shed light to the
possibility of developing a new classes of on demand sterilizable bio-
medical devices that allow the microorganisms eradication by the ac-
tivation of an external stimuli.
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Fig. 5. Biofilmicidal efficacy against 24 h old S aureus 62 (a) P. aeruginosa 31 (b) and C. parapsilosis 38 (c) biofilms. 3D confocal microscopy Z-stack imaging of green
stained microbes before and after the NIR laser treatment (80 s, 5 W cm−2). Biofilm inhibition calculated by FL intensity reduction of S aureus 62 (a’) P. aeruginosa 31
(b’) and C. parapsilosis 38 (c’) biofilms after 1 cycle and 3 cycles NIR laser treatments (80 s and 80 s × 3, 5 W cm−2). Data shown as mean ± s.e.m. (n = 3, 2
independent replicates). Scanning electron microscopy of S aureus 62 (d-d’) P. aeruginosa 31 (e-e’) and C. parapsilosis 38 (f-f’) biofilms 24 h old before (d-f) and after
(d’-f’) treating with NIR laser (80 s, 5 W cm−2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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