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ABSTRACT: The increasing development of antibiotic resistance
in bacteria has been a major problem for years, both in human and
veterinary medicine. Prophylactic measures, such as the use of
vaccines, are of great importance in reducing the use of antibiotics
in livestock. These vaccines are mainly produced based on
formaldehyde inactivation. However, the latter damages the
recognition elements of the bacterial proteins and thus could
reduce the immune response in the animal. An alternative
inactivation method developed in this work is based on gentle
photodynamic inactivation using carbon nanodots (CNDs) at
excitation wavelengths λex > 290 nm. The photodynamic
inactivation was characterized on the nonvirulent laboratory strain
Escherichia coli K12 using synthesized CNDs. For a gentle
inactivation, the CNDs must be absorbed into the cytoplasm of the E. coli cell. Thus, the inactivation through photoinduced
formation of reactive oxygen species only takes place inside the bacterium, which means that the outer membrane is neither damaged
nor altered. The loading of the CNDs into E. coli was examined using fluorescence microscopy. Complete loading of the bacterial
cells could be achieved in less than 10 min. These studies revealed a reversible uptake process allowing the recovery and reuse of the
CNDs after irradiation and before the administration of the vaccine. The success of photodynamic inactivation was verified by
viability assays on agar. In a homemade flow photoreactor, the fastest successful irradiation of the bacteria could be carried out in 34
s. Therefore, the photodynamic inactivation based on CNDs is very effective. The membrane integrity of the bacteria after
irradiation was verified by slide agglutination and atomic force microscopy. The method developed for the laboratory strain E. coli
K12 could then be successfully applied to the important avian pathogens Bordetella avium and Ornithobacterium rhinotracheale to aid
the development of novel vaccines.

1. INTRODUCTION

Antibiotics have been used for the treatment of bacterial
infectious diseases in human and veterinary medicine for more
than 80 years.1 They are mainly applied when the pathogen has
not yet been precisely identified, but the infection must be
treated quickly. Antibiotics are generally well tolerated by
humans and animals, and are thus widely used in medicine.
However, antibiotics do not affect certain bacteria. The survival
of these antibiotic- or antimicrobial-resistant bacteria has been
favored for years by the extensive and global use of antibiotics.
In consequence, the World Health Organization (WHO) has
issued warnings that the rapid spread of antibiotic resistance is
a major public health challenge because it endangers the ability
to treat potentially life-threatening infections for years.2 In
Europe, more than 33 000 deaths a year have been reported
due to infection with multiresistant bacteria, and the numbers
are rising.3

In the 2014 WHO global report on surveillance “anti-
microbial resistance”, the authors reported the risk of
resistances occurring in different bacteria all over the world.4

This was updated in 2020 and supplemented by an
Immunization Agenda 2030.5 Among others, the bacteria of
the species Escherichia coli already show a resistance to the last
generation drugs (cephalosporins and fluoroquinolones)
commonly used to treat serious infections of 50% or more in
five out of six investigated regions.4 Potential human infections
from E. coli can be urinary tract infections, bloodstream
infections, and meningitis in neonates. Resistance in E. coli
readily develops either through mutations or by acquisition of
mobile genetic elements against broad-spectrum penicillins
(e.g., ampicillin or amoxicillin). The spread of transmissible
antibiotic-resistant bacteria between humans and livestock can
take different paths (meat, surface water, wastewater, or
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manure fertilization used for edible plants).6 Similar resistant
plasmids or similar E. coli strains have been found in chicken
meat products and human infections.7 Since the beginning of
the use of antibiotics in medicine in the 1940s, resistances have
steadily grown and current research shows an increase of
individual resistance genes by a factor of more than 15.8

While antibiotics or for example bacteriophages are only
used after the host (human, animal) has been infected,
vaccines can be used to prevent infections, create herd
immunity (indirect protection), or even eradicate diseases.
These prophylactic measures are of great importance in
reducing the use of antibiotics in livestock. Vaccines are mainly
produced based on formaldehyde inactivation. However, the
latter damages the recognition elements of the bacterial
membrane and thus could reduce the immune response in the
animal. One alternative to formaldehyde is the photolytic
inactivation with ultraviolet (UV) light.9 Due to the absorption
of low-UV-wavelength radiation, the bacterial cell walls can be
damaged as well. Thus, lower exposure times or intermediary
additives (e.g., photosensitizer) were used to increase the
integrity of the bacteria to trigger stronger immune responses.
One possible gentle inactivation method is the photodynamic
inactivation using amorphous carbon nanodots (CNDs)10 at
wavelengths λex > 290 nm.11 The inactivation is based on
photoinduced formation of reactive oxygen species by CNDs
in the bacterium to avoid damage of the outer membrane.11,12

CNDs, due to their promising photophysical and chemical
properties (e.g., high water solubility, chemical inertness,
resistance to photobleaching, high biocompatibility, and ease
of functionalization13) have emerged as very promising
nanomaterials for a broad range of applications (e.g.,
wastewater treatment,14 (photo)catalysis,15 and optoelectronic
devices13). In particular, the ability to prepare CNDs from a
wide range of accessible organic materials makes them a
potential alternative for conventional organic dyes and
semiconductor quantum dots (QDs) in various applications.
In contrast to QDs, which often consist of toxic elements such
as cadmium and other rare earth metals,16,17 the CNDs (cyto-
)toxicity is typically lower but still under debate and is strongly
influenced by the concentration of the CNDs, their surface,
and their application.18−21 Various studies concerning the
(cyto-)toxicity of different CNDs types in various model
organisms, e.g., cell viability assays,22−24 zebrafish,25 and
various rodents,26,27 so far suggest that CNDs of any type

appear to have low (cyto-)toxicity in vitro and in vivo, and that
they possess excellent biocompatibility.28−31 Thus, CNDs can
be efficient photosensitizers for photodynamic inactivation
which simultaneously reduce unwanted side effects both in the
target bacteria and the vaccine recipient. For the photo-
dynamic inactivation the CNDs must pass through the outer
membrane of the bacteria.32,33 The detailed uptake mechanism
of the CNDs into bacteria depends among others on the size,
shape, degree of dispersion, and surface charge of the CNDs
and is part of current studies and reviews.12,34−36

In this work, CNDs synthesized according to previously
published protocols37,38 were used to find the smallest
irradiation time for the inactivation of the nonvirulent
laboratory strain E. coli K12 using UV and visible light
radiation. The verification of the integrity of the inactivated E.
coli via different methods was the focus. The lowest membrane
damage will result in the highest immune response in animals
and thus in a very effective vaccine. The method developed for
the E. coli was subsequently applied to the important avian
pathogens Bordetella avium and Ornithobacterium rhinotracheale
(ORT). These pathogens are mainly responsible for
respiratory diseases in turkeys.39−42 Infections with these
bacterial pathogens lead to high economic losses in the poultry
sector and therefore generally require antimicrobial treatment.

2. RESULTS AND DISCUSSION

A self-made flow photoreactor was used to show the potential
of the gentle photodynamic inactivation of bacteria using
CNDs at wavelengths λex > 290 nm. Two batch and one flow
inactivation experiments were chosen as reference methods.
The batch inactivations were performed in cuvettes with two
different light sources (calibration lamp: λex = 230−2250 nm
and UV-A diode: λex = 365 ± 40 nm). For the flow inactivation
reference, the bacteria without CNDs were irradiated in the
photoreactor with UV light (λex ≈ 254 nm).
The different radiation wavelengths in the photoreactor were

chosen based on the absorption spectra of the E. coli (see
Figure 1 left). While 254 nm (low-pressure Hg radiator, red
curve) is strongly absorbed directly by the E. coli, the high
wavelengths above 290 nm (mid-pressure Hg radiator +
borosilicate glass as high-pass filter, green curve) are used to
excite the CNDs and thus gently inactivate the E. coli. For
photodynamic inactivation, the preceding incorporating
process of the CNDs in the bacteria was controlled by

Figure 1. Left: normalized extinction spectrum of E. coli (black) and emission spectra of a Hg low-pressure (red) and a Hg mid-pressure radiator
(green) in a glass envelope of borosilicate glass with given transparency (blue); right: scheme of the flow inactivation with CNDs and the reference
method with UV light.
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fluorescence microscopy (loading process). After irradiation of
the CNDs−bacteria mixture in the flow reactor with the mid-
pressure radiator, the CNDs were removed from the bacteria
via diffusion with a liquid flow of phosphate-buffered saline
(PBS) (release process, Figure 1 right).
For monitoring the process of loading and releasing of the

CNDs in the bacteria, a fluorescence microscope was used.
Changes in the absorption and emission behavior of the CNDs
due to their surrounding environment made it possible to
monitor their depopulation in the surrounding PBS and their
population in the E. coli separately. Both the absorption and
emission bands of the CNDs shift to higher wavelengths
(around + 100 nm) when CNDs are internalized by the
bacteria. This behavior was to be expected, as it has previously
been shown that the dipole−dipole interactions between CND
surface groups and the surrounding medium can modify the
emission properties of CNDs.43 Hence, pH, polarity, and

temperature of the surrounding medium can lead to a shift of
CNDs absorption- and emission behavior, while their
characteristic offset is maintained.44 Two different optical
filter cubes, depending on the CND-containing medium, were
applied to the microscope to separate the excitation and
emission light (see Section 3) of the CNDs in the different
surroundings.

2.1. Loading Process. For monitoring the incorporating
process of the CNDs into the bacteria, E. coli were fixed with
agarose on a coverslip. A bright-field image of the bacteria was
recorded via a charge-coupled device (CCD) camera to locate
the position of the bacteria in the focus (Figure 2 left, 0 min).
Afterward, a defined volume (10 or 100 μL) of a diluted CND
stock solution was added and a series of fluorescence images
were taken to monitor the uptake process of the CNDs into
the E. coli (Figure 2 left, 2 to 9 min). Different bacteria were
selected as regions of interest (ROIs). These ROIs were

Figure 2. Loading of the E. coli bacteria via adding of 100 μL of diluted CND stock solution to a volume of 1 mL of E. coli in PBS at 0 minleft:
microscopic images (0 min = bright-field image, 2/4/9 min = fluorescence images, X-Cite 25%, λex = 565 ± 15 nm, λem = 630 ± 37.5 nm), E. coli
(rod) bacteria were fixed with 1 M agarose solutionright: fluorescence intensity over time after loading of different regions of interest (ROIs =
clear shaped E. coli bacteria in the focal plane of the microscope), intensities are background-corrected, background = region without loaded
bacteria, image acquisition rate was 2 min−1.

Figure 3. Left: loading of the E. coli bacteria with 10 or 100 μL of CND solution and their normalized averaged ROIsright: washing out process
of CND-loaded E. coliflow rate 1 mL/min of either 0.5% Triton solution (v/v) or PBS with respect to the background (= region without E. coli).
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separately integrated to observe the fluorescence intensity over
time at 630 nm (CND emission in E. coliFigure 2 right,
Figure 3 left). The emission at this wavelength was mainly
induced by the CNDs, the weak autofluorescence (emission)
of the bacteria was removed through background subtraction.
The process was repeated at different volumes of CND
solution (Figure 3 left).
The uptake of the CNDs into the E. coli begins within

several seconds after adding the CND solution to the E. coli
regardless of the volume used. This is reflected by the fast
increase of the fluorescence intensity within the first minutes
(see Figure 2 right and Figure 3 left). By adding 100 μL of the
CND solution, the emission intensity reaches a plateau after
7−8 min (Figure 2 right). Smaller CND solution volumes lead
to a more undefined result with various changes in the
emission, probably due to varying CND concentrations in the
bacteria. Larger volumes of added CNDs result in higher
average fluorescence emission intensities than smaller volumes
(Figure 3 left) due to higher numbers of incorporated CNDs
in one bacterium.
2.2. Release Process. To remove the CNDs from the E.

coli, the CND-doped E. coli fixed on the coverslip were
continuously washed with PBS (1 mL/min). To monitor this
process, the fluorescence intensity at λem ≈ 630 nm (CND
emission in E. coli) was measured over the washing out time
(Figure 3 right). To verify that all CNDs had left the bacteria,
the same procedure was done with a 0.5% Triton X-100
solution (v/v). Triton X-100 is a nonionic surfactant that is
used in protein purification to detach membrane proteins in
their native conformation from membranes. In contrast to the
respective background, the emissions of a ROI that was flushed
with PBS or Triton decreased significantly over 15 min
flushing time. Thereafter, the fluorescence of all three curves
behaved similarly with comparable intensities (see Figure 3
right). It can therefore be concluded that the CNDs can be
washed out of the bacteria using PBS and thus can be reused
for the further photodynamic inactivation process.
2.3. Photodynamic Inactivation. The direct photolytic

inactivation with UV light allows a rather targeted damage of
biological functions of the cell due to the absorption by the
bacteria.45 In contrast, photodynamic inactivation generates
reactive oxygen species mainly within the bacteria (e.g.,
peroxides or singlet oxygen), which attack biologically
important molecules in the immediate vicinity of the used
photosensitizer. A well-explored photosensitizer which gen-
erates reactive oxygen species is methylene blue (MB).46 The
photosensitizer is effective against multiresistant bacteria and
can be used in high concentration (1% v/v) without human
toxicity, but with low efficiency as well as low selectivity to
bacteria cell.47 In the present study, CNDs were applied as an
alternative photosensitizer due to their special luminescence
properties.23

The photodynamic inactivation starts with the doping of the
bacteria with a photosensitizer, such as MB or CNDs (Figure 1
right; for details, see Section 3). To find the shortest irradiation
time, each bacteria−photosensitizer mixture was irradiated in
the flow reactor. To verify the influence of daylight while
doping the bacteria with CNDs, the doped E. coli were
irradiated additionally with a calibration lamp and a diode in a
cuvette (for details, see Section 3). The calibration lamp shows
broad emission (λex = 230−2250 nm) nearby the sunlight
spectral range, while the diode emits only UV-A wavelengths
around λex = 365 nm.

The high emissions at λem > 290 nm of the mid-pressure Hg
irradiator leads to a fast inactivation of the doped E. coli
independent of the used photosensitizer (CNDs or MB).
Thus, our CNDs give comparable results to the well-
established photosensitizer MB. Additionally, CNDs have a
wide absorption range. Therefore, inactivation due to daylight
(calibration lamp and UV-A light) of the CND-doped E. coli
was tested. It takes place but needs significantly longer
irradiation times (≈30 min, see Table 1) due to the lower
energy densities.

The potential of the custom-made flow reactor while using
CND-doped bacteria for inactivation was verified with further
experiments. First, the number of bacteria strains was increased
by Bordetella avium and Ornithobacterium rhinotracheale.
Second, the influence of the CNDs on the inactivation process
was tested by direct inactivation of the bacteria with UV light.
The goal of all experiments was to find the highest possible
flow rate or the shortest possible irradiation time for each
bacterial strain at which the sterile test is showing a repeatable
negative result (inactivated bacteria). To that end, the bacteria
solutions in PBS (zero sample) were irradiated by both Hg
radiation sources (low and mid-pressures) at different flow
rates.
A summary of these results is given in Table 2. The short

irradiation time results in low damage to the bacteria, which is
reflected in the high recovery rates (all >94%) of the irradiated
bacteria compared to untreated bacteria using a matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS). Additionally, the antigen−antibody re-
actionclumping of particulate antigens (agglutination)
showed that the recognition elements on the bacteria surface
were not damaged significantly during the irradiation. The
minimal possible irradiation time varies greatly from strain to
strain. While the mid-pressure Hg radiator allows considerably
shorter irradiation times for the E. coli, the low-pressure
radiator shows a more effective inactivation for the B. avium
and ORT. However, all photodynamic inactivations were
significantly faster than the reference method without CNDs.
The acceleration factor of the inactivation for the mid-pressure
Hg irradiator, by adding CNDs, varied depending on the
bacteria strains (E. coli = 1.6, B. avium = 2.6, and ORT = 3.7).

2.4. Verification of Integrity. The success of the direct
photolytic and the photodynamic inactivation of E. coli was
verified by viability assays on agar and sterile tests. If the
number of colony-forming units (CFU) on agar was smaller
than 10 for the stock solution of the irradiated sample and the

Table 1. Indirect Photo-Inactivation of Doped E. coli (Batch
Inactivation)

lamp source
mid-pressure Hg

radiatora
calibration
lampbT

UV-A
lightbT

doping MB CNDs CNDs CNDs
initial sample
[108 CFU/mL]

4 4 1 2

min radiation time 34 s 34 s ≈30 min ≈30 min
sterile test negative negative negative negative
aThis irradiation was performed with the flow reactor (perfluor-
oalkoxy alkane (PFA) tube with ID = 0.762 mm, water cooled).
bThese irradiations were done in cuvettes in front of either the
calibration lamp or (365 ± 40) nm diode both without cooling.
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sterile tests of the same sample were negative, the sample was
defined as inactivated.
Additionally, MALDI mass spectra were recorded and

compared to the spectra before irradiation. The high recovery
rates of at least 94% (Table 2) give a good indication of the
integrity of the bacteria and proteins. Furthermore, the
integrity of proteins and lipids was verified by slide
agglutination with positive results. For a good immune

response, the most important parts of the bacterium are an
intact shell and membrane. To verify their integrity, atomic
force microscopy (AFM, see Figure 4) and fluorescence
lifetime imaging microscopy (FLIM, see Figure 5) were used.
In AFM images, the exterior shape of the bacteria can be

visualized. The surface of the E. coli bacteria treated with 0.4%
formaldehyde showed significant damage. In contrast, the
untreated and the irradiated E. coli were undamaged. The

Table 2. Results of the Flow Inactivation (with/without CNDs) of the Bacteria E. coli, B. avium, and ORT in the Flow Reactor
Using Different Hg Lamps (Upper Part of the Table)a

E. coli (K12) B. avium ORT

Hg radiator (pressure) low mid mid + CNDs low mid mid + CNDs low mid mid + CNDs
initial sample [108 CFU/mL] 1 4 4 9 9 9 3 3 3
min radiation time [s] 336 56 34 22 31 12 49 84 23
Verification of integrity
sterile test neg. neg. neg. neg. neg. neg. neg. neg. neg.
agglutination yes yes yes yes yes yes yes yes yes
MALDI-TOF recovery rate >94% >95% not tested >96% >99% not tested >99% >99% not tested

aFor the possible minimum irradiation time needed for a complete inactivation, the results of used methods to verify the integrity are given (lower
part of the table).

Figure 4. Examples of AFM images of E. coli bacteria before (left) and after treatment (middle) with radiation or 0.4% formaldehyde (right)
preparation: a solution of E. coli in PBS 107 CFU/mL was added dropwise on a slate plat and dried with air.

Figure 5. Representative false color-coded FLIM images of E. coli with the fluorescence marker FM1-43, which is selective for bacteria membrane,
λex = 475 nm, λem > 500 nm after irradiation with low-pressure Hg radiator (colder colors indicate lower decay time)preparation: a solution of E.
coli in PBS 107 CFU/mL and FM1-43 (c = 1 μM) was fixed on the coverslip with Vectabond and the staining was stopped after 2 min incubation
time with 100 μL of 1% aqueous agarose solution.
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FLIM images allow for an additional evaluation of the integrity
of the outer E. coli membrane using the membrane selective
fluorescence marker FM1-43. The irradiated E. coli showed no
leakage of the marker; therefore, an intact membrane can be
assumed.
2.5. Application. In summary, the verification of bacterial

integrity shows that after irradiation, all tested external parts of
the inactivated bacteria show no significant difference to the
bacterial integrity before irradiation. The optimization of the
photolytic inactivation by the addition of CNDs has not been
tested in animals so far. However, since the photodynamically
inactivated bacteria can be separated from the CNDs, there is
no argument against their future use in animals. Thus, the self-
synthesized CNDs could be a good alternative photosensitizer
for future work with different bacterial strains.

3. EXPERIMENTAL SECTION
3.1. Materials. Water was purified in a Milli-Q Advantage

A10. Phosphate-buffered saline (PBS) was acquired from
Sigma-Aldrich (tablets, pH 7.4, P4417 Sigma). The laboratory
strain E. coli (K12), B. avium, and O. rhinotracheale were
prepared by RIPAC LABOR GmbH. The CNDs used in this
study were custom-made via microwave-assisted hydrothermal
treatment at the University of Potsdam (designated as HAc/N-
CNDs).37 Our synthesized CNDs have a narrow size
distribution of (2.40 ± 0.25) nm, a good solubility in water,
and a high hygroscopy.37,38 Accordingly, the determination of
the dry weight to specify concentrations was not possible for
these CNDs.
3.2. Methods. 3.2.1. Sample Preparation for the

Inactivation. The photodynamic inactivation starts with the
doping of the bacteria with a photosensitizer (methylene blue
(MB) or CNDs). For a 1 mL of stock solution with E. coli
(≈108 CFU/mL) in agarose (0.6 g agarose in 30 mL PBS), 30
μL of MB (1 mm stock solution in PBS) or 20 μL CND (stock
solution), respectively, was added to the E. coli solution and
shaken for minimum 10 min to fully load the bacteria with the
photosensitizer (verified by fluorescence microscopy, data not
shown).
3.2.2. Flow Inactivation. The inactivation of the bacteria

was performed with a custom-made flow photoreactor with
two different light sources (Hg low- or mid-pressure radiation
sources), based on the literature.48 Both are surrounded by an
immersion solution and a cooling tube (UV Laboratory
Reactor System 2, Peschl Ultraviolet). The mid-pressure Hg
radiator (TQ 150, Peschl Ultraviolet) is combined with a
cooling tube made of borosilicate glass while the low-pressure
Hg radiator (TNN 15/32, ozone-free, Peschl Ultraviolet)
quartz glass is used for the cooling tube. The bacteria
suspension is pumped with a flow rate between 0.6 and 90
mL/min via a piston pump (REGLO-CPF Digital with RH00
pump head, ISMATEC) through a perfluoroalkoxy alkane
(PFA) tube (ID = 0.762 mm, IDEX Health & Science)
wrapped around the surface of the cooling tube. The irradiated
volume was 5600 μL with 12.5 mm between suspension and
radiator surface. All inactivation runs were performed between
25 and 28 °C.
3.2.3. Batch Inactivation. In addition to the flow

inactivation in the photoreactor, the CND-doped bacteria
were also irradiated in fused silica cuvettes (thickness 5 mm)
that were located 2.5 cm in front of a calibration lamp (halogen
lamp LSB020 LOT-Quantum Design GmbH, Darmstadt,
Germany for sunlight emission) or (365 ± 40) nm diode

(OTLH 0480UV, OPTO-Technology, Inc., IL, for UV light
emission).

3.2.4. Fluorescence Microscopy. To monitor the process of
loading and releasing the CNDs in and from the bacteria, a
fluorescence microscope (Zeiss Axio Observer Z1 inverted
microscope, Carl Zeiss, Jena, Germany) was equipped with the
objective Zeiss Fluar 20×/NA 0.75. To separate the excitation
and emission light, two different filter cubes operating at λex =
485 ± 15 nm and λem = 535 ± 25 nm, or at λex = 565 ± 15 nm
and λem = 630 ± 37.5 nm were used. The images were taken by
a CCD camera (CoolSnap HQ2, Photometrics, Arizona). A
short-arc lamp (X-Cite 120, Visitron Systems, Purchheim,
Germany) was used for excitation. The data collection was
done with the software MetaMorph ver. 7.1 (Molecular
Devices, Sunnyvale). Data analysis was performed using Origin
9.1 G (Origin Lab Corp., Northampton).
For monitoring the loading process of the CNDs into the

bacteria, 100 μL of E. coli from a stock solution (≈108 colony-
forming units per milliliter [CFU/mL]) was fixed with agarose
on a coverslip. To minimize the background in the
fluorescence microscope images, E. coli bacteria and CNDs
out of the focus were removed using a peristaltic pump (1 mL/
min PBS flow for 6 min through a slide perfusion chamber).
Afterward, a defined volume (10 or 100 μL) of the diluted
CND stock solution (10 μL of stock in 5 mL of PBS) was
added to the coverslip.

3.2.5. Atomic Force Microscopy (AFM). The exterior shapes
of the E. coli bacteria were analyzed using a Flex-Axiom AFM
(Nanosurf GmbH, Langen, Germany). The Flex-Axiom AFM
includes CameraView for displaying video output and
PicoView for controlling all aspects of alignment, calibration,
and imaging.

3.2.6. Fluorescence Lifetime Imaging Microscopy (FLIM).
Measurements of the fluorescence decay times were realized
with the MicroTime 200 fluorescence lifetime microscope
system (PicoQuant, Berlin, Germany) coupled with the time-
correlated single photon counting (TCSPC) module Pico-
Harp 300 exhibiting a time resolution of 8 ps. For excitation, a
supercontinuum laser source (SC-400-2, Fianium) was used at
λex = 475 nm with a repetition rate of 20 MHz. The excitation
light was coupled via the dichroic mirror z467/638 rpc (AHF
Analysentechnik, Tübingen, Germany) into the inverted
microscope (IX71, Olympus, Hamburg, Germany) equipped
with a Plan Apo ×100/NA 1.4 oil immersion objective
(Olympus). The fluorescence signal passed a 30 μm pinhole
and a long-pass filter (LP500, AHF Analysentechnik,
Tübingen, Germany) and was detected by a single-photon
avalanche diode (SPAD, SPCM-AGR-13, PerkinElmer, Wal-
tham). Time-resolved fluorescence images were acquired by
scanning the sample with an xy-piezoelectric scanner. Thus, full
frame images of 80 × 80°μm were recorded with a resolution
of 150 pixel × 150 pixel and a pixel dwell time of 0.6 ms/pixel.
The images shown were recorded via the SymPhoTime64
software version 2.0 (PicoQuant, Berlin, Germany).

3.2.7. Matrix-Assisted Laser Desorption/Ionization Time-
of-Flight Mass Spectrometry (MALDI-TOF MS). The MALDI-
TOF MS experiments were performed with the standard
VITEK-MS RUO System (Biomerieux Deutschland GmbH)
with the standard protocol. The cells (before and after
photolytic inactivation) were harvested by centrifugation (2
min, 1.500 rpm) from cell suspension. The cell pellet was
directly transferred on the MALDI-TOF MS target and mixed
with matrix. The MALDI-TOF MS measurement and
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identification were performed with all manufacturer settings.
Identification with 99,9% illustrate the presence of whole intact
proteins. After degradation of proteins, like covalent formalin
inactivation, the protein peaks are lost the spectra and the
identification is negative. The cells after photodynamic
inactivation were not tested by MALDI-TOF MS because
the interaction of CND with the high voltage system in the
instrument (strict warning from manufacturer).

4. CONCLUSIONS
The present work shows the potential of a gentle photo-
dynamic inactivation of bacteria using carbon nanodots
(CNDs) at wavelengths λex > 290 nm. During the
implementation of this alternative inactivation method, the
loading and the release process of the CNDs in the
representative bacterium E. coli were monitored via fluo-
rescence microscopy. After adding sufficient concentrations of
the CND solution to the E. coli, all observed bacteria were fully
loaded after 5−10 min. The release process took place in less
than 25 min. The photodynamic inactivation with CNDs
addition was up to 10 times faster than the reference method
without CNDs with a UV lamp. After irradiation, the
membrane integrity of the bacteria was successfully verified
by agglutination and atomic force microscopy (AFM).

■ AUTHOR INFORMATION
Corresponding Author
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