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Quantum Sensing for Detection of Zinc-Triggered Free
Radicals in Endothelial Cells

Daniel Wojtas, Runrun Li, Anna Jarzębska, Bartosz Sułkowski, Michael Zehetbauer,
Erhard Schafler, Krzysztof Wierzbanowski, Aldona Mzyk,* and Romana Schirhagl*

Oxidative stress originating from the overproduction of free radicals poses a
major threat to cell fate, therefore it is of great importance to address the
formation of free radicals in cells subjected to various pathological stimuli.
Here we investigate the free radical response of endothelial cells to
biodegradable zinc. In addition to the standard free radical assays,
relaxometry was used for determining the production of free radicals in cells
exposed to non-physiological concentrations of zinc ions. The cellular
morphology, intracellular zinc accumulation, as well as the levels of reactive
oxygen/nitrogen species, are determined using standard fluorescent
methods. For endothelial cells subjected to 50% zinc extracts, deviations from
the normal cell shape and cell agglomeration tendency are observed. The
culture medium containing the highest amount of zinc ions caused nuclei
fragmentation, blebbing, and cell shrinkage, indicating cell death. A potential
explanation for the observed phenomena is an overproduction of free radicals.
In the case of 1% and 10% zinc extracts, the formation of free radicals is
clearly confirmed by relaxometry, while the results obtained by using
fluorescent techniques are unambiguous. It is revealed that high
concentrations of zinc ions released from biodegradable samples induce a
deleterious effect on endothelial cells.
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1. Introduction

Over recent years, various zinc-containing
materials have attracted considerable atten-
tion in the biomedical field as they show
diverse and wide-ranging potential appli-
cability. Biodegradable implants and fixa-
tion devices could benefit from the use of
zinc-based biomaterials, while zinc oxide
nanoparticles (NPs) might be of vast impor-
tance for anticancer treatments, drug deliv-
ery, or bioimaging.[1,2] Generally, zinc and
its alloys are corrosion resistant, enabling
a steady, controlled disintegration of im-
planted materials. On the other hand, zinc
oxide NPs have been widely investigated
owing to their therapeutic effects. In addi-
tion, a great deal of research has been de-
voted to zinc-enriched surfaces since they
tend to lower the adhesion of microorgan-
isms, opening a new path in the preven-
tion of bacteria-associated infections and
diseases.[1–3] From the point of view of bi-
ological significance, zinc is known to play
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an important role in the functioning of the immune system,DNA
transcription, cell division, breakdown of carbohydrates, and iron
transport. Moreover, its deficiency is believed to be linked to retar-
dation in growth and development as well as alterations in cogni-
tive functions.[4,5] Zinc and its alloys are generally considered to
be biocompatible, however, with the advent of various zinc-based
bulk materials, coatings, and NPs for biomedical purposes, the
impact of zinc ions on cells at the nanoscale should be carefully
revisited.
Generally, zinc ions are well-known as antioxidants, protect-

ing endothelial cells from inflammatory cytokines and polyun-
saturated lipids, as well as stabilizing membranes and inhibiting
the enzyme NADPH oxidase.[6,7] On the contrary, excessive Zn2+

in cells has been related to ROS generation,[8,9] although the ex-
act mechanism explaining this phenomenon has yet to be fully
understood. ROS encompasses a great deal of highly-reactive,
oxygen-containing molecules formed during an incomplete re-
duction of oxygen in a cell.[10] They can be either free radicals,
e.g., O∙−

2 or HO●, or non-radical molecules having the ability to
generate free radicals, e.g., H2O2 or

1O2. The reason behind the
extraordinary reactivity of radical species is an unpaired electron
present in the outer shell of their atoms.[11] The biological signif-
icance of free radicals is profound as they influence signal trans-
duction or take part in tissue defense mechanisms, realized by
immune cells, such as neutrophils or macrophages. Nonethe-
less, the overproduction of ROS results in oxidative stress which,
finally, may cause irreversible cell damage or even their death.
Hence, a balance between free radical generation and elimina-
tion is of immense significance.[12]

Since free radicals are short-lived, unstable, and produced in
small concentrations, their detection becomes arduous. Fluores-
cence techniques represent one of themost common approaches
used to detect free radicals. However, the inherent sensitivity of
dyes to photo-oxidation, bleaching, and changes in the chemi-
cal environment pose a challenge in determining free radical lev-
els in cells.[12] Apart from fluorescent probes, free radicals can
be also detected by electron spin resonance (ESR) spectroscopy.
Nonetheless, high spatial resolution measurements are limited
while using ESR. Diamond magnetometry (DM) is a technique
that is based on the nitrogen-vacancy (NV) center, a defect in di-
amond, which changes its optical properties based on its mag-
netic surrounding. Since optical signals can be detected more
sensitively, the method stands out in terms of its sensitivity. The
method is so sensitive that even the small signal of single nu-
clear spins can be detected.[13,14] In physics, DM has been em-
ployed to the measurements of magnetic nanostructures, do-
main walls, or magnetic vortices.[15] In biomedical sciences, DM
has been successfully applied to detect proteins, the magnetic
signal of a cell slice, and magnetotactic bacteria.[16–18] Relaxom-
etry is a specific mode of diamond magnetometry that is sensi-
tive to paramagnetic species. The principle of relaxometry has
first been demonstrated for detecting paramagnetic Gd3+ ions
in solution.[19] Since then, the technique has been used for ex-
ample to measure magnetic structures, superconductors, dif-
ferent paramagnetic ions, or ferritin molecules.[19–25] In combi-
nation with responsive coatings, which vary in spin label con-
centration, relaxometry may be used to detect redox processes
and pH changes.[26–28] In cells, relaxometry allows detection of
free radicals. This has been demonstrated for instance in mea-

surements in yeast cells, sperm cells, immune cells, endothelial
cells, and bacteria, and during the response of cells to viruses
or drugs.[29–35] Analogously to T1 measurements in conventional
Magnetic Resonance Imaging (MRI), the magnetic noise coming
from the NV center surroundings is detected in relaxometry.
Herein, this method has been used for the very first time to

detect the real-time generation of free radicals in endothelial
cells subjected to various amounts of zinc ions released from
biodegradable samples. The technique has been utilized in com-
bination with two standard fluorescent probes employed typically
to analyze the formation of intracellular reactive species. Eventu-
ally, relaxometry measurements allowed us to reveal the nano-
scale impact of metal ions on cells, i.e., the formation of free rad-
icals. Compared to the fluorogenic probes our method does not
suffer from photobleaching, and is not sensitive to reactive but
non-radical species. Our method is also less affected by other flu-
orescent molecules. Finally, our method reveals the current rad-
ical load rather than the history of the sample.

2. Experimental Section

2.1. Material Development

A billet of pure zinc (99.999%) with a diameter of 38 mm in the
as-cast state was extruded at 200 °C to a rod with 10 mm in di-
ameter with a true strain of 2.67. Prior to the biological investi-
gations described here, the material was cut, abraded, and pol-
ished, following standard metallographic procedures. In doing
so, a set of SiC papers up to 4000 grit as well as alcohol-based dia-
mond suspensions were used. Owing to the degradability of zinc,
before cell culturing, zinc-bearing extracts were prepared and
stored in a manner similar to those described in[36,37] by placing
cell culture medium (CCM, Endothelial Basal Medium, CC3156,
Lonza) on a single sample surface with a medium-to-area ratio of
1.25 mL cm−2. The immersed discs were kept for 24 h at 37 °C in
a humidified atmosphere of 5% CO2. During this process, zinc
ions are released into the medium and this solution is termed
the 100% zinc extract. Four different zinc extracts, i.e., 100%,
50%, 10%, and 1%, upon serial dilution with the CCM were pro-
duced. After preparation, the extracts were stored at 4 °C, but no
longer than 3 days after incubation. The actual concentrations
of zinc ions within the examined extracts, as shown in Table 1,
were detected by using the inductively coupled plasmamass spec-
trometry (ICP-MS, Thermo Fisher Scientific) technique. For the
ICP-MS studies, a standard addition-method with six calibration
points and the use of a 100 𝜇L sample per point was applied. The

Table 1. The contents of extracts.

Extract
concentration
[% v/v]

CCM
volume
[% v/v]

Zn2+

concentration
[ 𝜇g
mL

]

100% 0% 23.48

50% 50% 11.74

10% 90% 2.35

1% 99% 0.24
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samples were diluted with an aqueous solution of 0.1% HNO3
containing internal standards (Scandium and Germanium).

2.2. Fluorescent Nanodiamonds

Diamonds for T1 measurements were fluorescent nanodiamond
particles (FNDs) with a mean hydrodynamic diameter of 70 nm
and a flake-like structure (Adamas Nanotechnologies, NC, USA).
According to the producer, FNDs are obtained through high
pressure – high temperature (HPHT) synthesis and grinding.
Then, particles are irradiated with 3MeV electrons at a fluence
of 5 × 1019 e cm−2 and annealed at a temperature exceeding
700 °C.[38] As a result, they contain ≈500 NV− centers per par-
ticle. The surface of FNDs is oxygen-terminated because in the
last stage of their processing they are treated with oxidizing acids.
FNDs are known to be fully biocompatible and exhibit excellent
charge stability and infinitely stable fluorescence.[39–41] Hence,
they have been successfully applied for labeling and imaging.

2.3. Cell Culture

Within the present study, human umbilical vein endothelial cells
(HUVECs, CC2519, Lonza), obtained by the courtesy of the En-
dothelial Facility, University of Groningen, were used for all in-
vestigations. HUVECs were cultured in the EGM-2MV solution
(CC3202, Lonza), consisting of EBM-2 Basal Medium (CC3156,
Lonza) as well as EGM-2 MV supplements and growth factors
(CC4147, Lonza) at 37 °C with 5% CO2 until 90% confluence.

2.4. Cell-Material Interactions

Cell-material interactions were determined upon 4 and 24 h of
incubation with zinc extracts. Before imaging, the cells were
fixed with 4% paraformaldehyde solution for 10 min and per-
meabilized with 0.1% Triton X-100 (Sigma) for 7 min. Follow-
ing washing with fresh phosphate buffered saline (PBS), HU-
VECs were stained with FITC-phalloidin (Sigma) for 30 min and
DAPI (Sigma) for 5 minutes so cell F-actin fibers of cytoskele-
ton and cell nuclei, respectively, could be observable. Finally, the
cells were rinsed with PBS to remove dye residues and imaged.
Cell morphology and proliferation were analyzed based on im-
ages acquired with a confocal laser scanningmicroscope (CLSM)
Stellaris 8 Leica Microsystems. The excitation/emission wave-
lengths for FITC-phalloidin and DAPI were 495/513 nm and
340/488 nm, respectively. The captured images were processed
by employing the LAS X software. In addition, the Image Region
Analyzer toolbox inMATLABwas employed for quantitative anal-
ysis of the CLSM-derived data. The nuclear fragmentation index
and cell shrinkage ratio were calculated upon image binarization
as themean number of pixels constituting nucleus and cytoskele-
ton, respectively, with respect to the reference. In doing so, 20
binarized objects were taken into consideration. The number of
cell blebs and the percentage of blebbing were computed for a
series of six images taken from various places of an imaged well.
The former was additionally referenced to the image area.

2.5. Zinc Accumulation

Upon either 4- or 24-h incubation with zinc extracts, the cells
were exposed to the FluoZin-3 indicator (Thermo Fisher Scien-
tific), a Zn2+-selective probe in a cell-permeant form, in order to
reveal the extent of intracellular accumulation of zinc. The in-
dicator, consisting of acetoxymethyl (AM) ester, was prepared ac-
cording to themanufacturer’s protocol. HUVECs were incubated
with the AM ester at the concentration of 2.5 𝜇m for 30 min at
20 °C. Subsequently, they were rinsed with CCM and incubated
for further 30 min in CCM until de-esterification of intracellular
AM esters was completed. Finally, a CLSM Stellaris 8 Leica Mi-
crosystems was employed for image acquisition. The FluoZin-3
excitation and emission wavelengths used were 494 and 516 nm,
respectively. The mean fluorescence intensity, reflecting intracel-
lular zinc accumulation, was quantified using the ImageJ soft-
ware. A single mean intensity was computed using the formula
for corrected total cell fluorescence,[42] which is calculated as the
integrated density minus the product of the selected area and
the mean fluorescence of background readings. For each image,
five distinct background areas were employed for normalization
against autofluorescence. Finally, the mean intensities were re-
lated to the control group.

2.6. DHE Assay

A DHE (Dihydroethidium) Assay Kit (abcam), containing a fluo-
rescent probe, was utilized in order to inspect the generation of
ROS, mainly superoxide,O∙−

2 , in endothelial cells exposed to zinc
ions. In general, a DHE indicator gets oxidized by either super-
oxide to form 2-hydroxyethidium (2-OH−E+) or by non-specific
oxidation with other sources of ROS to form ethidium (E+). Both
reaction products bind to DNA to give off bright red fluorescence.
Following 4- or 24-h incubationwith zinc extracts at 37 °C and 5%
CO2 the cells were treated with a DHE-containing CCM solution
at the concentration of 10 𝜇m (from a DHE stock solution). Con-
sequently, the cells were incubated for 10 min at 37 °C and 5%
CO2 and rinsed with ice-cold CCM before image acquisition. The
fluorescence images were taken from at least ten randomly se-
lected cells per well using a CLSMStellaris 8 LeicaMicrosystems.
The excitation/emission wavelengths were set to 514/580 nm, as
described. [32] Finally, the mean fluorescence intensity, regarded
as a function of the ROS level generated by a cell, was determined
by using the ImageJ open-source software. A specific intensity
was calculated based on the corrected total cell fluorescence ap-
proach, as described above.

2.7. DAF-FM Assay

DAF-FMDiacetate (4-Amino-5-Methylamino-2″,7″-Difluorofluo-
rescein Diacetate, Thermo Fisher Scientific), a fluorescent indi-
cator developed to detect the intracellular nitric monoxide, NO●

and its derivatives, was used in order to determine the impact of
zinc ions on reactive nitrogen species (RNS) generation in cells.
Upon 4- or 24-h incubation ofHUVECswith zinc extracts at 37 °C
and 5% CO2, the cells were treated with DAF-FM at a concentra-
tion of 0.5 𝜇m (from a DAF-FM stock solution). Subsequently,
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they were rinsed with fresh CCM and incubated anew for 15 min
to finalize the intracellular DAF-FM diacetate de-esterification.
During the process, the non-permeable, nonfluorescent DAF-
FM is formed and converted to the highly fluorescent benzo-
triazole form in the presence of NO●. Finally, the fluorescence
images were captured from a set of 10 randomly selected cells
per well using a CLSM Stellaris 8 Leica Microsystem. The excita-
tion/emission wavelengths of 495/515 nmwere chosen for imag-
ing, thus in a manner similar to that described.[32] The relative
levels of intracellular RNS were quantified from the mean flu-
orescence intensity of DAF-FM by employing the ImageJ open-
source software. The specific intensities were quantified as cor-
rected total cell fluorescence, in a manner described above.

2.8. Relaxometry

Prior to T1 measurements, FNDs at the concentration of
2 𝜇g mL−1 were internalized by cells during 4-h incubation
at 37 °C and 5% CO2. At the end of incubation, the cells
were washed with fresh culture medium and exposed to zinc-
containing extracts for either 4 or 24 h. A single confocal scan
was performed with a 532 nm laser (50 𝜇W at the position of
the sample under continuous illumination) in order to detect
FNDs inside a particular endothelial cell.[29] A ×100 magnifica-
tion oil objective (Olympus, UPLSAPO 100XO, NA 1.40) and an
acousto-optical modulator (Gooch & Housego, model 3350-199)
were used to conduct the pulsing sequence. All of the T1 mea-
surements were carried out under static conditions at room tem-
perature. To perform a T1 measurement, NV centers are brought
into the bright ms = 0 state of the ground state and then it is
checked after different dark times how long the NV centers re-
main in this state by probing the fluorescent intensity after differ-
ent dark times. More specifically, the NV− centers were pumped
to the bright ground state with a 5 𝜇s long laser pulse. Afterwards,
probing (the first 0.6 𝜇s were used as read window) if the NV−

centers were still there or had returned to the darker equilibrium
between the ms = ±1 and the ms = 0 state was made. The spin
relaxation dynamics follow a decreasing exponential whose time
constant is called the spin relaxation time, or T1.

[43] This process
gets shortened in the presence of free radicals in the surrounding
area. Thus, the relaxation time (= T1) reveals the free radical con-
centration. Each T1 measurement takes on the order of millisec-
onds. However, to obtain a good signal-to-noise ratio, each mea-
surement was repeated 10 000 times, with the dark times vary-
ing from 200 ns to 10 ms. Since the particles are moving through
the cell, every 3 s the setup performed automated re-centering
to make sure that the particle is not lost. A single measurement
took ≈10 min. The experiments were carried out by using a cus-
tom made magnetometry setup, whose principles and usage can
be found elsewhere.[22,29,34] The collected data was processed us-
ing our originalMATLAB script. The relaxation curves were fitted
by the double exponential fit function for extracting T1 as done in
our previous study.[22] In addition to T1 measurements in cells,
T1 values in extracts alone were also recorded in order to check
whether zinc-containing media may influence the results of T1
measurements. In doing so, the value of T1 was first measured
by using FNDs covering a well and then FNDs immersed in the
particular extract.

2.9. Statistical Analysis

The obtained data was checked with regard to its statistical sig-
nificance by using the GraphPad prism v. 8 software. In doing
so, the differences between the analyzed probes were compared
with a one-way ANOVA. A P-value of < 0.05 was chosen as the
threshold for statistical significance.

3. Results

3.1. Cell-Material Interactions

Representative confocal images displaying cell behavior un-
der exposure to different zinc concentrations are illustrated in
Figure 1. In the control group, cells were forming nearly mono-
layers, regardless of the incubation time. HUVECs treated with
extracts containing either 1% or 10% of zinc ions exhibited nor-
mal, oblongmorphology with easily observable actin stress fibers
and well-defined pseudopodia. However, the cells subjected to
10% extract were no longer evenly distributed on the imaged sur-
face as clusters, as well as single cells were seen. The CLSM im-
ages collected forHUVECs exposed to the 50% and 100% extracts
clearly showed the impact of higher zinc amount on endothe-
lial cells. Upon culturing in the 50% extracts, cells were able to
grow and proliferate, yet they were no longer grouped in sizable
clusters. Some of them manifested abnormal, close-to-rounded,
or globular shapes which undoubtedly implies pathological in-
fluence of excessive zinc ions. The absence of filopodia should
be also highlighted. In the case of cells cultured in 100% extract
for 4 h, barely a couple of HUVECs were viewed and almost nei-
ther of them exhibited proper size and shape. Upon 24-h incu-
bation, endothelial cells did not survive in the extracts bearing
the highest amount of zinc ions as the signs of cell death, includ-
ing shrinkage, bleb formation, and nuclear fragmentation, were
noticeable. As seen, both from the CLSM-derived morphologies
and the quantitative data presented in Figure S1 (Supporting In-
formation), the deleterious impact of 100% zinc extracts on HU-
VECs is evident.

3.2. Zinc Accumulation

The morphologies of HUVECs cultured in zinc extracts and
stained with a zinc-specific fluorescent probe are shown in
Figure 2, while their normalized fluorescence intensities are dis-
played in Figure 3. The fact that the control group gave off a
fluorescent signal proves that zinc, in the form of various com-
pounds, is naturally present within some of the endothelial cell
compartments. Upon 4-hour incubation, we observed a progres-
sive rise in the normalized fluorescence intensity with an in-
crease in the concentration of zinc extract. However, the differ-
ences in the intracellular zinc levels between cells exposed to
1% and 10% zinc extracts were statistically insignificant sug-
gesting that ions contained in more diluted extracts are either
evenly distributed in cellular organelles and/or bound to other
biomolecules. Interestingly, after 24 h of incubation, the inten-
sities arising from cells subjected to 1% and 10% zinc extracts
were in the range of the control. Considering cellular morphol-
ogy and the extent of proliferation, this might indicate a posi-
tive role of small, yet non-physiological amounts of zinc ions in

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (4 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 1. Morphology of HUVECs incubated for a) 4 h, b) 24 h with zinc-bearing extracts. The cell nuclei were stained with DAPI (blue color) and F-actin
of the cytoskeleton was stained with FITC-phalloidin (green color).

culture media. Overall, the mean fluorescence intensities were
always greater upon 4-h incubation than after 24-h incubation.
This suggests that as treatment with zinc ions gets extended, en-
dothelial cells take up the excessive amounts of intracellular zinc
ions. At the same time, a surge in the mean fluorescent intensity
observed for the cells treated with 100% extracts, regardless of
the incubation time, implies that the occurring cell death may be
zinc-initiated. Here it is important to note, that an increased zinc
concentration in dead cells might also occur due to increased cell
permeability. Thereby, while the higher amount of zinc would not
be indicative of zinc being the cause of cell death, together with
the fact that clear signs of cell death are seen in these samples ren-
ders such an explanation likely. The phenomenon is supported by
the fact thatmajority of the cellular compartments contained zinc

in their structure, as evidenced by the CLSM images. However, it
is worth noting that Zn2+ might react with various anions, form-
ing, e.g., zinc oxide, zinc salts, and other oxidation states which
might ultimately cause toxicity instead of Zn2+ itself.[44,45]

3.3. DHE Assay

The CLSM-derived morphologies of HUVECs treated with DHE
solution are illustrated in Figure 4, while their normalized flu-
orescence intensities are displayed in Figure 5. In addition,
the estimated concentrations of ROS based on the approach
described[32] are shown in Figure S2 (Supporting Informa-
tion). All of the examined cell cultures, including the control,

Figure 2. Morphology of HUVECs incubated for a) 4 h, b) 24 h with zinc-bearing extracts and stained with the FluoZin-3 fluorescent probe.

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (5 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. Normalized fluorescence intensity evaluated for cells treated
with various zinc-containing extracts for a) 4 h, b) 24 h and the FluoZin-3
fluorescent probe. The experiments were performed in six replicates for
each variant. Data are presented as means ± standard deviation. The as-
terisks denote statistical significance (* p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001).

generated detectable amounts of superoxide and its derivatives
(henceforth, we use the term ROS with respect to DHE assay
since, as discussed further, not onlyO∙−

2 but also other ROSmight
be detected by the kit), although at various concentrations. Upon
4-hour culturing with zinc extracts, the production of ROS in
HUVECs was always more pronounced than at 24-h incubation.
The fact that no statistical significance in fluorescence intensity
was noted between cells exposed to 1%, 10%, and 50% zinc ex-
tracts after a prolonged treatment suggests that ROS production
occurs mainly during the early stage of incubation. Overall, in-

Figure 5. Normalized fluorescence intensity evaluated for cells treated
with various zinc-containing extracts for a) 4 h, b) 24 h and the DHE solu-
tion. Experiments were performed in six replicates for each variant. Data
are presented as means ± standard deviation. The asterisks denote statis-
tical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

creasing the amount of zinc ions in CCM caused endothelial cells
to produce a gradually higher concentration of ROS except for
HUVECs subjected to 100% zinc extracts. Upon 4-hour incuba-
tion, the level of ROS generated in cells treated with 50% and
100% zinc extracts was the greatest and the differences between
those groups were statistically insignificant. This indicates that,
as expected, ROS production is enhanced in cells experiencing
clearly visible signs of cell death, including cytoskeleton conden-
sation or blebbing. The excessive amount of intracellular ROS
formation could be linked toHUVECs not exhibiting typical mor-
phology and their inability to form agglomerates. However, after

Figure 4. Morphology of HUVECs incubated for a) 4 hours, b) 24 hours with zinc-bearing extracts and treated with DHE solution.

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (6 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 6. Morphology of HUVECs incubated for a) 4 h, b) 24 h with zinc-bearing extracts and treated with DAF-FM solution.

24 h of incubation, a two-fold decrease in the normalized fluo-
rescence intensity was noted for cells cultured in 100% zinc ex-
tracts with comparison to those treated with 50% extracts. As cell
shrinkage and nuclei fragmentation were evident, the number of
sites responsible for ROS formation, such as mitochondria, di-
minished considerably. Therefore, the ROS production may be,
in fact, overshadowed by the occurring apoptosis/necrosis, as
proven already by the examinations of adhesion, proliferation,
and zinc-binding ability. We postulate that the less diluted ex-
tracts, i.e.,>50%may result in cell death due to ROS overproduc-
tion. It is alsoworth noting that theDHE assay, like all fluorescent
assays of these kinds, shows some cross reactivity and this might
overestimate the signal.[46] On the other hand, bleaching of the
probe might lead to an underestimation of the oxidative stress in
cells.[47] In general, high reactivity of DHE probes do not make
them exclusive to superoxide detection only.[48] O∙−

2 gets bound
easily to many molecules, generating RNS, including peroxyni-
trite, or secondary ROS, such as hydrogen peroxide, hydroxyl rad-
icals as well as alkoxy radicals.[49] One of the most challenging
hurdles to overcome in the context of DHE-based probes is the
separation of 2-hydroxyethidium, the adduct of O∙−

2 and DHE,
from ethidium, an oxidation product of DHE.[48] Thus, it has to
be borne in mind that the probe is specific for a wide spectrum
of ROS, particularlyO∙−

2 and H2O2. Any change in the concentra-
tion of superoxide and its derivates should be viewed as indicative
of alterations in oxidative chemistry within the investigated envi-
ronment, rather than solely representing the precise formation
of superoxide.

3.4. DAF-FM Assay

Figure 6 depicts the morphology of HUVECs treated with DAF-
FM diacetate, a probe used to detect intracellular nitric oxide and
its derivatives, whereas Figure 7 illustrates the fluorescence in-
tensity referenced to the control.Moreover, the estimated concen-
trations of RNS based on the approach described[32] are shown in

Figure S3 (Supporting Information). Analogously to the data ob-
tained with the use of the DHE assay, we term the produced rad-
ical species as RNS, since, as discussed further, DAF-FM is not
exclusive to detection of NO●. It may be observed that after ex-
changing the CCM with zinc-bearing extracts, the differences in
fluorescence intensity between the control and the cells exposed
to 1%, 10%, and 50% extracts were statistically insignificant, re-
gardless of the incubation time. This indicates that the level of
RNS produced in cells exposed to extracts of ≤ 50% metal con-
centration lies within the physiological level or that the assay is
unable to detect RNS inHUVECs subjected tomore diluted zinc-
containingmedia.However, a surge in the generation of RNSwas

Figure 7. Normalized fluorescence intensity evaluated for cells treated
with various zinc-containing extracts for a) 4 h, b) 24 h and the DAF-FM
solution. Experiments were performed in six replicates for each variant.
Data are presented as means ± standard ± standard deviation. The aster-
isks denote statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001).

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (7 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 8. Relaxation time charts obtained after a) 4-h, b) 24-h incubation with zinc extracts. Experiments were performed in six replicates for each variant.
Data are presented as means ± standard deviation. The asterisks denote statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

confirmed for 100% zinc extract, both after 4- and 24-h incuba-
tion. Moreover, in contrast to the generation of ROS, the longer
the cells were cultivated in 100% zinc extracts, the more distinct
production of RNS was noticed. Therefore, we believe the result-
ing cell death upon 4- or 24-h incubation with the CCM bearing
the highest amount of zinc ions may be the result of the exces-
sive generation of RNS. What also needs to be clarified is that
even though the DAF-FM assays are being widely employed to
measure intracellular nitric oxide, they in fact provide informa-
tion about nitrosation of the studied environment.[48,50] The ac-
tual mechanism governing the reactions of DAF-FM with NO●

(or its oxidized adducts) to form benzotriazole inside cells re-
mains a matter of debate. It may involve nitrosative (oxidation
of NO● to yield N2O3) and/or oxidative (one-electron oxidation of
the reagent and subsequent reaction with nitric oxide) chemistry,
which indicates that the probe might detect nitrosative reaction
products of NO●, NO● itself, or both.[48,51] Diaminofluoresceins
are unable to separate the NO●-specific fluorescent signals given
off by the triazole derivates from nonspecific fluorescent prod-
ucts created by reaction of a probe with, e.g., other biomolecules
within cells or reagents that modifies the steady-state concentra-
tion of the intermediate radicals.[51] Thereby, dealing with DAF-
FM assays should be viewed as monitoring the integrated inten-
sity of nitrosative chemistry in a specific bioenvironment rather
than the exact formation of NO●.[52]

3.5. Relaxometry

The T1 values obtained for zinc-treated cells and zinc extracts are
illustrated in Figure 8 and Figure S4 (Supporting Information),
respectively. The differences in relaxation times determined for
zinc extracts were statistically insignificant indicating that zinc
has no influence on the T1 values measured in cells. As shown
in Figure 8a, the T1 values upon 4-h incubation were markedly
lower for all the examined zinc-enriched cell cultures, in com-
parison to the reference group. It indicates that a larger amount
of free radicals were formed upon exchanging the regular cell
culture medium with the zinc-containing one. Strikingly, even

as low as 1% zinc extract caused the formation of radicals in en-
dothelial cells. What is more, the differences between each of the
tested conditions and the control group were statistically signifi-
cant, indicating that abnormal amounts of zinc ions in CCM trig-
ger the formation of intracellular free radicals. On the other hand,
we did not observe any statistical significance in T1 values be-
tween cells cultured in extracts of different concentrations. Such
a tendencymay be substantiated by the fact that relaxometrymea-
surements provide nano-scale information from NV centers and
their surroundings in diamonds distributed in various cellular
compartments, not the data obtained by, e.g., mapping the entire
cell. When the incubation time was prolonged to 24 h, a simi-
lar phenomenon was observed with the only exception being ex-
tracts containing 50% and 100% of zinc ions. The fact that the
T1 value detected for the 100% extract was not even statistically
significant with respect to the control suggests that the level of
radical species diminished considerably. As already shown in cell-
material interaction studies and the analysis of assays designed
for ROS/RNS detection, the cells maintained in 100% extracts no
longer function properly as the phenomena related to cell death
are apparent. Cell death-related processes observed upon treat-
ing HUVECs with 100% extracts might be a consequence of free
radical generation.

4. Discussion

To the best of our knowledge, no reports linking the characteri-
zation of bulk biodegradable zinc and the generation of radical
species were published. While optimizing the mechanical and
corrosion properties of biomaterials, an in-depth assessment of
their biological performance is required as well. Even though
most of the in vivo studies do not document long-term, life-
threatening toxicity of biodegradable zinc and its alloys,[1] some
of the aspects, including possible overproduction of ROS/RNS,
should be taken into consideration.
Henceforth, we refer to various literature studies concerned

with 1) zinc and its anti-oxidative as well as pro-oxidative charac-
teristics, 2) the impact of zinc excess on endothelial cells, and 3)
relaxometry and its feasibility for radical species detection. Con-

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (8 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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currently, based on the reported findings and phenomena as well
as the results disclosed within the present study, we provide and
discuss possible mechanisms mediating cell behavior subjected
to high, non-physiological amount of zinc ions and the conse-
quent formation of radical species, including superoxide, nitric
oxide, and the common product of their reaction, peroxynitrite.

4.1. Zinc: An Antioxidant or a Prooxidant?

Under biological conditions, zinc remains in the Zn(II) valence
state and, owing to its completely filled d shell, possesses redox-
inert characteristics, hence it is unable to either oxidize or reduce
any substance.[53] Zinc, at normal, physiological concentrations,
contributes to the functioning of the antioxidant defense system
by acting as an anti-inflammatory nutrient, which attenuates ox-
idative stress.[7]

Zinc serves as a co-factor for dozens of enzymes exhibiting
antioxidative properties and hinders the activity of nicotinamide
adenine dinucleotide phosphate oxidase (NADPH-Oxidase), a
pro-oxidant enzyme. It also induces the synthesis of metalloth-
ioneins, proteins responsible for OH● reduction and seques-
tration of ROS.[53,54] Even though zinc is an essential trace el-
ement, it turns into a toxin when is either released intracel-
lularly from proteins or unbuffered, i.e., the concentration of
zinc ions gets too high in a bio-environment. In both of these
scenarios zinc homeostasis is perturbed and the element it-
self becomes a pro-oxidant.****[54] ROS formation from mito-
chondria, NADPH-Oxidase, or other sources may provoke intra-
cellular zinc mobilization, resulting in a vicious circle of pro-
oxidative conditions.[53] In fact, radical species-induced zinc liber-
ation from cellular protein sites additionally exacerbates oxidative
and nitrative injury, leading ultimately to cell death.[55] Within the
present study, it may be assumed that elevated concentrations of
zinc ions in endothelial cells, as shown by FluoZin-3 staining, do
not entirely come from zinc-enriched media, but are also a con-
sequence of zinc release from, e.g., metallothioneins as well.
The studies of zinc overload on neurons and astrocytes have

shown that zinc-initiated cell death may be triggered by a host
of phenomena, including the activation of NADPH-Oxidase and
NOS, release of Zn2+ from proteins, inhibition of the mitochon-
drial respiratory chain and the resulting formation of free rad-
icals, encompassing O∙−

2 , NO
●, and ONOO−.[53,56,57] As shown

for hippocampal neurons, during oxidative stress, zinc concen-
tration rises in lysosomes and brings about lysosomal dysfunc-
tion via membrane permeabilization and autophagy.[58] Conse-
quently, released Zn2+ impedes the respiratory chain, hampers
ATP synthesis, and increases the formation of ROS, which, in
the end, affects the mitochondrial permeability transition pore
(mPTP) and contributes to the release of apoptotic factors. Neu-
ronal death occurs as a result of the excessive intracellular Zn2+,
mobilized and redistributed in a brain, not because of exoge-
nous zinc.[53] One may suppose that similar outcomes could be
achieved for endothelial cells overloaded with zinc ions.
Zinc homeostasis is regulated by two classes of zinc transport

proteins, i.e., Zrt-/Irt-like proteins (ZIP) and zinc transporters
(ZnT). The former is responsible for increasing the cytosolic zinc
concentration, whereas the latter acts reversely as it manages the
transport of zinc ions into various cellular compartments or the

extracellular space. The intracellular Zn2+ is distributed between
the cytoplasm (≈50%), nucleus (≈30–40%) and the membrane
(remainder). In addition, the majority of zinc ions are bound to
proteins, such as proteins from the metallothionein family.[55,59]

Mitochondria, lysosomes, and endoplasmic reticulum are the
main organelles functioning as zinc stores, and they possess the
ability to control the level of intracellular zinc. Nonetheless, when
exposed to higher, non-physiological Zn2+ amounts, they may
undergomPTP opening and lysosomalmembrane permeabiliza-
tion (LMP). Both of these phenomena are well-established cell
death mechanisms9. The mPTP opening causes depolarization,
swelling, and cytochrome C release as well as caspase-dependent
apoptosis, while the LMP provokes the release of cathepsins from
the lysosomal lumen into the cytoplasm where the proteases par-
ticipate in apoptosis signaling.[9,60] Within the present study, the
detrimental effect of zinc ions on endothelial cells is especially
striking upon loading them with 100% extracts, thus, the ob-
served changes may be related to ZnT deficiency, protein dys-
function as well as mPTP and LMP.
The higher level of ROS in endothelial cells has been asso-

ciated with endothelial dysfunction resulting eventually in cell
death and the overall impaired neovascularization. Interestingly,
it is Cu─Zn superoxide dismutase (SOD1), an antioxidant en-
zyme, which is mainly responsible for ROS scavenging in en-
dothelial cells.[61,62] However, in pathological conditions, the cel-
lular antioxidant may not be able to provide for a steady balance
between free radical generation and neutralization. Deficiency of
SOD1 leads to superior production of radical species, therefore,
its activation ought to be viewed as an important defense mecha-
nism against oxidative stress.[63] A hypothesis explaining the tox-
icity observed in this study is that the increased activity of SOD1
may be provoked in the cells exposed to 50% zinc extracts, con-
sidering that they generated the highest amount of ROS, includ-
ing O∙−

2 , and yet still managed to grow and form agglomerates.
We further hypothesize that the functioning of SOD1 was lim-
ited for the cells treated with 100% extracts. Therein, the largest
level of RNS, such as NO●, was detected, though the formation of
ROS diminished, either barely (4-h incubation) or considerably
(24-h incubation). Since nitric oxide promotes dismutase activ-
ity in HUVECs,[64] we speculate that the protective properties of
SOD1 might have weakened as a result of zinc excess and simul-
taneous overproduction of various free radicals provoking nuclei
fragmentation, cell shrinkage, and bleb formation.
The explanation of cell death stemming from the use of 100%

zinc extracts could be provided by the analysis of superoxide
behavior. Mitochondria play a crucial role in respiration and
they can also contribute to ROS generation since the respiratory
chains contain a great deal of sites, i.e., complexes, where the
one-electron reduction of oxygen takes place with a simultane-
ous formation ofO∙−

2 . The matrix-generated superoxide can react
with other molecules, e.g., NO● or is converted to H2O2 by SOD.
At high superoxide concentrations in cells, the reaction of hydro-
gen peroxide with iron-sulfur centers in proteins may provoke
disadvantageous iron release. It is commonly known that as soon
as iron ions are supplied, H2O2 may easily participate in Fenton
reactions, leading to further generation of free radicals, such as
highly toxic HO●. Ultimately, the functions of O∙−

2 are not only
restricted to additional, cascade-like induction of free radicals in
redox signaling but also to nitric oxide inactivation as well as

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (9 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/qute.202300174 by D

anish T
echnical K

now
ledge, W

iley O
nline L

ibrary on [12/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

oxidative damage of different macromolecules, membranes, and
DNA, via the production of more reactive, toxic ROS, including
ONOO− andHO●.[59,65] With regard to ROS, it might be also pos-
tulated that Zn2+, at high concentrations, could competitively dis-
place iron and copper, two highly redox-reactive elements, from
metal-binding domains, such as heme domains. Consequently,
released cationsmight enable rapid catalytic conversion ofmolec-
ular oxygen, generating ROS and inducing oxidative stress.[66] In
this way, the production of free radicals should be viewed as zinc-
initiated.
Up till now, the NO● generation in endothelial cells

was investigated mostly upon performing shear stress-based
experiments.[32,67] In fact, it is well-known that endogenous NO●

production is mainly modulated by shear stress, being the prod-
uct of blood velocity and shear rate.[68] Nitric oxide is naturally
present in the environment of endothelial cells since it gets syn-
thesized by endothelial nitric oxide synthase (eNOS), an enzyme
of anti-apoptotic and cytoprotective abilities, thus acting as a cru-
cial vascular protective gasotransmitter.[69] It has been reported
that eNOS is especially prone to free calcium ions as it gets
quickly phosphorylated and generates NO● from L-arginine with
L-citrulline as a reaction by-product.[68] Onemay hypothesize that
a similar mechanism could be responsible for the larger produc-
tion of NO● in zinc-treated endothelial cells. In fact, a higher
level of intracellular Zn2+ has been shown to correlate with the
rise in intracellular Ca2+ concentration.[70] Within the present
study, a dramatic increase in the generation of nitric oxide has
been confirmed for HUVECs treated with 100% zinc extracts.
These cells were not functioning properly anymore, thus the ob-
served globular shape, fragmentation of nuclei, and cell shrink-
age may be related to the overproduction of NO● originating
from free zinc excess. The disproportionate, high level of nitric
oxide and its derivatives in cells is extremely cytotoxic. They may
bring about mitochondrial protein tyrosine nitration, disturbing
organelle homeostasis and, thereby, determining the cell fate.[71]

The production of ONOO− could also explain the morphology
and behavior of cells exposed to 100% zinc extracts. NO● nat-
urally impedes superoxide production by the NADH/NADPH-
Oxidase inactivation as well as endothelial SOD induction. How-
ever, as soon as the concentration of O∙−

2 increases, ONOO− is
generated and, as a consequence, lipid peroxidation and the ni-
trosation of amino acid residues occur.[72] Similar findings were
reportedwhile investigating zinc excitotoxicity. It has been shown
that zinc tends to increase neuronal nitric oxides synthase ex-
pression as well as activity in neurons, resulting in an increase
of NO●. Once nitric oxide gets bound to superoxide, the release
of zinc from intracellular reservoirs occurs. Subsequently, ROS
generation is induced with a wealth of side effects, encompassing
mPTP opening, cytochrome C release, p38MAP kinase-mediated
K+ efflux, and the final neuronal apoptosis9. What is also worth
highlighting is that peroxynitrite is generated by eNOS under
pathological conditions and is able to promote the formation of
other free radicals, including HO● or ●NO2, having a consid-
erable impact on cell damage.[59,73] Zinc cations tend to attract
peroxynitrite and, as a consequence, the zinc-thiolate cluster of
eNOS gets oxidized with simultaneous release of zinc ions and
the formation of disulfide bonds between the monomers.[73] It
may be speculated that higher, non-physiological amount of Zn2+

in CCM leads to elevated concentrations of intracellular zinc

cations that, upon binding to ONOO−, trigger a series of pro-
oxidative and pro-nitrative reactions. Within the present study,
a progressive rise in the intensity of Fluozin-3 fluorescence in-
dicating the growing concentration of zinc in the intracellular
space may substantiate the increased activity of Zn2+ and, prob-
ably, ONOO− harmful influence.

4.2. How do High Doses of Zinc Affect Endothelial Cells?

Reports covering zinc overexposure (regardless of how the ele-
ment was administered) to endothelial cells and its pathologi-
cal aftermath are scarce.[66,74,75] An increase in the level of intra-
cellular zinc in pulmonary artery endothelial cells (PAECs) has
been shown to mediate a series of events, including loss of mito-
chondrial integrity, elevation of mitochondrial-derived superox-
ide and induction of the apoptotic pathway. In the case of ROS
and RNS formation in PAECs subjected to exogenously added
zinc, they are believed to be brought about by high intracellular
Zn2+ concentration combined with the inability of organelles to
sequester excessive zinc ions from the cytosol.[66] Based on the
data disclosed within the present study, it is possible to support
such claims. The rise in the level of generated RNS corresponds
with the increase in Zn2+ concentration, both in CCM and cel-
lular environment, whereas the alterations of ROS amount upon
exposure of HUVECs to zinc-enriched media might simply be
affected by the processes of concurrent cell death.
Endothelial cells cultured in ions coming from biodegradable

zinc samples were the subject of research by Ma et al.[74] The au-
thors concluded that Zn2+ has a biphasic effect on the viability,
proliferation, spreading as well as migration of human coronary
artery endothelial cells (HCAECs). At low concentrations of zinc
ions in CCM, these events are promoted, yet high amounts of
Zn2+ lead to opposite outcomes. More recently, it has been re-
ported that chronic exposure to relatively high doses of zinc re-
sults in accelerated senescence of HCAECs. Senescent HCAECs
display altered homeostasis of zinc as manifested by its intracel-
lular relocation and tend to undergo cell death upon short-term
subjecting to large amount of Zn2+.[75] Moreover, in senescent
vascular smoothmuscle cells,mitochondria are believed to be the
sites of zinc accumulation, a phenomenon related to an increase
in the generation of ROS.[76] Taking into account how high con-
centrations of zinc ions impacts PAECs and HCAECs, the alter-
ations in the behavior ofHUVECs, as observedwithin the present
study, might be linked to ROS/RNS overproduction.

4.3. Relaxometry: A New Tool for the Analysis of
Implant-Intended Materials

Overall, it has been suggested that superoxide and nitric oxide
measurements within cells might need to be carried out in real
time owing to the fact that these free radicals are extremely short-
lived and reactive.[48] Live CLSM combined with subsequent im-
age analysis provides insight into oxidative/nitrosative chemistry
across cell organelles, yet the approach also suffers from a lot
of drawbacks, e.g., biased microscopic view, changes in illumi-
nation, variability in contrast and brightness or light exposure-
induced photobleaching of a dye.[77] This is where in the detec-
tion of free radicals one may benefit from the use of relaxometry

Adv. Quantum Technol. 2023, 6, 2300174 2300174 (10 of 13) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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(e.g., based on a stationary diamond), performed in a real-time
mode. By using the technique, a limitless series of various exper-
iments may be performed (as opposed to finite number of fluoro-
genic assays), localized intracellular measurements are possible
and the overall method sensing performance stands out.[78]

Relaxometry could serve as an effective, powerful tool in mon-
itoring the early cell response induced by any novel material. It
has been previously shown that T1 values are directly related to
the concentration of free radicals, both in solution and in living
cells.[22,32–35] In addition, it has been demonstrated that relaxom-
etry can detect free radicals down to the nanomolar range.[79]

By measuring known concentrations in solution, one can also
estimate the concentration that would cause a certain shift in
T1.

[79] Under pathological circumstances, such as the occurrence
of non-physiological shear stresses,[32] viral infections,[34] or the
presence of drugs,[35] free radicals generated in cells may be eas-
ily detected by this novel method and associated with the certain
stimulus. The disproportionate amount of zinc ions in HUVECs
exemplifies, as shown within the present study, an environment
characterized by the constant production of ROS/RNS, clearly
detrimental to cells. T1 data provide complementary insight into
material biocompatibility to the state of the art techniques. Fur-
ther, we found that while the conventional assays showed a sim-
ilar trend as the T1 measurements, T1 was more sensitive and
could detect free radical generation at lower concentrations. Such
higher sensitivity has already been shown before for other cell
types.[80] However, it is not that directly comparable as it is sensi-
tive to other chemicals, at a different time scale and length scale.

4.4. Summary and Future Perspectives

The presented study is the first-ever with respect to ROS/RNS
production in endothelial cells originating from the use of
biodegradable pure zinc. As shown, high zinc concentrations in
HUVECs lead to their impaired growth, motility, significant radi-
cal species generation and, in worst-case scenario, cell death. The
changes observed in endothelial cells subjected to 100% extracts
may be a consequence of the excessive free radical production.
The most plausible explanation is that high levels of intracellular
zinc ions trigger the formation of ROS/RNS accompanied by a
release of Zn2+ from various protein sites, eventually leading to
free/labile zinc overload and cell death. The functioning of spe-
cific proteins is undoubtedly altered as a result of free radical gen-
eration stemming fromzinc excess, yet as the phenomenon is not
completely understood, it constitutes a part of another, ongoing
study. While analyzing how intracellular Zn2+ overload stimu-
lates ROS/RNS formation and subsequent oxidative/nitrosative
stress, one needs to consider that it may be difficult to distin-
guish between zinc prooxidative activity and the innate oxidative
stresses induced by other factors. As amatter of fact, the presence
of excessive oxidants in any given systemmay exaggerate the role
of increased zinc concentration.[53] Nevertheless, our study war-
rants further research on biocompatibility of zinc-based materi-
als, especially from the point of view of radical species generation.
In addition, whether cells actually undergo apoptosis/necrosis
because of ROS/RNS production or free radicals are formed as
a result of cell death needs to be examined as well. Therefore,
while working on in vitro characterization of biodegradable zinc-

based materials it is advisable to either seek for or create novel
protocols and implement different techniques, e.g., relaxometry
as it provides complementary information to conventional assays
or approaches. At the same time, it has to be borne in mind that
performing experiments under static conditions do not neces-
sarily represent those under dynamic conditions characteristic of
living organisms. Overall, the data disclosed within the present
study could serve as a benchmark for future studies in, e.g., bio-
materials science ormetallobiochemistry where the link between
metals/ions and chemical/biological processes is unveiled.

5. Conclusions

Within the present study, endothelial cells were subjected to
zinc-bearing extracts derived from pure biodegradable zinc, and
four different concentrations of extracts were chosen in order
to inspect the production of free radicals and the morphological
changes in cells. The latter was studied first by using Confocal
Laser ScanningMicroscopy. Relaxometry based on NV centers in
diamond was used to reveal the nano-scale impact of zinc ions
on cells, i.e., the formation of intracellular free radicals. In addi-
tion, the DHE and DAF-FM assays combined with Live Confocal
Laser Scanning Microscopy were implemented to detect reactive
oxygen species (mainly superoxide) and reactive nitrogen species
(nitric oxide and its derivatives) production, respectively. The ob-
tained data enabled us to state that:

▪ relaxometry is an effective, powerful tool in assessing cell re-
sponses to different pathological stimuli, including the excessive
amount of metal ions. In combination with morphological stud-
ies, it provides complementary data about the impact of metal
cations on cells.

▪ the addition of 1% zinc extracts to cell cultures stimulates the
production of free radicals as clearly confirmed by relaxometry
studies.

▪ the extracts containing up to 50% of zinc ions are generally
well-tolerable by cells, although the normal cell shape, the for-
mation of pseudopodia and cells agglomeration were mostly not
noticeable for HUVECS exposed to 50% zinc extracts.

▪ irrespective of the incubation time, the production of reactive
nitrogen species was always most pronounced for cells subjected
to 100% zinc extracts, whereas, in the case of reactive oxygen
species, its largest concentration was detected for HUVECS ex-
posed to 50% zinc extracts. The former may be one of the under-
lying reasons for the observed cell death, while the latter might
evidence the inability of cells to grow properly and to form clus-
ters.

▪ the highest amount of zinc ions in culture medium leads
to cell shrinkage, nuclei fragmentation, and bleb formation, be-
ing signs of inevitable cell death. The excessive zinc ions, com-
ing from 100% extracts, are distributed in most of the remaining
cell compartments. The observed phenomena may be a conse-
quence of the overwhelming, zinc-induced production of reactive
oxygen/nitrogen species.
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