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ABSTRACT: Free-radical generation is suspected to play a key role in
cardiovascular diseases. Another crucial factor is shear stress. Human
umbilical vein endothelial cells (HUVECS), which form the lining of blood
vessels, require a physiological shear stress to activate many vasoactive
factors. These are needed for maintaining vascular cell functions such as
nonthrombogenicity, regulation of blood flow, and vascular tone.
Additionally, blood clots form at regions of high shear stress within a
blood vessel. Here, we use a new method called diamond magnetometry
which allows us to measure the dynamics of free-radical generation in real
time under shear stress. This quantum sensing technique allows free-radical
detection with nanoscale resolution at the single-cell level. We investigate
radical formation in HUVECs in a microfluidic environment under
different flow conditions typically found in veins and arteries. Here, we
looked into free-radical formation before, during, and after flow. We found that the free-radical production varied depending on the
flow conditions. To confirm the magnetometry results and to differentiate between radicals, we performed conventional fluorescent
reactive oxygen species (ROS) assays specific for superoxide, nitric oxide, and overall ROS.
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Endothelial cell functions, shapes, physiology, and patho-
physiology are regulated by the type and magnitude of

shear stress. The magnitude of shear stress varies greatly
between different locations in the vascular system. Typically, the
shear stress ranges from 1 to 6 dyne/cm2 (1 dyne/cm2 equals 0.1
Pa) in veins and from 10 to 70 dyne/cm2 in arteries. Both the
increase and decrease of the shear stress can lead to pathological
conditions. In arteries, low shear stresses up to 4 dyne/cm2 are
responsible for atherosclerosis and high shear stresses from 70 to
100 dyne/cm2 cause thrombosis.1,2 It has been proven that
imbalance of free radicals in endothelial cells can lead to vascular
diseases such as hypertension, diabetes, atherosclerosis,
pulmonary hypertension, ischemic heart diseases, and chronic
kidney diseases.3 However, the mechanisms which involve free
radicals in the mentioned dysfunctions are still not fully
described. This is due to the short lifetime of free radicals of
about 1−10 s for NO*4,5 and around 2 μs for O2*

−6 and the fact
that their reactivity complicates detecting and quantifying them
within blood, cells, and tissues. Many electrochemical methods
have been applied for free-radical sensing based on the redox
reaction between biological molecules on an electrode surface
and free radicals.7,8 A drawback is that the electrode surface
potential can be reduced due to interactions with other
electroactive organic or inorganic species.9 Spectrophotometric

methods are beneficial due to their simplicity and low cost, but
they are limited by sensitivity.10 Magnetic resonance-based
methods have also been applied, which make use of spin labels
which react with radicals to form stable radicals. However, these
methods are relatively insensitive and thus require relatively
large concentrations and work with cell ensembles.11−13

Besides these, many fluorescence-based probes have been
developed for intracellular free-radical sensing. Most of these
probes, however, are not specific to radicals but react with a wide
variety of reactive species.14 For instance, the ethidium
fluorescence technique also detects cytochrome C and
H2O2.

15,16 Additionally, these dyes react irreversibly with their
target molecules. As a result, they measure the history of a
sample rather than the current status. Since fluorescent dyes
suffer from bleaching, it is also not possible to conduct long-term
measurements.
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Recently, diamond magnetometry with nitrogen vacancy
(NV−) centers has been established, which offers a new way of
sensing radicals.17 The NV− centers change their optical
properties based on magnetic changes in their environment.
Via a quantum effect, the magnetic signal is converted into an
optical signal. Since optical signals can be read out much more
sensitively than magnetic signals, this method has unprece-
dented sensitivity. Themethod is so sensitive that even the small
magnetic signal of single electrons or nuclei can be
detected.18−20 This technique has already been successfully
applied to several applications in physics including the
measurement of magnetic vortices,21 domain walls,22 magnetic
nanostructures,23 or molecules on the diamond surface.24,25

Additionally, diamond magnetometry has already been used for
several biological applications including imaging of spin-labeled
cell slices, magnetosomes in bacteria, and metal-containing
proteins.26−28 Here, we use a specific type of diamond
magnetometry measurements called relaxometry or T1 measure-
ments.25

T1 measurements reveal the magnetic noise surrounding the
NV− center. An increase in radical concentration results in a
decrease in T1.

29,30 Such T1 measurements were already
successfully applied for free-radical detection produced by
chemical reactions under biologically relevant conditions.31

Recently, Morita et al. and Nie et al. have demonstrated free-
radical detection in living cells with this method.32,33 Here, we
applied this method for the first time to detect free-radical

generation in human umbilical vein endothelial cells (HUVECs)
under different shear stress conditions.

■ MATERIALS AND METHODS
FluorescentNanodiamonds.All diamonds used in this work were

fluorescent nanodiamond particles with an average hydrodynamic
diameter of 70 nm supplied fromAdamas Nanotechnologies, NC, USA.
These particles are produced by the manufacturer via grinding (high
pressure and high temperature) diamonds and contain approximately
500 nitrogen vacancy (NV−) centers per particle.34 NV− centers are the
most popular type of diamond color centers. They are produced by
replacing carbon atoms in the diamond lattice with nitrogen atoms and
vacancies adjacent to them. The vacancies are created through
irradiation, followed by annealing above 700 °C. NV− centers are
excited at 490−560 nm and emitted in the red to near-infrared region
(637−800 nm). Conveniently, there is relatively low auto-fluorescence
from cells in this wavelength range. Since they are cleaned with
oxidizing acids as the last step of their fabrication, their surface is
oxygen-terminated. Many different chemical groups on the surface
allow attaching biological entities such as proteins, enzymes, hormones,
antigens, DNA, or drugs via both electrostatic and covalent
interactions.35 Moreover, oxygen-terminated diamond shows excellent
charge stability for shallow defects and small nanodiamonds.36 The zeta
potential of these particles in DI water was observed to be ∼−20 mV.37

These fluorescent nanodiamonds (FNDs) are biocompatible38−40 and
spontaneously internalized into cells, and their fluorescence is infinitely
stable.41,42 FNDs have already been thoroughly characterized in earlier
literature studies.37,43

Figure 1. Schematic representation of the conducted experiments in single HUVECs. (A) HUVECs were seeded in a microfluidic channel and
incubated with the FND suspension (B). After 15 h of incubation, the FND suspension was replaced with a fresh medium. (C) Then, the channel was
connected with the flow system and placed on the microscope stage for diamondmagnetometry. Here, the free-radical generation was measured viaT1
relaxation in single HUVECs before flow (D), during different flow conditions (E), and after flow (F).

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.1c01582
ACS Sens. 2021, 6, 4349−4359

4350

https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Cell Culture and Seeding. HUVECs purchased from Lonza, CC-
2519, Switzerland, were cultured in an endothelial cell growth basal
medium (EBM-2) supplemented with an EGM-2 MV single Quot Kit
and growth factors (Lonza). Cells were maintained at 37 °C with 5%
CO2/95% air until passage 5 or 6. Before introducing the cells into the
microfluidic device (ibidi), cells were thoroughly washed twice with
phosphate-buffered saline (PBS) without Ca2+ or Mg2+ (Lonza) and
removed from their culture surface using 0.5% trypsin (Invitrogen,
USA) for 5 min at 37 °C. Prior to seeding cells, the interior walls of the
channels were coated with 75 μg/mL fibronectin (ABIN377072,
Germany) for 20 h at room temperature. After that, the channels were
washed three times with fresh endothelial cell growth medium 2
(EGM2) and seeded with HUVECs at a concentration of 35,000 cells/
cm2 to obtain confluency after 24 h.
Microfluidics and Shear Stress. In this study, we used

commercially available ibidi μ-slides (LuerI 0.1) from ibidi GmbH,
Germany. The channel was 50 mm in length, 10 mm in width, and 10
μm in height (Figure 1A). These sticky channels were bonded with (25
mm × 75 mm) glass coverslips. Before the experiment, the channel’s
interior part was coated with 75 μg/mL fibronectin (ABIN377072) for
20 h at room temperature. To produce shear stress, the endothelial cell
growth medium (EGM2) was passed through the channel by a
peristaltic pump (New Era Pump, NE 9000G, USA), which was
connected with the channel’s inlet and a reservoir through two 1.5 m
long ibidi silicon tubings 1/8″. One tubing was connected with the
reservoir, a T25 flask, and another one was connected with the
channel’s inlet. The outlet was connected with the reservoir by a similar
silicon tubing. The peristaltic pump received the liquid from the
reservoir, passed it through the channel, and returned the liquid to the
reservoir from the outlet (Figure 1c), causing a laminar flow. We varied
the shear stress between 2 and 20 dyne/cm2 and investigated different
times of exposure.
To calculate the shear stress, we used formula (1)

τ η= * *
*

Q
h w

6
2 (1)

Q = flow rate in cm3/s, η = viscosity of the Lonza EG medium (0.0075
dyne *s/cm2), h = channel height (cm), and w = channel width (cm).
The T1 values for each experiment were measured sequentially

before flow, during flow, and after flow. The conventional methods
measured the fluorescence intensity after completing the flow exposure
phase.
Quantification of Cellular FND Uptake and Retention under

Shear Stress. After HUVECs have reached confluency in the channel,
a culture medium with the FND suspension was added (2 μg FNDs per
mL of EGM2 growth medium). Then, we incubated for 15 h (the
timing was chosen for practical reasons, but the uptake time can also be
decreased) at 37 °C and 5% CO2. Subsequently, the FND suspension
was replaced with a fresh medium, and the channel was connected with
a peristaltic pump to produce the desired shear stress. After completing
the experiment, cells were washed immediately two times with PBS,
fixed with 3.7% paraformaldehyde for 4 min at room temperature, and
washed again with PBS. The cells were then permeabilized using 0.5%
Triton in PBS. To avoid nonspecific binding, we treated the samples
with 5% bovine serum albumin in PBS (PBSA). After that, we used 2
μg/mL phalloidin FITC (Sigma-Aldrich, Zwijndrecht, The Nether-
lands) to label actin and 4 μg/mL DAPI in 1% PBSA to label the
nucleus (Sigma-Aldrich, Zwijndrecht, The Netherlands). The samples
were imaged using a Zeiss 780 confocal microscope (Zeiss, Sliedrecht,
The Netherlands). 408 nm (0.8%) was chosen as the emission
wavelength and 461 nm for collecting the fluorescence of DAPI. 488 nm
(6%) and 525 nmwere used for excitation of FITC and 561 nm (100%)
for FNDs (collected at 650 nm). Here, we used an iLCI Plan-Neofluar
63×/1.3 ImmKorr DICM27. The following settings for detection were
selected: 424−485 (detector gain: 724.4, detector digital gain 1.2),
499−552 (detector gain: 809, detector digital gain 1.1), and 650−741
(detector gain: 992.6, detector digital gain 1). Images were analyzed to
quantify the number of FNDs/cell with the 3D object counter plugin of
FIJI. The angular orientation of cells with the flow direction was
measured through the angle tool of the FIJI software.

Biocompatibility. Biocompatibility was demonstrated for other
cells before this was not tested for this specific cell line and conditions.
Thus, we performed a 2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay to confirm biocompatibility. To this end, HUVEC cells were
seeded (120,000 cells/well) in clear flat-bottom 96-well plates and
incubated until the confluency reached. Then, cells were incubated with
2 μg/mL FNDs. After 12 h incubation, 20 μLMTT solution (a 0.75 μg/
mL final concentration) was added into each well. The plates were
further incubated at 37 °C for 2 h.

After 2 h of incubation, subsequently, cells were washed with PBS
and dissolved in 2-propanol. The absorbance at OD = 590 nm was
determined using a Synergy HT microplate reader, BioSPX, USA.
Untreated cells were used as a negative control. Cells treated with 2 and
5% dimethyl sulfoxide were used as a positive control. Data are available
in Figure S5.

Relaxometry. For diamond uptake, we incubated the cells with 2
μg/mL FND suspension for 15 h inside the channel. At the end of
incubation, cells were washed with a fresh medium and the channel was
connected to a peristaltic pump. Then, the connected channel was
placed in the focal point of the diamond magnetometer. We performed
a confocal scan to find FNDs inside a single endothelial cell and
measuredT1 under static conditions, during flow, and after flow at room
temperature.

During the T1 measurement, the NV− center was pumped with a
laser pulse into the bright ground state. Then, we detected after varying
times whether the NV− center was still there or returned to the darker
equilibrium already. This process was shortened if there were radicals in
the surrounding and can thus be used to quantify the radical
concentration in the surrounding. T1 relaxation times are sensitive to
magnetic noise and are equivalent to T1 in conventional magnetic
resonance imaging but from nanoscale voxels. Since free radicals, as per
definition, have a free electron spin, they cause a large signal in this
measurement scheme.

These experiments were done by using a homemade magnetometry
setup. This setup is similar to what is used in the field and has been
described earlier.31−33 In principle, it is a confocal microscope with the
ability to perform pulsing in varying time intervals and detecting at
specific time points. We used a 100× magnification oil objective
(Olympus, UPLSAPO 100X0). For this purpose, we used 5 μs long
laser pulses (532 nm) separated by dark times (τ) between 200 ns and
10 ms. The detection was done using an avalanche photodiode
(Excelitas, SPCM-AQRH) after passing through a 550 nm long-pass
filter. To obtain a sufficient signal to noise ratio, we repeated the pulse
sequence 10,000 times for eachT1 measurement. EachT1 measurement
took around 30 min. The laser power should be low enough to prevent
damage in the cell. On the other hand, the power needs to be high
enough to polarize the NV centers sufficiently. 50 μW (measured at the
location of the sample) was found earlier to be a good compromise. To
test the variability between particles/small aggregates of different sizes,
we correlated the count emitted from each particle/aggregate with the
measured T1 (see Figure S3).

32,33

The data were analyzed using MatLab software version R2018b.
4-Amino-5-methylamino-2′,7′-difluorofluorescein Assay. 4-

Amino-5-methylamino-2′,7′-difluorofluorescein (DAF-FM) diacetate
(Thermo Fisher Scientific, cat no D23844) is a NO* selective
fluorescent dye. Here, we used it to measure intracellular NO*
fluorescence intensity in HUVECs after shear stress and under static
conditions. This dye remains nonfluorescent until it reacts with NO* to
form a fluorescent benzotriazole. For the assay, a DAF-FM solution was
prepared with the EGM2 culture medium at a concentration of 0.2 μg/
mL (from DAF-FM stock solution). With this solution, HUVECs were
treated immediately after completing the shear stress experiment for 20
min at 37 °C and 5% CO2. DAF-FM passively diffuses across cellular
membranes. At the end of the treatment, cells were washed with a fresh
medium and again incubated for 15 min to complete the intracellular
DAF-FM de-esterification. During this process, DAF-FM diacetate is
converted to the nonpermeable and nonfluorescent DAF-FM, which is
converted to triazole in the presence of NO*. Fluorescence images were
recorded with a Zeiss 780 using an excitation/emission range of 495/
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515 nm. The fluorescence intensity of intracellular NO* was quantified
with the FIJI software.
Intracellular NO* was quantified from a standard curve which was

prepared by using NO* solutions of known concentrations. Non-
acetylated DAF-FM (Sigma-Aldrich, USA) was used as a fluorescent
probe for NO*. NO* solutions with different concentrations were
formed through spontaneous decomposition of spermine NONOate
(ab144522, Abcam, UK). Spermine NONOate is stable in alkaline
solutions, but at lower pH values, it spontaneously releases 2 mol of
NO* per mole of the donor compound in a pH- and temperature-
dependent manner. At room temperature and pH 7.4, the half-life of
spermine NONOate is 230 min.
For the calibration, the stock solution of spermine NONOate (100

mM in 0.01MNaOH) was dissolved in the EGM2medium, containing
5 mM DAF-FM. The initial concentrations of four different spermine
NONOate dilutions were 2 μM, 27.3 μM, 100 μM, and 1 mM. Every
dilution was incubated at room temperature for 60 min, with samples
being taken every 10 min. The samples from consecutive time points
were loaded in themicrofluidic channel, and their fluorescence intensity
was recorded in triplicate using the same settings as for the experiments
with cultured cells. The average fluorescence intensity was quantified
with FIJI and correlated with theoretical NO* concentrations,
calculated from the initial concentration of spermine NONOate and
its half-life and incubation time. The resulting calibration curve covered
the NO* concentrations, ranging from 0.1 to 279.8 μM.
Dihydroethidium Assay. Dihydroethidium (DHE) (Abcam) was

used to detect intracellular superoxide levels. DHE enters the cells and
is oxidized by O2*

− superoxide to ethidium, which binds to DNA to
produce bright red fluorescence. DHE has been widely used for

fluorescencemicroscopymeasurements of intracellular superoxide.44 In
this study, DHE solution (2 μg/mL) was prepared with the EGM2
medium and added to HUVEC cells immediately after the shear stress
experiment. Then, the cells were incubated for 10 min at 37 °C and 5%
CO2. Subsequently, cells were washed with the ice-cold EGM2
medium, and 2D confocal images were taken with a Zeiss 780 confocal
microscope (Zeiss, Sliedrecht, The Netherlands). The DHE excitation
and emission wavelengths are 514 and 580 nm, respectively. The mean
fluorescence intensity was quantified using FIJI software. Each
experiment was repeated three times, and the number of cells per
experiment was more than 50.

To quantify intracellular superoxide, we prepared a concentration
versus fluorescence curve by using differently concentrated superoxide
solutions with a fixed volume of DHE. Superoxide was generated by the
chemical reaction between xanthin (Sigma, X7375) and xanthin oxidase
(Sigma, X4376, bovine milk). Each superoxide solution was prepared in
an Eppendorf tube in the confocal room and immediately poured into
the microfluidic channel to take confocal images using the same settings
used for the HUVEC cells. These images were assessed using the FIJI
software to quantify the mean fluorescence intensity.

Statistical Analysis. Statistical analysis of all data was conducted by
using GraphPad prism version 8. Significance was tested by using the
one-way analysis of variance (ANOVA) test and Tukey post hoc test.
Significance was tested compared to the static group and defined as ns p
> 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

■ RESULTS
Effect of Shear Stress on Retaining FNDs inside

HUVECs. To determine FND uptake under static conditions

Figure 2. Confocal images of HUVECs with FNDs (red spots) in microfluidic channels under static and different shear stress conditions (A). White
arrows indicate the flow direction during the shear stress experiments. The orientation angle between the cell’s long axis and the flow direction is shown
in (B). Particle numbers after 30 min of exposure to 2, 10, and 20 dyne/cm2 are shown in (C) and those after exposure to shear stress between 2−20
and 2 dyne/cm2 for 4 h are shown in (D). The data are shown by a box and whisker plot, where upper and lower dots represent upper values from the
upper quartile and lower values from the lower quartile, respectively. The middle line represents the median of the data. Whiskers show 10−90
percentile. In every experiment, FNDs/cell were quantified in 50 cells per group. Each experiment was repeated three independent times. Data were
analyzed by using one-way ANOVA, followed by the Tukey post hoc test. The significance level was ****p < 0.0001.
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and retaining inside the cells under flow, we incubated cells with
the FND suspension for 15 h in both groups under static
conditions. Then, the old medium was replaced with a fresh
medium in both groups. The shear stress group was
subsequently exposed to the desired shear stress. After flow

exposure, both groups were fixed and stained. Representative
images are shown in Figure 2A. Similar to what we have
observed in previous work, FNDs appear to be located near the
nucleus.45 A further analysis of this finding is shown in Figure S4.
Figure 2C,D shows the number of FNDs per cell in the static and

Figure 3. Relaxation time (T1) curves with and without HUVECs under different flow rates are shown in (A). T1 gradually decreased when increasing
the flow rate from 2 to 20 dyne/cm2 (A1). (A2) T1 for a control condition where we measured the response of an FND exposed to the same flow
conditions without cells. In (A3), cells were exposed to 2 dyne/cm2 for 4 h. (B1) Intracellular nitric oxide (NO*) concentration under a static
condition, 2−20 and 2 dyne/cm2 for 4 h (B2) Intracellular superoxide concentrations under a static condition, 2−20 dyne/cm2 and 2 dyne/cm2 for 4 h,
are shown. (C,D) Confocal images of intracellular nitric oxide (green) and superoxide (red) in HUVECs under different flow conditions. The scale bar
is 15 μm. For conventional DAF_FM and DHE assays, the data are shown by a box and whisker plot, where upper and lower dots represent upper
values from the upper quartile and lower values from the lower quartile, respectively. The middle line represents the median of the data. Whiskers show
10−90 percentile. Each experiment was repeated three independent times. Significance was tested against the control group, and statistical analysis was
done by a one-way ANOVA test, followed by the Tukey post hoc test (****p < 0.0001, *p < 0.05, **p < 0.01).
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shear stress groups. Figure 2C shows the number of FNDs per
cell after 30 min under different magnitudes of shear stress of 2,
10, and 20 dyne/cm2. The FND numbers after incubation under
static conditions and under flow from 2 to 20 dyne/cm2

(mimicking conditions in veins in the lower shear stress regime
and arteries in the higher shear stress regime) for 4 h and a flow
of 2 dyne/cm2 for 4 h are quantified in Figure 2D.

Cells which were exposed to a shear stress of 2 and 10 dyne/
cm2 for 30 min contained an equal average number of
nanoparticles per cell to the static group. On the other hand,
after 30 min at 20 dyne/cm2, significantly lower numbers of
FNDs/cell, ****p < 0.0001, were found in Figure 2C than on
the static group. A gradually increased flow between 2 and 20
dyne/cm2 and a flow of 2 dyne/cm2 for 4 h lead to an equal
number of FNDs per cell compared to the static group. Next, we

Figure 4. Free-radical generation after 30 min exposure to shear stresses of 2, 10, and 20 dyne/cm2. (A) T1 relaxation time in HUVECs before, during,
and after flow to 2, 10, and 20 dyne/cm2. In (B1), intracellular nitric oxide (NO*) concentrations under static conditions and 2, 10, and 20 dyne/cm2

for 30 min are shown. (B2) Intracellular superoxide (O2
•−) concentrations under static conditions and 2, 10, and 20 dyne/cm2 for 30 min. (C)

Confocal images of cells stained for intracellular nitric oxide (green) and (D) intracellular O2
•− (red). The scale bar is 15 μm. For conventional

DAF_FM and DHE assays, the data are shown by box and whisker plots, where upper and lower dots represent upper values from the upper quartile
and lower values from the lower quartile, respectively. The middle line represents the median of the data. Whiskers show 10−90 percentile. Each
experiment was repeated three independent times. Significance was tested against the control group. Statistical analysis was done by a one-way
ANOVA test, followed by the Tukey post hoc test; ns > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.1c01582
ACS Sens. 2021, 6, 4349−4359

4354

https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01582?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


investigated the cell morphology. One important parameter is
the orientation angle, the angle between the long axis of the cell
and the direction of flow. In endothelial monolayers, the average
orientation angle with respect to the flow direction is shown in
Figure 2B.
This orientation angle experiment did not show significant

differences between shear stress groups and the static group.
Some investigations have found that actin redistribution and cell
orientation occurred within 1−2 h,46−48 while others proved
that the processes take much longer (8−24 h).49,50 Several
reasons are responsible for different observations in different
experiments, including species of origin, passage number, the
substrate on which the cells are grown, confluency, and
importantly media and sera that are employed.51

Effect of Shear Stress on Radical Generation. Long-
Term Stress. The effect of shear stress on the overall radical
concentration in HUVECs was evaluated based on the results of
the T1 measurements. To enable detection of free radicals in a
cell under shear stress, we performed T1 measurements. We first
selected an FND in a single cell and recorded T1 before, during,
and after the flow sequence. T1 values gradually decreased with
increasing flow rate, which means that more free radicals are
formed, as shown in Figure 3A1. There was a significant decrease
in T1 (*p < 0.0233) at 20 dyne/cm2 compared with the static
condition before flow. To exclude any influences the flow might
have on particles themselves, we also measured FNDs without
HUVEC cells as a control (see Figure 3A2). For these
experiments, FNDs were immobilized on the surface by
incubating the channels for 15 h with the 2 μg/mL FND
solution. Then, the solution was replaced, and we applied a shear
stress. In this case, T1 did not change in any of the flow
conditions.
Additionally, we performed a control experiment to evaluate

the effect of time. To this end, we exposed HUVECs to 2 dyne/
cm2 for 4 h without changing the flow rate. Under these
conditions, we did not observe any significant differences
compared to the static condition, as presented in Figure 3A3.
Representative raw data are shown in Figure S7.
These results were compared with outcomes of two

conventional methods. DHE was used to evaluate the
concentration of intracellular superoxide, whereas DAF-FM
was used as a specific marker of intracellular nitric oxide.
In the case of shear stress between 2 and 20 dyne/cm2, the

intracellular concentration of NO* increased significantly
(****p < 0.0001), while the O2*

− concentration decreased
significantly (**p < 0.01) compared to the static controls. Here
2 dyne/cm2 for 4 h showed a decrease of NO* concentration
and a significant increase of O2*

− concentrations (****p <
0.0001) compared to the static variants (Figure 3B1,B2). In the
physiological range of laminar shear stresses, superoxide
production is reduced and vascular tone is maintained by
increasing the nitric oxide concentration. In this present study
(Figure 3B), we gradually increased shear stress after every 30
min on HUVECs from the venous to arterial range of 2−20
dyne/cm2. Cells gradually adapt under steadily increased shear
stress by increasing NO* production52 and reduce superoxide
levels. Prolonged shear stress of less than 4 dyne/cm2 is
responsible for atherosclerosis due to overproduction of
superoxide.2 In this study, 4 h at 2 dyne/cm2 significantly
increased superoxide production and decreased nitric oxide
production.
Short-Term Stress. While we measured long-term exposure

to flow in the previous section, we here investigated exposure of

just 30 min. Also in this section, we measured T1 before, during,
and after flow. In the case of 2 and 10 dyne/cm2 for 30 min, T1
values decrease slightly during flow. However, after flow, T1
values recover to the original values. However, during 20 dyne/
cm2, T1 values increased when exposing cells to flow and further
increased after flow, as shown in Figure 4A, indicating a decrease
in free-radical concentration inside cells.
Here, we also compared with the conventional fluorescence

assays. In Figure 4B,B1, we show that exposure of HUVECs with
2 dyne/cm2 increased the nitric oxide concentration signifi-
cantly (****p < 0.0001) and 10 dyne/cm2 showed no
significant difference compared to the static group, while a
flow of 20 dyne/cm2 significantly decreased the NO*
concentration (****p < 0.0001) compared to the static
condition.
HUVECs under 2 and 10 dyne/cm2 for 30 min reduced the

intracellular O2
•− concentration significantly compared to the

static conditions (****p < 0.0001), while 20 dyne/cm2 showed
a significant increase (****p < 0.0001) (Figure 4B,B2).
Oscillatory and disturbed shear stress increases superoxide
production and causes atherosclerosis.49 In this study, a sudden
atrial range of shear stress of 20 dyne/cm2 on HUVECs for 30
min increased superoxide production and reduced NO*
production. A venous shear stress of 2 dyne/cm2 reduced
superoxide production and increased the NO* levels and
maintained the physiological conditions. On the other hand, 30
min of a sudden shear stress of 10 dyne/cm2 on HUVECS did
not alter NO* production but significantly reduced superoxide
levels.

■ DISCUSSION
The most important finding of this paper is that FNDs are able
to detect intracellular free-radical concentrations in real time in
HUVECs under different magnitudes and durations of shear
stress. While conventional methods reveal the history of the
sample, our method allows to measure the current status. This is
advantageous since it reveals more information about the
dynamics of radical formation. Additionally, this allows to detect
the radicals where they have been generated, while in
conventional methods, the dyes might diffuse to a different
location. On the other hand, revealing the history of the sample
is advantageous, for instance, for the most short-lived species,
since we do not need to detect them during their lifetime but
only after they have reacted with the dye. Compared to
conventional dyes, FNDs have the disadvantage of being less
uniform. However, T1 provides nanoscale spatial resolution and
allows long-term measurements from a specific cell. As a result,
one can perform a measurement on a cell, make an intervention
(adding shear stress in this case), and then measure the same cell
with the same particle again. This allows to differentiate between
biological variability and the effect from the intervention. In
contrast, the conventional methods are from an ensemble of
cells. It is also important to exclude other factors that might
influence the measurements. We have shown that the influence
of pH (between 6.4 and 8) and temperature (between 25 and 55
°C) is negligible in the relevant range here but might need to be
considered if larger changes are expected.33 Additionally, our
method is sensitive to the sum of radicals that are present, while
conventional techniques are usually sensitive to either a specific
radical or a large class of reactive molecules including radicals
and nonradicals. This can be an advantage or disadvantage
depending on the research question. If the overall redox status is
of interest, it is clearly a downside that the method is not
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sensitive to the more abundant nonradical species. Another clear
disadvantage of our method is that a relatively large diamond
particle is needed for sensing. However, it needs to be
mentioned that only a very small number of diamonds per cell
(one for the measurement, but to speed up finding a particle, we
typically use 5−10) are needed, while for dye-based methods,
typically millions of molecules per cells are required.
We investigated real-time free-radical production in a single

cell before, during, and after flow conditions under shear stress.
We investigated conditions ranging from those typically found in
veins to those in arteries (2, 10, and 20 dyne/cm2 for 30 min).
We have also investigated how cells respond to shear stress
between 2−20 and 2 dyne/cm2 for 4 h.
We found that the number of FNDs decreased significantly

when HUVECs were subjected to the shear stress of 20 dyne/
cm2. The observed phenomena could be related to the
generation of extracellular vesicles (EVs). Shear stress in blood
vessels is a well-known trigger for EV release from endothelial
cells53,54 Hergenreider et al. reported that endothelial cells
exposed to physiological arterial shear-stress levels (20 dyne/
cm2) released EVs enriched in atheroprotective molecules.55

Andriola Silva et al. loaded cells with particles, which were then
released into EVs under applied stress conditions. It has been
shown that various particles, such as iron oxide and gold
nanoparticles as well as quantum dots, were successfully
encapsulated into EVs using this strategy.56 Therefore, we
postulate that in our studies, some of the FNDs were excreted as
the content of EVs formed in response to the elevated shear
stress. Nevertheless, even under a higher flow, we were able to
keep enough nanodiamond probes inside the cells to detect free
radicals with T1 measurements.
Our studies show that different flow patterns may induce free-

radical production to different extents. A shear stress of 2 dyne/
cm2 for 30 min and 2−20 dyne/cm2 for 4 h increased the
intracellular free-radical load. This experiment is comparable to
an experiment in the literature where steadily increasing shear
stress from 2 to 8 and 12 dyne/cm2 for 6 h showed a significant
increase in NO* production in HUVECs.57 10 dyne/cm2 for 30
min did not show any significant difference in NO*
concentration or overall radical load (determined by T1). This
agrees with Wahyudi et al., who explored a low arterial shear
stress (10 dyne/cm2) for 15 min on HUVECs and did not show
significant differences in NO* concentration compared to a
static group. A venous shear stress of 6 dyne/cm2 on the other
hand significantly increased NO* production compared to the
control group.58 This can be explained by a finding by Rita
Alevriadou et al., who demonstrated that a shear stress of 10
dyne/cm2 activates antioxidants, such as glutathione reductase,
glutathione peroxidase, and catalase.59 This resulted in a balance
of intracellular free-radical concentration. On the other hand, a
flow of 2 dyne/cm2 for 4 h reduced the intracellular NO*
concentration; however, we do not see a significant change in T1
values. This difference can be explained by an increase in the
concentration of other radicals or the specific cells/locations
within the cell not being affected by the change. Cells exposed to
a flow of 20 dyne/cm2 for 30 min reduced radical production
during flow and even further after flow. On the other hand, we
observed an increase in radical load when cells are exposed to a
flow of 2−20 dyne/cm2 for 4 h, which was further confirmed by
DAF-FM and DHE analysis. This and other studies have clearly
shown that both the shear stress level and the duration of flow
are important factors that can affect NO* generation. The same
factors influence the superoxide production. Chiu et al. have

shown that a shear stress of 20 dyne/cm2 led to an increase of
intracellular superoxide level in ECs.60 The same conclusions
can be driven based on our studies. Furthermore, the laminar
flow above 20 dyne/cm2 for 15 min resulted in a 0.5- to 1.5-fold
increase of intracellular superoxide.61 We have reported a
decrease in the superoxide level during a gradual increase of
shear stress level up to 20 dyne/cm2 for 4 h. Other authors have
reported that a steady high shear stress (30 or 75 dyne/cm2 for
24 h) suppressed superoxide generation.62,63 However, these
studies are all from large ensembles of cells measuring the
history of the cells. In contrast, our technique provides real-time
data from single cells.

■ CONCLUSIONS
Our aimwas real-time detection of free-radical concentrations in
HUVECs under different shear stress conditions. We measured
the free-radical concentration before, during, and after flow. Our
technique clearly showed different free-radical loads in
HUVECs depending on the magnitude and duration of shear
stress. Since our method offers real-time measurements, we can
shine light on changes in radical loads over time. Further, we can
investigate cells at a single-cell level with subcellular resolution
during the entire course of the experiment. This new technique
can be applied for detecting free-radical concentrations in shear
stress-induced cardiovascular diseases such as atherosclerosis
and thrombosis and can help in the development of the new
medical treatments.
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