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ABSTRACT: Nuclear magnetic resonance (NMR) approaches
have been described as a powerful method for measuring oxygen in
tissue cultures and body fluids by using relaxation time
dependencies of substances on pO2. The present NMR study
describes methods to longitudinally monitor global, in situ
intracellular, and spatially resolved oxygen tension in culture
media and 3D cell cultures using relaxation times of water without
the need to use external sensors. 1H NMR measurements of water
using a modified inversion recovery pulse scheme were employed
for global, i.e., intra- and extracellular oxygen estimation in an
NMR-bioreactor. The combination of 1H relaxation time T1 and
diffusion measurements of water was employed for in situ cellular
oxygen content determination. Spatially selective water relaxation
time estimations were used for spatially resolved oxygen quantification along the NMR tube length. The inclusion in a study protocol
of the presented techniques for oxygen quantification, as a surrogate marker of oxidative phosphorylation (OXPHOS), provides the
possibility to measure mitochondrial respiration and metabolic changes simultaneously.

■ INTRODUCTION
The solubility of oxygen (O2) is a fundamental parameter in
various fields of biosciences such as physiology and
biochemistry. Dissolved oxygen is a critical factor that
determines different cellular aspects, as it is known to have
an impact on both cell viability and function (Graeber,’ et al.,
1994, Mercille & Massie, 1994).1,2 It has a regulatory function
in many signaling pathways and it is used as a substrate by over
a hundred known enzymatic reactions (Erecinska et al.,
2001).3 Oxygen is the primary oxidant in energy-producing
reactions; therefore, it plays an essential role in the energy
metabolism of all cells.4 Mitochondrial oxidative phosphor-
ylation (OXPHOS) requires the presence of oxygen, which
acts as the final electron acceptor in the electron transport
chain. In a series of reactions, respiratory chain complexes
pump protons across the inner mitochondrial membrane and
transport electrons, resulting in adenosine triphosphate (ATP)
production. Shortage of ATP is considered the main reason for
most of the heterogeneous and multisystemic mitochondrial
disorders. For this reason, determination of oxygenation and
oxygen consumption as a surrogate marker of the OXPHOS is
highly valuable for the assessment of mitopathogenic
mechanisms.5 In addition, mitochondrial dysfunction is often
characterized by a redox state imbalance, which also affects
cellular metabolism. Therefore, the simultaneous monitoring of
both mitochondrial respiration and metabolome may provide
new insight into these biological processes.

Several methods have been described for measuring oxygen
in mammalian tissue cultures and body fluids, such as
amperometric oxygen sensors,6 optical sensors,7,8 respirometry
analyzer (such as Seahorse XF Analyzer (Agilent, US) or
Oroboros O2k-FluoroRespirometer (Oroboros Instruments,
Austria)9−12), and nuclear magnetic resonance (NMR)
approaches using relaxation time dependencies of substances
on oxygen tension (pO2). However, only NMR approaches
provide comprehensive metabolomic information along with
oxygen assessment and are thereby uniquely capable of
monitoring the interplay between mitochondrial respiration
and cellular metabolism.

Numerous previous in vivo13 and ex vivo14,15 studies have
used 19F NMR of supplemented perfluorocarbons (PFCs) to
determine the oxygen content via relaxation time measure-
ments. Similarly, we have previously shown the feasibility of
measuring oxygenation of living fibroblasts embedded in a
collagen-based 3D matrix by 19F NMR measurements of T1
spin−lattice relaxation times of supplemented perfluorotribu-
tylamine (PFTBA)-doped microcarrier beads.5 Similar to what

Received: May 29, 2023
Revised: October 20, 2023
Accepted: October 20, 2023

Articlepubs.acs.org/ac

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acs.analchem.3c02314

Anal. Chem. XXXX, XXX, XXX−XXX

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 B

E
R

N
 o

n 
N

ov
em

be
r 

22
, 2

02
3 

at
 0

8:
41

:2
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Urzi%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Meyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Marc+Nuoffer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Vermathen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.3c02314&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02314?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02314?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02314?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02314?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02314?fig=tgr1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.3c02314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


also other groups have shown,16,17 a perfused NMR bioreactor
system was established based on the InsightMR flow unit and
real-time metabolic changes of small molecules by 1H NMR
and concurrent oxygenation levels were determined during
periodically flow-rate interruption experiments (“stop and
go”), and upon applying a substrate inhibition protocol during
constant perfusion. However, a deterioration of NMR signal
quality caused by these microcarrier beads was observed,18

likely due to susceptibility differences, and a frequent
insensitivity to oxygen changes was encountered, probably
due to Ostwald ripening leading to the formation of large
PFTBA droplets.4,19 Owing to their both highly hydrophobic
and lipophobic nature,20 PFCs require the formation of
aqueous emulsions for biological studies. However, these
emulsions can become unstable and lead to coalescence,
resulting in larger droplets and lower PFCs, corresponding to a
decreased sensitivity to oxygen changes. Most importantly,
proton resonances from emulsions overlap and mask
metabolites in the NMR spectra.

Therefore, the capability to measure oxygenation and
oxygen consumption by using 1H NMR, without introducing
artificial oxygen carriers into the 3D scaffold, would allow for
the preservation of the NMR signal quality and simplify the
scaffold realization procedure. The influence of paramagnetic
oxygen on the proton spin−lattice relaxation time T1 of water
was addressed in earlier studies, in which the solvation of
paramagnetic molecular oxygen in protonic solvents was found
to decrease the spin−lattice relaxation time by dipole−dipole
and hyperfine interactions (Mihrej, 1965).21 Moreover, the
linear dependence of the spin−lattice relaxation rate (i.e., 1/
T1) of water on the concentration of oxygen was demonstrated
(Mihrej, 1965).

A common problem in NMR measurements of very strong
signals (e.g., 1H signal of water) is the generation of induced
currents in the NMR coil, which generate magnetic fields that
broaden the width of the resonance and accelerate longitudinal
recovery of the magnetization.22 This phenomenon, called
radiation damping (RD), affects quantitative T1 estimations via
inversion recovery (IR) experiments by deviating the expected
exponential recovery curve to an abrupt, broken curve.23

Therefore, suppression of RD is needed in IR experiments for
relaxation determination of water.

In our previous study, the living cells only contributed 1−2%
to the overall sample volume within the NMR sensitive region
of the bioreactor tube.18 Similarly, in previous ex vivo studies of
perfused cells the cell fraction was low compared to the
predominating extracellular fraction.24,25 Therefore, measuring
oxygenation and cellular oxygen consumption using 1H T1
times of overall water within the NMR sensitive region of the
bioreactor tube provides primarily extracellular levels and in
situ intracellular oxygenation determination thus appears
unfeasible. We have previously shown the capability to
separately measure the intracellular and extracellular water
contribution using diffusion NMR. Correspondingly, the
combination of proton spin−lattice relaxation time T1 and
diffusion measurements of water would allow for the
characterization of T1 relaxation times of in situ (i.e., in the
intracellular space and in proximity to the cells, where the
exchange between intra- and extracellular water molecules
takes place) slow diffusing water contributions.

While the measurement of the global T1 relaxation time of
the water resonance is extremely useful to monitor the global
oxygen tension in the perfused cell culture system, a spatially

resolved oxygen concentration determination along the 3D
scaffold volume would add even more information. Spatially
resolved real-time monitoring of oxygen consumption non-
invasively using two separated layers of PFC-doped beads and
employing slice selective 19F T1 relaxation rate measurements
was described by Pilatus et al.14 Upon inhibitor challenges,
they showed corresponding changes in cellular oxygen
consumption. Spatial localization techniques by employing
either radio frequency (RF), static, or time-dependent
magnetic field gradients have been described to restrict data
acquisition to single or multiple selected volumes.14,15,26

Magnetic field gradients during signal acquisition might be
used in combination with T1 relaxation time estimations to
determine the localized oxygen tension. Using this approach,
spatial oxygen gradients and comprehensive interplay between
fluid dynamics and oxygen transport phenomena may be
studied.

To our knowledge, no study has focused on the
determination of global, in situ directly at the cells, and spatial
oxygenation and oxygen consumption rate using proton spin−
lattice relaxation time T1 of water in living cell cultures inside
the NMR. Hence, the aims of this study are

1. Global oxygen content determination in the NMR
bioreactor tube using water relaxation time estimations
suppressing RD and comparing it with the previously
applied estimation via 19F NMR using PFCs;

2. In situ intracellular oxygen content determination in the
3D cell culture sample by combining proton relaxation
time T1 and diffusion measurements of water at high
diffusion-weighting factors;

3. Spatially resolved oxygen quantification along the NMR
bioreactor tube length using spatially selective water
relaxation time estimations.

■ EXPERIMENTAL SECTION
2D Cell Culture. Human fibroblasts, derived from skin

biopsy of healthy controls in routine diagnostics, were supplied
to the routine cell culture laboratory of the Center of
Laboratory Medicine of the University Hospital Bern. The
cells were cultivated in 2D as performed previously.5,18 Briefly,
the control fibroblast cell line was cultured in MEM
supplemented with 10% fetal calf serum, 1× nonessential
amino acids (100 μM glycine, L-alanine, L-asparagine, L-aspartic
acid, L-glutamic acid, L-proline, L-serine) (GIBCO/Invitrogen,
Carlsbad, CA, USA), 2 mM L-glutamine, 200 μM uridine, 1
mM sodium pyruvate, 100 U mL−1 penicillin, and 100 μg
mL−1 streptomycin and 10 μg mL−1 chlortetracycline at 310 K
and 5% CO2 in a cell culture incubator. The medium was
exchanged between two and three times a week, and fibroblasts
were passaged using 0.05% trypsin−EDTA.

3D Cell Culture Preparation. Cell suspensions were
obtained by harvesting roughly 80% confluent adherent human
fibroblasts using 0.05% trypsin-EDTA. Cells were centrifuged
(2000 rcf, 5 min) and resuspended in a cell culture medium.
The cell number was determined in a Neubauer hemacy-
tometer using the trypan blue exclusion method, and the cell
pellet containing the desired cell number was centrifuged
(2000 rcf, 5 min) for the following embedding procedure.

Scaffolds for 1H T1-dependent oxygen quantification were
realized as described previously.5,18 Briefly, cell pellets were
diluted in 500 μL of cell culture medium and 500 μL of liquid
collagen-based membrane matrix, inserted in a sterile infusion
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tube (Volumed-Set Silicone), and subsequently polymerized at
310 K in a cell culture water bath. The polymerized cylindrical
3D gel containing the cells was softly aspirated in a new sterile
infusion tube, connected to a 1 mL volume pipet to create the
suction pressure, and gently released into the NMR bioreactor
tube. In scaffolds prepared for comparison using 19F T1-
dependent oxygen quantification, the medium was comple-
mented with 250 μL perfluorotributylamine (PFTBA) doped
microcarriers Cytodex 1 beads.

In both cases, after polymerization, the 3D scaffold was
gently released into a Petri dish containing 35 mL medium and
incubated for 24 h.5,18

Preparation for the NMR Measurement. The 3D
scaffold was taken up from the Petri dish using an infusion
tube and gently inserted into the InsightCell glass tube,
clamped on the upper surface of a 1 cm-high bottom gel plug,
as described elsewhere.18 The glass tube was then connected to
the bioreactor tube and placed within the NMR spectrometer.

NMR Bioreactor Setup. NMR experiments were per-
formed on a 500.13 MHz Bruker Avance II spectrometer
(Bruker BioSpin, Billerica, MA, USA). The instrument is
equipped with a 5 mm ATM BBFO probe with a z-gradient
used for high resolution liquid state NMR experiments. A cell
culture bioreactor system within the NMR spectrometer was
employed and previously established.5 This setup was
subsequently used for intra- and extracellular metabolic
investigations of cell culture samples.16 It makes use of a
flow tube (InsightMR, Bruker) and its further specialization
InsightCell, previously used in NMR studies of perfused
cells.16,17 The bioreactor was perfused using MEM supple-
mented with 1× nonessential amino acids (100 μM glycine, L-
alanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-proline,
L-serine) (GIBCO/Invitrogen), 2 mM L-glutamine, 200 μM
uridine, 1 mM sodium pyruvate, 100 U mL−1 penicillin, 100
μg/mL streptomycin, 10 μg/mL chlortetracycline, and 5%
D2O in all experiments on cell culture samples. All
experiments involving cells were carried out at 310 K and
5% CO2.

19F NMR for Oxygen Quantification Using PFTBA
Carriers. 19F spin−lattice relaxation rate measurements were
performed for oxygen quantification as described elsewhere.5

The carrier frequency for the 19F NMR measurement of
PFTBA was set to the δ(−CF3) resonance at 83.3 ppm5,27 in
order to match the excitation bandwidth to the analyzed
PFTBA δ(−CF3) resonance.

All T1 measurements were performed using a pseudo 2D
inversion recovery 180°-τ-90° pulse sequence (t1pir) using 8
incremented delay times (between 0.005 and 6.3 s) with 4−8
scans per time increment (total measurement time of 5−10
min). 1D spectra were manually phased and baseline corrected.
Bruker Topspin software (version 3.2, patch level 5) was used
for calculating T1 relaxation times based on I[tIR] = I[0] × (1−
2a × exp(−tIR/T1)). All T1 measurements were then converted
into dissolved oxygen concentrations in reference to the
previously established calibration curve.5

■ 1H NMR FOR OXYGEN QUANTIFICATION
Establishment of the T1−1[s−1]−O2[%] Calibration Curve.

The relationship between T1 relaxation times of the water
resonance in dependence of the partial pressure of dissolved
oxygen was determined on control medium measurements,
saturated with 17 different atmospheric compositions
(between 0% and 95% O2.. Partial pressure of dissolved

oxygen values between 21% and 95% were obtained saturating
the solution for 5 min using a self-constructed gas blending
system, previously established in our facility,5 with always 5%
CO2. Values between 0% and 21% were obtained by bubbling
the solution for 5 min with nitrogen (N2), sonicating it for 1
min, and collecting samples at different time points until an
equilibrium with atmospheric oxygen pressure. For each gas
composition, the oxygen concentration was measured using an
external oxygen sensor (Mettler-Toledo OptiOx) prior to
insertion in the NMR tube. 1H NMR measurements were then
performed using a modified pseudo 2D inversion recovery
180°-τIR-90° pulse sequence (modified t1pir) using 16
incremented delay times (between 0.005 and 6 s) with 1
scan per time increment (measurement time ≈5 min) in the
presence of a spoiler gradient (“sin.100” pulse, 70% intensity, 3
ms duration). 1D spectra were manually phased and baseline
corrected, and T1 relaxation times were determined as
indicated above for 19F.

All 1H NMR T1 measurements on water were converted to
dissolved oxygen concentrations in reference to the calibration
curve.
In situ Intracellular Oxygen Determination Using T1 (1H)

Estimations Combined with Diffusion Measurements. 1H
NMR relaxation time measurements aiming at separating intra-
and extracellular O2 levels were performed using a pseudo-2D
inversion recovery sequence combined with a diffusion filter,
using a stimulated echo experiment with bipolar gradient
pulses and a longitudinal eddy current delay (led)). The
measurements were performed using 8 incremented delay
times (between 0.05 and 6 s) with 4 acquisitions per time
increment (≈ 5 min) in the presence of a spoiler gradient
(sin.100 pulse, 70% intensity, 3 ms duration) after the
inversion pulse, data size of 32 K, and acquisition time of
2.73 s. The selected diffusion time Δwas 43 ms, and the
gradient pulse length δ was 6 ms. 1D spectra were manually
phased and baseline-corrected and relaxation times determined
as noted above. Determination of T1 times in relaxation
measurements during flow periods accounted for inflowing
unlabeled spins into the sensitive volume. This was
accomplished by fitting T1 according to

I t
I

V
V t a e

t

(( flr) (1 2 )

flr)

IR
sens

sens IR
t T

IR

0 /IR 1[ ] = × × × ×

+ × (1)

where Vsens is the NMR sensitive volume, I0 is the
magnetization at time point 0, tIR is the inversion recovery
time, and flr is the flow rate.

The analysis was performed by using MatLab software
(R2020b, The Math-Works Inc., Natick, MA, USA).
Spatially Resolved Oxygen Determination Using T1 (1H)

Estimations Combined with Pulsed Magnetic Field Gra-
dients. For spatially resolved oxygen determination, 1H NMR
T1 measurements were performed using a modified standard
profile sequence (calibgp) with a preceding inversion recovery
block. Sixteen incremented delay times (between 0.3 and 8 s)
were applied with 1 scan per time increment (time of 7 min 30
s) in the presence of two spoiler compensation gradients
(sin.20 pulse, 20% intensity, 3 ms duration) and a z gradient
pulse (square pulse, 3% intensity, 6 ms duration) for spatial
encoding. The z gradient was chosen such that the obtained
water signal profile spread over large parts of the spectral
bandwidth with sufficient resolution.
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The spectral width was set to 100 kHz and digitized over
2048 data points. Signal acquisition time was 10.24 ms. 1D
magnitude spectra were baseline corrected. Integration of the
water profile was manually performed in Topspin software by
cutting the profile peak into an arbitrary number of slices. T1
relaxation times were calculated using Matlab program
(R2020b, The Math-Works Inc., Natick, MA, USA) by fitting
the curves of the integrated magnitude signal intensity
according to I[tIR] = abs(I[0] × (1−2a × exp(−tIR/T1))).

■ RESULTS AND DISCUSSION
We and others have previously demonstrated the capability to
quantify oxygen content and oxygen consumption within 3D
cell cultures, using relaxation time oxygen sensitivity of
embedded fluorine atoms.5 However, the deterioration of
NMR signal quality caused by PFTBA beads in the 3D cell
culture scaffold and a frequent insensitivity to oxygen changes
rendered the prepared sample unusable,18 prompting us to
look for alternative solutions. In this study, we describe oxygen
quantification approaches in living human 3D cell cultures in a
perfused NMR bioreactor system: (I) T1 estimation of water is
implemented to determine the global concentration and
consumption of oxygen throughout the NMR tube; solutions
to suppress RD of very strong water resonance are discussed;
(II) in situ intracellular oxygen content estimation using T1 of
slowly diffusing water molecules is implemented to determine
local oxygen tension and consumption within 3D cell culture
samples; and (III) spatially resolved oxygen levels along the
tube using T1 estimations of water profiles are determined to
detect oxygen potential changes along the scaffold length.

Global Oxygen Determination Using T1 (1H) Estima-
tions. In a first attempt to assess cellular oxygen without
employing 19F T1 measurements, metabolites from a cell
culture medium were tested for oxygen concentration-depend-
ent T1 relaxation times. Standard cell culture medium samples
were therefore saturated with different oxygen concentrations,
and inversion recovery T1 estimations of metabolites were
performed at 310 K. Nonoverlapping metabolite contributions
were chosen for the analysis in order to avoid misinter-
pretation. Eight metabolites (glutamine, histidine, isoleucine,
phenylalanine, pyruvate, tyrosine, uridine, and valine) and the
internal standard trimethylsilyl propanoic acid (TSP) provided
the largest T1 relaxation time variation ranges at different
oxygen saturation levels (Figure S1). However, relatively high
variability and only moderate reproducibility between

independent T1 relaxation time of metabolite experiments
were encountered. Furthermore, spectral analysis turned out to
be very time-consuming which makes this approach rather
impractical, especially in longitudinal studies. However, it
might be possible to use this approach in cell lines with
intracellular metabolites (e.g., NAA in brain cell cultures),
because it directly yields intracellular oxygen tension.

The decrease of spin−lattice and spin−spin relaxation times,
T1 and T2, respectively, upon the addition of paramagnetic ions
to water has been known since the early days of NMR.28 An
inverse relationship between the T1 relaxation of water and
oxygen concentration was observed (Mihrej, 1965). We
therefore investigated the dependency of T1 relaxation times
of water on oxygen tension, neglecting the contribution of low-
concentration reactive oxygen species (ROS) produced by
cellular oxidative phosphorylation. Standard cell culture
medium samples were saturated with different oxygen
concentrations, and inversion recovery T1 estimations of
water were performed at 310 K. The well-known radiation
damping effects (see e.g., Keeler et al. or Mao et al.22,29)
resulting in nonexponential signal behavior of the relaxation
curves and very short relaxation times (see Figure S2) was
tackled first by detuning the coil to reduce the quality factor,23

which however did not provide a reliable solution. Second,
pulsed field gradients (“spoiling gradient”) were applied to
dephase the transverse components of the magnetization.30,31

In our study, the insertion of a spoiled gradient at the
beginning of the recovery period along with an accurate
optimization of both the inversion and readout pulse length
solved the RD problem (Figure 1a) and allowed for stable and
consistent quantitative T1 relaxation time estimations of water.

Validation experiments were conducted in order to
determine the feasibility and sensitivity of the T1 relaxation
time measurement to detect changes in the oxygen tension of
cell culture systems under perfusion conditions. Measurements
were performed with periodical flow-rate interruptions (“stop
and go”) of pure medium, saturated with 47% oxygen,
accompanied by continuous T1 measurements to evaluate
possible influences of the flow on the estimated T1 relaxation
time of water. Considering the impact of inflowing spins into
the sensitive region of the NMR volume during the T1
estimation experiment (see eq 1) resulted in similar values
with and without flow at low flow rates (0.1 mL/min). At
higher flows (0.2 and 0.3 mL/min), increased variability of
estimated T1 was obtained, most likely due to turbulences.

Figure 1. (a) Inversion recovery pulse sequence for global T1 determination. (b) Modified inversion recovery pulse sequence for spatial encoding
T1 determination.
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Consequently, only low flow rates (0.1 mL/min) were used in
subsequent measurements.

A measurement with periodical flow-rate interruptions
(“stop and go”) of the perfusion was performed in an
experiment on 3D collagen-based matrix embedded fibroblasts
and PFTBA coated beads and accompanied by interleaved 1H
and 19F T1 measurements. The rationale was a comparison of
1H T1 adaptations upon challenges with the previously
determined 19F T1 changes.5 Interruption of the perfusion
rate for ∼40 min resulted in an increase of both 1H and 19F T1
relaxation times, corresponding to a decrease of the oxygen
tension in the bioreactor tube due to ongoing cellular
respiration (Figure 2). Moreover, measured 1H and 19F T1
values showed a correlation factor of 0.65 (p < 0.001). In fact,
in this specific measurement, the 1H determined T1 time curve
appears smoother and to better follow the periodic flow change
than those determined via 19F measurements. This was also
shown by a lower fitting deviation of the 1H determined T1
time curve to an assumed sinusoidal function, compared to the
19F determined T1 time curve (RMSE(1H) = 0.047; RMSE-
(19F) = 0.055). Therefore, the feasibility and sensitivity of the
1H T1 relaxation time measurement to detect changes in
oxygen tension in the bioreactor tube were demonstrated.

Based on these results, calibration measurements were
performed of water T1 relaxation times in dependence of the
partial pressure of dissolved oxygen at an operating temper-
ature of 310 K. The calibration curve is shown in Figure 3. As
expected, a linear relationship between the relaxation rate (1/
T1) and the partial pressure oxygen (pO2) was obtained.
In Situ Intracellular Oxygen Determination Using

Slow Diffusing T1 (1H) Estimations. In our previous study
we found that only 1−2% of total water in the sample volume
within the sensitive NMR region was compartmentalized
within cell membranes of the investigated fibroblasts,18 which
is in agreement with previous studies (Pilatus et al., 1997, Van
Zijl et al., 1991). Therefore, the oxygen content determined
with the global T1 relaxation time technique mainly reflects the
oxygen level in the extracellular space, potentially obscuring
the interpretation of possible oxygen changes in the vicinity of
the cells. During prolonged stop of the perfusion periods (in

“stop and go” experiments), global oxygen content never
reached levels close to zero as we expected due to cellular
respiration, and local hypoxia regions could not be detected
with the global oxygen estimation. However, we have
previously shown the capability to separately measure the
intracellular and extracellular water contribution using
diffusion NMR. The combination of proton spin−lattice
relaxation time T1 and diffusion measurements of water at
high diffusion-weighting factor might, therefore, also allow for
determining intracellular or in situ oxygen content. “Stop and
go” (periodical flow-rate interruptions) of the perfusion was
performed in an experiment on 3D collagen-based matrix
embedded fibroblasts and overall and in situ directly at the cells
T1 measurements of water were continuously conducted
(Figure 4). In situ and intracellular estimated T1 values were
found to be lower compared to overall T1 values (3.6−4 and
4.3−4.5 s, respectively), in agreement with,32,33 where a faster
spin−lattice relaxation of intracellular water was found.
However, estimated T1s of compartmentalized water in 3D

Figure 2. Plot of estimated 1H (left) and 19F (right) T1 versus time in 3D collagen-based matrix embedded 10 million fibroblasts during interleaved
stop (highlighted in blue) and go (at 0.1 mL min−1) of the perfusion of medium containing 47% oxygen concentration. The blue line indicates
fitting of the T1 time curve to a sinusoidal function (leaving the initial period with higher flow).

Figure 3. T1 relaxation time of the water resonance in dependence of
the partial pressure of dissolved oxygen (pO2) at an operating
temperature of 310 K.
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embedded fibroblasts were longer than values measured in
pelleted fibroblasts (≈ 2.5 s) at 37 °C, in agreement with T1s
found in literature,34,35 likely due to T1 estimation of either
water molecules attached to membranes or of a mixture of
intra- and extracellular contributions.36−38 However, T1
differences between “stop” and “go” periods of the perfusion
were higher in situ and intracellularly than in the extracellular
space, thus facilitating the detection of small cellular oxygen
changes. In an attempt to establish a calibration curve for
intracellular oxygen, medium saturated with 4 different
atmospheric compositions was used in an experiment on

continuously perfused 3D collagen-based matrix embedded
fibroblasts and interleaved overall, and in situ directly at the
cells T1 measurements of water were conducted. This
calibration would rely on only negligible cellular oxygen
consumption and metabolic status changes. However, high
variability of estimated in situ and intracellular T1 values at
different dissolved oxygen concentration (up to 22%) was
encountered; therefore, the establishment of an intracellular
T1−O2 calibration curve appeared unfeasible. Interleaved ATP
measurements indicated the high viability of the cells at the
different oxygen levels. T1 changes due to cell death can

Figure 4. Plot of estimated overall and in situ (gpz = 80%, 100%) T1 versus time in 3D collagen-based matrix embedded 10 million fibroblasts
during interleaved stop (highlighted in blue) and go (at 0.1 mL min−1) of the perfusion of medium containing 21% oxygen concentration.

Figure 5. (a) Spatially resolved T1 relaxation time estimation of a homogeneous H2O sample at an operating temperature of 310 K. Seven profile
sections were selected for the analysis. (b) Spatially resolved T1 relaxation time estimation of a cell pellet placed at the bottom of the bioreactor
tube was performed at an operating temperature of 310 K. Twelve profile sections were selected for the analysis.
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therefore not explain the variances. These might be explained
by the increasing contribution of reactive oxygen species
(ROS) in the intracellular space39 and the low cellular fraction
within the sensitive NMR volume. Further improvements will
be needed to minimize the variability of estimated T1s, for
example, by increasing the intra- to extracellular volume ratio
in cell types other than fibroblasts. Still, it appears feasible to
determine relative T1 changes indicating intracellular oxygen
changes in longitudinal investigations, but without quantitative
determination.

Spatially Resolved Oxygen Determination Using T1
(1H) Estimations Combined with Pulsed Magnetic Field
Gradients. While the combination of proton spin−lattice
relaxation time T1 and diffusion measurements of water at high
diffusion-weighting factor b allows to monitor oxygen levels in
situ at the cells, a spatially resolved oxygen determination
would be extremely useful to investigate the heterogeneity of
oxygen concentration, to detect local hypoxia regions, and to
study oxygen diffusion within the 3D scaffold volume. 19F
NMR coupled with PFC-containing particles has been used to
noninvasively investigate the spatiotemporal evolution of
oxygen distribution in microbial impacted packed bed
systems.15 Using this approach, spatial oxygen gradients and
the comprehensive interplay between fluid dynamics and
oxygen transport phenomena were studied. However, to our
knowledge no study has focused on the spatially resolved
oxygen tension using T1 relaxation time estimations of water.
In this study, a modified inversion recovery pulse sequence
with a readout magnetic field gradient for spatial encoding was
employed (Figure 1b). Compensation of the spoiler gradients
removed eddy currents, causing wiggles in the oxygen profile.
Two validation experiments were conducted to determine the
sensitivity of the spatially resolved oxygen determination
method. In the first test, spatially resolved T1 estimation of a
homogeneous water sample at 310 K was performed. The 1H
spectral profile was split into 7 sections and T1 determined.
Very similar T1 values were obtained for all seven sections (T1
= 4.37 ± 0.004 s), corresponding to a very stable spatially
distributed oxygen content of ∼25% along the bioreactor tube
(Figure 5a). In a second experiment, spatially resolved T1
relaxation time estimation of a cell pellet placed at the bottom
of the bioreactor tube was performed at 310 K. Analysis of 12
profile sections led to T1 values ranging from 4.71 s (at the
bottom, close to the cell pellet) to 4.40 s (at the top, distant
from the cells), corresponding to oxygen values between 0%
(due to ongoing cellular respiration) and 25% (value close to
the oxygen saturation level found in the homogeneous water
sample), respectively (Figure 5b). The experiments demon-
strate that the method provides sufficient sensitivity that is
necessary to detect spatially resolved oxygen tension along the
bioreactor tube.

The strength of the presented approach for real-time
monitoring of spatially resolved oxygen tension lies in the
possibility to detect potential (temporal) oxygen gradients
between the perfusion inlet and outlet within the tube, to
detect possible local hypoxic regions inside the scaffold, or to
characterize scaffold and cellular distribution homogeneity.

■ CONCLUSIONS
The methods described in this paper to longitudinally monitor
global, in situ intracellular, and spatially resolved oxygen
tension in 3D cell cultures are of potential value for
investigating oxygen consumption as surrogate marker of

OXPHOS, without the need to use external sensors (i.e.,
PFCs) that first can interfere with the quality of NMR
measurements, second quite often fail to yield the required
rapidly adjusting oxygen sensitivity, and third greatly ease the
sample preparation of 3D matrix embedded cells. The
inclusion of the presented oxygen quantification techniques
in a study protocol provides the possibility to measure
mitochondrial respiration and metabolic changes simultane-
ously. For in situ measurements, it should be noted, however,
that the indirectly determined absolute oxygen values based on
relaxation time measurements are not reliable due to the
concurrent presence of ROS and paramagnetic metal ions also
affecting T1. Nevertheless, in longitudinal measurements,
relaxation time changes probably indicate relative oxygen
changes. The low cellular volume of fibroblasts possibly adds
to the variability of the in situ T1 estimations. It is likely that
higher cellular volume, i.e., increased intra- to extracellular
volume ratio in cell types other than fibroblasts lowers the
variability.

Furthermore, the inclusion of oxygen measurements by
using spin−spin (T2) relaxation time estimations is anticipated
for futures studies.
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