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Electron paramagnetic resonance (EPR) is an accurate and efficient technique to probe unpaired 
electrons in many applications across materials science, chemistry, and biology. Dynamic processes 
are investigated using EPR; however, these applications are limited by the use of resonator-based 
spectrometers such that the entire process must be confined to the resonator. The EPR-on-a-chip 
(EPRoC) device circumvents this limitation by integrating the entire EPR spectrometer into a single 
microchip. In this approach, the coil of a voltage-controlled oscillator (VCO) is used as the microwave 
source and detector simultaneously, operating under a protective coating such that the device may 
be placed in the sample solution directly. Additionally, improvements in sensitivity via rapid scan EPR 
(RS-EPR/RS-EPRoC) increase the accessible applications where SNR per measurement time is the 
fundamental limit. The herein reported device combines a dipstick EPRoC sensor with the enhanced 
sensitivity of frequency-swept frequency modulated rapid scan to measure triarylmethyl (trityl, Ox071) 
oxygen-sensitive probes dissolved in aqueous solutions. EPR spectra of Ox071 solutions were recorded 
using the RS-EPRoC sensor while varying the oxygen concentration of the solution between normal 
atmosphere and after purging the solution with nitrogen gas. We demonstrate that EPRoC may be 
employed to monitor dissolved oxygen in fluid solution in an online fashion.
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Electron paramagnetic resonance (EPR) is a spectroscopic technique to probe the environment of unpaired 
electrons spins that has found use in many applications ranging from materials science, chemistry, biology, 
healthcare, and even medical imaging1. Though it is primarily employed as a tool in fundamental research, there 
has been growing interest over the last several decades in the adaptation of EPR methods to medical diagnostics. 
Assessment of local oxygen concentration is paramount in a plethora of peripheral diagnostics such as wound 
healing, blood oxygen content, tissue oxygenation, and in identifying cardiovascular diseases as well as for 
assessment of brain function2–4. Oxygen consumption, which is often investigated simultaneously with oxygen 
concentration, is also implicated in oxidative stress and plays a particularly important role in mitochondrial 
function5–7. These processes are underpinned by the production of reactive oxygen species (ROS) which cause 
significant cellular damage and therefore are of particular importance for the overall assessment of human 
health2,5–7. For this reason several probe molecules have been developed to interrogate these processes using 
EPR spectroscopy, such as solid probes like lithium phthalocyanine and soluble probes such as nitroxides and 
triarylmethyl (trityl) radicals8–14. Of these, the trityl probes have shown the most promise in clinical applications 
due to their increased stability in biological media14–17.
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One of the most advantageous reporting schemes employing EPR methods is the assessment of local oxygen 
concentration is in the context of EPR imaging, similar to how nuclear magnetic resonance (NMR) spectroscopy 
has experienced widespread adoption via magnetic resonance imaging (MRI) methods routinely used in the 
clinic and has even been used to map oxygen concentration in tumors in both preclinical and clinical trials16–20. 
Ex-vivo methods of measuring oxygen concentration have been employed to show effects of oxygen in cell-
death, antioxidant transcription, cell proliferation, and acute inflammation; and, more recently EPR imaging 
has been incorporated into well plates for high throughput measurements of biological samples21,22. While 
toxicity towards cells and other biological samples is a major concern, another drawback to the utilization of 
EPR methods in medical assessment is the requirement for a paramagnetic spin probe or reporter molecule that 
is sufficiently tailored to the information desired from the living organism.1417,1916,182–45–72,5–78–1414–17

EPR spectroscopy is well suited for the task of reporting the local concentration of oxygen via paramagnetic 
triarylmethyl probes (Fig. 1). While molecular oxygen possesses radical characteristics, relaxation occurs too 
rapidly to detect it. However, the molecular collision interaction of the carbon-centered triarylmethyl (trityl) 
radical probes with molecular oxygen may be accurately assessed via lineshape broadening in the trityl EPR 
spectra3,15,23. The inherently narrow lines of trityl radicals provide excellent oxygen sensitivity24–26. Through 
careful calibration, the linewidth of the trityl accurately reports on the local oxygen concentration while EPR 
imaging methods provide a spatial distribution of the trityl EPR signal, forming a diagnostic map of the local 
environment that is useful for treatment3,15.

While the narrow linewidth of trityl probes improves resolution for oximetry, narrow linewidths are typically 
indicative of slow relaxation and can lead to saturation effects using conventional EPR methods27. Trityl radical 
relaxation times are on the order of microseconds, a regime where pulse EPR methods have proven more 
advantageous; however, rapid scan (RS) EPR has been shown to produce the greatest increase in signal-to-
noise ratios (SNR) relative to conventional continuous wave (CW) methods28,29. This improvement is primarily 
observed due to reduction of saturation effects, accomplished by adiabatic passage through resonance while 
subsequent deconvolution of the rapid passage effects allows undistorted narrow linewidths of these spin systems 
to be obtained30–32. Because SNR is highly dependent on resonator quality factor (Q), rapid scan experiments 
have typically been performed in high Q resonators while rapidly sweeping the microwave field using small 
sweep coils that offset the main magnetic field during the EPR experiment30–32. The rapid sweep rates used in 
rapid scan require broadband detection to accurately deconvolve rapid passage effects, which inversely affects 
resonator Q and may reduce SNR or introduce distortions in lineshape33. Because the aqueous environment 
typically utilized for trityl measurements creates an ideal environment for broadband measurements due to 
dielectric effects leading to microwave absorption, rapid scan is an effective method for trityl EPR oximetry 
measurements34. In other cases the resonator Q must be lowered significantly to obtain undistorted spectra, 
often through complicated techniques which are not compatible with operando experiments35,36.

EPR-on-a-chip (EPRoC) devices have recently been demonstrated to perform EPR spectroscopy without the 
use of an EPR resonator by performing both excitation and detection of the spin signal response using voltage-

Fig. 1. An overview of oxygen monitoring via EPR where the monitoring capabilities of the probe molecule 
are dependent on the collisional interactions with radical-oxygen species, detectable as a linewidth-dependent 
change in the relaxation rate of the trityl spin probe, Ox071.
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controlled oscillators (VCOs)37–41. In this application, the cavity resonator is replaced by a single coil inductor 
and varactor, which function primarily in a similar fashion as the inductive-capacitive (LC) circuitry of a typical 
resonator (Fig. 2a). However, this lumped LC resonator may be interfaced to a cross coupled transistor pair 
providing a negative resistance capable of replenishing the energy lost in the LC resonator. While the primary 
purpose of this is to offset the conductive loss in the coil, losses due to high dielectric constant materials that 
absorb microwaves, which are significantly smaller than the overall coil loss, are also replenished40,42–44. By 
embedding the VCO in a phase-locked loop (PLL) circuit, its phase and frequency may be controlled both 
precisely and with very short response time by varying the reference frequency to create a wide (up to GHz) 
frequency sweep range for EPR spectroscopy45. The pseudo-high Q broadband circuit is facilitated by changing 
the oscillation frequency of the coil directly via manipulation of the varactor inside the VCO, which is controlled 
through the PLL by the reference frequency provided by a radio-frequency generator (Fig. 2b)46. The EPRoC 
is therefore ideal for detection of trityl radicals in the aqueous environment used for oximetry measurements. 
When properly isolated from the solvent via a protective coating (parylene C), the EPRoC may be used as a 
dipstick sensor for detection of free radicals directly in solution47.

Though the EPRoC has previously been demonstrated to perform frequency-swept rapid scan EPR with 
significantly improved SNR relative to CW EPR, slowly relaxing spin centers still pose a challenge for the EPRoC 
due the inherently high microwave excitation (B1), primarily due to the required bias current to produce stable 
oscillations in the small (200 μm) VCO48–50. Therefore, CW spectra recorded using the high intensity B1 of the 
EPRoC may exhibit saturation induced line broadening and lineshape distortions50. For this reason, a detection 
scheme similar to dispersion EPR has been developed via frequency-swept, frequency modulated rapid scan 
(Fig. 2c)51–54. In this way, the typical saturation of the absorption lineshape, obtained via amplitude modulation 
of the VCO, is circumvented both by recording the dispersion-like lineshape via frequency modulation, and by 
utilizing the increased B1 possible due to rapid passage through resonance with rapid scan48,55,56. Coupled with 
the fast digitization possible with rapid scan, it is feasible to accurately record the trityl lineshape with respect to 
dissolved oxygen concentration in fluid solution on a timescale relevant for real-time monitoring48.

Combining these methodologies in a single operational device, we herein present operando and in situ 
assessment of oxygen concentration using the well-characterized trityl radical probe, Ox071, in fluid solution 
using a frequency-swept, frequency modulated rapid scan EPRoC dipstick device. By submerging the EPRoC 
directly in the reaction solution, EPR spectra are obtained that provide adequate lineshape resolution and 
sufficient SNR to correlate the observed linewidths with the time-dependent concentration of dissolved oxygen 
directly in solution without additional modification to the sample environment.

Materials and methods
Sample solutions
The trityl probe molecule, Ox071, was synthesized as reported previously57,58. Upon successful synthesis, the 
spin probe was dissolved in a dilute phosphate-buffered saline solution containing 150 mM sodium chloride, 
3 mM potassium chloride, 10 mM disodium hydrogen phosphate dihydrate, and 2 mM potassium phosphate 
(PBS Buffer pH 7.6 -10x conc., Jena Bioscience) to a final concentration of approximately 0.3 mM, which is 
comparable to previously reported clinical applications17,22.

Instrument configuration
For RS-EPRoC experiments, the trityl solution was placed in a 20 ml beaker positioned in the center of a Bruker 
B-E 25 electromagnet. The EPRoC printed circuit board (PCB) was attached to a supporting rod which provided 
an interface to a stepper motor (Thorlabs PT3-Z8) that allows the lowering and lifting of the EPRoC PCB into and 
out of the solution. The design principles of EPRoC devices have been presented extensively elsewhere but are 
briefly described here for convenience37–40,42–48,50,59. The EPRoC chip contains a VCO oscillating at a frequency 
of around 13.44 GHz and a divide-by-32 frequency divider, the output of which is fed into an on-chip buffer 
used to embed the VCO in a phase-locked loop located on the PCB. To provide the reference frequency (fref) for 
the PLL of the EPRoC, a signal generator (Rohde & Schwarz SMB100B) operating at 420 MHz was used. The 
sinusoidal modulation was applied directly to the reference frequency such that a frequency deviation (fdev) of 
83.2 MHz was obtained at a repetition rate (frep) of 35 kHz resulting in a scan rate of 18.3 THz/s, equivalent to 6.5 
MG/s field sweeps. The required signal bandwidth for unattenuated detection considering the narrow linewidth 
of the Ox071 was between 18 and 60 MHz while the bandwidth of the EPRoC PLL for rapid scan detection was 
5 MHz (see Supp. Fig S1). The 5 MHz bandwidth is limited by the parasitic capacitance and inductance present 
on the PCB traces. There have been other EPRoC designs which integrate the entire PLL circuit on-chip and have 
hence achieved much larger bandwidths up to 200 MHz49,60,61. Because of a voltage offset present in the EPRoC 
FM signal, a 20 dB AC coupled amplifier (Mini-Circuits Model ZFL-500LN) with a 20 dB attenuator placed on 
the input for a total zero gain amplification which allowed the signal intensity to be within the dynamic range of 
the transient digitizer (ADQ7DC, Teledyne SP Devices). The rapid scan signal was recorded using a sampling 
rate of 5 GS/s. A bias current (4 mA) defining the magnitude of B1 was supplied to the EPRoC PCB by a low 
noise current source (Keithley 6221). Dry nitrogen was flowed through the trityl solution by way of a flexible 
tube submerged directly into the trityl solution. Evacuation of oxygen was continued for ≈ 6 hours using 
relatively slow flow rates as to not alter the volume of the solution. Before beginning measurements, the flow of 
nitrogen was removed to further reduce the likelihood of concentration fluctuations during EPR measurements. 
The reoxygenation of the trityl solution was then monitored continuously by recording a RS-EPRoC spectrum 
at 30 s intervals. The acquisition time for each spectrum was 19 s and consisted of 70,000 accumulations, each 
containing seven frequency-swept spectra which were then summed during post-processing.
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Analysis of Operando measurements
Rapid scan measurements were performed by submersing the EPRoC in the Ox071 solution, followed by removal 
of oxygen via dry nitrogen gas to establish the minimum obtainable linewidth. Spectral acquisition parameters 
were optimized to reduce total acquisition time while maintaining sufficient SNR for accurate linewidth 
measurements. After six hours of purging with dry nitrogen gas, the Ox071 solution EPR spectrum was recorded 
sequentially during the reoxygenation process by acquiring a rapid scan spectrum every 30 s. Each spectrum 
was then baseline corrected to remove the sinusoidal background typical of rapid scan experiments using a 
composite sinusoidal fit and subsequent least-squares analysis before subtraction from the directly digitized 
frequency-swept spectra. The baseline corrected spectra were then separated by direction of the sweep, either 
via increasing frequency or decreasing frequency, and summed before being separately Fourier deconvolved 
to derive the resulting EPR signal48,63. The dispersion-like lineshapes were then Hilbert transformed using the 
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Kramers-Kronig relation to obtain absorption-like lineshapes in order to be comparable with CW experiments 
performed using a conventional spectrometer (see Supp.) and with prior results reported in the literature using 
Ox07164.

The evolution of the linewidth over time during the reoxygenation process was monitored by fitting each 
absorption spectrum with a Lorentzian function,
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where Γ  is the distance between the inflection points and B0 is the resonance value which have been estimated 
by least-square minimization using the esfit function included in the software package EasySpin 6  (   h t t p s : / / 
e a s y s p i n . o r g     )   6 5   . The values of Γ  have been plotted with respect to time to determine the rate at which the 
linewidth of the trityl signal was broadened by increasing oxygen concentration. This was achieved by fitting via 
an exponential function,

 Γ (t) = −Aexp (−α • t) + c (2)

where Γ (t) is the linewidth obtained at time t, α  is the rate constant of the reoxygenation process, t is the time, 
A is the amplitude of the exponential change and c is the equilibrium value after the complete reoxygenation to 
atmospheric conditions. The time constant of the reoxygenation was calculated from the fit using the following 
relation, τ = α −1.

Estimation of the partial pressure of oxygen
To estimate the partial pressure of oxygen, the relationship between the partial pressure of oxygen in solution 
and the linewidth of Ox071 (2 mM) recorded via free induction decay (FID) detected 2D-phantom EPR imaging 
at 300 MHz from Ref15 was modified to yield the following relationship,

 
pO2 = Γ (t) − q − n√

3 m
 (3)

where q is the linear offset obtained, n is a concentration broadening parameter often referred to as self-
broadening and m is the angular coefficient reported in Ref15. Due to differences between the methods used to 
record the EPR spectrum reported in Ref15, where FID detection was used, and the methods reported herein, 
where instead the Hilbert transformed data were used. Therefore to compare the minimum linewidth observed 
in the herein reported experiments (50 mG) and those reported in Ref15 (90 mG), the partial pressure of oxygen 
differs by a factor of the square root of three and is necessary due to the inclusion of this factor in Eq. 1 to be 
comparable with data recorded by CW (see Supp.).

Results
Frequency-swept, frequency-modulated rapid scan EPR measurements were performed using the EPRoC 
dipstick device on the trityl-containing solutions in presence of oxygen and after ≈ 6 hours of purging the 
solutions with dry-nitrogen gas. The spectra obtained, from which the linewidths were determined by Lorentzian 
fitting, are shown in Fig. 3. For the Ox071 solution, the oxygenated linewidth observed was 160 mG and the 
deoxygenated linewidth was 50 mG.

To determine the potential to monitor reoxygenation of the trityl solution with respect to time, multiple 
frequency-swept, frequency-modulated rapid scan transients were continuously recorded after evacuation of 
oxygen using a continuous flow of dry nitrogen gas bubbled through the solution. Once a minimum linewidth 
in the deconvolved spectra was obtained, the nitrogen flow was stopped and the rapid scan signal was recorded. 
The reoxygenation was treated as an exponential process, and the fit to the linewidths obtained with respect to 
time for each sample is shown in Fig. 4.

Using the deoxygenated linewidth in the rapid scan experiments as a calibration factor, the approximate 
partial pressure of oxygen was obtained for the data shown in Fig. 4 using the relationship described in Eq. 3. 
A linear relationship may be obtained utilizing all linewidths recorded between the minimum and maximum 
linewidths observed. After inclusion of all consideration necessary for comparison due to discrepancies between 

Fig. 2. (a) An overview of the instrument configuration used for the experiments concerning oxygen detection 
using the EPRoC dipstick. An external oscillator provides the RF reference signal for the PLL. The single 
coil (diameter 200 µ m) EPRoC was coated with a 10–12 μm thick layer of parylene C and submerged into 
the solution. The RS data were recorded using the digitizer (b) Operating principle of the EPRoC showing 
the bi-directional coupling of the VCO to the electron spins. Changing the reference oscillator frequency 
results in a change of the VCO oscillation frequency via the varactor inside the VCO while the cross-coupled 
transistor pair provides a negative resistance. This acts to mitigate loss in the coil and loss while maintaining 
a pseudo-high Q circuit at every oscillation frequency. (c) The detection scheme utilized for frequency-swept, 
frequency-modulated rapid scan detection. The periodic signal is recorded in the time domain by sinusoidally 
sweeping the VCO with an amplitude fdev and repetition rate frep. The resulting periodic spin signal is Fourier 
deconvolved to recover the slow scan signal, detected as a spin-induced change in oscillator frequency, Δf/f, as 
the VCO is swept through resonance. Adapted from Refs40,47,62. 

◂
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data collection methods, the change in partial pressure of oxygen with respect to linewidth using the EPRoC 
sensor was found to be 0.53 mmHg O2 per kHz, equivalent to 1.47 mmHg O2 per mG. The detectable range 
observed using the EPRoC device is therefore approximately between zero and 140 mmHg O2.

Discussion
In comparison to linewidths obtained via CW for trityl probes reported (see Supp. Fig S2), the linewidths 
observed in RS-EPRoC experiments demonstrate that the EPRoC sensor was successfully employed to detect 
dissolved oxygen over the range obtainable by nitrogen evacuation in aqueous environments which are typically 
problematic for EPR measurements at these frequencies (X-band) due to microwave absorption of the solvent66. 
Here, the VCO circuit is largely immune to dielectric loss from aqueous solvents, creating a stable B1 field 
throughout all measurements due to the negative resistance provided by the active pump circuit via the cross-
coupled transistor pair and the comparatively lower E1 fields present relative to a typical cavity resonator40,42–44. 
It was observed in the experiments performed that the degree of saturation of the trityl systems was low enough 
to permit Kramers-Kronig transformations to an absorption-like lineshape (see Supp.); however, correction of 
the detected signal by phase manipulation was not possible due to the lack of quadrature detection67. Even with a 
presumed admixture of absorption and dispersion and the saturation observed, a calibration may be performed 
using solutions with known partial pressures of oxygen to accurately allow the EPRoC to function as an oxygen 
sensor.

Based on prior experiments, the expected linewidth change is approximately 1.45 mmHg O2 per mG while 
the EPRoC device reports 0.53 mmHg O2 per kHz, equivalent to 1.47 mmHg O2 per mG using Ox071 which is 
in considerably good agreement15. The experiments were performed with the solution open to the environment 
without additional modifications. The deoxygenated values are in agreement with prior reports, on the order 
of 50 mG; however, additional broadening was observed as the reoxygenation of the solution was recorded. It 
has been demonstrated in prior work that the VCO generates a substantial amount of heat during operation 
due to the power consumption of the device in a relatively small area (~ 30 mW/mm2) and this is the likely 
cause for the broadening at higher oxygen concentrations68. Because the N2 flow is removed before beginning 
to record the slow reoxygenation of such a large sample volume, there is no longer any method for removing 
the heat generated by the coils and therefore this significant heat generation likely causes the temperature of 
the water near the VCO to rise significantly. The heat produced cannot be easily removed or dissipated without 
an additional cooling mechanism. Because this is a reproducible phenomenon, the accuracy of the device in 
an oxygen-sensing environment is likely unaffected; however, the sensitivity suffers and is evidenced by the 
increased variability in the later measurements.

While field swept rapid scan imposes significant challenges associated with the increasing of scan rate due to 
the high voltages ( ≈ kV) required for rapid field sweeps, the frequency-swept, FM detection scheme circumvents 
these limitations because only the microwave frequency is swept69,70. This not only allows access to much wider 
sweep widths, but also allows for much faster scan rates as reported in ref48. One major drawback to frequency-
swept, FM-detected rapid scan is the integration of noise over the entire frequency sweep (83.2 MHz). While 
the resonator acts as a bandwidth limitation in resonator-based rapid scan, it also acts as an effective noise filter 

Fig. 3. EPR spectra obtained via Hilbert transformation of the frequency-swept, frequency modulated rapid 
scan spectra obtained with the EPRoC for the trityl radical investigated, Ox071, shown both before and after 
evacuation of oxygen by purging with nitrogen gas. Fits to the data obtained by Lorentzian fitting are overlaid 
on the appropriate spectrum.
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that rejects all frequencies outside the bandwidth of the resonator (see Supp. Fig S3)71. Field-swept rapid scan 
inherently generates less noise in the acquired spectrum because of this; however, given the high resolution with 
which transient data may be recorded, digital filters with wide window functions can be applied to the recorded 
spectra in post-processing to improve the SNR. The standard deviation of the reoxygenated spectra after reaching 
equilibrium (~30 kHz) is primarily the result of a large inherent noise present when using VCOs and may be 
improved by increasing the number of VCOs in the array. This concept is further described in the supplementary 
information provided. The standard deviation reported here was calculated after reaching equilibrium, where 
the SNR for trityl measurements is lowest; therefore, this is the maximum observable standard deviation and is 
thereby reduced when lower oxygen concentrations are present, improving reproducibility. This may be further 
improved using higher trityl concentrations which may then be tailored to the range of oxygen concentration 
values of interest after consideration of concentration-dependent broadening effects.

When considering prior rapid scan experiments using EPRoC devices, it is possible to perform frequency-
swept, AM-detected rapid scan with significant SNR improvements over CW-EPR within the same timescale; 
however, in the current design of the EPRoC devices, AM-detection is limited to a single coil48. Injection-locking 
has been recently demonstrated as a viable method to increase the sensitivity of EPRoC devices in a way that 
multiple coils may be used to produce a global phase-coherent microwave excitation field43. This reduces the 

Fig. 4. (a) The linewidth of the resulting EPR spectrum for each trityl as a function of reoxygenation time after 
stopping the flow of nitrogen through the solution via frequency-swept, frequency modulated rapid scan using 
the EPRoC sensor. The standard deviation of the measurements after reaching equilibrium was approximately 
30 kHz. (b) The linewidth vs. oxygen (partial pressure) obtained via frequency-swept, frequency modulated 
rapid scan EPR using the dipstick EPRoC sensor via Eq. 3 using q = 7.637 mG, m = 0.1257 mG/mmHg, and 
n = 0.1726 mG.
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complexity of a multicoil device by allowing the spin-induced frequency shift of the VCOs to be detected as a 
single FM output signal40,48.

One of the unique benefits of frequency-swept, frequency modulated rapid scan experiments is the alleviation 
of excitation bandwidth constraints imposed by the resonator in resonator-based rapid scan experiments. 
Because the frequency is swept at a rate that is rapid relative to spin diffusion, the entire sweep range of the 
VCO may be utilized for spin-excitation without distorting the spin response. In this way the detection system 
becomes the limiting bandwidth while the spin system is homogeneously excited, even if the PLL bandwidth 
limits the SNR of the detection due to filtering, but not distortion, of the high-frequency components of the rapid 
scan signal48. This bandwidth limit imposes a cutoff frequency beyond which the signal intensity is attenuated; 
however, the spin response is not altered and the lineshape is free of distortions induced by incomplete or 
nonuniform excitation due to limited resonator-bandwidth.

In both resonator-based EPR and in frequency-swept, FM-detected rapid scan, the fundamental spin 
sensitivity is defined by the sample with respect to number of spins comprising the total linewidth. In resonator-
based CW-EPR the sensitivity is also defined by the Q factor of the resonator, the filling factor of the resonator, 
and the signal averaging rate which is determined by the digitizer and the ramp rate of the electromagnet72. 
In frequency-swept, FM-detected rapid scan the sensitivity does not suffer from low Q observed with solvent 
systems; and, given the design of the dipstick sensor, the filling factor is improved by way of submerging the 
detector in an apparent large volume relative to the detector coil diameter. Though less than half of the effective 
volume is utilized in the current design, EPRoCs compatible with microfluidics measurements improve upon 
this concept and may be incorporated into future fully-submersible applications47,61,73. While the sensitivity 
suffers in the herein reported rapid scan experiments due to the low repetition rate of the frequency sweep, this 
can be alleviated by utilizing higher bandwidth (on-chip) PLL circuits, like those that have successfully been 
demonstrated in pulse-EPRoC applications49,61.

Conclusions and outlook
In this report we have demonstrated the operando and in situ capabilities of a submersible EPR-on-a-chip 
device capable of monitoring the concentration of dissolved oxygen using the trityl spin probe, Ox071. By using 
frequency-swept frequency-modulated rapid scan EPR methods, the limits on excitation bandwidth have been 
effectively circumvented resulting in EPR spectra that may be recorded on a timescale relevant for concentration 
monitoring in real-time. Similarly, the scalability of EPRoC and VCO based rapid scan techniques has been 
expanded by incorporation of the frequency-modulated EPRoC signal, which may be recorded in multiple coils 
of a VCO array, thereby removing both the volume limitations imposed by the small volume of a single coil and 
the scaling limitations imposed by amplitude-modulated rapid scan detection in EPRoC devices. The methods 
reported herein while applied to the application for oximetry may be generally applied to any spin system of 
interest that falls within the bandwidth of the EPRoC device; and, when narrow linewidths are not necessary, 
may also be applied in applications where a lower-homogeneity permanent magnet might be used. Because of the 
scalability of EPRoC devices, new geometries, increased coil diameters (to several mm), and even distributions 
of EPRoC VCO arrays may be considered, such as incorporation into a needle or other surgical devices to 
establish a spatial component while also considering mesh arrays or even more complicated geometries for 
surface-accessible diagnostics22,74. All of these advancements will allow the EPRoC to continue to progress and 
evolve as a point-of-care technology.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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