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Photo-CIDNP for quantification of
micromolar analytes in urine
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Towards target diagnostics of low-concentrated molecules in biofluids, NMR spectroscopy faces
limitations due to low sensitivity, signal overlap, and high equipment costs. Hyperpolarization
methods such as photo-chemically induced dynamic nuclear polarization (photo-CIDNP) can mitigate
some of these challenges. In this study, we explore the potential of steady-state photo-CIDNP to
quantify target molecules in urine samples. Matrix interference poses a significant challenge to
quantitative measurements, and we thus establish two counteracting methods: spiking and biofluid
dilution. Experiments conducted in both high (14.1 T) and low (1.9 T) magnetic fields demonstrate the
effectiveness of photo-CIDNP-based quantification at micromolar levels for the analytes sumatriptan
and paracetamol. We report limits of quantification (LOQs) in complex matrices down to 3.5 pM and
average errors of less than 26 % with the spiking method and less than 11% using biofluid dilution. This
proof-of-concept study highlights the potential of NMR supported by photo-CIDNP as a target
diagnostic tool for rapid drug quantification and clinical monitoring applications, especially with low-

cost benchtop NMR devices.

NMR spectroscopy is a powerful technique with plenty of applications,
providing information on structure and dynamics'. In the context of
metabolomics, NMR spectra identify individual sample components by
their specific signal fingerprints”~. These signals can then also be quantified
to determine analyte concentrations in complex mixtures®, positioning
NMR spectroscopy as a promising tool in diagnostics applications. For
routine diagnostics, however, NMR has several limitations, including an
inherently low sensitivity, spectra complexity, and high instrument and
maintenance costs™'’. Typical metabolites or active pharmaceutical ingre-
dients interesting for diagnostic assessments are present in biofluids at
nano- to micromolar concentrations'*"", extending the acquisition time and
making diagnostics with NMR inefficient and expensive. Moreover, pro-
longed measurements can lead to sample aging'>". So far, NMR spectro-
scopy has been shown to be clinically relevant to picture the metabolome
and associate the metabolomic differences to the physiological states with
specific conditions, e.g., heart diseases'*"”. Advanced statistical methods,
such as principal component analysis or models supported by artificial
intelligence, provide classification between healthy and unhealthy
patients'*'*"”. However, identifying unique individual signals is not a
priority for these methods. In contrast, targeted diagnostics of single bio-
molecules in low concentration is challenging because of low analyte signal
intensity and overlapping signals®. However, all the mentioned limitations
can be mitigated by hyperpolarization techniques that selectively enhance
specific peaks in the NMR spectrum. One versatile hyperpolarization
method in NMR is photochemically-induced dynamic polarization (photo-

CIDNP)”'. Compared to traditional NMR, photo-CIDNP requires only two
additional experimental components: sample illumination and a dye with
absorption at the used wavelength. Specific interactions between the illu-
minated dye and certain sample components then increase signal intensities
beyond the Boltzmann distribution. Steady-state photo-CIDNP experi-
ments with prolonged laser irradiation and low laser power are easy to set up
and can be adapted to low-field benchtop NMR spectrometers™. Benchtop
NMR lowers costs and complexity, making them more available to diag-
nostics centers and hospitals.

Photo-CIDNP was discovered in 1967 independently by Bargon and
Fischer” and Ward and Lawler**. The phenomenon can be observed in both
liquid and solid-state NMR™. Initially it was used to prove the occurrence of
transient radicals and to solve reaction mechanisms™* and later to study
protein dynamics and structure by observing hyperpolarized amino acids,
such as tryptophan or tyrosin”**. Recently, its application was extended to
drug discovery’>”, dissociation constant determination, and magnetic
resonance imaging (MRI)’. Also, technological and methodological
improvements like the development of new dyes resistant to prolonged
irradiation™”, improved enzymatic systems to scavenge oxygen™, and
application of LED lights as irradiation source”™, or adaptation to
microfluidics systems™ made photo-CIDNP more available and universal
for research. Photo-CIDNP is based on the interaction between the photo-
excited dye and the target molecule””*”~*'. Upon irradiation, the dye goes to
the excited singlet state and then, via intersystem crossing, to the long-lived
triplet state. This is the most common mechanism****. The triplet state is

Biozentrum, University of Basel, Basel, Switzerland.

e-mail: sebastian.hiller@unibas.ch

Communications Chemistry | (2025)8:223


http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01626-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01626-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01626-8&domain=pdf
http://orcid.org/0000-0001-5508-1117
http://orcid.org/0000-0001-5508-1117
http://orcid.org/0000-0001-5508-1117
http://orcid.org/0000-0001-5508-1117
http://orcid.org/0000-0001-5508-1117
http://orcid.org/0000-0002-6709-4684
http://orcid.org/0000-0002-6709-4684
http://orcid.org/0000-0002-6709-4684
http://orcid.org/0000-0002-6709-4684
http://orcid.org/0000-0002-6709-4684
mailto:sebastian.hiller@unibas.ch
www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01626-8

Article

highly reactive and prone to react with free oxygen, which therefore should
be removed from the sample before measurement™. Photo-CIDNP can also
originate directly from photoexcited singlet states, if they live long enough to
interact with the target molecule’>’. Toward the photo-CIDNP signal, the
dye in singlet or triplet state interacts with the target molecule, forming a
radical pair by electron or proton transfer”’. These radical pairs subsequently
undergo singlet-triplet mixing and finally break into diamagnetic molecules.
Because the singlet-triplet mixing is modulated by the hyperfine interac-
tions, and these have different signs for the a and f§ spin states, an imbalance
in the spin state population occurs®”. This mechanism is known as spin-
sorting and, depending on molecular parameters, can lead to a high spin
state population difference, resulting in a signal enhancement that exceeds
the Boltzmann population significantly. In steady-state photo-CIDNP
experiments, prolonged light irradiation leads to continuous generation of
radical pairs. Among these, F-pairs arise when radicals escape the solvent
cage before recombination and undergo paramagnetic relaxation®. The
F-pairs also originate from radical pairs that did not contribute directly to
the spin sorting mechanism. They can feed the spin sorting loop again,
contributing to the photo-CIDNP enhancement. Additionally, during
irradiation, the nuclei can partially relax or transfer polarization between
them. The sign of the enhanced signals can be explained by the Kaptein
rules, depending on the radical pairs reaction mechanism™.

In samples of pure components, the photo-CIDNP effect follows
quantitative relationships, such that it is linear within certain range™. Photo-
CIDNP enhancement has also been qualitatively observed in complex
matrices such as urine, serum™ or E.coli extract™. However, in such complex
mixtures, the signal enhancement depends on the sample composition in a
complicated, non-linear manner. On one hand, in such samples, the pre-
sence of multiple photo-CIDNP active molecules with different dye affi-
nities can create competition for the dye®. Increasing the dye concentration
is not usually a feasible solution to the problem, as dye-dye interactions
promote self-quenching™, which reduces the population of the excited states
required for photo-CIDNP enhancement. Moreover, the pool of free radi-
cals of the target molecule, which later contributes to the F-pairs formation,
can be affected by reductive electron transfer between photo-CIDNP active
molecules”. As a result, the enhancement for photo-CIDNP molecules in
complex mixtures is no longer quantitatively comparable with the
enhancement in pure solutions. Such alteration of an analytical signal
caused by matrix components is generally referred to as matrix interference
effect”.

Photo-CIDNP spectra can be acquired by modifying standard NMR
experiments, such as the perfect-echo W5 water suppression sequence®,
by introducing a laser irradiation period following the interscan recycle
delay. However, in complex mixtures, extracting photo-CIDNP signals
becomes increasingly challenging, even for highly intense peaks, due to
spectral overlap and background interference. This limitation can be
addressed using an alternative approach, gated illumination during a
pulse train experiment. This method selectively retains magnetization
generated solely by photo-CIDNP hyperpolarization”. While it offers
reduced sensitivity compared to conventional approaches, it significantly
improves spectral clarity. In such background-free spectra, signals from
naturally photo-CIDNP-active metabolites present in urine, such as
tryptophan and tyrosine™, can be clearly distinguished. Previous studies,
presented by Kuhn et al.”® have demonstrated this technique for quali-
tative identification of photo-CIDNP-active components in biofluids like
urine and serum, showing reproducible enhancements for the same urine
samples”. However, these studies did not address quantitative analysis in
complex matrices or consider matrix interference effects, critical for
diagnostic applications.

In this paper, we explored the potential of steady-state photo-
CIDNP towards its use as a diagnostic tool, i.e., to detect and quantify
target concentrations in complex biofluids. As a model system, we stu-
died two photo-CIDNP active molecules as target analytes in human
urine: the antimigraine compound sumatriptan and the common
analgesic paracetamol’”. As a dye, we used fluorescein due to its

resistance to prolonged irradiation and the broad range of target mole-
cules it can interact with”. To enable signal quantification on the
background of the matrix interference effects, we established two
approaches, one based on spiking and the other on biofluid dilution.
LOQs were established in a high magnetic field of 14.1T and on a
benchtop NMR spectrometer with 1.9 T field strength.

Results and Discussion

Experiment optimization and matrix effect on photo-CIDNP

In our experiments, we considered the resonances at 6.8 ppm for para-
cetamol and at 7.6 and 3.2 ppm for sumatriptan. The sign of the peaks
calculated by the Kaptein rules suggested that the hyperpolarization of
paracetamol originates from the recombination product, while for
sumatriptan it originates from the escape product (Supplementary
Equation 1, Supplementary Table 1). Since the singlet excited state of
fluorescein is short-lived, the photo-CIDNP signal likely comes from a
triplet precursor™.

As a proof of concept in a realistic situation with variable biofluid
composition, we performed experiments on a set of six different human
urine samples obtained from healthy volunteers. We started with opti-
mizing the sample conditions, including the dye concentration, pH of the
solution, and number of acquired scans. We assessed four different dyes,
fluorescein, 4’,5-dibromofluoresein, riboflavin and flavin mononucleotide
(FMN) for best suitability. Among these, fluorescein was most resistant to
photo-bleaching, gave by far the highest enhancement and exhibited the
highest absorbance at our wavelength of 450 nm (Supplementary Figs. 1,2),
hence it was chosen for all further studies. The photo-CIDNP activity of the
target compounds was tested at fluorescein concentrations of 25-100 uM,
not showing any significant variation (Supplementary Fig. 3). Then, we
tested the influence of pH in the range 5-8 (Supplementary Fig. 4). For
sumatriptan and paracetamol, the photo-CIDNP enhancement dropped by
20-30% at low pH (pH 5-6) compared to physiological pH (pH 7.1-8). For
the high field measurements at 14.1 T field strength, we found that 64 scans
delivered the optimal total sensitivity, as the photo-CIDNP enhancement is
non-linear due to radical reactions and photobleaching (Supplementary
Fig. 5). For the low field measurements at 1.9 T field strength, optimal results
were achieved with 32 scans. It is important to note that for samples con-
taining 100 uM of paracetamol, conventional spectra measured at 1.9 T did
not provide detectable signals at 32 scans. The signal-to-noise ratio (SN)
obtained in 32 scans laser experiment is comparable with dark spectrum
measured with 10,000 scans (Supplementary Fig. 6). To perform the analysis
in biofluids, we used lyophilized urine samples to prevent changes over time
and reconstituted them immediately before measurements in either H,O or
D,0. We verified that the lyophilization did not affect the photo-CIDNP
performance by comparing the photo-CIDNP-enhanced signal for a
reference compound in freshly collected urine and lyophilized urine (Sup-
plementary Fig. 7). As a reference signal for quantification, we used 5-
fluoro-2-methylindole, which features a particularly high photo-CIDNP
effect. This reference compound provides the additional benefit that its most
enhanced signal at 6.15 ppm is well separated from the complex signal array
of the urine background matrix.

To investigate the matrix interference effect on the photo-CIDNP
performance, for both analytes, paracetamol and sumatriptan, we measured
samples with increasing urine content from 0 to 70% (Fig. 1). The photo-
CIDNP effect was analyzed as the signal-to-noise enhancement™ (SNE,
Supplementary Equation 2) for the peak at 6.8 ppm for paracetamol and for
the peaks at 7.6 and 3.2 ppm for sumatriptan. Compared to the buffer, we
observed a drop in photo-CIDNP enhancement by 80-95% upon adding
70% of urine to the sample. Even only 5% urine caused a severe photo-
CIDNP signal decrease of around 30% for all tested urines and both analytes.
Importantly, the drop of the hyperpolarized signal was not uniform across
different urines and for the different analytes, indicating that the particular
urine composition had a specific impact on the signal enhancement. This
finding thus implies a specific and strong matrix interference on the photo-
CIDNP performance. However, at 5% urine content, the variation in photo-
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Fig. 1 | The photo-CIDNP enhancement is quenched in urine biofluid. a 1D 'H
photo-CIDNP NMR spectra of paracetamol in different dilutions of urine. The
corresponding SNEs is indicated, starting from 0% (sample measured in pure buffer)
to 70% of urine. The position of the resonance is indicated by pink circles on the
structure. b, ¢ Same for two sumatriptan signals. Spectra were recorded with 64-scan
gated illumination photo-CIDNP at 14.1 T with a 0.2 s laser irradiation block.

Samples contained 100 uM of the analyte and 100 uM of fluorescein in 100 mM
sodium phosphate buffer at pH 7.1. SNEs were calculated relative to the dark
spectrum measured with modified W5 and no urine addition. d-f Dependance
between the urine content and the photo-CIDNP active signal integral with the
percentage deviation from the mean at each urine content for each resonance,

respectively.
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CIDNP enhancement drop between different urine samples was much less
pronounced than at higher urine concentrations, reaching maximally a
deviation from the mean of 20% (Fig. 1d-f). In contrast, the deviation
reached over 100% at high urine content. This suggests sample dilution
could be a way to overcome the matrix interference effect partially and to
apply a universal calibration curve for highly diluted samples.

To study the nature of the matrix interference effect further, we
probed the effect of the oxygen removal system. Two samples were
prepared using either the enzymatic scavenging system or conven-
tional nitrogen degassing. We found no difference in signal
enhancement between the two systems for samples containing 40%
urine and 5-fluoro-2-methylindole (Supplementary Fig. 7), leading to
the conclusion that the observed signal enhancement drop is not
dependent on the oxygen scavenging system. Human urine contains
a small fraction of large proteins™ to which small molecules could
potentially bind in a specific or non-specific fashion, becoming
unavailable for photo-CIDNP. We removed proteins with molecular
weight larger than 3kDa by ultra-filtration, but we observed no
difference in signal intensities between filtrated and non-filtrated
urine (Supplementary Fig. 7), thus ruling out dye- or compound-
binding as a potential cause of the observed photo-CIDNP drop.
Therefore, we concluded that the source of the photo-CIDNP drop is
a competition effect between the photo-CIDNP active molecules and
potential triplet state quenchers that might be a part of the biological
matrix. Moreover, the photo-CIDNP active target molecule is most
likely also affected by exchanging electrons in its neutral or radical
state with other molecules by reductive electron transfer. Trying to
resolve which are the major contributors to the photo-CIDNP drop,
we investigated a series of samples containing 40% of a solution of
individual urine components, including creatinine, urea, thiamine, d-
mannitol, succinate, formate, pantothenic acid, glucuronate, cytosine,
sodium pyruvate, nicotinamide, bilirubin, a mixture of amino acids,
uric acid, lactic acid and salts mixture, in the urinary excretion
range’* (Supplementary Table 2, Supplementary Fig. 8). In photo-
CIDNP enhanced spectra we observed a 68% signal drop upon uric
acid addition, 30% upon salts, 20% upon bilirubin and 16% upon
amino acids. Notably, uric acid was buffered to pH 7.4 in 100 mM
sodium phosphate buffer, and this pH value should not have affected
the photo-CIDNP enhancement. The mix of all individually tested
components led to a photo-CIDNP enhancement drop of 30%, which
does not fully match the value observed in 40% urine. The non-
additivity of the single influences implicates the presence of com-
plicated interactions between the mixture components and confirms
that the problem arises from multiple species, affecting the pool of
fluorescein and analyte.

We specifically tested bilirubin due to its structural similarity to uro-
bilin, a compound typically present in urine™’. The absorption spectrum was
recorded for bilirubin (Supplementary Fig. 2). As bilirubin absorbs at the
excitation wavelength used in our experiments, it may act as an efficient
triplet quencher. To assess whether the removal of colored compounds such
as urobilin could enhance the photo-CIDNP signal, by reducing triplet
quenching and minimizing competition for light absorption, we photo-
bleached urine samples using a 600 mW laser at 450 nm for 256 s (Sup-
plementary Fig. 9). Absorption spectra were then compared before and after
photobleaching, along with the photo-CIDNP spectra of samples contain-
ing 40% urine and the reference compound 5-fluoro-2-methylindole. The
results showed only a negligible improvement in photo-CIDNP enhance-
ment following photobleaching. This indicates that although eliminating
colored substances can slightly enhance the signal, they are not the primary
contributors to signal loss in complex matrices. These findings support our
earlier conclusion that part of the photo-CIDNP signal loss in complex
matrix is due to the presence of bilirubin.

To ensure that the differences in photo-CIDNP enhancement do
not stem from altered fluorescein absorbance, we spiked three samples,
40% urine I, II, or IV, with 100 uM fluorescein and measured their

absorption spectra (Supplementary Fig. 10). These were then compared
to a reference sample containing fluorescein in pure buffer. We observed
negligible differences in absorbance at 450 nm, indicating that the urine
matrix at 40% concentration does not affect the absorption properties of
fluorescein.

Evaluation of NMR experiments for photo-CIDNP in urine

To develop methods for analyte quantification, we produced mock patient
samples where urine was enriched with a known amount of sumatriptan or
paracetamol in the concentration range of 12.5-250 uM, matching the
natural urinary excretion range’>*’. Samples were then diluted with buffer to
40% urine. At this urine content, we could still observe photo-CIDNP signal
enhancement. We measured non-irradiated (dark) modified perfect-echo
W5 experiments and gated illumination experiments (laser) for samples
containing 40% urine without adding external photo-CIDNP active com-
pounds to investigate the variability in the used urine compositions (Sup-
plementary Fig. 11). As expected, we observed considerable spectral
differences between the urine samples, both in the dark spectra and in the
photo-CIDNP active molecules. Various photo-CIDNP active compounds
natively occurring in urine further support the hypothesis that the com-
petition effect affects the photo-CIDNP performance of the target molecule.

To evaluate the two NMR experiments used for detection, modified
perfect-echo W5 water suppression and gated illumination, we collected
spectra from samples with 100 uM paracetamol and/or 100 M sumatriptan
(Fig. 2, Supplementary Fig. 12, 13). We measured the spectra of a single
analyte in buffer, and with the addition of 40% of urine I, II, or IV. We also
verified that none of the urine samples contained the analytes. First, by
comparing spectra of pure analytes in buffer, we noted that, although gated
illumination helps to extract signals corresponding to photo-CIDNP active
species and reduces spectral complexity, it results in around 2.5 times lower
SNE than the standard experiment based on the modified W5 water sup-
pression. The background removal by gated illumination might not seem
crucial for samples containing 100 uM paracetamol, however, at lower
analyte concentrations, the signal of interest would overlap with back-
ground signals in modified W5 water suppression experiments and can only
be detected by gated illumination (Fig. 2). Furthermore, for this type of
experiment, similarly like in work presented by Kuhn et al.*, we found that
the reconstitution of urine in D,0 provided better background nulling and
was thus further used as the solvent.

As a step towards quantification of analyte concentration, we next
tested the use of a reference compound that would serve as a concentration
standard (Fig. 3). We examined samples containing 40% of four different
urines and the analytes of interest. As possible concentration standards, we
tested two different compounds, 5-fluoro-2-methylindol and 2-(2-amino-
1,3-thiazol-4-yl)propan-2-ol as internal references. Both were chosen due to
their high photo-CIDNP activity, the former verified by us, the latter known
in the literature. We tested 1:1 mixtures (100 uM) of analytes with internal
references, including a 1:1 mixture of paracetamol and sumatriptan. The
study showed that the ratio of the integrated signals for the analyte and
reference varied significantly between different urine matrices. This suggests
that native urine components influence the photo-CIDNP enhancement of
the target and reference molecules in distinct ways, likely by competing for
the dye or by electron transfer between radicals. In some cases, the photo-
CIDNP-enhanced signals for sumatriptan could not be detected anymore in
the spectrum. This highlights the sample composition’s influence on the
gained polarization. Unfortunately, these findings excluded the option of an
internal reference application due to the massive non-linearity of the matrix
interference effect. To circumvent this problem, we developed two methods
that bring back linearity and thus allow the quantification of analytes by
photo-CIDNP in complex mixtures. We discuss these two methods in the
following paragraphs.

Method 1: quantification with spiking
For the spiking approach, a given sample with analyte concentration in the
12.5-250 uM range was split into two halves. One half of the sample
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Fig. 2 | Gated illumination experiments resolve paracetamol signals on a complex
matrix background. a 1D "H NMR spectra of 100 uM paracetamol in pure buffer

measured in dark mode (no photo-CIDNP), laser mode (1 s of laser illumination)
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samples with 40% of urine I, II, or IV, respectively. Black spectra are reference spectra
of the urine background without paracetamol. All spectra were measured at 14.1 T
with 64 scans. SNEs were calculated in comparison to the dark spectrum measured
with modified W5 and no urine addition.

remained unmodified, and the other half was spiked with a known amount
of the analyte. From the signal difference of the two samples, the initial
concentration can be calculated under the assumption that the signal
depends linearly on the concentration in the concentration range spanned
by the spiking. We tested this approach for paracetamol and sumatriptan as
target analytes in samples containing 40% urine using gated illumination
experiments, measuring each point in triplicates (Fig. 4 and Supplementary
Fig. 14). The data show that the relation between the photo-CIDNP signals
and the analyte concentration is indeed linear in the examined concentra-
tion range (Fig. 4a, Supplementary Fig. 14a). Notably, the slope had a strong
variation between different urine samples, corresponding to vastly different
compositions of the biofluids. For the quantification, we chose peaks with
high SNE enhancements. For paracetamol, the signal at 6.8 ppm corre-
sponding to aromatic protons in the ortho position, and for sumatriptan, the
methylene signal at 3.2 ppm was selected (Fig. 4b, Supplementary Fig. 14b).
Spiking was performed for four native concentrations in the range of
12.5-250 uM in three different urines, at 25, 75, 125, and 150 uM.

LOQ were estimated based on the SN of individual peaks. Instead of
using the conventional SN threshold of 10, we applied a lower threshold
of 37, This choice was justified by the high measurement precision
observed, as reflected in the relative standard deviation (RSD) values™.
Due to the limited volume of biological samples available, RSDs were
calculated at the lowest concentration point in the calibration curves
rather than directly at the LOQ. In most cases, the RSDs were below 20%,
which falls within the acceptable range for analytical tests in the early
stages of development™. In a few cases where the RSD exceeded 20%, we
still used an SN of 3 for LOQ estimation. This was due to the current
experimental setup introducing greater signal variability, as discussed in
the following section. Importantly, these deviations are not fundamental
limitations and can be minimized through improvements in the setup as
explained in the next paragraph.

Because different urines affect photo-CIDNP to varying degrees, the
LOQ depend significantly on the sample used as well as the photo-CIDNP
activity of the measured analyte, with LOQs ranging from 3.5 to 12 uM for
paracetamol and 13 to 42 uM for sumatriptan in native urine samples
(before dilution). By measuring the experiments in triplicate, we quantified
the experimental variation of the measurements, which resulted from our
technical setup at 14.1 T. In this setup, illumination is applied from the top,
and the inevitable slight variations in the fiberglass position then lead to a
difference in illumination at the individual samples. Because the spiking
method depends on the comparison of two samples rather than an internal
standard, errors induced by this mechanical variation accumulate. None-
theless, the accuracy of the spiking method was below 30% for most samples
and reached errors of below 5% for some samples (Fig. 4c—e, Supplementary
Fig. 14c-e). It can thus be expected that a mechanically improved setup, such
as a fixed illumination source, will readily eliminate this error source and
lower the RSDs. This could be achieved, e.g., by introducing laser optics
from the bottom of the spectrometer, in-situ illumination by specialized
NMR devices, or including LED light sources inside the probe head””"".

Method 2: quantification with dilution method

An alternative quantification method was developed based on the obser-
vation that the variation in the photo-CIDNP enhancement between dif-
ferent urine samples was much smaller when the urine content was diluted
to 5% compared to samples with higher urine concentrations. At 5% urine,
the photo-CIDNP signal enhancement is reduced compared to pure buffer,
but the variation between different urines is much less pronounced. The
non-linear matrix effects, which result from bimolecular reactions, are
significantly diminished compared to the overall effect, which scales with the
dilution (Fig. 1d-f). The slopes and intercepts of the calibration curves for
spiking at 5% urine are thus nearly identical for different urines, in contrast
to those obtained at 40% urine (Fig. 5a, b). We worked on samples
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illumination spectra of samples containing analytes. Pink spectra contain 100 uM of
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Fig. 4 | Quantification of analyte paracetamol with the spiking method.

a Calibration curves for three sets of 40% urine I, II, III with paracetamol con-
centration of 12.5-250 uM (before dilution, so 5-100 pM after dilution). Each point
corresponds to the average integral from triplicated experiments. The indicated
LOQ corresponds to SN = 3 in native urine samples. RSDs are calculated for the
points with the lowest analyte concentration (12.5 uM before dilution). b NMR
signal intensities for paracetamol for an unknown concentration (light blue) and

after spiking with 20 uL of 0.5 mM stock solution (dark blue). c-e Correlation of the
experimentally determined with the true concentration in three different urines
I-1II. The difference between the true and the determined concentration is indicated
next to each point with the percentage error in the brackets. All photo-CIDNP 1D 'H
NMR experiments were measured at 14.1 T, using gated illumination with an irra-
diation time of 200 ms and 64 scans.

containing 5% of urines IV-VI, with original analyte concentrations of
20-200 uM (Fig. 5). The high dilution enabled the enhanced perfect-echo
W5 water suppression experiments, offering greater sensitivity than gated
illumination. Each point of the calibration curve was measured in triplicate.
For paracetamol, we selected the same enhanced peak (6.8 ppm) as for the
spiking method at high magnetic field (Fig. 5¢). For sumatriptan, a peak at
7.6 ppm was used for quantification because of signal overlap with peaks
originating from thermal equilibrium (Fig. 5d). By calculating the SN for all
points in the calibration curves and then determining the concentration at
SN = 3, we determined LOQ, as the RSDs are usually below 20%"*. The
LOQ for the undiluted urines was in range 6.4-7.1 pM for paracetamol and
15-19 uM for sumatriptan. We then determined the average slopes and
intercepts towards a universal calibration curve for each analyte at each
magnetic field. Analysis of the errors showed that almost all samples had
percentage errors lower than 30%, and half of the samples had a percentage
error lower than 10% (Fig. 5e, f).

For future use in low-cost settings, we also verified this approach on a
benchtop spectrometer with a low magnetic field of 1.9 T. At this field,
paracetamol showed a strong signal enhancement by photo-CIDNP,
whereas sumatriptan was not strongly photo-CIDNP active (Supplemen-
tary Fig. 15). We worked with concentrations of paracetamol in native urine
in the 60-200 uM range and diluted to 5% (Fig. 6a). The peak at 7.3 ppm was
used to quantify the signals, and intensities were used instead of integrals, as
this resulted in smaller overall errors (Fig. 6b). The determined LOQ ranged
from 40-47 uM for the undiluted urine samples. The percentage errors in
the low magnetic field calculated for universal calibration curves were
comparable to those in the high magnetic field. However, the calculated

RSDs are significantly lower than 20%, confirming that the improved setup
with a fixed laser position enhances the precision of the measurements
compared to those performed in a high magnetic field, where laser illumi-
nation via a fiberglass cable from the top results in slight variations in
illumination efficiency between measurements. The benchtop setup
demonstrates that this issue can be easily avoided.

Comparing the two methods established for analyte quantification, the
dilution method was more convenient than the spiking, as it requires the
measurement of only one sample instead of two. At the same time, it
provides smaller errors, reaching an average below 11% for dilution com-
pared to 26% for spiking. Since the limit of quantification represents a
compromise between the matrix effect, which reduces photo-CIDNP
enhancement, and the amount of analyte introduced with the urine sample,
the appropriate quantification method (spiking or dilution) should be
chosen based on the strength of matrix interference and photo-CIDNP
activity. For samples that do not exhibit strong quenching effects, spiking
appears to allow for lower limits of detection compared to dilution methods
(e.g., spiking for paracetamol in Urine II and III versus dilution in Urine
IV-VI). For sumatriptan, both methods appear to yield comparable results.
The best suitable quantification method should therefore in each case be
chosen dependent on the analyte concentration, photo-CIDNP activity, and
strength of the matrix interference effect.

Conclusions and outlook

This paper reports the application of photo-CIDNP NMR for the quanti-
tative detection of analytes in complex biofluids, with potential future
extension to targeted diagnostics. For the first time, we demonstrate that
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(20 uM before dilution). All points were measured in triplicates using W5 water

photo-CIDNP-enhanced signals can be successfully quantified in complex  samples. These results serve as a proof of concept and also as a basis for
biofluids using two strategies: spiking and sample dilution. The presented  further development and signal improvement.

quantification methods are effective at both low and high magnetic fields, As we showed, the matrix interference effect presents, however, a
achieving LOQs as low as 3.5 pM for common drug analytes in real biofluid  significant limitation in achieving satisfactory photo-CIDNP enhancement
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Fig. 6 | Quantification of analyte paracetamol with the dilution method at low
magnetic field. a Calibration curves for paracetamol in range 60-200 uM (before
dilution, so 3-10 uM after dilution), in three different urines. The indicated LOQs
correspond to SN = 3 in native urine samples. RSDs are calculated for the points with
the lowest analyte concentration (60 uM before dilution). All points were measured
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1.9 T.b 1D "H NMR spectra at five different paracetamol concentrations for samples
diluted to 5% urine V with the signal used for analysis indicated by the dashed line.
¢ Correlation of the experimentally determined with the true concentration in three
different urines I-III. The difference between the true and the determined con-

centration is indicated next to each point with the percentage error in the brackets.

in complex biofluids. Complex mixtures lead to a noticeable reduction in
photo-CIDNP enhancement compared to pure buffer. For instance, for
some samples containing 40% urine, the signal intensity is only slightly
higher than that measured without laser irradiation. The intensity is thus
also highly dependent on the urine composition. Overall, the photo-CIDNP
performance in biofluids still needs to be optimized to get an effective
sensitivity enhancement compared to conventional NMR.

In contrast, samples containing only 5% urine show a more significant
enhancement, as the concentrations of the quenching components of the
matrix decrease with dilution. In parallel, high dilution also reduces the
contribution of the thermal signals, such that the gated illumination
experiments can be replaced by standard NMR experiments with irradiation
block. Standard NMR measurements are feasible in 100% urine samples, but
the signal overlap caused by the matrix typically hinders accurate
quantification.

A primary advantage of photo-CIDNP thus remains the reduction of
spectral complexity. In conventionally measured spectra without laser
irradiation, certain signals are undetectable, as they overlap with other

signals. In biofluids, gated illumination experiments reduce the spectral
complexity, which shown by Kuhn et al.” and in the present study. This
could be further enhanced by exploiting the high specificity of the dye-target
interaction. By using specialized dyes with tuned irradiation wavelengths or
by adjusting the solution’s pH to influence the ionization of the analytes®™,
one can steer which signals in the samples will be enhanced. Photo-CIDNP
could thus be tuned into a method to obtain completely different spectra
from the same biosample just by varying experimental conditions.

A further major advantage of photo-CIDNP is its utility for quantifi-
cation at low magnetic fields, resulting in significant time savings, mostly
because photo-CIDNP hyperpolarization becomes more pronounced as the
magnetic field strength decreases™*’. This clearly indicates that while photo-
CIDNP has great potential for routine diagnostic applications, further
optimization is required. Identifying new dyes and target molecules that are
more resistant to matrix interference is crucial, as the matrix effect does not
affect all molecules equally. This has been shown in our systematic studies
involving mixtures of two photo-CIDNP-active components in complex
matrices.
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Another important matter is the space of potential target analytes in the
future diagnostics tests. One limitation of photo-CIDNP is that not all
molecules are active. Active molecules typically contain aromatic structures,
as these facilitate stabilizing interactions with the dye through m—m stacking
and allow for effective radical stabilization. Therefore, extensive screening of
photo-CIDNP-active compounds and in-depth studies of the underlying
enhancement mechanisms are essential for identifying potential diagnostic
targets. To support this effort, screening studies such as the one presented by
Torres et al.”” or Tada et al.”’, and the development of technologies that
enable high-throughput photo-CIDNP measurements*’ or connection to
microfluidics systems® are of great importance. Fortunately, many analytes
and pharmaceutical compounds contain aromatic systems, making them
promising candidates for photo-CIDNP-based detection. According to the
studies”, significant proportion (80%) of the approved drugs contain
aromatic rings, making them potential targets to photo-CIDNP-supported
analysis. At the same time, only about 20% of metabolites contain aromatic
rings, however, among these are important compounds for diagnostics, such
as amino acids, microbial metabolites, and aging biomarkers”*. As pre-
sented by Kuhn et al.*”, photo-CIDNP can also be observed in serum, which
may facilitate analyte quantification by universal calibration due to the more
consistent composition of serum across individuals, unlike urine®.

Future photo-CIDNP-based tests will compete with state-of-the-art
diagnostic methods such as LC-MS/MS, GC-MS, HPLC coupled with UV
or fluorescence detection, immunoassays, enzymatic assays, and
spectrophotometry’®”". The main limitation of photo-CIDNP-based diag-
nostics, compared to those methods, is sensitivity. While photo-CIDNP can
achieve detection limits in the nanomolar range” in the absence of matrix
effects, it generally falls short of the sensitivity offered by other currently
used techniques, which enable detection at pico- or femtomolar
concentrations’. However, the key advantages of photo-CIDNP include
very rapid data acquisition (from seconds to few minutes), providing high-
throughput measurements, and the much lower cost of benchtop spectro-
meters and laser setups compared to instruments like mass spectrometers or
HPLC systems™. Additionally, benchtop spectrometers are user-friendly, do
not require highly qualified personnel to operate, and require barely any
maintenance”. In combination with a flow system®, fast quantification of
analytes that demand extensive control will become possible, e.g., in the
kinetic part of clinical trials or for drugs with narrow therapeutic windows.

To conclude, photo-CIDNP offers substantial advantages, especially
when measured at low magnetic fields. With appropriate strategies to
mitigate matrix effects—whether through the use of more robust dyes or
optimized sample preparation—the technique could become significantly
more effective’”. Nonetheless, a more systematic investigation of matrix
effects is essential for further development of the diagnostic strategies based
on the photo-CIDNP hyperpolarization. The approaches developed here
have the potential to advance targeted diagnostics by combining the high
stability of NMR measurements with the low cost of benchtop instruments
and their versatility for various targets and samples.

Materials and methods

Sample preparation

Sumatriptan succinate was purchased from TCI, 2-(2-amino-1,3-thiazol-4-
yl)propan-2-ol) from Enamine, 4’,5-dibromofluorescein from Thermo
Scientific, riboflavin from Roth, fluorescein and FMN from Sigma Aldrich,
paracetamol and 5-fluoro-2-methylindol from Fluorochem. All NMR
samples were prepared in 100 mM sodium phosphate buffer and contained
an enzyme oxygen scavenging system (if not stated otherwise), composed of
200 nM glucose oxidase, 140 nM catalase, and 2.5 mM D-glucose. 5 mM
stocks solution of 5-fluoro-2-methylindol, 2-(2-amino-1,3-thiazol-4-yl)
propan-2-ol) were prepared in DMSO-ds. 5 mM, 0.5 mM, and 0.05 mM
stock solutions of sumatriptan succinate and paracetamol were prepared in
H,O or D,O. The urine samples were obtained from healthy volunteers.
Ethical approval was not required for the current studies, as confirmed by
the Ethikkommission Nordwest- und Zentralschweiz (BASEC-ID Req-
2025-00689). The urine samples were lyophilized, stored at 253 K, and

reconstituted in the corresponding H,O or D,O-based buffer before mea-
surement. The sample volume for all experiments was 500 uL, except for the
spiked samples, where the sample volume was 520 pL. All samples prepared
in an H,0-based buffer and measured at a high magnetic field additionally
contained 5% of D,O for locking. All samples were measured in H,O-based
buffer pH 7.1 (if not stated otherwise). The samples measured in D,O-based
buffer had pH 7.1 (pD 7.4)",

Experiment optimization was performed for samples containing
10 puM of paracetamol or sumatriptan and 5% urine IV. The concentrations
of the dye were tested for 25, 50, and 100 uM of fluorescein. The influence of
pH on photo-CIDNP was tested for pH range 5-8. The optimal number of
scans was determined using samples containing 50 uM of fluorescein. The
impact of urine lyophilization, oxygen scavenging system, or filtration was
investigated using samples containing 5 or 40% of urine I, lyophilized and
reconstituted in buffer or freshly collected without lyophilization. One of the
urine samples was additionally centrifuged by using a filter with a cut-off of
3 kDa. Another sample containing lyophilized and reconstituted urine was
degassed for 20 min with nitrogen without the addition of an enzyme
mixture for oxygen scavenging. All samples contained 100 uM 5-fluoro-2-
methylindole and 25 uM of fluorescein. The influence of urine content was
measured for samples containing urine I-IV at 0, 5, 10, 20, 40, and 70% of the
total sample volume. All samples contained 100 uM of paracetamol or
sumatriptan and 100 pM of fluorescein. The influence of individual urine
components on the photo-CIDNP performance was investigated for sam-
ples containing 100 uM of 2-methyl-5-fluoroindole, 25 pM of fluorescein,
and 200 uL (40% of sample volume) of individual urine component solu-
tions with indicated concentrations and the mixture (Supplementary
Table 1). The stock solutions were prepared in 10 or 100-fold concentrations
in pure H,O, except for the stock solution of uric acid, which was prepared
in 100 mM sodium phosphate buffer and buffered to pH 7.4. The four
different dyes (fluorescein, 4,5’ -dibromofluorescein, riboflavin, FMN) were
tested at 50 with 100 pM of sumatriptan and paracetamol, respectively.

The characterization of different urines was performed for samples
containing 40% urines I-VI, 25 uM of fluorescein, in the D,O-based sodium
phosphate buffer. To compare two photo-CIDNP 1D NMR experiments
(based on W5 water suppression and gated illumination), spectra were
measured for samples containing 100 uM of paracetamol or sumatriptan,
100 uM of fluorescein with or without 40% urine I, II, IV, in a D,O-based
buffer. The assessment of an internal reference application for photo-
CIDNP was evaluated using four samples containing 40% of urine I-IV,
paracetamol or sumatriptan and 5-fluoro-2-methylindol or 2-(2-amino-
1,3-thiazol-4-yl)propan-2-ol as internal references, 100 uM of fluorescein,
in D,0-based buffer. The linearity of the signal integrals versus con-
centration was evaluated for sumatriptan and paracetamol using the fol-
lowing concentrations: 5, 20, 50, 80, 100 pM (after dilution), and 100 uM of
fluorescein, 40% urines I-IIT or urines IV-VI, respectively. The spiking was
performed for the following concentrations: 10, 30, 50 and 60 uM (after
dilution). The spiked samples were freshly prepared with the addition of
20 pL of 0.5 mM solution of paracetamol or sumatriptan, respectively. All
samples for spiking were prepared in a D,O-based buffer. Calibration curves
for the quantification with the dilution method were obtained for samples
containing 50 uM of fluorescein and the following paracetamol or suma-
triptan concentrations: 1, 3, 5, 8, 10 uM (after dilution) for samples mea-
sured in the high magnetic field and 3, 5, 6.5, 8, 10 uM (after dilution) in the
low magnetic field, respectively. For all calibration curves each point was
measured in triplicates, every time with freshly-prepared sample.

NMR measurements

1D 'H NMR spectra at the high magnetic field were measured on a 14.1 T
Avance ITI spectrometer (Bruker) equipped with an inverse triple-resonance
(TXI) room temperature probe and processed in software TopSpin 3.6.2.
Spectra on the low magnetic field of 1.9 T were measured on a Magritek
Spinsolve 80 Ultra benchtop spectrometer and processed in MestReNova
15.1.0. Al NMR experiments were performed at room temperature (298 K).
For experiments with a number of scans greater than one, 4 dummy scans
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and 3 s of recycle delay were included. Experiments measured with a perfect-
echo W5 water suppression* with the added laser irradiation period after
the d1 recycle delay were recorded with 1 s of laser irradiation, whereas the
gated-illumination experiments*’ were recorded with 200 ms of laser irra-
diation. The optimization of fluorescein concentration and buffer pH, as
well as pH influence on photo-CIDNP enhancement, used 64 scans. The
effect of urine treatment (lyophilization, filtration, oxygen scavenging sys-
tem) on photo-CIDNP enhancement was tested with just 1 scan, while urine
characterization involved 16 scans with perfect-echo W5 and 32 scans with
gated illumination. Quantification experiments using spiking and dilution
methods employed 64 scans at 14.1 T and dilution tested at 1.9 T 32 scans.

All the samples were irradiated using a laser diode emitting at 450 nm
purchased from Thorlabs (L450P1000MM) with an output of 600 mW at
the end of the optical fiber. The tip of the optical fiber was inserted directly
into a 5mm tube, touching the surface of the liquid for the experiments
measured at 14.1 T. For experiments measured on the 1.9 T benchtop NMR
the optical fiber tip was inserted from the bottom and placed 2 mm below
the NMR tube.

All numerical data is provided in Supplementary Data 1.

Absorption spectra measurements

Absorption spectra were recorded for 200 pM solutions of fluorescein, 4’,5’-
dibromofluorescein, riboflavin, FMN and bilirubin. Spectra were also
measured for urine samples before and after photobleaching (at 450 nm
using 600 mW of power for 256 seconds), as well as for 40% urine samples
spiked with 100 uM fluorescein. All measurements were performed on a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), using water
as the blank.

DFT calculations

Density functional theory (DFT) calculations were performed to optimize
the molecular geometry (Supplementary Data 1 and 2) using the B3LYP
functional and def2-TZVP basis set with incorporated Conductor-like
Polarizable Continuum Model (CPCM) with a water solvent. The calcula-
tions were performed in Orca 5.0”. The electronic structures to determine
the g factors and the isotropic hyperfine interactions were calculated for the
negatively charged fluorescein radical and positively charged radicals of the
target molecules.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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