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Abstract
In-cell NMR, i.e., NMR spectroscopy applied to studying specific macromolecules within living cells, is becoming the 
technique of choice for the structural and mechanistic description of proteins and nucleic acids within increasingly complex 
cellular environments, as well as of the temporal evolution of biological systems over a broad range of timescales. Further-
more, in-cell NMR has already shown its potentialities in the early steps of drug development. In this Perspective, we report 
some of the most recent methodological advancements and successful applications of in-cell NMR spectroscopy, focusing 
particularly on soluble proteins. We show how the combination of the atomic-level characterization of NMR with its appli-
cation to a cellular context can provide crucial insights on cellular processes and drug efficacy with unprecedented level of 
detail. Finally, we discuss the main challenges to overcome and share our vision of the future developments of in-cell NMR 
and the applications that will be made possible.

Keywords Nuclear magnetic resonance · NMR spectroscopy · In-cell NMR · Cellular structural biology · Proteins · 
Intracellular environment

1 Introduction

Biological systems are highly complex machineries. Under-
standing their inner workings is critical when developing 
therapeutic approaches to treat pathologies. To this aim, 
the structure and mechanism of their molecular compo-
nents need to be investigated at atomic resolution. In the 
past 70 years, Structural Biology has been instrumental for 

understanding the structure and dynamics of biological mac-
romolecules, determining how they work, and providing the 
necessary knowledge to develop more effective and specific 
drugs. However, structural and functional characterization is 
usually done in vitro on isolated macromolecules, therefore 
far from their physiological context. A holy grail of mod-
ern Structural Biology is indeed the ability to investigate 
at atomic resolution macromolecules in their native envi-
ronment, where their functional interactions are preserved. 
Among the existing structural biology techniques, X-ray 
crystallography, Nuclear Magnetic Resonance (NMR) spec-
troscopy and cryo-electron microscopy, NMR stands out as 
the only one able to obtain information on macromolecular 
structure, kinetics and dynamics at the atomic level in solu-
tion. Even more importantly, it can do so in a nondestructive 
manner, thanks to the low energy of the electromagnetic 
radiations employed: radio waves (~  10–6 eV) have energies 
much lower than the thermal energy at room temperature 
(~  10–2 eV), unlike X-rays (~  104 eV) and accelerated elec-
trons (~  105 eV). For the above reasons, NMR spectroscopy 
has since its birth been constantly applied to living cells to 
study their chemical composition. However, NMR is intrin-
sically insensitive compared to other spectroscopic tech-
niques; hence, its application has been historically limited 
to abundant molecules, such as some metabolites present at 
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high concentration in cells. Continuous progresses in the 
NMR hardware and in the design of efficient pulse sequences 
have progressively increased the sensitivity of the technique, 
thus making possible its application to study specific mac-
romolecules of interest within the cellular environment. 
The latter approach, called in-cell NMR, was first demon-
strated on proteins recombinantly expressed in Escherichia 
coli (Serber et al. 2001), and in the following two decades 
has evolved, slowly but steadily, into a small branch of bio-
molecular NMR that actively develops novel approaches to 
provide structural and mechanistic insights on proteins and 
nucleic acids within increasingly complex cellular environ-
ments. In addition to structural analysis, in-cell NMR can 
investigate the temporal evolution of biological systems over 
a broad range of timescales. Thanks to this unique feature, 
the approach has been watched with interest by the Struc-
tural Biology community even while, in the meantime, huge 
advancements in resolution and sensitivity of cryo-electron 
microscopy and tomography sparked the “resolution revolu-
tion” (Kühlbrandt 2014). The developments and applications 
of in-cell NMR spectroscopy have been the subject of many 
reviews and opinion articles, including our own (Kang 2019; 
Luchinat et al. 2022; Luchinat and Banci 2022; Siegal and 
Selenko 2019; Theillet 2022; Theillet and Luchinat 2022). 
Such an extensive coverage has even raised some criticism, 
that it might create too high expectation in the scientific 
community, but clearly testifies to the high interest in the 
methodology. In this perspective, we summarize some recent 
key advancements and promising applications of in-cell 
NMR spectroscopy, with particular emphasis on the studies 
of soluble proteins in human cells, and we share our vision 
on the challenges and opportunities that the approach will 
meet in the near future.

2  Adding the fourth dimension to Cellular 
Structural Biology

As mentioned above, a key advantage of NMR applied 
to living cells/organisms is the possibility to study time-
dependent phenomena over a broad range of timescales: 
from molecular motions occurring in the nanosecond scale 
to cellular processes which take hours or days. NMR spec-
troscopy can conveniently study phenomena in the nanosec-
onds–seconds range by encoding the time information in the 
amplitude or frequency of the detected nuclear spins. Quan-
titative information on the dynamics of molecules such as 
tumbling, internal motions, chemical exchange with the sol-
vent and transient interactions with other molecules is then 
obtained from subsequent analysis of the signal amplitudes/
shifts (Kovermann et al. 2016). Such experiments are in gen-
eral applicable to macromolecules in living cells, and they 
have been instrumental to understand how protein folding 

and dynamics are affected by weak interactions with the cel-
lular environments (Li and Liu 2013; Monteith and Pielak 
2014; Theillet et al. 2016). In fact, understanding how such 
interactions, termed quinary structure, affect protein func-
tion has only recently been made possible by in-cell NMR 
(Majumder et al. 2015; Monteith et al. 2015; Mu et al. 2017).

Phenomena occurring in the seconds–days range are 
best studied as they happen by time-resolved NMR. In this 
approach, NMR spectra are continuously recorded providing 
a ‘movie’ from which the kinetics of functional processes 
can be derived from the change of signal amplitude/shift as a 
function of time. From the spectroscopy side, time-resolved 
acquisition of 1D NMR spectra is straightforward, and 
several methods have been developed to increase the time-
resolution of multidimensional NMR experiments without 
sacrificing sensitivity (Gołowicz et al. 2020). When applied 
to cells, the challenge arises from the need to keep them 
alive and metabolically stable for hours or even days in a 
non-ideal condition, i.e., densely packed in a narrow glass 
tube placed inside the NMR spectrometer. In these condi-
tions, cells rapidly undergo starvation and hypoxia, caus-
ing changes of intracellular pH, chemical composition and 
redox homeostasis, which prevent the correct interpretation 
of the results. Moreover, dead cells easily rupture and release 
the molecule of interest, thus invalidating the experiment 
(Barnes and Pielak 2011).

To overcome this limitation, NMR bioreactors have been 
introduced. An NMR bioreactor usually consists of a flow 
cell shaped like a normal NMR tube in which the cells are 
confined, e.g., by hydrogel encapsulation, and perfused with 
a continuous flow of medium that provides fresh nutrients 
and oxygen, and removes the by-products of cell metabo-
lism. Several bioreactor designs have been proposed for 
in-cell NMR applications, which fit modern 5-mm NMR 
cryogenic probes and can be applied to both bacteria and 
insect/mammalian cells (Barbieri and Luchinat 2021; Burz 
et al. 2019; Cerofolini et al. 2019; Kubo et al. 2013; Sharaf 
et al. 2010). Such devices have enabled real-time monitor-
ing of cell metabolism (Carvalho et al. 2019; Hertig et al. 
2021), intracellular protein–ligand interactions (Breindel 
et al. 2020; Luchinat et al. 2020, 2021b) and protein redox 
state regulation (Mochizuki et al. 2018), while keeping 
the cells viable for up to three days (Fig. 1). Despite these 
advancements, current NMR bioreactors are still experimen-
tal, custom-made devices. Future NMR bioreactors should 
adhere to community-defined minimum specifications, such 
as the ability to control medium composition, pH and dis-
solved  O2/CO2 (Hertig et al. 2021), and to ensure uniform 
cell perfusion, and should be further engineered, e.g., to 
allow fast injection of reagents independent of the medium 
flow. Furthermore, to study physio/pathologically relevant 
tissue culture models, biomimetic hydrogels (Prince and 
Kumacheva 2019) and/or 3D scaffolds (Chung et al. 2020) 
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similar to those used in regenerative medicine should be 
implemented, as they are better suited for cell adhesion and 
tissue growth with respect to agarose, alginate and other 
polymers commonly used. Finally, in long term, minia-
turization and parallelization of flow systems might allow 
simultaneous detection of multiple cell samples, and could 
combine the benefits of a perfusion system with the higher 
throughput of interleaved metabolic analysis of ‘static’ cell 
samples, which has been recently demonstrated (Alshamleh 
et al. 2020).

3  The strive for physiologically relevant cell 
models

The main rationale for studying a biomolecule of interest 
in cells is that the cellular environment is preserved. When 
studying non-specific effects, such as macromolecular 
crowding or electrostatic interactions, the exact composi-
tion of the cellular milieu might not be critical. Such studies 
have therefore been mostly carried out in E. coli, in which a 
protein can be recombinantly expressed at high levels. How-
ever, for functional studies, the inside of a bacterial cell is 
clearly very different from that of yeast, and both of them 
differ from a human cell (Barbieri et al. 2015). Hence, when 
investigating a protein involved in functional interactions, 
one may want to mimic as much as possible the environment 
of the source organism.

Much effort has been put into enabling NMR studies of 
macromolecules, both proteins and nucleic acids, in eukary-
otic and eventually human-derived cells. Because NMR is 
an intrinsically insensitive technique, an additional challenge 
arises: the physiological abundance of most macromolecules 
is not sufficient, and must be increased to concentrations 

above ~ 5 µM, regardless of the cell type. Furthermore, to 
avoid interference from the other molecules present in the 
cell, isotope labeling of the target molecule becomes com-
pulsory. In bacteria and yeast, these requirements are met 
when a protein is recombinantly expressed in isotope-labeled 
medium. In other eukaryotes, however, protein expression is 
less straightforward, therefore methods have been developed 
to deliver a protein or nucleic acid into the cells. Exogenous 
molecules can be microinjected in Xenopus laevis oocytes, 
owing to their large size (Sakai et al. 2006; Selenko et al. 
2006), whereas in human cells, isotope-labeled macromol-
ecules can be delivered to NMR-compatible levels using 
cell-penetrating peptides (Inomata et al. 2009), pore-forming 
toxins (Ogino et al. 2009), or by electroporation (Dzatko 
et al. 2018; Theillet et al. 2016). Alternatively, it has been 
shown that proteins can be directly overexpressed in insect 
and human cultured cells (Fig. 2). In insect, this was made 
possible by employing the highly efficient baculovirus sys-
tem to infect the cells with coding DNA (Hamatsu et al. 
2013), while in human cells an expression approach rely-
ing on an efficient and cost-effective DNA transfection was 
pioneered by our research group (Banci et al. 2013). Deliv-
ery and expression strategies have different advantages and 
shortcomings, which make them complementary. Delivery 
is currently the only viable approach for in-cell NMR of 
nucleic acids; it provides excellent isotope-labeling selec-
tivity and, electroporation in particular, has been applied to 
different human cell lines. On the other hand, protein deliv-
ery is quite labor intensive: many cells and large amounts 
of highly concentrated pure protein are required for each 
sample preparation. Furthermore, each new protein requires 
extensive optimization to ensure efficient delivery, and many 
proteins fail altogether due to aggregation at high concen-
tration, interactions with the plasma membrane preventing 

Fig. 1  NMR Bioreactor. A From left to right: cells embedded in 
hydrogel, shown before (top) and after (bottom) 72 h of NMR acqui-
sition under flow conditions, are confined in the active volume of a 
flow unit, where they are perfused by a constant flow of nutrients, 

allowing continuous acquisition of in-cell NMR data. B Real-time in-
cell.1H NMR spectra (top) show signal intensity changes over time 
and can be analyzed to monitor intracellular events, such as protein-
drug interactions, in real time (bottom)
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delivery or denaturation during electroporation. Conversely, 
protein expression is much less protein dependent: many 
different proteins can be overexpressed at high levels, and 
once the expression is established, large sets of mutants can 
be easily investigated. Furthermore, it is much faster and less 
labor intensive than protein delivery, as protein purification 
is not required, and a small-scale culture is sufficient for 
each sample. On the other hand, the approach is not suited to 
nucleic acids, high-level protein overexpression is limited to 
specific insect (Sf9) and human (HEK293T) cell lines, cell 
metabolism causes partial isotope labeling of other cellular 
components resulting in background signals in the NMR 
spectra, and no artificial protein chemical modifications 
(e.g., spin labels) are possible.

Set aside the specific advantages of each strategy, all 
methods described above have been optimized towards 
reaching high enough levels of macromolecule to allow 
NMR detection. However, the ultimate objective of any in-
cell NMR approach should be to reproduce as much as pos-
sible the real-life cellular environment. In this respect, the 
intracellular levels of the investigated molecule should not 
be increased to the point that its function (or its interaction 
with the environment) is perturbed, as in that case the very 
reason for performing in-cell NMR would be lost. Therefore, 
in general, an important challenge for future applications of 
in-cell NMR approaches will be to make possible the detec-
tion of lower, close-to-physiological levels of the molecule 
of interest. The NMR bioreactor (see the previous section) 
already provides a means to compensate for lower levels, 
by increasing the overall acquisition time. In the long term, 
efforts should also focus towards increasing the raw sensi-
tivity of NMR applied to biological samples (see the next 
section). With higher sensitivity, more approaches for both 
delivery and expression that would fail today will become 
viable. In this respect, we believe that direct protein expres-
sion holds greater potential, as it ensures that the protein 
undergoes native-like steps of biosynthesis, folding, cofactor 
binding and further maturation/translocation to specific cel-
lular compartments. Once the threshold for detectability is 

lowered, advanced genome editing methods already widely 
adopted by the cell biology community, that allow intro-
ducing and/or replacing DNA elements at specific positions 
in the host genome of cultured human cells, will be appli-
cable to NMR studies (Li et al. 2020). We predict that the 
combination of stable transfection and inducible protein 
expression will make possible to obtain protein expression 
at homogeneous, NMR-accessible levels in physio/patho-
logically relevant cell culture models, which could be further 
manipulated, e.g., by inducing the formation of 3D cultures 
in the form of spheroids and eventually organoids, that bet-
ter reproduce the behavior of normal and cancerous tissues 
(Rossi et al. 2018; Zanoni et al. 2020).

4  The ultimate challenge: making 
the invisible… visible

As discussed above, one main limitation of NMR spectros-
copy is its intrinsic poor sensitivity. To further complicate 
things, large molecules in solution tumble much slower than 
small molecules. Their slower motion increases the rate of 
nuclear spin transverse relaxation, causing extensive line 
broadening, which gets worse with the molecular size and 
does not improve at higher fields. In cells, if the observed 
protein interacts with other cellular components—which 
is often the case—the relaxation broadening increases due 
to the fact that the average tumbling rate of the protein is 
decreased, irrespective of its molecular size. In case of inter-
actions with abundant and/or large partners, the effect is 
exacerbated to the point that NMR detection is no longer 
possible.

NMR experiments tailored for the detection of large 
macromolecules in vitro, which exploit transverse cross-
relaxation phenomena (TROSY- and CRINEPT-type NMR 
experiments (Riek et al. 2000)), can improve in-cell spec-
tral resolution and sensitivity at high fields (Luchinat et al. 
2021a; Majumder et al. 2015), but would still fail in the 
case of large intracellular complexes. In vitro, extensive 

Fig. 2  Protein expression in human cells. From left to right: human 
cells are first seeded in a culture flask and grown in unlabeled 
medium for 24 or 48 h; subsequently, the cells are transiently trans-

fected with the genes of interest; protein expression is carried out for 
48 h in isotope-labeled medium; cells are collected and analyzed by 
in-cell NMR
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deuteration of large molecules substantially decreases the 
transverse relaxation of the remaining 1H nuclei, and could 
offer a solution for interacting proteins in cells. Indeed, it 
has been shown that deuterated proteins, either expressed 
and analyzed in bacteria or delivered to human cells, can be 
detected by NMR and allow studying the interactions with 
the cellular environment (Majumder et al. 2015). In insect 
and human cells, direct expression of perdeuterated proteins 
is not possible due to the toxicity of 2H2O and the fact that 
all medium components need to be deuterated as well. How-
ever, because these cells are unable to synthesize most of the 
amino acids, amino acid type-selective labeling schemes are 
possible. In vitro, it has been shown that selective 1H,13C 
labeling of methyl groups of hydrophobic amino acids 
(Ala, Val, Leu, Ile, Met) with a deuterated side chain are 
extremely powerful probes when studying large molecules 
(Kerfah et al. 2015; Schütz and Sprangers 2020). Methyl-
labeled amino acids can be supplemented in  H2O-based 
media; therefore, we envision that similar isotope-labeling 
schemes will improve the detection of interacting proteins 
expressed in human cells (Fig. 3).

Recently, 19F NMR has emerged as an ideal probe for 
observing specific molecules in living cells. In terms of 
sensitivity, the 19F nucleus is second only to 1H, and impor-
tantly fluorine is not present in living systems, and there-
fore analysis of fluorinated molecules in cells is free from 
any cellular background interference. Such characteristics 
makes it a powerful alternative to 1H for investigating large 
complexes in living cells. Indeed, it has been shown that 
proteins expressed in bacteria with fluorinated amino acids 
are clearly detected, both directly in bacteria and upon deliv-
ery into human cells, also in the presence of interactions 
(Ye et al. 2013; Zhu et al. 2022). We have further extended 
the application of 19F NMR to proteins expressed in human 
cells: we showed that fluorinated aromatic amino acids 
(3-F-Tyr, 4-F-Phe, 5- and 6-F-Trp) are easily incorporated 
in the expressed proteins after switching the unlabeled 
expression medium with one where a selected amino acid 
is replaced with its fluorinated homolog (Fig. 3). Several 
proteins, including those that could not be detected in cells 
by 1H NMR due to extensive interactions, were success-
fully observed by recording simple 1D 19F NMR spectra, 
allowing the observation of intracellular protein–protein and 

Fig. 3  Existing and future labeling strategies applied to target-based 
drug screening in cells. For in vitro and in-cell NMR detection, pro-
teins are typically labeled with 13C (light blue) and 15N (pink) iso-
topes (top left). However, large proteins or proteins interacting with 
large cellular components cannot be detected with such labeling 
schemes due to severe line broadening. Methyl-13C labeling (light 
blue) of specific amino acids coupled with side-chain deuteration 
(light orange, top right) can overcome the issue and allow detection 

of otherwise invisible proteins. The incorporation of amino acids 
containing a fluorine atom (lime green, bottom) also allows the detec-
tion of interacting proteins by 1D.19F NMR. An exemplary applica-
tion of protein-detected in-cell NMR is in-cell drug screening, where 
compounds active in vitro (left) are screened to select the most active 
ones in a cellular setting for subsequent preclinical tests (right) (color 
figure online)
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protein–ligand interactions (Pham et al. 2023). Importantly, 
the above works may contribute to unlock the full potential 
of the 19F nucleus for detecting ‘invisible’ macromolecules 
in human cells: by combining 19F incorporation with 13C 
enrichment in specific aromatic side chain positions, 13C-
19F TROSY effect could be exploited, which will further 
enhance the resolution and sensitivity of 13C-, 19F- or even 
aromatic 1H-detected NMR spectra (Boeszoermenyi et al. 
2019), allowing detection of increasingly large intracellular 
complexes.

Concerning the application of 19F NMR to drug screen-
ing in cells, 19F-detection has been shown to be a promising 
alternative to 1H-detection to observe target proteins (see 
above) and nucleic acids (Krafčík et al. 2021). In vitro, how-
ever, 19F is more often employed in ligand-observed drug 
screening approaches: fluorine atoms are commonly found 
in libraries of chemical compounds or fragments, as well as 
in many approved drugs, and make possible to efficiently 
screen for target binding, as the shape and frequency of the 
19F signals are highly sensitive to the interaction with the 
target (Buchholz and Pomerantz 2021; Dalvit and Vulpetti 
2019). Therefore, we anticipate that 19F will enable ligand-
detected in-cell NMR approaches, which will complement 
target-detected experiments in the study of ligand–target 
interactions, and will make possible to directly and selec-
tively observe an uncharacterized compound, or a reference 
ligand, as it penetrates the cells and binds the intracellular 
target. Small molecules harboring fluorinated functional 
groups with favorable relaxation properties, such as –CF3, 
should allow detecting target binding with high sensitivity, 
even when the target itself is invisible. These approaches 
will be very useful for in-cell drug screening applications 
against NMR-invisible targets.

5  Long‑term visions of (in‑cell) NMR

The advancements described above will expand the capa-
bilities of NMR to investigate macromolecules involved 
in increasingly large complexes within the cells. However, 
they do not overcome the main limitation of NMR spec-
troscopy: sensitivity. Over the years, the capabilities of 
high-field NMR instruments have improved greatly, both in 
terms of hardware (higher magnetic fields provide higher 
sensitivity) and NMR pulse sequences, making possible to 
record in minutes/hours data that previously required days/
weeks. Despite this, at concentrations lower than few tens 
of µM, which is that of abundant cellular proteins, sensi-
tivity remains a bottleneck. Even in the best-case scenario 
for transverse relaxation, which is that of (non-interacting) 
intrinsically disordered proteins, concentrations of the order 
of µM are necessary. This limits the application of NMR to 
proteins which are artificially overexpressed or delivered at 

higher levels than their natural abundance. However, over-
coming this limitation is no easy task. Approaches relying 
on hyperpolarization of the nuclear spins might provide 
the required boost in sensitivity (Eills et al. 2023). Cur-
rently, nuclear hyperpolarization is best achieved in the 
solid phase. Enhancement of solid-state NMR signals by 
Dynamic Nuclear Polarization (DNP) is nowadays an estab-
lished technique, and provides important atomic-resolution 
insights on the structure of proteins in cryopreserved cells 
or in native membranes (Kaplan et al. 2016; Narasimhan 
et al. 2019). In solution, a reagent hyperpolarized by DNP 
can be rapidly dissolved and injected in the sample where it 
undergoes chemical reactions, the products of which can be 
detected with high sensitivity. However, the short lifetime 
of the hyperpolarization limits dissolution-DNP applications 
to very fast real-time measurements of metabolic pathways 
(Jannin et al. 2019). Other approaches could reveal more 
suitable for applications to cells, such as photo-chemically 
induced DNP (photo-CIDNP), where the hyperpolarization 
is provided continuously by a photochemical reaction occur-
ring within the sample. Photo-CIDNP allows NMR detection 
of molecules in solution at nanomolar concentrations (Yang 
et al. 2022), and in principle it could be applied to living 
cells, provided that suitable conditions are found to sustain 
the required photochemical reaction without compromising 
cell viability (Fig. 4). Overall, these hyperpolarization meth-
ods in solution are still in the initial stage of development, 
and their applicability to NMR of macromolecules in living 
cells is yet to be demonstrated.

Finally, cellular applications of NMR spectroscopy could 
benefit from the development of new types of probes. In this 
respect, we envision that probe designs substantially differ-
ent from the current state of the art will have to be developed, 
moving towards miniaturization/parallelization by exploiting 
different coil designs, such as microcoils (Bastawrous et al. 
2022). Microcoils would allow the analysis of smaller cell 
populations, such as cells that cannot be easily grown in 
large numbers, or single spheroids/organoids, while parallel-
ization could enable simultaneous measurement of multiple 
samples (Kupče et al. 2021). Furthermore, redesigned NMR 
bioreactors could exploit microfluidics to perfuse simultane-
ously multiple cell samples (Fig. 4). Clearly, such futuristic 
designs will only be of use if coupled with methods to boost 
the NMR signal, such as photo-CIDNP described above, to 
be able to detect signals from small sample volumes.

6  Conclusions

In this perspective, we started with an overview of what 
in-cell NMR can do today, in the context of the current (Cel-
lular) Structural Biology field, we analyzed the technical and 
methodological challenges that will have to be overcome 
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to allow broader application of in-cell NMR and, finally, 
we envisioned some of the possible future developments of 
the methodology. We intentionally did not focus on specific 
applications, as these have been extensively covered in other 
reviews. In general, however, we strongly believe that future 
cellular NMR applications will be instrumental to obtain 
biologically relevant insights on macromolecular dynamics 
and kinetics in native cellular compartments, cells and tis-
sues, will greatly advance the understanding of molecular 
mechanisms involved in human diseases and in antimicrobial 
resistance, and will aid in the development of more efficient 
therapeutics.
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tions or even single cells. C Probes designed for simultaneous detec-
tion of multiple samples using parallel microcoils could be coupled 
with a flow apparatus for the injection and perfusion of multiple cell 
samples, while an optical fiber would allow light excitation of the 
samples. Physiologically and pharmacologically relevant samples that 
could be analyzed with such a device include organoids D and sphe-
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