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as a new paradigm for monitoring
of solution and solid phase peptide synthesis†

Chunhui Yan, Calum Fyfe,‡ Laura Minty,‡ Henry Barrington, Craig Jamieson *
and Marc Reid *

We report a strategy for the camera-enabled non-contact colourimetric reaction monitoring and

optimisation of amide bond formation, mediated by coupling reagents. For amide bond formation in

solution phase, investigation of reactions mediated by HATU, PyAOP, and DIC/Oxyma evidenced

correlations between colour parameters extracted from video data and conversion to amide product

measured by off-line HPLC analysis of concentration. These correlations, supported by mutual

information analysis, were further investigated using video recordings of solid phase peptide synthesis

(SPPS), co-analysed by off-line HPLC to track remaining unreacted substrate in solution. An optimisation

method of coupling time in SPPS was derived from DE (a measurement of colour contrast), giving

comparable isolated peptide yield and purity at 65–95% reduced overall reaction time. The same colour

data enabled data-rich monitoring of reaction rate attenuation, consisted with computationally-derived

measures of amino acid steric bulk. These findings provide a foundation for exploring the use of camera

technology and computer vision towards automated and online mechanistic profiling of SPPS.
1 Introduction
1.1 Amide formation strategies

Amides are one of the most frequently occurring functional
groups in pharmaceutically-relevant chemistry, requiring reli-
able synthetic transformations to make them.1–3 Their prepa-
ration generally requires activation of the carboxylic acid to
promote a condensation reaction (Fig. 1).4 The acid is typically
activated in the form of an acyl chloride (Fig. 1A), acyl azide
(Fig. 1B), anhydride (Fig. 1C and D), or active ester (Fig. 1E).
Despite presenting one of the simplest methods of activation,1

the acyl chloride approach comes with a major drawback in the
release of HCl, limiting applications involving acid-labile
substrates.4 At elevated temperatures, using acyl azides can
result in peptide urea byproducts (Curtius rearrangement,
Fig. 1B), which are difficult to separate from the desired
product.5 When using symmetric anhydrides (Fig. 1C), only half
of the parent acid is coupled, wasting the other half, while
regioselectivity between the two electrophilic positions of
a mixed anhydride (Fig. 1D) can lead to inefficiencies. While
these methods still see use in industry, these drawbacks have
directed our focus towards amidations mediated by coupling
reagents. Specically, we explored new amide reaction
d Chemistry, University of Strathclyde,

.ac.uk; marc.reid.100@strath.ac.uk

tion (ESI) available. See DOI:

is work.

880
monitoring methods using 1-hydroxy-7-azabenzotriazole
(HOAt)-based coupling reagents, as these are arguably the
most important class of available amide bond forming methods
(Fig. 1E).
1.2 HOAt-based coupling reagents

Amidation reactions involving coupling reagents6 oen produce
distinct colour changes as a result of the anionic by-product.7,8

In our case, coupling reagents based on HOAt (Fig. 2)9 change
from colourless to yellow, as the reaction progresses. A range of
aminium/uronium or phosphonium reagents have since been
Fig. 1 A representative overview of amide bond-forming strategies.
Boxed example: our investigation focused on developing new ways to
monitor HOAt coupling agent-mediated amidations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (Top) Structure of HOAt and HOAt-based coupling reagents.
(Bottom) General reaction scheme of HATU (HOAt-based) amide
coupling reaction. The acid is first converted to active OAt ester by
coupling reagent HATU, under basic conditions. The amine nucleo-
phile then reactions with the activated OAt ester to give the amide
product and yellow anionic OAt by-product.

Fig. 3 (Top) Conceptual overview of Kineticolor. From video
recordings of chemical reactions, the pixel data are converted into
colour models such as CIE-L*a*b* (dotted box, bottom right) to
generate kinetic profiles from colour. (Bottom left) The non-contact
computer vision approach to reaction kinetics is built to complement
molecularly specific, often probe-based in situ reaction monitoring
methods.
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developed and become widely available, to improve stability and
ease of handling.5,6,10 Fig. 2 presents the proposed mechanism
for amide coupling reactions mediated by HOAt-based reagents,
using HATU as an example. The acid substrate is activated as
the OAt ester which then reacts with the amine nucleophile. The
HOAt anion released during the reaction is yellow, providing
a colorimetric indicator of reaction progress. To the best of our
knowledge, related acylation phenomena have only been
monitored by Sheppard, whose team fashioned a photometer to
monitor resin yellowing in a column reactor.11 More broadly,
UV-vis spectroscopic methods have been applied to solid phase
peptide synthesis.12–15 However, to date, these colour changes
have not been widely used for online quantitative monitoring of
amide and peptide synthesis using readily-accessible camera
technology.

1.3 Monitoring methods for solid phase peptide synthesis
(SPPS)

The incentive to investigate new approaches to monitoring
amide formation was driven by the need for more direct,
adaptable, digital-ready, non-contact methods of monitoring
SPPS. There are two main reactions in the SPPS cycle – Fmoc
deprotection and amide coupling. Both can be monitored by
halting the reaction and taking samples for off-line analysis.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The quality of the intermediate peptide (anchored to the solid
phase resin) can be checked, either by HPLC aer acidic
cleavage of the peptide from the resin, or directly on resin by
IR.16 The Kaiser test,17 and modern variations thereon,18 are
oen used to provide a colorimetric test for the present of
unreacted amine aer an SPPS step has concluded. These
monitoring methods require the user to pause the synthesis
process, making turnover time slow and difficult to automate,
during reaction optimisation. Thus, several methods have been
reported to provide real-time monitoring based on the electro-
chemical property changes,19 or physical properties, such as
pressure,20 UV absorbance,21 and refractive index.22 During the
revision of this manuscript, Wang and co-workers released
a study demonstrating the value of NMR kinetics in elucidating
mechanistic aspects of amide coupling.23 For monitoring of
liquid phase peptide synthesis, Livingston's team have reported
a powerful advance in UHPLC-MS.24 Gómez-Bombarelli and
Pentelute have demonstrated the value of UV-vis analysis of in-
ow Fmoc deprotection reactions to generate data-rich input to
build predictive deep learning insights for Fmoc deprotection
efficiency.15,25 Otake and co-workers have demonstrated the
value of in-line near infrared (NIR) ow cells as a means of
tracking liquid phase peptide synthesis in ow.26

We used our recently-developed imaging kinetics soware,
Kineticolor,27,28 to provide camera-enabled ex situ (non-contact)
reaction monitoring (Fig. 3). Looking towards complementing
(not replacing) known reaction monitoring methods used in
amide and peptide synthesis, we sought to demonstrate the
ability to derive useful kinetic information from the visible bulk
of the reactor, and not the molecular specics typically captured
by established in situ or offline techniques.29 In this study, we
focus on the development of kinetic computer vision methods
to support reaction monitoring in both liquid and solid phase
peptide synthesis.
Chem. Sci., 2023, 14, 11872–11880 | 11873
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1.4 Computer vision for analytical chemistry

Computer vision for analytical chemistry (CVAC)30,31 is
frequently used through single image analysis techniques,
providing a promising means of non-invasive analysis using
digital camera technology. Comparatively, the extraction of
time-dependent colourimetric information from videos of
chemical reactions is less mature.32–39 In a previous study, our
computer vison-enabled reaction monitoring method helped
develop the understanding of palladium catalyzed borylation
and catalyst degradation phenomena from colourimetric time
proles of the reaction bulk.28 The same methods have since
been extended to tracking the impact of reaction scale-up on
mixing times for process chemistry applications.27 Considering
the colour change evident in amide coupling reactions, we
aimed to expand the application domain of non-contact video
analysis to the widely-used amidations described above, for
both solution and solid phase reaction environments.
2 Results and discussion
2.1 Amide coupling reactions in the solution phase

The rst amide coupling reactions to bemonitored by video and
analysed with the Kineticolor soware focused on HATU, one of
the most commonly used amide coupling reagents. These
reactions formed our initial proof-of-concept.4,6,40 In order to
enable off-line HPLC analysis, we employed a sterically
encumbered amine to slow the rate of amide bond formation,
and thus the release of coloured OAt anion. Under the condi-
tions shown in Fig. 4, HPLC analysis captured a gradual
increase in the amide product over 3 hours. A colourless to
Fig. 4 HPLC and DE plots of HATU mediated reactions. (Left) Results
when initiating the reaction with DIPEA addition. (Right) Results using
the amine coupling partner as trigger. Conversion is shown as
percentage, calculated by HPLC using 9,9-dimethlyfluorene as
internal standard.

11874 | Chem. Sci., 2023, 14, 11872–11880
translucent yellow colour change was observed. As described in
our earlier reports, the video recording was analysed using
a range of colour models27,28 Delta E (or DE), a measure of colour
change, was derived from the CIE-L*a*b* colour space (Fig. 3),
and calculated over time. In this calculation, each video frame
was referenced against the rst. Therefore the calculated DE
value compares the analysed frame's colour to the colour of the
rst frame. As hypothesised, this approach enabled ex situ
capture of the colourless to yellow colour change, registering
a DE of approximately 60 (a relatively high, visible contrast
change) over the 3 hour recording period.

The OAt anion is produced by formation of the active ester,
prior to the addition of the amine and also during the amide
bond forming step itself (Fig. 2, bottom). As a result, activation
times were used to examine the impact this has on the colour
changes captured (Fig. 4). Triggering the reaction with the
amine, rather than the base, produced distinct HPLC concen-
tration and DE proles, by visual inspection. With either trigger,
the visual agreement of the HPLC and camera-derived trends
remained the same – as conversion by HPLC slowed down,
contrast changes by DE also plateaued. Interestingly, the overall
contrast change is higher for the base-than for the amine-
activated coupling (Fig. 4, le versus right, respectively). The
lower overall DE value of 20 observed over the amine-triggered
reaction indicated that the colour at the start of the video
recording was closer to the colour at the end, while the base-
triggered reaction (DE = 60) produced a larger colour change.
The more perceptually distinct the reaction start and end
colours, the higher the DE.

While analysis in Fig. 4, and indeed much of our discussion,
focuses on the CIE-L*a*b* colour space, Kineticolor analysis
captures 12 parameters spanning the CIE-L*a*b*, RGB, HSV,
and XYZ colour spaces, as well as several derived parameters,
including DE. To explore possible correlations with HPLC
analysis, we performed Mutual Information (M.I.) analysis to
rank the likelihood of their being any relationship between the
independently collected video and HPLC data, linear or other-
wise. We did this for three commonly applied coupling
reagents. As depicted in Fig. 5, HATU-, PyAOP-, and DIC/Oxyma-
mediated couplings evidenced high-ranking, non-zero M.I.
scores for saturation (HSV), Lightness (CIE-L*a*b*), and
a* (CIE-L*a*b*), respectively. These colour parameters
produced correlations with HPLC, inferring that the non-
contact camera data may be used as a useful proxy of offline
concentration measurements of reaction progress (Fig. 5,
bottom). These further experiments, using alternative coupling
reagents to circumvent the problematic health issues of using
HATU,41 form a broader proof-of-concept, which has revealed an
encouraging generality in the video based approach to moni-
toring amide coupling.
2.2 Amide coupling reactions in the solid phase

We subsequently investigated the applicability of this imaging-
based reaction monitoring method to solid phase peptide
synthesis (SPPS). Owing to the use of resin-bound reactants,
SPPS presents unique mixing challenges and in situ monitoring
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (Top) Generalised scheme of the amide coupling used to
investigate correlations between colour measurements and offline
HPLC analyses when employing various coupling reagents. (Middle)
Ranked and normalised Mutual Information scores, comparing colour
parameters with HPLC data, making no assumption of a linear rela-
tionship. A score of zero (0) infers that the colour parameter and HPLC
data are completely independent of one another and not correlated.
The comparison of product (%, by HPLC) against itself denotes the
maximum M.I. score of 1 and is shown in red for reference. (Bottom)
Inverse single component linear regression and leave-one-out (LOO)
cross-validated models using the top-ranking (by M.I.) colour
parameter and HPLC data, for each employed coupling reagent,
HATU, PyAOP, and Oxyma.

Fig. 6 SPPS reaction of using Rink amide resin. In both examples, the
amidation step is monitored by camera and HPLC off-line analysis. The
HPLC data are plotted as open blue circles. The video-derived DE
results are co-plotted as the orange lines.
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constraints, further incentivising exploration of the non-
invasive reaction monitoring methods.

In keeping with the solution-phase processes above, the
resin was loaded with Fmoc-protected, sterically-encumbered
amino acids. Given that the product synthesised through
SPPS is linked to the resin, the formation of product cannot be
directly monitored by HPLC analysis of samples taken from
solution. Usually, the product is cleaved from the resin under
acidic conditions. To avoid errors arising from work-up, it was
assumed that conversion to product was proportional to
unreacted substrate remaining in solution (based on measured
correlations; see ESI†). HPLC was used to analyse unreacted
solution-phase substrate for comparison with video-derived
analysis of the SPPS reaction medium.

The hindered a,a-disubstituted substrates 1 and 2 (Fig. 6),
were each loaded onto Rink amide resin and reacted with Fmoc-
Ala-OH using PyAOP as the coupling reagent. In both cases,
qualitative visual inspection of the co-plotted HPLC and DE
© 2023 The Author(s). Published by the Royal Society of Chemistry
proles indicated that the amidation event was completed
within 10min, suggesting the approx. 2 h reaction time could be
appreciably optimised. These ndings would later be applied in
the optimisation of the solid-supported synthesis of three
peptide sequences (see Section 2.3 onward).

We next investigated the qualitative use of video-based
reaction monitoring to assess structure–activity relationships
in SPPS, looking specically at a small series of amine nucleo-
philes of increasing size, 1–4 (Fig. 7). Guided by M.I. analysis
(see ESI†), colour saturation (HSV colour space) was one of
several colour parameters evidencing high mutual information
with HPLC data. The normalised saturation data increased
more rapidly with time across the nucleophile series, in the
order 1 > 2 > 3 > 4, from smallest nucleophile to largest (Fig. 7,
le). These colourimetric rate data were also qualitatively
consistent with the computationally-derived B1 Sterimol
parameter,42 capturing proximal steric bulk43–45 perpendicular
to the C–N bond of the primary amine nitrogen, revealed aer
Fmoc deprotection. As the B1 Sterimol parameter increased
from substrate 1 to 4, the observed rate of change of colour
decreased across the series. To the best of our knowledge, this is
the rst demonstration of video recordings of the macroscopic
(bulk) reaction progress being shown to correlate, even quali-
tatively, to cheminformatic parameterisation of reactants.

It should also be noted that these rate differences captured
on video (Fig. 7) occurred within the rst 200 s (3 min) of each
reaction. The HPLC concentration data did not capture these
rate differences with the same data density due to the lower
temporal resolution of samples taken for HPLC analysis. This
difference in rate of data capture between video and offline
measurements of the same reaction highlights the comple-
mentary value added by online reaction monitoring via video
recording of reaction bulk. While sampling captures
Chem. Sci., 2023, 14, 11872–11880 | 11875
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Fig. 7 (Left) Normalised co-plot of the saturation parameter tracked
for reactions with amino acid nucleophiles 1–4, with increasing steric
encumbrance, as measured by the Sterimol B1 parameter. The rate of
change of saturation is consistent with the interpretation that coupling
reaction rate decreases with increasing substrate size. (Right) Sche-
matic depiction of Sterimol B1 as the shortest distance perpendicular
to the primary C–N bond axis defined by the nucleophilic amine
center. B1 is used as the measure of sterics least affected by confor-
mational influences, as is known for alternative Sterimol parameters B5
and L.
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molecularly-specic concentration data (HPLC), the video
captures macroscopic details with several orders of magnitude
more data captured per second.

To further investigate the value of our video-derived reaction
monitoring method, SPPS reactions with resin-bound diethyl
glycine substrate, 3, were repeated using different excesses of
the Fmoc-Ala-OH coupling partner, from 1 up to 4 equivalents
relative to 3 (Fig. 8). Comparing reactions over 1 hour, HPLC
Fig. 8 Effects of Fmoc-Ala-OH concentration on coupling reaction
rate with 3. As Fmoc-Ala-OH concentration was increased, the rate of
its conversion increased. The video-derived DE versus time profiles of
the same reactions show a trend consistent with that captured by
HPLC.

11876 | Chem. Sci., 2023, 14, 11872–11880
and DE proles followed similar trends, each increasing with
the number of equivalents of Fmoc-Ala-OH added.
2.3 Optimising the synthesis of Enkephalin

To investigate the application of video-derived colour proling
to the optimisation of amide coupling time, Enkephalin was
synthesised via SPPS, following a standard procedure, employ-
ing a 5-fold excess of substrate and 2 to 3 hours of coupling
reaction time per step (Fig. 9, top). An exemplar DE prole from
the unoptimised coupling step 4 is shown in Fig. 9 (bottom le).
From visual inspection, as was rst made apparent in Fig. 6,
coupling reactions oen exhibited a plateau of colour change
sooner than the several hours originally allotted to each unop-
timised coupling step. It was hypothesised that the reaction
times for many of the steps in peptide synthesis could be
reduced without detriment to the yield of product peptide
recovered aer cleavage from the resin.

To determine an approximate colourimetric end point or
threshold minimum rate of colour change of amide coupling
from the computer vision data, indicating the amide coupling
end point, plateau detection algorithms were explored. A
plateau or threshold minimum rate of change was dened at
the point when the rolling average of the gradient was below
a target threshold (0.0005–0.004 DE/s) for a target duration
(3 min). The estimated plateau start times were then used to
guide the maximum possible reduction in reaction time.
Fig. 9 (Top) General reaction scheme of synthesising Enkephalin
(bonded to resin; sequence: Y-G-G-F-L via solid phase peptide
synthesis. (Bottom) Plateau analysis red dashed line) on DE profiles for
step 4 in the synthesis. Plateau calculations for all steps are available in
the ESI.†

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (Top) DE profiles for each unoptimised step in the synthesis of
Enkephalin at 0.05mmol scale (cf. 0.1 mmol in Fig. 9). Red dashed lines
indicate plateau estimations used to guide reduction in reaction times
at each step. HPLC data of product purities are available in the ESI.†
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Enkephalin was re-synthesised employing the pseudo-
optimised coupling times for each one of the amide coupling
steps 1–4, as derived from the plateau threshold times extracted
from DE proles in the original synthesis. In Fig. 9 (bottom),
plateau detection for unoptimised and optimised DE proles
are exemplied for step 4 in the synthesis of Enkephalin. The
original reaction time of 9720 s (162 min) evidenced a plateau at
1380 s (23 min). Re-running step 4 with a pseudo-optimised
reaction time of 1246 s (20 min) revealed a plateau of 117 s,
suggesting that the reaction time could potentially be optimised
further. For the purposes of this study, DE plateau estimates
were employed for iteration of reaction time optimisation only.
The DE proles and plateau calculations for all steps are avail-
able in the ESI.†

The qualities of the synthesised sequences were assessed by
acidolysis from the solid support and downstream HPLC anal-
ysis (Fig. 10). The HPLC proles of both cases (standard and
video-optimised Enkephalin syntheses) evidenced near-
identical chromatograms, indicating the parity of the opti-
mised and unoptimised conditions. Overall, the optimised
process represented an approximate 95% reduction in overall
synthesis time, with no appreciable loss of yield of peptide upon
acidolysis. These results highlighted the potential
manufacturing application for peptide synthesis kinetics
captured via non-contact video recording of the reaction bulk.

To track slower kinetics, the synthesis of Enkephalin was
next repeated at 0.05 mmol (50%) scale under standard condi-
tions using a 2–3 hour coupling reaction time for each coupling
Fig. 10 (Top) Acid-mediated cleavage of the target peptide sequence
from resin. (Bottom) HPLC profiles for the unoptimised coupling and
optimised coupling times. The HPLC suggest similar product quality is
achieved.

© 2023 The Author(s). Published by the Royal Society of Chemistry
step. The DE proles of each of four unoptimised steps are
presented in Fig. 11. Consistent with the 50% reduction of
reaction concentration, the observed rate of change of DE was
lower versus earlier reactions on 0.1 mmol scale. The optimised
coupling times, following the aforementioned video-informed
plateau estimation method, are shown as red dotted lines in
Fig. 11. Similar to the 0.1 mmol scale, optimisation of coupling
times in Enkephalin synthesis on the 0.05 mmol scale, using
the video-derived plateau estimation, reduced the overall
synthesis time by 65%, from approximately 10 hours down to
3.5 hours, with only 4% difference in crude peptide yield (92%
versus 88%, Fig. 11, bottom).

We next applied our video-based reaction monitoring and
optimisation methods to synthesise a more highly substituted
Fig. 12 (Left) Reaction scheme and unoptimised DE profiles for step 3
in the Enkephalin and Aib-Enkephalin SPPS solid phase peptide
synthesis. (Right) Summarised optimisation of overall coupling time for
the 4 steps of Aib-Enkephalin synthesis.

Chem. Sci., 2023, 14, 11872–11880 | 11877
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Table 1 Summary of isolated yields and HPLC purities for peptide
sequences synthesized before and after computer vision-guided
optimization of the step-wise reaction conditions

Peptide Unoptimised yield Optimised yield

YGGFL 76 77
YAibAibFL 96 95
KLLQDILDA 85 81 (96)a

a Value in parenthesis is the yield from by applying the computer vision-
optimized reaction conditions in an automated SPPS instrument.
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variant of Enkephalin. Here, the methylene groups from the
glycine residues were replaced by geminal dimethyl groups,
derived from use of 2-aminoisobutyric acid (Aib) in place of
glycine. As illustrated clearly by step 3 of the synthesis (Fig. 12,
le), the DE prole of the more highly substituted amino acid
resulted in a slowed rate of colour change compared to the same
reaction employing Fmoc-protected glycine. This observation is
consistent with the steric argument presented in Fig. 7. This
third case provided a third SPPS example in which the DE
plateau approach was able to guide a reduction in overall
coupling time (66%, Fig. 12, right).
2.4 Optimising SPPS a longer sequence

Our video-based reaction monitoring approach was most chal-
lengingly applied to the case of the synthesis of a longer peptide
sequence.46 A 9 amino acid sequence, KLLQDILDA,47 was
selected due to the presence of several sterically encumbered
residues and protecting groups (Fig. 13). The results of nal
analysis from cleaved products of both approaches are shown in
Fig. 13. Encouragingly, our camera-enabled reaction moni-
toring approach supported the colour-based optimisation of all
eight steps in the KLLQDILDA. Overall, this resulted in the
peptide sequence being made in 51% less time compared to the
standard conditions.
2.5 Investigating isolated yields and automated SPPS

In the nal part of our study, we sought to validate the computer
vision strategy for monitoring and optimizing SPPS. To this end,
we ran end-to-end syntheses of the three peptide sequences
described herein, from resin loading to nal cleavage, and
calculated isolated yields achieved before and aer optimiza-
tion. Encouragingly, for all three peptides, yields obtained when
using the computer vision-guided conditions were comparable
to the unoptimized yields. Additionally, for the most complex
sequence (KLLQDILDA), we demonstrated the optimized
conditions produced attractive isolated yields of the peptide in
Fig. 13 Summarised optimisation of the reaction times for all eight
coupling steps in the synthesis of KLLQDILDA, as enabled by DE profile
plateau estimation. Output video analysis and HPLC product analysis,
after resin cleavage, are all available in the ESI.†

11878 | Chem. Sci., 2023, 14, 11872–11880
either manual or automated SPPS. All results are summarised in
Table 1, and detailed further in the ESI.†
3 Conclusions

We have demonstrated the analytical potential of computer
vision-based kinetic proling of reaction bulk to follow amide
coupling reaction progress, both in solution and solid phase.
Mutual information (M.I.) and single-component linear
regression were used in combination to identify useful colour-
concentration correlations. Thus, colour data, derived from
non-contact video recordings, contains valuable complemen-
tary information to that obtained by more traditional sampling
for off-line analysis. The method was also demonstrated the
optimisation of the coupling time in synthesising peptide
sequences via SPPS.

Using video-derived reaction time estimates, reductions of
65–95% of the overall coupling time was achieved for several
peptide sequences. These time savings were achieved while
maintaining comparable isolated yield and qualities of the nal
peptides to those produced from the unoptimised conditions.
Additionally, for the rst time, we demonstrate the possibility of
comparing DFT-derived steric parameters to bulk reaction
kinetics derived from video footage, with increasing B1 Sterimol
parameters found to reect the observed attenuation in DE/dt.

These results support the possibility of using the camera-
monitoring methods to enable the design a self-optimising
automated SPPS instrument. These results also demonstrate
the utility of the camera-based method, which could ultimately
enable real-time monitoring of processes which might other-
wise prove too difficult, or even impossible, to study quantita-
tively in a non-invasive manner.
Data availability

All machine readable outputs are available in a zipped folder as
part of the ESI.†
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