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We implemented a Microbubble Resonator (MBRs) as an opto-thermal transducer
to reconstruct the absorption spectrum of a nanoparticle suspension through its
temperature increase. The experimental configuration features the MBR as both
the vial containing the suspension and the optical transducer, allowing for a
sensitive ultra-compact system with a straightforward microfluidic integration.
With respect to a previous publication, the active lock of the MBR resonance
produced an order-of-magnitude improvement in the system performance and a
smooth absorption reconstruction. Additionally, since the detection process is
temperature-based, the measurement is intrinsically insensitive towards
scattering spectrum, both of the particles and of the host liquid. These features
make the MBR system an interesting candidate for the characterisation of
extremely small samples in the context of medical diagnosis from whole
biological samples, quality controls for food safety or chemical production
processes, and, in general, for the measurement of absorption in opaque
mediums.
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1 Introduction

In the last decades Whispering gallery mode microresonators (WGMRs) have
demonstrated to be interesting and reliable platforms for studies in fundamental physics
and for the development of technological applications. They can be fabricated in different
materials and different geometries (e.g., microspheres, microdisks, microtoroids, microbottle
and microbubbles), but they all share the presence of sharp optical resonances with small
modal volumes. These two features allowed them to be implemented, for example, for laser
stabilization and line narrowing [1, 2], as compact cavities in non-linear optics [3-6], as
interrogation platforms for single-molecules properties [7-11], and as optical transducers for
the measurement of physical perturbations [12, 13].

A shared aspect between all kinds of WGMRSs is their important thermal response, which
is based on the thermo-optical coefficient of the resonator material. In practise, two main
circumstances can occur. If the optical power injected into the resonator is high, there is a
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strong interplay between field intensity, resonator temperature and
effective refractive index, which produces strong non-linear
responses such as thermal locking [14, 15] and optomechanical
oscillations [16, 17]. If, instead, injection power is low, this interplay
is not triggered, the response is linear and the thermo-optical
coefficient can be exploited to use the resonator as an optical
thermometer. When using WGMRs for temperature detection, it
is important to ensure the best thermal contact between the
resonator and the sample. In particular, in the case of bulk
WGMRs, the thermal contact is implemented through the
external surface of the resonator and this implies some attentions
to avoid to compromise the surface through contamination or
mechanical damage. For hollow WGMRs, instead, the internal
surface can be exploited for thermal contact and the external one
for detection, preserving the optical quality of the latter. This
approach is particularly useful for liquid samples, where the
hollow resonator allows to confine the liquid in a well-defined
volume and to integrate the resonator in a microfluidic circuit.

In this context, microbubble resonators (MBRs) made from
glass capillaries [18, 19] represent an interesting platform since they
combine many of the previously discussed features. These
resonators are produced by heating a pressurized silica capillary
and therefore forming a spherical bulge by isotropic expansion: this
bulge is the resonator itself. We heat the silica capillary using an arc
discharge technique [19] featuring four electrodes in a square
arrangement, with the capillary at the center of the square.
Sequential discharges connecting the square sides allow to
produce the MBR, while keeping the capillary pressurized at
about 1 bar. In practise, MBRs can be easily filled through their
capillary stem, have a sharp optical spectrum (Q > 10° at 1,550 nm,
after being filled with water) and the physical contact between the
liquid sample and the silica walls guarantees a good thermal
exchange, allowing a sensitive temperature read-out [20]. Since
these resonators have a very small volume (<100 nL), a minute
volume of liquid sample is necessary to perform the detection and
this makes them particularly promising for the development of
ultra-compact (or even on-chip) devices in the context of
cytometric-like applications. In addition to thermal sensitivity,
MBRs also allow for sensitive mechanical detection due to their
thin silica walls (<4 pm) [21-24], effectively making them a multi-
purpose transducer.

In a previous publication [25], we exploited the MBRs thermal
sensitivity to implement them as ultra-compact spectrometers. In
particular, we probed the absorption spectrum of nanoparticles
dispersed in real-scenario liquids, such as milk at room
temperature, by measuring the MBRs temperature response. In
that system, the MBR is filled with the nanoparticles suspension
and a supercontinuum source is filtered to illuminate the sample
with selected wavelengths. Upon absorption, the nanoparticles
release heat into the suspension and the temperature of the
system increases. In turn, this produces a shift of the MBR
optical spectrum, which is monitored through a narrow-line CW
laser. This thermal shift, ultimately, represents an indirect
measurement of the nanoparticles absorption coefficient, since all
the transduction processes involved are linear. Since the MBR
system reads the temperature variation of the nanoparticle
sample and light scattering does not change the temperature of
the sample, it is intrinsically insensitive towards the scattering
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spectrum of the nanoparticles and of the host liquid. This aspect
of the
spectrophotometers. These instruments, in fact, measure the

is key feature system and is at variance with
overall light extinction of the sampe and some hypothesis or
additional measurements have to be done to separate the
absorption contribution from the scattering contribution. Due to
this different detection principle, the MBR spectrometer appears
particularly promising when the nanoparticles are dispersed in
highly scattering and highly opaque samples (e.g., biological
ones), since the scattering spectrum could hide the absorption
spectrum in a typical spectrophotometer measurement.

Here we propose a revision of the setup and of the experimental
procedure discussed in [25], focusing on the active locking of the
MBR resonance used for the detection. This new approach improved
significantly the system performance, allowing to read-out a 15-fold
dilution in nanoparticles concentration, while keeping a signal-to-
noise ratio above 10. Active locking, in fact, allowed to reliably read-
out fractions of the resonance width (therefore enhancing detection
sensitivity) and also to constantly compensates for unwanted
fluctuations (therefore producing a more stable read-out). These
improvements represent key steps towards the implementation of
the MBR spectrometers in real-case applications, such as the
characterisation of extremely small samples in the context of
medical

diagnosis, food safety and molecular/nanoparticles

identification.

2 Experimental setup

Figure 1 shows the experimental setup using the active
resonance-locking technique to improve the performance of the
MBR spectrometer. The system can be conceptually divided into
three parts aimed at different functions, with the MBR being the
common connecting element.

The first part is a simple microfluidic circuit comprising polymer
tubings (Tygon R-3607, Saint-Gobain, La Défense, Courbevoie,
France) connected to the MBR and a peristaltic pump (Minipuls
3, Gilson, Middleton, W1, United States) and it was used to fill the
MBR with the absorber under study (green lines in Figure 1). Here,
we used as benchmark a water suspension of PEGylated gold
nanorods (GNRs) synthesised with the seed-mediated approach
[26, 27]: this particles, in fact, represent a well-known standard
and allow a like-for-like comparison of the results of this experiment
with the ones of our previous works [21, 22, 25]. In particular, here
we use a 15-fold dilution of GNRs with respect to [25] (i.e. 0.2 mM
Au vs. 3mM Au), showing the potential of the active locking
detection.

The second part of the setup is aimed at illuminating the GNRs
with a series of selected wavelengths to test their different thermal
response. This was achieved by using a supercontinuum source
(SuperK COMPACT, NKT Photonics, Birkered, Denmark; spectral
range 400-2,400 nm) in combination with a dedicated acousto-optic
modulator (SuperK SELECT, NKT Photonics, Birkerad, Denmark;
spectral range 680-1,100 nm), which allowed to crop Lorentzian-
like lines with 4 nm bandwidth from the supercontinuum emission.
The MBR was
configuration using a 45° mirror and an aspherical lens
(C110TME-B, Thorlabs, Newton, NJ, United States; focal length

illuminated with an inverted microscope
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Sketch of the experimental setup implementing thermometric spectroscopy using the active lock of the MBR resonance. Abbreviations used: PD,
photodiode; AO, acousto-optic. Black lines represent electrical connections, blue lines represent optical fibers and green lines represent the microfluidic

circuit.

6.24 mm) focused the beam to a 40 pm waist. The repetition rate of
the supercontinuum source was set at 20 kHz to simulate the
emission of a low-power CW laser (=20 pW), while the emission
of the source was triggered and gated through a square pulse
generated by the oscilloscope (MDO4000C, Tektronix, Beaverton,
OR, United States). For this experiment the square wave was set to
produce an exposition of 1.2s.

Finally, the third part of the setup is aimed at reading out the
temperature shift produced by the GNRs absorption by monitoring
the WGM resonances of the MBR. In particular, this was achieved by
exciting the MBR resonances with a low-noise CW fiber laser
(Koheras ADJUSTICK, NKT Photonics, Birkerod, Denmark;
spectral range 1,532-1,533 nm, linewidth 0.1 kHz) through an
home-made tapered fiber and reading the MBR transmission
through an InGaAs photodiode (New Focus 1623, MKS
Newport, Andover, MA, United States). At variance with the
previous configurations [21, 22, 25], a second photodiode
(PDA400, Thorlabs, Newton, NJ, United States) is added to
provide a servo controller (New Focus LB1005, MKS Newport,
Andover, MA, United States) with a feedback signal for the
active lock of the resonance. While not locking the resonance,
the servo controller feeds to the laser source a triangular wave
generated by a waveform generator (Keysight 33220A, Agilent
Technologies, Santa Clara, CA, United States) to perform
wavelength scans up to 8 pm. An electric amplifier (E-501.00,
Physik Instrumente GmbH and Co. KG, Karlsruhe, Germany) is
necessary for both performing scans or actively locking the
resonance, since the wavelength drive coefficient is 0.12 pm/V.
An optical attenuator and a 95/5 splitter were introduced to limit
the power launched into the tapered fiber (=10 yW) and avoid
unwanted thermal effects in the resonator, while a polarisation
controller allowed to optimise the contrast of the WGM resonances.

The MBR used in this experiment was fabricated from a fused
silica capillary (Z-FSS-100-165, Postnova Analytics GmbH,
Landsberg, Germany) with an arc-discharge technique [19] and
had a diameter of 435 pm, corresponding to a 43 nL volume. The
area surrounding the MBR was shielded with transparent PMMA
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walls to minimize perturbations from air currents. As a general note,
due to the high number of datafiles recorded during the experiment,
the oscilloscope was interfaced to a PC for programmatic control
and acquisition.

3 Experiment description and data
discussion

After filling the MBR with the water suspension of GNRs, a
WGM resonance with a narrow FWHM (full width at half
maximum) was searched by scanning the probe laser wavelength,
and the resonance contrast was optimised through the polarisation
controller. In this phase the servo controller does not operate any
locking action and simply feeds the triangular wave to the probe
laser. Figure 2A shows in blue the resonance selected for this
experiment (Apyope = 1532.559 nm, Q = 0.97 - 10°, FWHM =
200 MHz, contrast = 42%) and in red the voltage driving the
wavelength scan. After this initial phase, the servo controller was
used to modify the wavelength scan and actively lock the laser
wavelength to a specific point of the resonance fringe. For this
experiment the lock point was set at 28% of the resonance fringe,
corresponding to a laser detuning of —27 MHz and an MBR
transmission of 11 mV (cfr. Figure 2A).

After this step, the MBR was illuminated with a series of user-
defined wavelengths selected by the acousto-optic filter and for each
illumination the oscilloscope acquisition was triggered to record the
system response. More in detail, we covered the 680-1,070 nm range
with 10 nm steps, for a total of 40 wavelengths, and 4 illuminations
were performed for each wavelength to characterise the
reproducibility of the measurement. As an example, Figure 2B
shows the data collected for a single illumination at 800 nm. In
particular, one can observe that, during the illumination (which is
marked by the emission feedback from the supercontinuum source,
green curve in Figure 2B), the servo controller changes the probe
wavelength (red curve in Figure 2B) to compensate the thermal shift
of the WGM resonance and keep the MBR transmission at the same

03 frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1226106

Frigenti et al.

10.3389/fphy.2023.1226106

A
20 180
z s
16 (0]
@ 1o S
e
2] 40 ¢
m —
= 8 =
1 1 1 20
-400 -200 0 200

Detuning [MHZ]

FIGURE 2

B
_ 20 r 153
> —
£ =,
=16} 1525
S g
- 52 —_—

£ 12f %
@ 7
c = 1515 .2
m —
S ght’ s

1 1 1 51

0 500 1000

Time [ms]
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(A) Optical shifts (left vertical axis) and associated temperature shifts (right vertical axis) resulting from the absorption at 800 nm, for both an MBR
filled with the GNRs suspension and plain water. Each acquisition is marked with a different color. (B) Normalised peak shifts against excitation wavelength
for both the GNRs suspension (blue curve) and the plain water (black curve). A rescaled spectrophotometer profile (red curve) is added for comparison.

level (blue curve in Figure 2B). Since silica has a positive thermo-
optic coefficient [28], the heating of the nanoparticles shifts the
WGM resonance towards longer wavelengths (i.e., red shift) and
therefore the voltage compensation is positive (cfr. Figure 2A).

In practise, the compensation voltage is an indirect
measurement of the WGM shift, and the actual optical shift can
be obtained by applying the wavelength drive coefficient (0.12 pm/
V) and considering that 8 pm correspond to 1 GHz at 1,532 nm. The
signals resulting from this conversion are shown in Figure 3A for
two groups of 4 different illuminations at 800 nm. In particular, the
first group (top part) was recorded while the MBR was filled with the
GNRs suspension, while the second group (bottom part) was
recorded while the MBR was filled only with plain water. Each
acquisition is marked with a different color in Figure 3A and the data
demonstrate a very good reproducibility of the measurement for
both configurations. As expected, at 800 nm the thermal shift is
dominated by the GNRs presence, since water absorption is very low
at this wavelength [29]. We highlight that, at variance with our
previous experiment [25], here the optical shift is just a small
fraction of the resonance FWHM (= 1/10 for the peak value at
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1,200 ms) and that the signal-to-background contrast is still very
good (19 vs. 1.4 MHz at 1,200 ms). Measuring such small shifts
would be very challenging through the method discussed in [25],
which focused on the difference between the resonance positions
during a wavelength scan. Here, instead, the task is accomplished
reliably by exploiting the compensation signal produced by the servo
controller. In the end, the active-locking approach brings a
significant improvement in detection sensitivity.

Before making further considerations on Figure 3A, we
comment on our choice in terms of exposure time (1.2's). From
Figure 3A, where the excitation wavelength is 800 nm, one can
notice that using a 500 ms exposure time or even a 250 ms exposure
time would have produced clearly measurable shifts and also a faster
experiment overall. However, a very short exposure time would have
decreased the measurement quality for wavelengths outside the
GNRs maximum (for example, 900 nm), since the thermal
response is lower for these wavelengths. In the end, to preserve a
good readability for all the excitation wavelengths used in the
experiment and to keep a reasonable overall experiment time
(more on this later), we have chosen 1.2 s as the exposure time.
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In addition to sensitivity, active locking also improves the
stability and the reproducibility of the measurements. In fact,
residual fluctuations in the resonance position (e.g., due to air
currents or temperature fluctuations in proximity of the MBR)
are more impactful for an unlocked system (as in [25]), since no
compensation is possible during a wavelength scan. Active locking,
instead, compensates these unwanted fluctuations by continuously
adjusting the laser wavelength to the selected lock point and
therefore does not lose the resonance position. In particular,
when the GNRs were not illuminated, the residual instability of
the resonance position was up to 0.4 MHz over a time-scale equal
to the illumination time (1.2's). In practical terms, this error was
deduced by acquiring data for a long interval while the
supercontinnum laser was disabled (1 min, not shown in
Figure 3) and then averaging the optical shifts over the various
1.2 s intervals. We highlight that this error is consistent with the
difference between the 4 repetitions in Figure 3A and therefore it
represents the reproducibility limit of the measurement.

Using the silica thermo-optic coefficient ag; = 12 - 10°K™
(An = aAT) [28] and a simple resonance expression 27mRn = €A
(where R is MBR radius, # is silica refractive index, ¢ is the WGM
modal number, and A the resonance wavelength), it was also possible
to convert the optical shift Av into a thermal shift AT using

ni

Ksili €

AT = Av 1)
where ¢ is the speed of light in vacuum. We add that this conversion is
the most straightforward, since it takes into account only the silica
thermo-optic coefficient, implicitly assuming the WGM field to be
totally confined in the MBR walls. Indeed, the WGM partially enters the
MBR core with this evanescent tail, and one can envisage a more refined
computational method to take into account also the thermo-optic
coefficient of the GNRs suspension. In particular, the thermo-optic
coefficient of water is negative and much larger than that of silica
(Otyar = —1.103 - 10* K" at room temperature [30]), and this would
imply a smaller effective thermo-optic coefficient ato be used in Eq. 1.
This, in turn, means that using only the silica thermo-optic coefficient
brings to an underestimation of the temperature shift AT. However, due
to the small field fraction in the evanescent tail (cfr. [31] for a detailed
discussion for MBRs), we assume this effect to be secondary and keep
Eq. 1 (with only agy;) for the temperature conversion.

The right vertical axis in Figure 3A is deduced by applying Eq. 1
to the optical shifts: in practice, the right axis is a rescaling of the left
axis that performs the conversion shown in Eq. 1. In this way, one
can observe the optical shift by looking at the left axis (for example,
10 MHz at 500 ms) and quickly check its temperature conversion by
looking at the right axis (6 mK for this example). For the
illumination at 800nm shown in Figure 3A, one notices
temperature shifts close to 10 mK. This shift is indeed a small
fraction of the room temperature (4 - 107°) and highlights the
sensitivity of the MBR transducer. We also add that the
previously discussed fluctuation error of 0.4 MHz translates to a
+0.25 mK fluctuation in temperature units, which appears
remarkable considering that no active temperature control is
applied to the MBR.

As previously discussed, we collected datasets like the one shown
in Figure 3A for other 39 wavelengths, spanning the 680-1,070 nm
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range with 10 nm steps. To compare the various datasets and
characterise the absorption, we applied the following procedure
for each dataset. First, we estimated the maximum shift for each
trace through a mean value integral in the 1,100-1,200 ms range
(grey-shadow area in Figure 3A). We have preferred the integration
with respect to just taking the value at 1,200 ms to compensate for
electric noise. Second, we computed the average and the standard
deviation using the 4 repeated illuminations. Third, we normalized
these results to the optical power illuminating the MBR, which was
measured while assembling the setup.

The analysis procedure leads to Figure 3B, where we show the
results for both the GNRs suspension (blue dots) and the plain water
(black dots). We also added as a red curve the rescaled
spectrophotometer (V-770, JASCO, Tokyo, Japan) profile of the
GNRs suspension to compare the MBRs results with the ones from
standard equipment. The normalized MBR shifts follow smoothly
the GNRs absorption profile over the entire wavelength range,
reproducing correctly both the bell-shaped absorption of the
GNRs at 790 nm and the secondary peak at 960 nm, which is
mostly associated with water absorption (cfr. water-only data).
This reconstruction is a significant improvement with respect to
the one obtained in [25], where some MBR datapoints show a
misalignment with respect to the spectrophotometer data, resulting
in a less smooth profile. We ascribe this improvement to the
fluctuation compensation produced by the resonance locking, as
discussed while commenting Figure 3. We also highlight that this
improved reconstruction is obtained while using a 15-fold dilution
in GNRs concentration with respect to [25] (0.2 vs. 3 mM), and that
the GNRs concentration used for the MBR measurement and the
spectrophotometer measurement is the same.

Figure 3B also allows to estimate the limit-of-detection (LOD) of
the system by comparing the responses of the GNRs suspension and
the plain water. In particular, focusing on the 800 nm reading, we
have 0.87 MHz/uW for the GNRs suspension and 0.053 MHz/pW
for the plain water, leading to a signal-to-background ratio equal to
16. By diluting the GNRs suspension by a factor 5.5, one would
obtain a 0.158 MHz/uW reading and therefore a signal-to-
background ratio equal to 3, which is the typical limit for
quantitative detection. Since the GNRs suspension here used is
0.2 mM Au, then the previous argument gives 36 pM Au as the
LOD. Assuming a 15 nm diameter and a 60 nm length for the GNRs,
as well as a face-centred cubic structure for the gold lattice making
up each GNR, the 36 uM Au concentration translates into a 62 pM
GNRs concentration (equivalent to 3.7 - 10" nanoparticle/cm?),
which is an alternative formulation of the LOD.

Considering the repeated acquisitions and the number of
excitation wavelengths, a total of 160 datafiles were collected to
produce each spectrum in Figure 3B. Since the illumination time is
1.2 s, one could ideally perform the entire acquisition in 160 - 1.2 s =
3.2 min. However, the save-time of the acquisition system and the
thermal relaxation of the resonance increase this ideal time. For this
proof-of-concept experiment, we purposely used a very long wait-
time of 10s between acquisitions (leading to a spectrum time of
roughly 27 min) to be certain of the resonance relaxation. Indeed,
the optimisation of the system in terms of acquisition speed
represents an interesting activity that links to the application of
the MBR spectrometer in a real scenario.
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Absorption coefficient y computed through the MBR
measurements for the GNRs suspension (blue dots) and for plain water
(black dots). The spectrophotometer absorption profile for the GNRs
suspension (red curve) is added for comparison. The blue crosses

are a rescaling of the experimental data (blue dots) producing a good
match with the spectrophotometer data.

Finally, we apply a simple absorption model described in [31] to
estimate the absorption coefficient ¢ of the GNRs suspension in
absolute units, rather than arbitrary units as in Figure 3B. In short,
the model computes the energy absorbed by the GNRs suspension
based on the Lambert-Beer law, the optical power impinging on the
MBR (P,,) and the exposition time (8¢). This energy is then used to
compute the temperature increase of the suspension, assuming that
its heat capacity is the same as water. The temperature increase is
computed via water specific heat capacity (cya), water density (pyar)
and the MBR volume (Vygr = 4/3 7R’ with R being the MBR
radius). Since the modelling neglects heat dissipation in the
environment, it has to be applied for very limited exposition
times (ie., 8t — 0) and, in the end, the key quantity for the
computation is the temperature rate dT/dt at t = 0. This quantity
is experimentally retrieved by the dataset shown in Figure 3A (and
equivalently for the other excitation wavelengths) by fitting the
temperature shift with the function f(t) = AT (1 —exp(-t/7))
and then computing dT/dt(t = 0) as AT /7. In the end, the
absorption coefficient is computed as [31].

log(l -4 W )

2R log (e)

p= )
where log is the base-10 logarithm and e is the Euler number.
Figure 4 shows the absorption coefficient 4 of the GNRs suspension
resulting from Eq. 2 and the MBR data (blue dots), as well as its
spectrophotometer profile (red curve). Indeed, there is a mismatch in
absolute value between the two datasets, but the general trend is well
reconstructed, since a rescaling (blue crosses) by a factor of 2 produces
overlapping profiles. We ascribe this mismatch to an oversimplification
of the model, which does not take into account the details of the
experimental configuration, such as the thermal propagation inside of
the MBR (and possibly through the capillary) and the spatial
distribution of the focused beam. In the end, the model here
resumed represents a starting point for more elaborate
computational models, such as FEM simulations. We also add that
another possible cause for the absorption coefficient mismatch may lay
in the temperature conversion previously discussed. Indeed, if the
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WGM used for the detection is not a fundamental one, it has a
greater field fraction in the evanescent tail [31] and Eq. 1 may
underestimate the temperature shift, producing, in turn, a lower p.
For completeness, we also repeated the g computation for the water-
only configuration, resulting in the black dots dataset shown in Figure 4.
The trend is mostly flat and shows a little bump at around 950 nm,
which corresponds to a known increase in water absorption [29]. Even
in this case, there is a mismatch between the estimated value (0.18 cm™)
and the tabulated value (0.45 cm™) [29].

4 Conclusion

In this article we have shown that MBRs can be implemented as
absorption spectrometers for nanoparticles suspensions, exploiting the
high MBR sensitivity towards temperature variations. With respect to a
previous publication [25], we have shown that active locking of the
MBR resonances produces a significant improvement in both detection
and system stability. In particular, our revised approach allowed to
reconstruct the absorption profile of a 15-fold diluted suspension, while
keeping a signal-to-background ratio above 10. The absorption profile
from the MBR measurements has been compared to the one obtained
with a standard spectrophotometer, and a smooth match between the
two was found. We have also discussed a simple model to estimate the
absorption coefficient i of the nanoparticle suspension in absolute units
(cm™), rather than in arbitrary ones. The model produces the correct
order of magnitude for y, but does not hit the correct value, highlighting
the necessity of a more complex and detailed computational model.

Since the MBR system is based on a thermal read-out of the
nanoparticle absorption, its spectra are intrinsically scattering-free
and this is at variance with standard spectrophotometers.
Spectrophotometers, in fact, are based on overall light extinciton
from the sample and therefore measure a combination of both
absorption and scattering. This means that the MBR spectrometer
promises to be more efficient in absoprtion measurements in the
case of highly opaque samples (for example, whole biological
samples, food, chemical preparations) since it intrinsically
remove scattering contributions. The advanced resonance-lock
detection scheme here presented further increases this advantage,
by enhancing the system sensitivity and allowing a low
concentration of absorber to be revealed. In the end, this is a key
step for the implementation of the MBR spectrometers in real-case
scenarios, such as the characterisation of extremely small samples in
the context of medical diagnosis from whole biological samples, and
quality controls in food safety and chemical production processes.
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