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Abstract
Hyperspectral imaging (HSI) has emerged as an effective tool to obtain spatially resolved spectral
information of artworks by combining optical imaging with spectroscopy. This technique has
proven its efficacy in providing valuable information both at the large and microscopic scale.
Interestingly, the macro scale has yet to be thoroughly investigated using this technology. While
standard HSI methods include the use of spatial or spectral filters, alternative methods based on
Fourier-transform interferometry have also been utilised. Among these, a hyperspectral camera
employing a birefringent common-path interferometer, named TWINS, has been developed,
showing a high robustness and versatility. In this paper, we propose the combination of TWINS
with a macro imaging system for the study of cultural heritage (CH). We will show how the
macro-HSI system was designed, and we will demonstrate its efficient capabilities to collect
interferometric images with high visibility and good signal of both reflectance and fluorescence on
the same field of view, even on non-flat samples. Our hyperspectral camera for macro studies of
both reflectance and fluorescence data is a completely new asset in the CH panorama and beyond.
The relevance of the macro technology is demonstrated in two case studies, aiding in the analysis of
biofilms on stone samples and of the degradation of dyed textiles.

1. Introduction

In the last 50 years, scientific and technological advancements have played a pivotal role in changing the way
cultural heritage (CH) artworks are studied [1–3]. Scientific methodologies, ranging from cutting-edge
imaging technologies to meticulous material analysis, have become indispensable tools in the hands of
conservators and archaeologists, helping them in getting valuable information on the preservation status of
the CH objects [4–6] and in unravelling the mysteries of historical artifacts and artworks [7–9]. Among the
different non-invasive techniques, hyperspectral imaging (HSI) has emerged as an effective tool, providing
remarkable insights into the study of diverse artifacts and historical objects [10, 11]. This advanced imaging
technique goes beyond the limitations of traditional photography by capturing a broad spectrum of
wavelengths, allowing for the collection of detailed information related with the materials present on the
surface of the studied object [12, 13].

In conservation science, HSI is typically applied at either the large scale, for the entire object, where the
size of the FOV is tens or hundreds of centimetres, or at the microscopic scale, to investigate the local
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distributions of materials, as pigment grains in the paint layer, in a FOV of hundreds of micrometres. The
first approach allows for the study of full-scale works of art [14, 15] but sacrifices the ability to examine small
details. In contrast, the second approach provides high-resolution insights into microscopic samples taken
from artworks [16, 17]. However, it proves inadequate for studying non-flat samples due to the short depth
of focus of microscopy objectives. Moreover, it requires the extraction of a sample from the object of interest,
losing the contextual information.

On the contrary, there are limited examples of the use of HSI with FOV of intermediate size, i.e. with
sizes close to the one achieved in close-up or macro photography. To our knowledge we can report only a
reflectivity study by Picollo and coauthors on photographic films [10]. Therein, an HSI scanner was
modified to achieve a spatial resolution of hundreds of micrometres and allow the study of sub-millimetric
details on 35 mm photographic negatives and positives. Thanks to the excellent spatial and spectral
resolution of the developed HSI system, the research paved the way for extending this approach to the study
of further types of CH objects.

When reviewing the literature on the application of HSI in CH contexts, a further limitation becomes
apparent: HSI systems are primarily utilized for collecting reflectivity data. However, an interesting
opportunity lies in the potential use of HSI to gather multimodal datasets related to different optical
phenomena. While there are some instances where reflectivity and optical fluorescence spectral datasets of
the same artwork have been sequentially collected with the same HSI camera [18–20], such examples are
limited. Adopting a multimodal approach holds promise in significantly enhancing our ability to
characterize the materials present in works of art.

Standard methods for collecting HSI data are based on three main approaches [21]: line-scanning
imaging spectrometers, filter-based imaging systems and snapshot hyperspectral cameras. Line-scanning
imaging spectrometers produce spectral datacubes by moving objects or detectors over one spatial
coordinate, while the spectral sensitivity is given by a compact spectrometer in the detection scheme.
Filter-based imaging systems construct datacubes as stacks of images by filtering incoming light in discrete
spectral bands. With snapshot cameras the datacube is readout entirely in one shot without the need of
spectral or spatial scanning, typically at a price of a limited spatial and spectral resolution. It must be noted
that all these methods are based on filtering of the incoming light through either bandpass or dispersive
elements. A different approach is Fourier transform HSI (FT-HSI) that uses interferometry and FT operation
to retrieve spectral information [22]. FT-HSI offers advantages over traditional HSI techniques, including
higher signal-to-noise ratio, greater flexibility in FOV, and flexible spectral resolution. Recently, an
ultra-stable common-path interferometer named TWINS was introduced and employed in combination
with a monochrome camera to perform HSI analysis [23]. The TWINS-HSI camera has a spectral resolution
adjustable down to 4 nm and, thanks to its common-path arrangement, is interferometrically robust against
mechanical vibrations. Thanks to its small power consumption and compact footprint the TWINS
interferometer can be embedded in a variety of imaging systems and employed in different configurations
[24–27], including microscopy and in situ analysis platforms.

In this paper, we present the combination of the TWINS-HSI camera with a carefully designed optical
system that enables the examination of a centimetre-sized FOV. Hereafter this implementation will be
referred to as the ‘macro-HSI’ configuration. The designed optical system allows one to switch from the
standard HSI to the macro-HSI configuration for the inspection of FOV with lateral dimensions of tens of
millimetres. This innovative approach not only broadens the scope of HSI applications but also extends its
versatility. Throughout this paper, we will elucidate the design concept behind it, and we will compare the
macro configuration to the standard one. Furthermore, we will demonstrate how, thanks to the high light
throughput of the TWINS-HSI camera, the designed system enables the sequential acquisition of HSI
datasets of both reflectance and fluorescence from samples, even for objects with uneven surfaces, allowing
the effective implementation of a multimodal approach. We will indeed showcase its successful application to
two case studies, demonstrating how this technology can aid the study of biofilms (sessile microorganisms)
on stone samples and the monitoring of the degradation of dyed textiles.

2. Materials andmethods

2.1. Macro-HSI with TWINS configuration
The implementation of the TWINS as a hyperspectral camera has been detailed in depth in other
publications [23, 27]. Here we explore the capability of the TWINS-HSI to be used in a macro configuration,
while maintaining its high light throughput and contrast. In the standard configuration of the TWINS-HSI
camera, the TWINS interferometer is placed in front of the 25 mm camera lens of a monochrome 2D silicon
detector with sensitivity spanning from 400 nm to 1000 nm (figure 1(A)). In this design, the imaging system
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Figure 1. Scheme of the standard and macro-HSI systems. (A) Standard configuration of the TWINS-HSI camera, in which the
TWINS interferometer is placed in front of a monochrome camera coupled with a 25 mm camera lens, and the sample is
positioned at least 500 mm from it. The TWINS is made of two crossed polarisers, two birefringent wedges with orthogonal
optical axis and birefringent plate. To vary the delay between the two light replicas, one of the two wedges is shifted. (B)
Macro-HSI configuration of the hyperspectral camera used in the presented experiments, where an additional photographic
objective is placed in a reverse manner in front of the standard TWINS-HSI camera at a distance larger than the ideal one,
i.e. larger than the sum of the single focal lengths of the two objectives. (C) Simulated zero-path-delay for the standard
configuration. (D) Simulated zero-path-delay for the macro-HSI configuration.

can be placed at a minimum working distance from the object surface of 50 cm and has an angular FOV of
16◦. At such distance, this corresponds to a FOV size of 15 cm.

An important figure of merit of the TWINS-HSI camera is the high fringe contrast of each interferogram,
whose FT provides the intensity spectrum. A high contrast is obtained when the bundle of rays converging to
each image point is collimated while crossing the interferometer. In a macro-HSI configuration this property
requires a two-lens optical system, as shown in figure 1(B). More specifically, the TWINS must be placed in
the back focal plane of the first objective lens, so that its clear aperture is the aperture stop of an optical
system which is telecentric in the object space. The second objective lens focuses the parallel ray bundles to
the detector. Since the latter is placed in the back focal plane of the second objective, it is conjugated to the
front focal plane of the first objective, i.e. the object plane. If also the second objective lens is at a distance
from the TWINS equal to its focal length, the optical system is commonly called 4 f. Beyond granting high
fringe contrast, this optical scheme has additional advantages. In fact, the effective angular aperture of the
system is the same in all points of the FOV, so that no vignetting is present in the image. Additionally, using
an iris in front of the TWINS, its clear aperture can be reduced to increase the depth of field of the system, a
property which is required when imaging 3D objects. As in all telecentric systems, this is at the expense of
light-harvesting power, which must be compensated for by higher irradiance or excitation power density in
the plane of the object when measuring reflectance or fluorescence, respectively.

In our implementation of the macro-HSI, the first lens is a photographic Nikon objective (Nikon Nikkor,
50 mm f /1.2) mounted in front of the whole HSI system in a reverse configuration, with the rear lens facing
outward (figure 1(B)). The TWINS interferometer, even though particularly compact, has a non-negligible
thickness (50 mm), mainly for mechanical support. Due to this, the TWINS could not be placed exactly in
the back focal plane of the objective, considering that its principal planes are internal. The second lens is a
25 mm focal lens objective (Thorlabs MVL25M23) placed at a short distance from the TWINS, forming an
optical configuration referred to as a quasi-4 f optical system, as shown in figure 1(B). In this case, the FOV,
set by the size of the sensor (acting as the field stop of the optical system), is greatly reduced to 12 mm, while
the working distance of the whole system, which is equivalent to the flange focal distance of the reversed
Nikon objective, is 46.5 mm. The overall spatial resolution, calculated from the edge response function of a
calibration slide, is 30 µm. Finally, note that the effective angular aperture of the optical system cannot be
calculated as the ratio f /n of either the Nikon or the Thorlabs objectives. In fact, the system is (quasi) afocal
and its aperture is better represented by the Numerical Aperture (N.A.) parameter, as in the case of
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Table 1. Comparative table of the technical details for standard and macro-HSI systems.

Number of lenses Lens focal length Total system size FOV Spatial resolution Sample distance

Large FOV 1 25 mm 10× 15 cm2 >150 mm >300 µm >500 mm
Macro 2 25 mm+ 50 mm 10× 23 cm2 13–20 mm >30 µm 46.5 mm

microscope objectives. This parameter can be calculated from its definition: N.A.= sin ϑ/2, where ϑ is the
acceptance angle for the rays emitted by any point of the object plane (figure 1(B)). Considering the clear
aperture of the TWINS and the working distance of the system, the numerical aperture is N.A.∼= 0.1, which
is comparable to that of low magnification microscope objectives with a long working distance. Table 1
summarises and compares the main technical details of the standard large field and of the macro-HSI
systems.

2.2. Protocol for HSI measurements
2.2.1. Reflectance HSI
Both acquisitions performed on the model painting were done by illuminating the sample with a halogen
lamp (Dedolight DLH4 Sportlight, irradiance of 140 W m−2 corresponding to 12 Klux) that was placed
off-axis at an angle approximately of 45◦ with respect to the detection axis in order to minimize specular
reflections: the distance of the lamp from the sample surface was∼1 m for the large FOV configuration and
∼20 cm for the macro one. The macro-HSI acquisitions performed on the case studies were done by
illuminating the sample with a different halogen lamp (Leica CLS 100 X Microscope Cold Light Source,
irradiance of 3 W m−2 corresponding to 630 lux) fitted with an infrared filter to remove the IR components
and reduce the thermal load and equipped with two optical fibres that can be easily oriented. Similarly, the
two optical fibres were placed at the sides of the sample, at an angle of 45◦ with respect to the collection to
minimize reflections. In all cases, polarisers were placed in front of the illumination source and oriented to
reduce even further possible specular reflections. The FT-HSI measurement requires the acquisition of the
interference images as a function of the delay imposed by the interferometer [23]. In the present research, the
protocol consisted in the acquisition of 200 frames at variable phase delays from−54 fs to+54 fs by steps of
0.54 fs at the wavelength of 600 nm, resulting in a spectral resolution of∼4 nm. The integration time for
each frame was set to fill the camera dynamic range and was in the order of tens of milliseconds (40 ms for
the large FOV acquisitions, 20–50 ms for the macro ones). A full acquisition takes less than 1 min, the
limiting element being the translation stage movement that requires a precise control of its motion. In the
large FOVmeasurement, the spatial illumination inhomogeneity was corrected by imaging also a Lambertian
standard (X-rite White Balance) placed in the object plane, and calibrated with an absolute-standard-white
reference (Labsphere Spectralon®,>95% total reflectance in the range 250–2500 nm) arranged in the FOV.
In the case of the macro acquisition, thanks to the limited size of the FOV, it was sufficient to place only the
absolute-standard-white reference at the object plane, enabling us to obtain simultaneously both white
calibration and flat-field correction of the entire FOV.

2.2.2. Fluorescence HSI
To stimulate fluorescence from biofilms on stone samples and from dyed wool, we used two different
excitation sources. In the first case, a widefield illumination was obtained by collimating the light emitted by
an LED source at 623 nm (Thorlabs SOLIS-623 C) with 2 condenser lenses (a one-inch aspheric lens with
f = 16 mm and a two-inch lens with f = 60 mm). The light was then refocused with a third lens with
f = 200 mm to an area of about 4 cm in diameter and reached the sample with a power of 120 mW after
passing through a band pass filter centred around 593 nm (BrightLine® single-band bandpass filter). Optical
fluorescence from the biofilms was then filtered in the detection path with a long pass filter with edge at
650 nm (Thorlabs FELH650). In the case of tinted wool, the excitation light was the second harmonic of a
Nd:YAG laser (λ= 532 nm, 1 mW, FTSS 355–50 CryLas GmbH). To obtain uniform illumination, the beam
was coupled to a multimode silica fibre with a 600 µm core, and a magnified image of the fibre output tip
was projected on the sample through a Galilean telescope. Since the field at the output surface of the fibre is
uniform, the optical system enabled flat-top circular illumination with a diameter of about 2 cm. The
emission from the sample was filtered along the detection path with a long pass filter at 550 nm (Thorlabs,
FELH550). In both cases, the illumination axis was placed at approximately 60◦ with respect to the detection
one to minimize specular reflections and to avoid clipping the illumination cone with the objective volume.
The acquisition protocol was the same as the reflectance one, while the exposure time was increased to about
1 s to fill the camera dynamic range, resulting in an overall acquisition time of less than 5 min to collect the
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entire HSI dataset. Finally, to maintain the same depth of field, the aperture of the optical system was kept
the same as the reflectance measurement.

Reflectance and Fluorescence HSI datasets were analysed with home-made scripts written under the
MATLAB environment.

2.3. Description of the case studies
To showcase the versatility of the macro-HSI configuration and demonstrate its capability to perform
multimodal experiments, we tested our system on two case studies, in which we acquired both the reflectivity
and the fluorescence dataset of the same FOV.

In the first case study, limestone samples colonized by cyanobacteria were used to explore the capability
of the macro-HSI system to detect traces of the presence of the cyanobacterial biofilm and its biological
activity by exploiting the autofluorescence of the bacterial photosynthetic pigments [28]. The accurate
understanding of the exact role of the biofilm on stone heritage is crucial for the management of stone
heritage, which calls for new non-invasive, portable diagnostics methods. In subaerial biofilms (SABs),
microorganism photosynthetic pigments grow as colourful complex sessile communities on mineral surfaces
exposed to the atmosphere, such as the stone surfaces of historic buildings [29]. The SAB pigments are
influenced by the nature of the substrate [30, 31] as well as by the location and environmental conditions
[32]. Since the physiological state of photosynthetic microorganisms is closely related to the activity of the
photosynthetic system, any variation in their spectroscopic properties indicates changes in the microbial
community physiology [29, 33]. SAB sample on limestone was prepared according to the protocol reported
by Villa et al [34] and detailed in supplementary information [35, 36].

As a second case study, we considered samples with a high degree of three-dimensionality to highlight the
effectiveness of the system to be used even in the presence of inhomogeneity of the sample surface, as in the
case of textile heritage. Indeed, textile artefacts are susceptible to degradation, which poses considerable
challenges to conservation. The degradation process of dyes, induced by factors such as light, heat, humidity
and biological agents, significantly affects the appearance and integrity of dyed materials, causing fading and
alteration of colours. To this end, the identification and study of dyes, as well as their ageing processes and
chemical degradation pathways, are fundamental to achieving effective conservation strategies [37].
Micro-invasive techniques, such as high-performance liquid chromatography (HPLC), Raman-SERS, and
FTIR spectroscopies, can be used to precisely identify the dye on the thread. However, recent years have seen
a growing interest in the development and application of non-invasive spectroscopy and imaging techniques
to study historical textiles [38–40]. In this context, we tested our approach on the study of wool yarns dyed
with Rhodamine B artificially aged for different times (as described in supplementary information), with the
aim of detecting and localising traces of the dye used even on a very discoloured sample and assessing the
dyeing conditions without unravelling the thread.

3. Results and discussion

3.1. Characterisation of the system
To assess and compare the HSI capabilities of the two optical configurations, i.e. large FOV and macro, we
studied the quality of the interferograms by performing a ray-tracing simulation with Ansys Zemax
OpticStudio (details in supplementary information). To this purpose, the two objective lenses were modelled
as Gaussian doublets of equivalent effective focal lengths, since no information on their optical design was
provided by the manufacturers.

In the first simulation, aimed at studying the image quality of the two optical configurations, the TWINS
interferometer acts only as a transparent plate that sets the aperture stop of the optical system. Consequently,
it was simulated as an iris of 10 mm in diameter (which is the size of the smallest BBO plate in the TWINS
interferometer). For the large FOV system the TWINS was placed at 70 mm before the 25 mm camera lens.
The ray tracing simulation (supplementary figure S1(A)), shows a sharp image, confirming that the TWINS
does not affect the quality of the optical system. Conversely, when working with the macro-HSI
configuration, the non-ideality of the implemented quasi-4 f optical system has the effect of partially
vignetting the image (supplementary figure S1(B)). However, the vignetting is limited to the vertices of the
object (simulated as a square of 12 mm side), while the overall image quality is unaffected, as demonstrated
by the previously mentioned edge response function. It should also be noted that, if the distance between the
two objectives and the iris were optimal, vignetting would not be present.

Then, a second simulation assessed the interferometric contrast by replacing the iris with two α-BBO
slabs with orthogonal optical axes (2.4 mm of thickness and 10 mm of lateral size) to model the TWINS
described in Perri et al [23]. Notwithstanding the same thickness of the birefringent slabs, the ray bundles
from the point sources in the object plane travels through the interferometer at a different angle and
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Figure 2. Comparison between large FOV HSI and macro-HSI acquisitions. (A) Colour RGB image retrieved from the reflectance
spectral hypercube of the large FOV measurement. (B) Eye detail of panel (A) with a further zoom on the right panel. (C) Colour
RGB image retrieved from the reflectance spectral hypercube of the macro measurement of the same eye detail of panel (B). (D)
Reflectivity spectra obtained from the regions indicated by circles in panel (B). (E) Reflectivity spectra obtained from the regions
indicated by circles in panel (C). (F) SAM analysis on the eye detail of the large FOV reflectance spectral hypercube with reference
spectra shown in panel (D). (G) SAM analysis on the macro reflectance spectral hypercube with reference spectra shown in panel
(E); the black arrows indicate the small clusters similar to the green spectrum in panel (E). (H) Cr element distribution retrieved
from the XRF map, with the zoom on the eyelash detail. (I) Further elements distribution retrieved from the XRF mapping.

experience a different optical path length in the TWINS. Using monochromatic light at the Fraunhofer
D-line (588 nm) the simulation produces a spatial interferogram in the image plane shown in figure 1(C).
The contrast of these spatial fringes is related to the contrast in the temporal interferograms at each pixel.
Hence, this pattern is a good indication of the quality of the overall FT-HSI system. As expected, the contrast
is lower than the ideal value of 100% because the rays in the bundles coming from each point in the FOV
(here we provide three exemplary points) are not parallel. Their small angular dispersion produces a phase
dispersion∆φ that is responsible for a decrease in the fringe visibility, as shown in figure 2(c) of Perri et al
Let us now consider the macro-HSI system and its spatial interferogram displayed in figure 1(D). Since the
ray tracing for the same exemplary points in the FOV shows parallel ray bundles at the TWINS, a very high
contrast, ideally 100%, is obtained.

3.2. Comparison between standard andmacro configurations
To demonstrate the benefit of using the hyperspectral camera in macro mode to study details in an artwork,
we compared reflectivity measurements of a model painting (detailed in supplementary information)
acquired with both large FOV and macro configurations: the detected areas correspond to the entire artwork
and a detail in the eye region, respectively. Figure 2(A) shows the colour RGB image retrieved from the
reflectance HSI dataset of the large FOV measurement; a subset of the same data around the eye area is
reported in figure 2(B). The same area acquired with the macro-HSI is reported in figure 2(C); the
macro-HSI inevitably leads to a clear improvement in the overall image quality, which allows for the more
precise identification of areas where pigments of different spectral reflectivity and composition are present.
To compare the two measurements, we tested the ability to spatially segment the characteristic spectral
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signatures in the two datasets. This segmentation has been performed through the Spectral Angle Mapper
(SAM) analysis on the base of four spectral references obtained from areas with different reflectivity: two
regions in the eye sclera (see blue and magenta circles highlighted in figure 2 panels (B) and (C)), parts
including the eyelash, the pupil and the iris (red circle) and a small area in the upper part of the eyelash
(green circle). A similarity map is obtained for each reference spectrum by setting a proper angular threshold
(indicated in figure 2). In this investigation, the macro-HSI system outperforms the large FOV HSI
measurement in both reference spectra selection and in the generation of the composite SAM image,
generated by merging the related similarity maps. In fact, the selected spectra from the macro dataset are
purer than those obtained from the large FOV measurement, in which the spectral content from one colour
area mixes with contributions from nearby regions (compare panels (D) and (E) in figure 2); moreover, the
spatial segmentation resulting from the macro is more precise and detailed, allowing for the resolution of
small clusters of different material (compare panels (F) and (G) in figure 2). In particular, it is noticeable the
identification in the macro dataset of the small areas highlighted in green in the SAMmap of figure 2(G) that
are not distinguishable in the large FOV measurement when applying the same analysis (figure 2(F)) but,
nevertheless, they are crucial to understand the composition of the painting as they represent small emerging
clusters of a hidden layer. This statement can be inferred by considering their related spectrum (green line in
figure 2(E)), which is in accordance with the reflectivity of chrome oxide green pigment [41], and by
comparing the macro reflectivity results with an XRF mapping analysis (figures 2(H) and (I)), where the
presence of chromium (Cr) element is detected in the region of the eyelash (figure 2(H)). This outcome
clearly shows the importance of macro-HSI in accessing small features in samples like artworks through a
non-invasive experiment, while retaining and relating details to the larger spatial contest.

3.3. Application to the study of flat samples: biofilm on limestone
We demonstrate the efficacy of our multimodal macro-HSI on a SAB sample prepared on limestone as
detailed in supplementary information. A standard photograph of the overall stone is reported in
figure 3(A), where the area analysed with the macro-HSI [42] is highlighted by the red box. Figure 3(B)
shows the RGB image retrieved from the reflectance HSI data, where fine details of the surface of the stone
sample can be noticed. Even though the presence of the biofilm is not obvious by eye inspection, by
extracting the reflectance spectra of different areas it is possible to discern regions with diverse spectral
features, as illustrated in figure 3(C). Further information can be obtained by computing the first derivative
of the reflectance spectra, an operation which is not always possible with standard HSI methods, but which is
straightforward with spectra arising from the FT approach (as it intrinsically includes a spectral low-pass
filter. The first derivative (see figure 3(C), dashed lines) enhances the rapid change in reflectivity and hence
highlights small differences between imaged materials. The maps of the derivatives at the peak wavelength of
the 3 previously identified spectra are shown in figure 3(D); their fusion enables the generation of the
false-RGB image of the sample shown in figure 3(E). The analysis enables the identification of three main
areas with distinct spectral features. The false colour image highlights the existence of a round area, invisible
in the photographic image and weakly visible in the macro RGB one, surrounded by a second patchy region
corresponding to the greenish areas. The third area (blue in the false colour image) corresponds to mainly
un-biocolonized surface [43]. The same sample portion was then analysed with fluorescence macro-HSI. To
note, the dataset was acquired with the same aperture as the reflectance so that the depth of field is kept the
same. This also enables the possibility to use the two datacubes in combination and correct the fluorescence
data for self-absorption with the Kubelka–Munk model [44]. Figure 3(F) reports a false RGB image obtained
from the fluorescence dataset corrected for the self-absorption (blue 640–655 nm, green 665–685 nm, red
720–800 nm). This image reveals the wide presence of cyanobacteria biofilm on the stone thanks to the high
sensitivity of the fluorescence that facilitates the observation even of traces of the biofilm. This is also
evidenced by the spectra retrieved from the circled areas and reported in figure 3(G), with special attention
to the grey one, which was taken in an area where supposedly there was no biofilm. The spectra extracted
from the circled areas correspond to those where the microbial community shows a varied physiological
condition. In fact, the observed emission is due to the fluorescence of the two photosystems (PS) PSI and
PSII, with the peak around 710 nm being an indicator of the photosynthetic activity of the two PS [45, 46]
and the peak at 685 nm mainly corresponding to PSII and the Chlorophyll-a (Chl-a) subunit maximum
emission [45, 47]. The zones with a stronger red hue in the false RGB image and represented by the red
spectrum in figure 3(G), disclose a strong emission shoulder at 710 nm, peculiar of intact cells and originated
by the efficiency of the energy transfer between all components of the energy transfer chain, from the initially
photoexcited phycobiliprotein to the reaction centre of photosystems PSI and PSII [33]. These regions also
match the greenest areas in the reflectivity image. On the other hand, the bluer areas (represented by the blue
spectrum in figure 3(G)), correspond to a blue-shifted emission, that can be associated to regions with high
Chl-a degradation [48, 49]. These areas also match those that are more discoloured in the reflectance map.
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Figure 3. Biofilm analysis. (A) Standard photograph of the limestone sample colonized with the biofilm, where the red box shows
the area analysed with the macro-HSI. (B) Colour RGB image retrieved from the reflectance spectral hypercube obtained with the
macro-HSI. (C) Reflectance spectra of the regions circled in (B) (solid line) and the correspondent first derivatives (dashed line).
(D) Colour-coded maps retrieved at the pick wavelength of the first derivative of the reflectance spectra. (E) False RGB image of
the sample obtained by combining the 3 derivative image in (D) (colour-code shown on the top right). (F) False RGB image
retrieved form the fluorescence spectral hypercube (colour-code shown on the top right). (G) Spectra of the regions circled in (F)
(top panel) and the correspondent normalized spectra (bottom panel). The two regions of interest for the related to the
degradation and the photoactivity are highlighted in blue and red, respectively. (H) Map of the peak wavelength of the fluorescent
emission. The arrows indicate areas of higher degradation. (I) Map of the ratio between the emission at 710 nm and the
maximum emission. The arrows highlight areas of higher photosynthetic activity.

To further enhance the visibility and readability of the data, we created a map of the peak wavelength of
Chl-a emission (figure 3(H)) and a map of the ratio between the emission at 710 nm and the maximum
spectral emission (figure 3(I)). From the first one we can easily determine where the biofilm is more
degraded, as for example the areas indicated by the arrows, while from the second one we directly obtain
information on the biofilm photosynthetic activity, where a ratio near to 1 corresponds to higher activity. An
interesting aspect to pay attention to is that the red spots in this last image correspond to micro-fissures and
porosity of the stone, like those indicated by the arrows, index of greater biofilm health in those more
protected areas. Accordingly, it has been reported that carved surfaces are colonized more easily than smooth
surfaces as the irregularities in the surface form anchoring sites for microorganisms, protect cells from
hydrodynamic forces, and ensure them more water and nutrients [50].

3.4. Application to the study of three-dimensional samples: tinted wool yarn
We prove our instrument’s ability to analyse even three-dimensional art objects by considering the study of
dyed and artificially aged wool yarns. To increase the depth of field and make sure that the whole yarn thread
was in focus, we took advantage of the high light collection throughput of our macro-HSI and reduced the
size of the aperture stop of the optical system in the same manner for both reflectance and fluorescence
datasets [42]. Figure 4(A) displays the colour RGB image reconstructed from the reflectance datacube (left
panel) and the reflectance spectra associated to the circled areas (right panel), while figure 4(B) shows a
zoom of the area highlighted in the previous figure with a dashed square. It is noteworthy that the fibres can
be observed all at the same time with good resolution, and show differences in colour distribution, associated
to the fading of the dye. Figure 4(C) presents the false RGB image retrieved from the fluorescence dataset
(blue 550–570 nm, green 570–600 nm, red 600–750 nm) with the right panel displaying the normalized
fluorescence spectra of the circled areas, while figure 4(D) is the zoom-in on the region highlighted by a
dashed square in figure 4(C). This false RGB shows the striking variability of the spectral emission of the
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Figure 4. Aged dyed wool analysis. (A) Colour RGB image of the dyed wool thread after 160 h of artificial aging, retrieved from
the reflectance spectral hypercube obtained with the macro-HSI together with selected reflectance spectra of the circled regions.
(B) Zoomed in area defined by the dashed square in (A). (C) False RGB image retrieved form the fluorescence spectral hypercube
(colour-code shown on the top right) with selected fluorescence spectra of the circled regions. (D) Zoomed in area defined by the
dashed square in (C); the arrows highlight two zones of the same strand with different extent of discolouration. (E) Composite
image generated by the SAM analysis performed on the fluorescence hypercube created using the reference spectra of the most
discoloured area (blue, angle threshold of 13◦), the best preserved one (red, angle threshold of 7◦) and an intermediate (green,
angle threshold of 7◦). (F) Average spectra of the SAM clusters with the standard deviation.

rhodamine throughout the yarn, not only in intensity but also in spectral characteristics. It is remarkable that
we can also notice that single strands have inhomogeneous discolouration, something that could not be
noticed with standard analytical methods like HPLC or point-wise spectroscopies, which commonly only
consider an average behaviour of the strand. When comparing to a microscopic approach, in the macro one
we have many single fibres in the FOV that are all in focus and that can be considered singularly but in their
framework. We performed SAM analysis on the base of 3 characteristic spectra that we obtained from the
most discoloured area, the best preserved one and an intermediate, and the results are presented in
figure 4(E), which also reports the angle threshold used. Figure 4(F) illustrates the average spectra of the
SAM clusters with the standard deviation, highlighting a blue-shift in peak wavelength and a reduction in
fluorescence emission for those fibres that are positioned on the outer part of the thread. The blue-shift is
due to the degradation of the rhodamine [51] with the aging, which is expected to be higher in the outer part
of the thread. Further to the capability of detecting small differences in dye condition, it is worth mentioning
that the high sensitivity of the method allows for the detection of even traces of degraded dye from highly
discoloured wool yarns. In addition, supplementary figure S2 shows the analysis of a thread that was not
aged, one that was aged for 20 h and one that was aged for 305 h. Of particular interest is the fact that we can
detect even small variations of the degraded dye in the 20 h sample, as well as areas in the 305 h in which the
spectral characteristics of the degraded Rhodamine B can still be detected even though fading and
degradation strongly occurred.

4. Conclusions

We have presented the development of a macro-HSI system that proved effective for the study of both
reflectance and fluorescence properties of a variety of samples on the same FOV sequentially. The design of
the setup is based on a two-lens optical system that allows a rapid switch between a large FOV and a macro
one. We demonstrated how the devised configuration provides high visibility fringes, while keeping good
imaging quality. The macro-HSI system complements the set of hyperspectral devices available in our
laboratory, filling the gap between microscopy and large FOV. Indeed, in conservation science, the traditional
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approach to works of art addresses either the entire object, typically in situ, or micro-fragments analysed in
the laboratory. However, there are cases in which a close-up study of the surface of large objects or entire
small artworks are needed for identifying compositional or degradation materials at an intermediate scale
with respect to the mentioned methods. Through the analysis performed on the model painting, this study
highlights the significance of employing a macro system when it enabled access to small details while
preserving their relationship within a larger spatial context. This also allowed detecting the presence of
materials that otherwise would not be identified with a wide field analysis, and that was confirmed by XRF
mapping.

Furthermore, our system proved its capability to acquire multimodal datasets, since it is possible to easily
switch from the reflectance to the fluorescence configuration, while looking at the very same FOV. This
enabled us to combine the two pieces of information and even use one dataset to correct for self-absorption
of the sample. More specifically, the measurements permitted the mapping of the distribution of
photosynthetic cyanobacterial pigments on a limestone substrate by both reflectance and fluorescence data,
leading to the detection of traces of biofilms on porous surfaces and to the identification of areas with
different photosynthetic activity and therefore physiological state.

Moreover, we have shown the capability of the system to record datasets from both flat and
three-dimensional artworks, since thanks to the high collection efficiency we can reduce the aperture of the
optical system and extend the depth of field. This is a significant advantage for capturing comprehensive
spatial information while maintaining the coherence of the multimodal datasets. The approach has been
applied to the study of dyed wools at different aging stages. The multimodal imaging approach also reveals
the presence of volumetric inhomogeneities in the wool yarns induced by aging. These would hardly be
characterized with standard point-wise methods that can precisely analyse small portions of the sample but
lose the heterogeneity of the whole.

Looking ahead, we aim to further enhance the usability of our system by developing a compact, fully
portable version that can be easily transported to field locations. This portability will broaden the range of
scenarios in which our macro imaging system can be applied, making it an even more valuable tool.
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