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Hyperspectral imaging allows to collect both spatial and quasi-continuous spectral information of an object. This work
shows the innovative combination of single-pixel microscopy with hyperspectral imaging. An affordable hyperspectral
microscope is able to observe micrometer-scale features of inorganic and biological samples and to reconstruct their
spectral distribution with a high accuracy (i.e. a spatial and a spectral resolution of 9.0 um and of 2.1 nm in the visible
range, respectively). Furthermore, a statistical algorithm enables the identification of spectral responses of the targeted

features as well as their classification.

Hyperspectral imaging enables the collection of the spec-
tral distribution of an object (i.e. an hypercube) encoded over
hundreds of bands, unlike multispectral imaging where the
spectrum is only divided in a few bands. Hyperspectral imag-
ing systems are usually based on a spatial encoding method
where the optical head is scanned above the sample using
a punctual approach (i.e. whiskbroom imager)'? or a lin-
ear approach (i.e. pushbroom imager)®. The hypercube may
also be spectrally encoded, for example, using a wavelength-
tunable illumination source* or an array of Fabry—Pérot
filters>. Fourier-transform infrared spectroscopy®, where the
spectral properties are extracted from an interference signal
using Wiener—Khinchin theorem, has been investigated in
the visible’ and in the mid-infrared ranges®. These works
have led to significant benefits, for example in life sci-
ences for identifying plant diseases™!?, analysing biochemi-
cal processes'!, and classifying tumour cells'?. Despite recent
hardware advances where accessible hyperspectral imaging is
promoted '3!3, this imaging technique is still not used much
in industry’, and even less in microscopy'®. Indeed, it may
appear expensive or complex to implement'’. The spectral
resolution (or the number of spectral bands) and the frame
rate may also hinder some applications.

Recent advances using single-pixel detection have been re-
ported in hyperspectral imaging working in the visible'®!”
and near-infrared regions?’. In single-pixel imaging, the aver-
aged intensity of a scene onto which a sequence of illumina-
tion patterns is superimposed, is usually recorded®!. Acquisi-
tions using a passive mode may also be considered by mod-
ulating the incident intensity on the detector??. The spatial
intensity distribution of the scene is then retrieved by operat-
ing an inverse transform on the mask basis. Several orthog-
onal bases subsist (e.g. using Fourier, Hadamard, discrete-
cosine, or wavelet transform). The performance of convolu-
tional neural networks has also been exploited to reconstruct
the scene with a high signal-to-noise ratio®>. Furthermore, in
order to deal with the negative-value issue, phase-shifting®*
and splitting-component® methods have been investigated.
The spatial resolution of classical single-pixel imagers is how-
ever limited by the ability of the illumination system to project
high-spatial-frequency patterns and thus the acquisition time.
Indeed, the higher the lateral resolution, the lower the frame
rate is.

Enhancement of the lateral resolution in single-pixel imag-

ing has thus been suggested by introducing a microscope
objective?® (~3 um resolution with 128 x 128 pixels). More-
over, variants have been developed where a digital micromir-
ror device (DMD) is used to continuously scan the sample®’.
A transmission-mode single-pixel microscope has allowed to
observe transparent cells using a liquid crystal spatial light
modulator in the illumination path?®. These works have led to
original studies in hyperspectral microscopy highlighting low-
absorption samples” or working in the mid-infrared region’C.
Furthermore, Klein et al. have developed a transmission-
mode hyperspectral microscope where the collected frame is
spatially encoded®'. A spatial resolution down to 7 pm is
achieved in the visible range.

In this work, a single-pixel hyperspectral microscope
working in the visible and near infrared ranges was developed
in reflection mode. The hyperspectral microscope consists of
a structured illumination method, where successive patterns
are projected on the sample using a DMD-based projector.
The hypercubes of the samples are reconstructed using a
Hadamard-basis algorithm. This affordable imaging tech-
nique allows to retrieve the spectral reflectance distribution
of non-organic and biological samples at the micrometer
scale with a high accuracy. Moreover, a segmentation
algorithm was implemented to identify the spectral response
of microorganisms and micro-structures.

Figure 1 shows the experimental setup of the reflection
single-pixel hyperspectral microscope. The illumination sys-
tem of the microscope is set up on a Kohler architecture where
the light comes from a DMD-assisted projector (P). The gen-
erated Hadamard patterns are collected by two lenses (L1
and L2) which image the 800 x600-pixels-size binary frames
in the field diaphragm plane. Hadamard basis allows not
only to avoid the generation of Moiré patterns which leads
to low-frequency noises, but also to reconstruct high-quality
hypercubes®?. The structured illumination beam is then di-
rected through the microscope objective (MO) by a beam
splitter cube (BSC1). The two lenses are used both to adapt
the beam diameter with the entrance pupil of the microscope
objective (x20, NA = 0.4) and to maximise the high-spatial-
frequency projection in the object plane. Note that the focal
length ratio of the two lenses and the magnification factor of
the objective limit the spatial frequency of the Hadamard pat-
terns. In addition, an optical density window introduced in the
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FIG. 1. Single-pixel hyperspectral microscope. (a) Layout of the
imaging system. P, projector. L, lens. BSC1 and BSC2, beam splitter
cubes. MO, microscope objective. S, sample. OFS, optical-fiber
spectrometer. C, camera. (b) Photograph of the on-bench imaging
system with a zoom view on the lenses L1 and L2. (c) Camera view
of a Hadamard pattern superimposed on a resolution target.

field diaphragm plane optimises the illumination irradiance
and avoid the light to damage biological samples (e.g. burn
mark). In the object plane, the contrast of the Hadamard pat-
terns reaches up to 65%. The back-scattered signal from the
sample superimposed with a Hadamard pattern is then propa-
gated by the microscope objective through a second R10:T90
beam splitter cube (BSC2). The reflected frame is imaged on
a camera (C) in order to observe in real-time the object field
(Fig. 1(c)). Finally, the transmitted irradiance is focused by a
lens (L) to enhance the injection ability into an optical fiber
with a core diameter of 400 um. At the end of the optical
fiber, a spectrometer samples the averaged spectral intensity
of 25 acquisitions per binary-pattern projection. Due to the
high-optical-power of the projector, the exposure time of the
spectrometer is down to 7 ms depending on the sample to ob-
serve. The synchronisation of the spectrometer with the pro-
jector is made with a software trigger as described in Ref.33.
The most expensive element of the hyperspectral microscope
is the spectrometer for 4,000 €. The cost of the imaging sys-
tem, taking into account all the other necessary elements (i.e
the video-projector, the objective lens and the optical compo-
nents), reaches around 5,000 €.

First, positive resolution targets were introduced in the
object plane of the objective lens (Fig. 2(a)) to determine
the spatial performance of the single-pixel hyperspectral
microscope. The pixel size in the object plane (i.e. spatial
sampling) is 3.8 um. With 51x51 pixels, the resolution
power of the microscope reaches 9 um, almost twice the
Nyquist rate. This resolution power is similar to the one in
Ref3!. The normalised reflectance of the 6-um-wide lines
along two transverse directions shows a mean reflectance
contrast around 70% (Fig. 2(b)). The frame in Fig. 2(a)
was reconstructed using the red, green and blue bands from
the raw spectrum of the hypercube. Figure 2(c) shows the
reflectance intensity distribution of a Lambertian diffuse stan-
dard (Spectralon®, LabSphere) having a constant reflectance

FIG. 2. Spatial and spectral performance of the single-pixel hy-
perspectral microscope. (a) RGB-image reconstruction of a 81-
lines/mm-frequency resolution target. (b) Normalised reflectance
from the A and B white-dashed lines as a function of the lateral dis-
tance. (c) Reflectance distribution of a calibrated standard. (d) Nor-
malised spectral intensity of the illumination source averaged over
the standard surface.

factor of 50% over the visible and the infrared ranges. With
a calibrated diffuse response, it enables to define the standard
deviation of the spectral distribution (¢ = 9%) over the field
of view of the microscope. Also, it is used to quantify the
reflectance distribution of the samples from their measured
hypercube. For this, the raw spectra per pixel are normalised
with the spectral intensity of the standard (Fig. 2(d)). Note
that the spectrometer consists of a 2048-pixel line sensor
working between 300 nm and 1100 nm. In our case however,
the projector lamp limits the spectral range of the hyperspec-
tral microscope to around 750 nm (Fig. 2(c)). The spectral
resolution was separately characterised using a Ar/Hg light
source: a 2.1 nm value was obtained.

Algae are aquatic plant-like organisms having a C3 carbon
fixation metabolic pathway* in which the nitrogen concen-
tration is proportional to the chlorophyll content®. Nitrogen
thus influences the spectral response, especially in the green
region (and at around 750 nm). This optical effect was used
to discriminate spectrally two micro-powders of freeze-dried
Ulva lactuca algae with nitrogen concentrations of 4.02 g and
1.04 g per 100g of dry matter. These values were previously
quantified by analytical methods in a certified laboratory.
The dark-green algae powder was harvested in spring and the
light-green powder, in summer. The two powders were placed
next to each other on a glass slide using a reflective-mode
light microscope (Leica ICC50W, Fig. 3(a)). The hypercube
of the samples was then recorded through the hyperspectral
microscope from which the RGB-basis image is recon-
structed (Fig. 3(b)). The spectral distribution enables to
spatially segment the algae powders (Clusters #1 and #2), the
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FIG. 3. Micro-powders of Ulva lactuca algae through hyperspectral
microscopy. (a) Observation of algae having nitrogen concentrations
of 4.02 g (dark green) and 1.04 g/100g (light green) under the mi-
croscope (%20, NA = 0.4). (b) RGB-reconstructed image from the
hypercube of the sample (5252 px). (c) Segmentation of the sam-
ple using 4 optimal clusters. (d) Averaged spectral reflectance of the
dark-green alga (Cluster #1) compared with reflectance spectroscopy
(RS). (e) Intensity frames from the hypercube at three wavelengths.

glass substrate (Cluster #3), and the field-diaphragm surface
(Cluster #4) by implementing a principal component analysis
(PCA) followed by a K-means clustering (Fig. 3(c)). Note
that the substrate area appears in blue in Fig. 3(b) due to the
longitudinal chromatic aberration of the microscope objective
(i.e. out of object plane). Artefacts in the segmentation appear
from the fact that some features of the samples are not clearly
resolved but are just distinguished by the imaging system (e.g.
the blue dots in the middle of Cluster #2 which result from the
cell membranes). These leads to localized spectral responses
which are then considered by the segmentation algorithm.
Finally, the spectra of each cluster were averaged and com-
pared to the measurements of classical punctual reflectance
spectroscopy. Figure 3(d) shows the normalized spectral
responses of the dark-green alga particle using reflectance
spectroscopy and hyperspectral microscopy, highlighting a
high accuracy (RMSE = 0.09). For the light-green particle,
the RMSE reaches 0.18. Figure 3(e.i), (e.ii), and (e.iii) show
three intensity frames from the hypercube at a wavelength of
460 nm, 550 nm, and 620 nm, respectively.

The Céte de granite rose is one the three places in the world
where typical pink granite can be admired. Constituted mainly
of quartz and feldspar with haematite impurities (e.g. iron(III)
oxide), the granite appears to be pink at the macroscopic scale.
At a finer scale, the mineral phases of the igneous rock may
be observed and distinguished with hyperspectral microscopy.
Figure 4(a) shows the direct view of the granite sample (Leica
ICC50W). Then, it was placed below the hyperspectral mi-
croscope to reconstruct the hypercube (Fig. 4(b)) with a finer
spatial resolution than performance reported in scientific lit-
erature to date3®. The hypercube enables to segment three ar-
eas over the field of view (Fig. 4(c)). The spectral reflectance
of each cluster was then averaged, highlighting the typical re-
flectance increase from the ferric iron concentration at a wave-
length of 550 nm. The amount of haematite may also lead to
a wavelength shift up to 600 nm?’. The amplitude difference
between the reflectance signals may be explained by the accu-
mulation of haematite during the metamorphic process.

FIG. 4. Mineral phase of pink granite through hyperspectral mi-
croscopy. (a) Observation of mineral phases under the microscope
(%20, NA =0.4). (b) RGB-reconstruction image from the hypercube
of the sample (52x52 px). (c) Segmentation of the sample using 4
optimal clusters. The white-colour cluster corresponds to saturated
areas. (d) Averaged spectral reflectance of the three areas of interest
(Clusters #1, #2, and #3).

The spatial resolution of the single-pixel hyperspectral mi-
croscope could be enhanced to visualise smaller biological el-
ements (e.g. nuclei of cells). For this, the microscope ob-
jective should be replaced by one with a higher resolution
power, and the spatial frequency of Hadamard patterns could
be slightly increased. Indeed, the diffraction from the shape of
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the DMD micro-mirrors limits the contrast of high-resolution
patterns31 . Moreover, the acquisition time, currently is around
30 min, could be reduced using, for example, compressive
sensing advances where the sampling can be less than defined
by Shannon-Nyquist theorem® or by homogeneous area scan-
ning implemented by Photonics Open Projects where the ar-
eas of interest are determined beforehand®3. In these cases,
the acquisition time can be seconds.

The analysis of visible-range spectral distribution with a
partial least squares regression would allow the prediction of
the nitrogen rate at a given position in algae and the identifica-
tion of microalgae species®”. Working in the short-wavelength
infrared (SWIR) range offers the possibility to query elements
(e.g. sugar and lipid) and to detect sickness at the plant cel-
lular scale. This spectral region could also be interesting in
biomedical applications such as for the estimation of hydra-
tion and lipid concentrations in skin pathologies*’. Measur-
ing SWIR-range hypercubes would require a slight enhance-
ment of the single-pixel hyperspectral microscope (e.g. the
adaptation of the objective lens). In mineralogy, the infrared-
domain spectral signature would allow to identify the various
compounds*!.

Finally, a phase retrieval algorithm using the active pattern
projection could be implemented to reconstruct the topogra-
phy in addition to the spectral intensity distribution’*>. This
depth information is needed to calculate the bidirectional
reflectance distribution function of samples.

A reflective-mode hyperspectral microscope working in the
visible range was developed using the principle of active
single-pixel imaging. With a spectral resolution of 2.1 nm
in the visible range, the microscope is able to encode the
continuous spectral signature of small features of biological
and inorganic samples with a spatial resolution up to around
9 um (with 51x51 pixels). The hypercubes of microalgae
and of minerals were reconstructed, allowing to distinguish
their nitrogen concentrations and to highlight accumulation of
haematite, respectively. The overall cost of the imaging sys-
tem is around 5,000 €. This method provides a significant en-
hancement in hyperspectral microscopy and future improve-
ments will be considered, such as the spatial resolution and
the spectral range.
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