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Abstract: Quantitative phase imaging (QPI) is nowadays a powerful tool for visualization
and analysis of biological processes. QPI is usually attained from specifically designed optical
microscopes retrieving phase information in a quantitative way. In this paper we report on an
extremely simple, low cost and compact way to update a standard bright-field microscope with
coherent sensing capabilities. It is based on the in-line Gabor holography concept and only needs
to replace the illumination broadband source of the regular microscope with a coherent one.
The proposed methodology is completed by the recording of a digital in-line Gabor hologram
instead of regular imaging conditions and by the numerical processing of the recorded hologram
to finally achieve QPI. The selection of the defocus distance is critical to finally achieve high
quality phase imaging, so calibration considering phase and amplitude test targets is presented
for the proper definition of such defocus distance. In addition, the selected configuration is
experimentally validated using different samples (microbeads, cheek cells and alive spermatozoa).
All the experiments are implemented in a regular Olympus BX-60 upright microscope using a
20X 0.46NA objective lens. The proposed method shows how to convert a regular microscope
into a holographic one with probably the minimum needed modifications and with the main
limitation coming from the Gabor imaging conditions (weak diffractive samples and twin image
presence).

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Digital holographic microscopy (DHM) is a well-known and versatile imaging modality in
different areas of biological research [1—4] as well as for industrial applications [5-6]. In particular,
DHM allows visualization of phase samples using a non-invasive (no need for stained samples),
full-field (non-scanning), real-time (on-line control), non-contact (no sample damage) and static
(no moving components) operating principle [7]. Because of its interferometric principle,
DHM has been proposed using as basic layout all the different experimental arrangements
proposed along the years for classical interferometry, that is, Mach-Zehnder [8,9], Michelson
[10], Linnik [11], Mirau [12], Twyman-Green [13], Sagnac [14,15], Lloyd [16] and common-path
interferometry [17-19].

Especially relevant are those DHM layouts based on non-complex arrangements because they
provide compact and cost-effective solutions in an easy-to-use manner for quantitative phase
imaging (QPI) [20-22]. In that sense, it is interesting to point out some DHM implementations
using just one optical element to produce interferences such as a Lloyd’s mirror [16], a thick glass
plate [23], a prism [24], a diffraction grating [25,26], a beam splitter cube [27] or a Fresnel’s
biprism [28]. Some of them are based on sparse sample constraints [16,23] meaning that the
sample is restricted to a limited area and the surrounded free space is used as reference beam.
By contrast, other strategies leave a clear region at the input plane by field of view (FOV)
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multiplexing [24—28] to transmit in parallel both object and reference beams through the imaging
system. On both cases, the two beams are combined with different optical elements to produce
the interferometric recording. Also following this plan of minimum complexity (at least from
an experimental point of view) to allow QPI, there is another appealing strategy consisting in
adapting an external module to the exit port of a conventional bright-field microscope to convert
it into a microscope with coherent sensing capabilities. Some examples are modules based on
wavefront sensing [29,30], Michelson-based layouts [31-33], lateral shearing interferometers
[34-36], transport of intensity equation methodologies [37-39], diffraction phase microscopy
[3], using a beam splitter interferometer [40] or with a purely numerical add-on module [41].

In this contribution, we present an extremely simple (probably the most), low cost (only the
illumination source needs to be replaced) and compact (no modifications in the microscope
embodiment) way to convert a standard bright-field microscope into a holographic one. It is based
on in-line Gabor holography concept [42,43] where a coherent source illuminates the sample
in transmission mode and the diffracted wavefront passes through a conventional microscope
embodiment arriving to the digital sensor plane. In a standard imaging configuration, the sample
plane becomes conjugated with the digital sensor plane. In that case, transparent samples are
not imaged since they provide a tiny (theoretically null) variation of the light intensity field.
But when the digital sensor is moved away from the conjugated imaging plane or the sample
is axially displaced from the input object plane, a defocused image in the form of a diffraction
pattern is recorded by the digital camera. Thus, assuming that the sample is a weak diffractive
sample [44], the recorded defocused image can be considered as a digital Gabor in-line hologram
where the magnification is not coming from the geometrical projection of the sample as in the
lensless geometry but introduced by the microscope objective used in the layout. In this case, it
is possible to numerically refocus to the best imaging plane using digital propagation algorithms
[45] to visualize the sample under different imaging modalities including QPI, phase contrast
and DIC, just to cite some examples.

Although there are some previously reported references using a similar concept (digital Gabor
in-line configuration merged with a microscope layout), they are applied to three-dimensional
(3D) tracking of particles [46—51] and to determine the best focus criterion in DHM [52-54].
This manuscript exploits the advantages provided by the holographic principle proposed by
Gabor [42] as the simplest holographic layout ever implemented and adapts it to the field of
DHM for QPI. Thus, it takes all the advantages provided by actual microscopes concerning image
quality, compactness and stability with coherence sensing capabilities coming from digital in-line
holographic microscopy. The paper is organized as follows. Section 2 provides a description of
the experimental layout and presents its calibration for the definition of the best defocus distance
considering both amplitude and phase resolution test targets. Section 3 includes the experimental
validation for different types of samples (microbeads, cheek cells and live sperm cells). And
finally, Section 4 concludes the paper.

2. System description and validation
2.1. Experimental layout and numerical processing

The concept underlaying the proposed approach can be easily visualized through Fig. 1,
representing a regular upright microscope embodiment (Olympus BX-60 with UMPIlanFI
20X 0.46NA objective) where a fiber coupled diode laser is externally inserted to provide coherent
illumination in the system. We have used the blue laser light (450 nm) of the multiwavelength
illumination source from Blue Sky Research (SpectraTec 4 STEC4 405/450/532/635 nm). Thus,
under regular imaging conditions [left scheme at Fig. 1(a)], the microscope provides an output
image of the input object just where the digital camera (Mightex USB3.0 SMN-B050-U, CMOS
sensor type, 2560x1920 pixels, 2.2x2.2 um pixel pitch) is placed. But to allow digital in-line
Gabor holographic recording, either the camera or the object must be axially displaced from
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its conventional position [right scheme at Fig. 1(a)]. From these two options, we have selected
to shift the object by a double reason. First, the sample can be easily moved up or down in a
microscope using the fine/coarse adjustment knob mechanism while the camera is fixed at the
output port. Moreover, the shifted distance can be easily quantified by reading on the adjustment
knob angular scale. And second, the displacement of the camera at the image space (Az’) must be
larger than the sample one at the object space (Az) because of they are related through the square
of the objective magnification being used in the form of Az’ =- M? Az. Hence, this procedure
can lead in a bulky and disproportionate apparatus for the case of moving the camera. For both
reasons, we have decided to vertically shift the object position by a certain amount Az.

(a) ) DIGITAL SENSOR

REGULAR ™3
IMAGE PLANE

SHIFTED
IMAGE PLANE

' SINGLE :
f  waverenetn
| FIBER-COUPLED |

LASER SOURCE

Fig. 1. Optical arrangement of the proposed approach: (a) scheme and (b) picture at the lab.
The sample is shifted from its regular object plane position (Az > 0 in the representation)
allowing to shift the conjugated image plane (Az’) and the digital recording of an in-
line hologram. A right-angle mirror introduces the illumination beam in the microscope
embodiment to provide more space for beam manipulation.

Nonetheless the distance Az can be either negative or positive, meaning that the sample is
moved closer or away to the microscope objective, respectively. Thus, the image plane considering
Az < 0 will fall behind the camera plane while it will be placed ahead the camera plane for Az
> 0. Note that a digital in-line Gabor hologram will be recorded by the camera on both cases.
The selection of the best Az distance is presented in next subsection and, by now, let’s assume
that no image of the object is recorded by the digital camera, so numerical refocusing needs
to be applied to allow imaging conditions from the proposed experimental layout. Thus, the
recorded hologram is digitally propagated using the convolution method applied to the diffraction
Rayleigh-Sommerfeld integral [41] where the diffraction integral is numerically computed by
using three Fourier transformations through the convolution theorem, that is:

Uo(x,y;d) = FT"'{FT{U(x,y)} x FT{h(x,y;d)}} (1)
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where Up(x,y;d) is the numerically propagated complex amplitude wave field at the object plane,
U(x,y) is the amplitude at the recording plane coming from the recorded intensity distribution
(in-line Gabor hologram), h(x,y;d) is the impulse response of free space propagation, (x,y) are
the spatial coordinates, FT is the numerical Fourier transform operation realized with the fast
Fourier transform (FFT) algorithm, and d is the propagation distance.

Equation (1) can be simplified by defining the Fourier transformation of the impulse response
as H(u,v;d)=FT{h(x,y;d)}. Thus, the calculation of the propagated wavefield is simplified to

Uo(x,y;d) = FT"{U(u,v) - H(u, v; d)} )
being U(u,v) the FT of U(x, y) and (u,v) the spatial-frequency coordinates.

2.2. Calibration and quantitative phase imaging validation

The selection of the best defocus distance Az is the key concept for retrieving high quality
images. To properly select Az, we have performed the following analysis using both amplitude
(positive super high-resolution test target from Newport: https://www.newport.com/f/high-
resolution-test-targets) and phase (quantitative phase target from Benchmark Technologies:
https://www.benchmarktech.com/quantitativephasemicroscop) USAF-style resolution test targets:
we have varied Az by turning the vertical adjustment knob of the microscope in the range —200 um
< Az < +500 um while using different vertical steps depending on the range, and the best image
possible is retrieved by numerical processing for each Az. The experimental methodology for
every sample is as follows. First, we focus on the sample plane by introducing the sample in the
microscope stage and vertically move it using the coarse/fine adjustment knob of the microscope.
It is a regular procedure when using a bright-field intensity imaging mode but will not provide
imaging conditions for phase samples. This will be our starting point (Az = 0 um) from which
positive/negative defocusing distances are produced using the fine adjustment vertical knob of
the microscope. We are producing a different defocusing step depending on the defocusing range
which as smaller as 10 pm for the range of interest. The results are summarized through Fig. 2 for
both resolution test targets, where only a magnified image of the Group 9 is presented as image
quality indicator. In addition, some plots along the horizontal lines of the 6 elements in Group 9
are also included to show how the elements are progressively lost as Az is varied.

Through Fig. 2 we can see that the quality of the reconstructions (numerically propagated
images) in terms of resolution is not symmetrical when considering positive or negative defocus
distances. In general, negative distances destroy image quality faster than positive ones. Therefore,
we have only included reconstructions until =200 pm. And not only image resolution is penalized
but also global (qualitative) image quality is worse for Az < O distances. So positive defocus
distances seem to be much more suitable for our purpose. Thus, going to the positive side, we
have realized that resolution stays stable (Group 9 — Element 6, from now on denoted as G9-E6)
from approximately Az =30um to Az = 180 um and for both resolution test targets. As it can be
seen on the plots corresponding with Az =40, 90, 120 and 160 um, the 3 valleys (amplitude test)
and peaks (phase test) corresponding with the G9-E6 are perfectly resolved while for higher and
lower Az distances, some elements in the Group 9 are not resolved. Thus, the proper defocusing
range seems to be 30 um < Az < 180 um at least taking into account the resolution limit as
criterion.

To further narrow the defocusing range, we have computed the absolute standard deviation
(SD) values at some clear areas in the background of the retrieved images as a function of Az.
Figure 3 plots the obtained results considering the SD values at three specific clear areas (marked
with yellow rectangles) in the background of the amplitude (blue line) and phase (red line) images.
Figure 3 also presents two illustrative cases of retrieved images for both resolution test targets
at separated defocus distances (Az =40 um and Az = 160 um) to clearly identify the clear areas
where SD is computed and the retrieved SD values. The values plotted in the central graphs
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Fig. 2. Calibration procedure for selecting the best Az distance considering amplitude
(upper sequence of images) and phase (lower sequence of images) resolution test targets.
The defocus distance varies from +500 to —200 um and some representative images of the 6
Elements of the Group 9 are included in addition with some plots (normalized values) along
the horizontal lines of the elements in the Group 9 for some selected distances.

corresponds with the averaged value coming from the 3 individual ones for each case. Since
the plot for the amplitude test target presents strong variations, we have fitted a third-degree
polynomial (black dashed line) in order to compute the crossing between the two curves. We can
see that both curves are crossing from 90 to 100 pm, so we have selected 90 um as ideal defocus
distance for the experimental validation.

Amplitude Phase
SD (u.a.) SD (rad)
05— T = 0.1

0.05
40 60 80 100 120 140 160 180
Defocus distance Az (pm)

Fig. 3. Representation of the absolute SD (central graph) computed at clear background
areas (yellow rectangles of the illustrative images) of the amplitude (blue plot) and phase
(red plot) resolution test targets. The dashed black line corresponds to the third-degree
polynomial fitting over the amplitude test case. The images represent the reconstructions for
both targets when considering Az =40 um (left images) and Az = 160 um (right images) and
contain the computed values at the considered background areas.



Research Article Vol. 29, No. 26/20 Dec 2021/ Optics Express 42743

Optics EXPRESS

Thus, Fig. 4 includes the full retrieved experimental results concerning both test targets and
for Az=90 um. The (a) upper row shows the amplitude test case concerning (a.1) the direct
intensity image provided by the microscope when imaging the input plane (Az =0 um) and (a.2)
its central part magnified to clearly show the resolution limit, (a.3) the recorded digital in-line
Gabor hologram, and (a.4) the retrieved intensity image after numerical propagation with (a.5)
the magnification of its central area to be compared with (a.2). The (b) lower row presents a
similar image sequence but for the phase resolution target case, showing retrieved phase images
after numerical propagation. In general, we can say that, first, the numerical reconstructions are
extremely reduced in noise in comparison with the direct image for both test targets since the
spurious interference rings appearing in regular imaging conditions are strongly mitigated when
defocusing is introduced. As consequence, image quality becomes improved in general. Maybe
this is a casual issue depending on the specific system configuration (wavelength, objectives,
coatings, etc.) but we think it is an improvement provided by the proposed methodology/system
and should be noticed as well. Second, resolution limit is preserved (same last resolved element:
G10-E1) when comparing (a.3) with (a.5) for the amplitude test case. Moreover, the same
resolution limit (G10-E1) is also achieved for the phase test target (b.5). And finally but probably
most important, phase image visualization is accessible (b.4)-(b.5) while it cannot be attained
under regular imaging conditions (b.1)-(b.2).

Fig. 4. Comparison results for both amplitude (upper row) and phase (lower row) test
targets. Through the different columns: (1) presents the direct image under regular imaging
conditions, (2) includes a magnification of the central area with the finest details of the
tests, (3) shows the recorded in-line Gabor holograms, (4) depicts the reconstructed images —
intensity in (a.4) and phase in (b.4) — after numerically refocusing of (3), and (5) magnifies
the central area of (4).

Precisely, the retrieved phase distribution by numerical propagation allows QPI of the inspected
sample. Figure 5 includes two types of quantitative results derived from the retrieved images of
the phase resolution test case. On one hand, (a) the height of the phase target is computed from
the retrieved phase step values (4¢) through the equation:

1A
Ar = L

N 277(ntest - 1) (3)

where n,, is the refractive index value of the phase target material for the used illumination
wavelength A. The phase step is calculated from the plots along the RGB color-coded lines at
Fig. 4(b.4) and corresponding with the groups 6, 7 and 8 of the phase test target. The obtained
phase plots are included in Fig. 5(a), where we can clearly identify all the elements of each group
(5 elements for G6 and G8, and 6 elements for G7). From those plots, the resulting phase step
seems to be a little bit lower than 1 rad. Considering A¢g =0.85 + 0.1 rad in average and taking
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into account that the phase target material is Corning Eagle XG glass (7.5y = 1.5185 for 450 nm
according to https://refractiveindex.info/), the height of the phase target elements roughly equals
to 117 = 14 nm. This value is in good agreement with the value provided by the manufacturer
(114.4 nm) which is based on mean values from measured targets coming from the same master
substrate. And on the other hand, Fig. 5(b) includes the 3D visualization of the retrieved phase
distribution for the central test elements showing 3D QPI capability.
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Fig. 5. QPI experimental results: (a) plots along the RGB color-coded lines of G6, G7 and
G8 at Fig. 4(b.4) for calculation of the element height in the phase test target, and (b) 3D
plot of the retrieved quantitative phase information.

3. Experimental validation outside resolution test targets

The proposed concept is now validated using different types of samples (not only resolution
test targets) and considering Az=90 um. As for the calibration experiments, static samples
experiments are obtained using the Mightex USB3.0 monochrome camera. Figure 6 presents
the results when microbeads (Polybead Microspheres, 3 um mean diameter) are imaged under
regular imaging conditions [Fig. 6(a)] and with the proposed methodology [Fig. 6(b)]. The
beads are on top of a microscope slide (air immersed) meaning that the refractive index step is
maximum (not as when they are immersed in a given aqueous medium) and only a small cone
of light is captured by the objective lens. Thus, only a small spherical cap of the bead can be
reconstructed and, because of the bead’s aberrations, the retrieved phase information becomes
extremely noisy and plenty of vortices. For those reasons, the beads appear as a small spot of
light surrounded by a dark ring, so phase imaging conditions are mainly ruled by noise and they
are not included for the comparison. Nevertheless, Fig. 6 presents the results for the amplitude
(intensity) distribution, showing comparable results between both imaging modalities.

Fig. 6. Microbeads (3 um in diameter) imaged under (a) regular conditions and (b) the
proposed methodology. White scale bar on the left-down corner is 50 pm.
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After intensity imaging capability validation, two different pure phase samples are considered.
In the first case, a human cheek cell biosample (two different cells) is imaged and the results are
included in Fig. 7. The cells are directly extracted using a clean cotton swab which is scraped
inside the subject’s mouth and then, smeared onto the microscope slide where a cover glass is
added. In this case, no image is possible under regular imaging conditions [Figs. 7(a.1) and (b.1)]
while they are visible using the proposed method under two-dimensional (2D) phase imaging
modality [Figs. 7(a.2) and (b.2)] and 3D plot of the retrieved phase distributions including
quantitative phase values [Figs. 7(a.3) and (b.3)]. The obtained results show the typical flat
plateau containing some inner structures (granules and nucleus) of the cheek cells. However,
there is a phase halo (positive in column 2 and negative in column 3) surrounding the cell border
disturbing the reconstruction. This halo could be influenced by the twin image as well as from
other issues in the recording scheme as consequence of the defocused recorded hologram.

(b.3) et

Fig. 7. Cheek cells imaged under (a.1)-(b.1) regular conditions and the proposed method-
ology using (a.2)-(b.2) retrieved phase distribution and (a.3)-(b.3) its 3D plot including
quantitative values. White scale bar is 50 um.

Finally, the second case involves a live human sperm sample. The sperm cells have approx-
imately a head’s length and width of 4 and 5 um, respectively, a total length of 45 pm and a
tail’s width below 1 um. The sample is placed in a regular microscope slide with a coverslip
allowing the swimming of the cells at different heights. No pre-filtering nor pre-preparation
(centrifugation, dilution, re-suspension, etc.) is applied, so the sample contains a lot of additional
seminal particles. Due to the fast movement of the sperm cells, we have replaced the previous
camera (Mightex SMN-B050-U) by a faster one (Ximea USB3.0 MQ042MG-CM, CMOS sensor
type, 2048x2048 pixels, 5.5x5.5 um pixel pitch) at 90 fps. To provide a similar FOV than for the
static images, we have selected a frame size of 1024 x 768 pixels and the total recording time is 2
seconds.

Figure 8 presents the first frames of the obtained movies where the recorded hologram
(Visualization 1) and the pre-filtered hologram removing all static stuff and enhancing cell’s
movement for image processing (Visualization 2) are presented in (a) and (b), respectively. The
rest of the images at Fig. 8 contains different visualization modes coming from the retrieval
of the complex amplitude information allowed by holography. Moreover, since there are cells
swimming at different depths in the sample, we can numerically focus to every single plane
to perfectly see each sperm cell in focus. In particular, the video sequence presented in Fig. 8
contains two different movement planes, the first one including 4 spermatozoa while only 1 in
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the second one. Thus, Figs. 8(c.1) and (c.2) present the visualizations considering DIC imaging
modality (one pixel of lateral shift) in horizontal (Visualization 3) and vertical (Visualization
4), respectively, each one corresponding to a different focusing plane. Figures 8(d.1)-(d.2)
include the positive 2D (Visualization 5) and 3D (Visualization 6), respectively, quantitative
phase contrast visualizations for the first plane, and Figs. 8(e.1)-(e.2) shows the negative 2D
(Visualization 7) and 3D (Visualization 8), respectively, quantitative phase contrast visualizations

for the second plane.
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Fig. 8. Live human sperm cells in free movement. First frames of a 2 seconds video movies
showing: (a) recorded hologram (Visualization 1), (b) pre-filtered hologram (Visualization
2), (c-1)-(c.2) DIC in horizontal (Visualization 3) and vertical (Visualization 4) for the
two focusing planes, (d.1)-(d.2) 2D (Visualization 5) and 3D (Visualization 6) quantitative
positive phase contrast images for the first focusing plane, and (e.1)-(e.2) 2D (Visualization 7)
and 3D (Visualization 8) quantitative negative phase contrast images for the second focusing
plane. Scale bars in all images are 50 um and lateral gray color bar at images (d.1), (d.2),
(e.1) and (e.2) represents optical phase in rad.

4. Discussion and conclusions

Through this manuscript, we have presented, calibrated and experimentally validated an extremely
simple way to convert a regular bright-field microscope into a holographic microscope for QPI.
As we have stated at the introduction, the possibility to provide coherent sensing capabilities to
a regular microscope is nowadays very interesting issue because it expands the use of regular
microscopes for the analysis of biosamples without the need to manipulate (staining, fixing,
damaging, etc.) them. In that sense, a lot of contributions were previously reported to update a
regular microscope into a coherence sensing microscope by adding external modules to the output
port or by making some simple changes in the microscope embodiment. This contribution has
probably presented the easiest way to allow holographic imaging using an upright commercially
available microscope by i) only adding a coherent illumination source, ii) defocusing the recorded
image and iii) implementing some non-complex digital image processing routines.

Regarding the illumination source, we have used here a fiber-coupled laser diode but cheaper
laser sources such as, for instance, a DVD laser diode [55] or even LED light [56], can be used
thus defining an extremely cost-effective solution. Concerning the suitable defocus distance,
we have applied a criterion based on SD analysis for fine selection of the proper Az distance.
Although other criteria based on optimization of other metrics (more complex models for noise
analysis) can be applied, the one used here is simple and provides an output in the middle of
the initially selected range (30 < Az < 180 pm) when resolution limit is analyzed. However, it
is not critical that the defocus distance will not be exactly 90 microns since image quality is
qualitatively maintained in a wide defocus distance range thus allowing to refocus the sperm cells
flowing at different depths in the chamber with a similar image quality. We have here included
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the case of a 20X 0.46NA objective and the procedure for properly selection of the best defocus
distance. For other microscope lenses, the proper defocus distances will change as the lens
magnification factor also changes. But similar strategy (that only needs to be done once) can be
followed to define the proper defocus distance for every objective. So no additional complexity
will be added when expanding the proposed method to other microscope lenses. And finally,
numerical processing is nowadays something inherent to many digital image formation in order
to achieve the best image quality possible. In this case, we are implementing simple numerical
routines for computing lensfree propagation, something available for long time ago that does not
add additional difficulties.

The calibration analysis performed in the system allows to validate resolving power in the
proposed methodology. Normally, resolution limit (R) in coherent light microscopy can be
computed as proportional to the ratio between illumination wavelength and numerical aperture in
the form of R =kANA, being k the constant of proportionality that equals to 0.82 for imaging
systems based on circular apertures [57]. In our case, R=0.8 um for the used illumination
wavelength and NA lens. However, the object’s spectrum is not abruptly truncated by the
circular limiting aperture as in conventional imaging systems because the object is defocused. As
consequence, vignetting must appear close to the aperture borders at the Fourier domain meaning
a progressive limitation of the object’s high spatial frequency content. This fact will probably
introduce a small lost in the resolution limit. In the calibration procedure, we have measured a
resolution limit of 0.976 um coming from G10-E1 as last resolved element on both test targets
(note that G10-E2 corresponding with 0.87 um is not resolved). So the experimental resolution
limit perfectly matches with the theoretically predicted value.

From the retrieved quantitative phase images, we can observe coherent noise (interference
patterns coming from back reflections, coherent artefacts, non-uniformities, etc.) introducing
phase disturbances in the retrieved QPI values. It is a direct consequence of using coherent
illumination provided by the laser diode source. All this generated coherent noise can be strongly
mitigated by using, for instance, partially coherent illumination [58], thus reducing and improving
performance of the proposed method concerning QPI. Moreover, although it is not the case
here, additional image processing algorithms can be conducted at the retrieved image for further
increase its final quality in terms of twin image minimization [58]. Additionally, the proposed
methodology seems to be incompatible in its actual form with other intensity imaging modalities
such as bright-field or fluorescence because the sample is moved away from the conventional
input plane, so no direct image is allowed on the camera. Thus, multimodal imaging capabilities
(as previously identified) are prevented and the only solution comes from duplicating the digital
sensor in order to capture in parallel the different imaging modalities. All those drawbacks open
new possibilities for circumventing them in future developments.

But maybe the main limitation of the proposed method concerns to the Gabor restriction of
the imaged samples, that is, the sample must be a weak diffractive one meaning that the amount
of light blocked/diffracted by the sample should be a small fraction of the one passing without
being perturbed by the sample. Otherwise, holographic imaging is not allowed and diffraction
dominates the process, preventing the accurate recovery of the complex wavefront diffracted
by the sample, so other methodologies must be implemented to retrieve complex amplitude
distribution [59]. However, there is a wide range of biological samples (single cell analysis, thin
structured samples, sparse biosamples, etc.) fulfilling the Gabor’s condition and so, they are
perfectly suitable to be imaged under the proposed methodology.

In summary, we have presented probably the easiest way to convert a standard bright field
microscope into a holographic one by considering only 3 minimum modifications: replacement
of the broadband illumination source by a coherent one (a laser diode in the proposed manuscript),
defocusing of the object plane to allow the recording of a digital in-line Gabor hologram (90
pm for the used 20X objective lens) and proper numerical propagation tools to refocus the
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sample image (digital implementation of the free space propagation integral). Using these 3
modifications, different types of samples have been used to experimentally validate the proposed
concept: resolution test targets (amplitude and phase ones) to provide calibration and QPI
validation as well as microbeads and phase biosamples (cheek and sperm cells) to show the
potential of the proposed method. Different imaging visualization modes including QPI plots have
been reported thus validating coherent sensing capabilities in a regular microscope embodiment.
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