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Bio-Engineering Yeast Cells Biolenses by Reshaping
Intracellular Vacuoles
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Emiliano Diolaiti, Giuseppe Mongelluzzo, Giusy Giugliano, Vittorio Bianco, Lisa Miccio,
Pasquale Memmolo,* and Pietro Ferraro

An intriguing field of research has recently emerged in which biological cells
can be demonstrated to behave as photonics devices, such as optical
microlenses. This research highlights yeast cells as promising candidates for
engineering biolenses with customizable focal properties. Typically serving as
positive biolenses due to their quasi-spherical shape and positive refractive
index (RI) contrast, yeast cells can achieve a negative lensing effect by
manipulating their intracellular content, without altering their overall
morphology. In fact, it shows that exposure to hypotonic conditions induces
the formation of a large, roundish vacuole with lower RI values with respect to
the surrounding cytoplasm, thus altering the cell’s optical properties. This
behavior is investigated by using 3D RI tomograms obtained through a
holo-tomographic phase imaging flow cytometry system, demonstrating that
the anisotropic nature of yeast cells results in focal properties dependent on
their specific orientations in respect to the incident light. Furthermore, Zemax
OpticStudio is utilized to perform comprehensive assessments for optical
design analysis of the obtained cell biolenses. The methods described here
and the related results represent a pioneering investigation of biological cells’
metamorphoses via intracellular content manipulation for biolens
applications.
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1. Introduction

The possibility of using a live cell as a
photonics/optics component is fascinating
and somehow visionary since it could open
completely new scenarios in the future
biotechnology field. It has been demon-
strated that, in proper conditions, living
cells perform as microlenses, resonators,
waveguides, optical tweezers, or gratings
and, also, as gain medium for optical
laser cavities.[1] In particular, by model-
ing a single cell as a microlens, it is pos-
sible to exploit all optical and computa-
tional tools to characterize such lens, in
analogy to indirect adaptive optics.[2] The
first demonstration that a biological cell
can act as an optical lens was given in
2015 by using red blood cells (RBCs).[3]

The two main parameters that affect the be-
havior of a microlens are the lens’ shape
and its refractive index (RI).[4] For exam-
ple, as healthy RBCs have a flexible bicon-
cave shape with an almost homogeneous
RI distribution, they were modeled as disk-
shaped microlenses with a quasi-constant

RI.[3] Therefore, it was possible to characterize RBCs as micro-
lenses with aberrations identifying focal properties and morpho-
logical deviations from normal shapes by using well-established
optical testing methods based on Zernike analysis.[3,5,6]

Later on, many groups carried out remarkable research ac-
tivities where live biolenses can operate as real-world optical
components.[4] For instance, since RBCs can behave as tunable
liquid lenses by changing the chemical buffer, it is possible to
control the focal properties and the corresponding imaging prop-
erties, thus performing a preliminary screening and sorting be-
tween discocytes and spherocytes for diagnostic purposes.[3] The
same properties have been explored for producing efficient pho-
tonics nanojets that could be used as optical tweezers.[7] Opti-
cal properties of single cells have been used to measure the real-
time chemical efflux of cell populations,[8,9] while a random op-
tical probing based on Fourier Ptychographic Microscopy was
demonstrated.[10] Under specific circumstances, the collective ef-
fect of RBCs can produce non-diffractive effects[11] or reveal the
formation of rough waves.[12] Regarding imaging, it was also
proved that arrays of self-assembled RBCs show self-imaging or
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Talbot effect.[13] Super-resolution imaging was obtained by ex-
ploiting living cells as biolenses in optical devices.[14,15] as well
as intracellular organelles like lipid droplets (LDs).[16] Another
recent application regards the detection of cells exhibiting large
and numerous LDs based on their biolens signature, which is
helpful for diagnostic purposes.[17]

When a single live cell is imaged in suspension, its usual be-
havior from the optical point of view is essentially that of a pos-
itive (i.e., convergent) optical lens.[18] Indeed, the main body of
the suspended cell, which has a quasi-spherical shape, is embed-
ded in a typical water-based liquid medium with a lower RI. For
this reason, the effect of a negative (i.e., divergent) optical lens,
limited to the paraxial rays, has been observed in RBCs with non-
spherical shapes such as discocytes, which were converted into
positive optical lenses by changing the chemical buffer to create
a quasi-spherical shape (i.e., spherocytes).[3] Instead, negative fo-
cal effects for single quasi-spherical biolenses have never been
observed so far.

Without changing the overall cell’s shape, here we propose
to alter the intracellular content at the aim to convert a quasi-
spherical cell from a purely convergent lens into an optical sys-
tem with additional divergent properties. To demonstrate this
concept, we use yeast cells as a model because of the possibility
of quickly reshaping the intracellular vacuoles, thus creating one
single large and roundish vacuole.[19] In fact, vacuoles generally
have an average RI lower than the average RI of the hosting cell
(i.e., a negative RI contrast),[20,21] therefore an additional quasi-
spherical domain behaving as a negative optical lens is created in-
side the positive quasi-spherical biolens (i.e., the host cell). In or-
der to measure the 3D RI distribution of the cells with vacuoles in
suspension conditions, we employ a Tomographic Phase Imag-
ing (TPI) system implemented in Flow Cytometry mode (namely,
TPIFC technique), which is based on a digital holography (DH)
microscope coupled to a flow-cytometry modulus to record flow-
ing and rotating biological samples.[19,22,23] Then, the availability
of 3D RI tomograms allows us to isolate the intracellular com-
partments, thus studying the focal properties of these single op-
tical biolenses alone and their contribution to the overall optical
system represented by the whole cell. In particular, the interfer-
ometric working principle of DH allows numerically propagat-
ing the complex wavefront modulated by the cell by means of
a well-established method,[24] thus emulating the light propaga-
tion in a realistic way. Therefore, a DH-based method is employed
to characterize the focal properties of the yeast cells recorded by
means of the experimental TPIFC system. Then, a commercial
software for the optical design (i.e., Zemax OpticStudio) is ex-
ploited to further assess the DH-based characterization by means
of numerical simulations. Remarkably, the output of numerical
simulations in Zemax OpticStudio were in good agreement with
the well-established DH-based characterization of focal proper-
ties related to the experiment on yeast cells. Finally, thanks to the
DH-based characterization of the TPIFC 3D experimental data,
changes in the focal properties of the optical system of biolenses
are evaluated with respect to the orientation of the incident light,
and an example of a complex optical system made of positive-
negative biolenses is reported.

Applications of biolenses for imaging have been demonstrated
in literature at the aim to go beyond the diffraction limit,[7] and
also the magnification capability of inner cell structures have

been demonstrated for LDs by enhancing the fluorescent imag-
ing of molecules.[16] Our findings reveal that modifying a distinct
class of inner structures, such as cytoplasmic vacuoles, can al-
ter the lensing behavior of cells. A key discovery of this study
is the expansion of capabilities within the bio-lensing paradigm.
Future applications may include integrating two or more inner
structures to achieve super-resolution imaging or to correct for
certain aberrations, just to mention a couple of possibilities. For
example, the positive biolens effect of yeast cells has been already
exploited for super-resolution purposes.[25] Possible future appli-
cations would integrate advanced optical technologies as optical
tweezers to trap and move in 3D multiple cellular compartments
to enhance fluorescence signaling. A further example would be
mimicking fly’s eyes arrays by exploiting an ensemble of vacuoles
closely packaged. It can be envisaged that a set of vacuoles located
externally on the spherical nucleus shape may mimic negative
microlens array on a curved substrate to resolve organelles in-
side the nucleus.[26] Hence, the driving reasons to further develop
the proposed approach stand in the inner biocompatibility of the
biological microlenses and the no-need of multistep fabrication
processes.

A further class of practice applications would concern diagno-
sis as the biolens description could allow to identify living cells
and some of their inner structures by means of an all-optical fin-
gerprint. Modifications in the morphologies or in the content of
the cells translate into different optical properties. First demon-
stration of diagnostic applications has been described on RBCs.[3]

The biolens signature has also been exploited to detect mono-
cytes and ovarian cancer cells with large and numerous LDs in
a DH flow cytometer.[17] Even if we provide this proof-of-concept
study for model yeast cells, vacuoles are also formed in mam-
mals under various pathological situations present in many cell
lines. For example, TPI has been recently employed to study
the association between vacuoles and cancer senescent engulfing
cells.[27] In fact, vacuoles are often correlated to diseases, inflam-
mations, and cell malfunctioning.[28,29] In particular, intracellular
vacuolar structures have been described in the peripheral blood
cells of patients affected by several genetic disorders belonging
to the lysosomal storage diseases family (LSDs),[30] cancer,[31–35]

and viral infections,[36–38] including the more recent SARS-CoV-
2.[39] Vacuoles have also been found in the macrophages of pa-
tients exposed to the lipopolysaccharide (LPS) of Gram-negative
bacteria.[40] In addition, vacuoles are also reported in leukocytes
upon exposure to various chemicals.[41,42] Indeed, many drugs
used for oncologic treatment are weak bases that can be proto-
nated and sequestered within lysosomes, thereby causing their
vacuolation,[43] and exerting chemoresistance in cancer cells.[44]

The motivation to further investigate such new insight in bio-
imaging field is the complete label-free nature of the presented
approach that is green, non-invasive, low-cost, and, in some
cases, faster compared to biochemical assays currently used in
biology and biomedicine.

2. Results and Discussion

With the aim to demonstrate that, under specific conditions,
cells can also have a negative lens effect, we use the baker yeast
Saccharomyces cerevisiae as a biological model.[45] Among sev-
eral membrane-enclosed organelles that can be found inside the
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Figure 1. 3D RI tomograms of a (a-c) yeast iso-cell and a (d-f) yeast hypo-cell imaged by the TPIFC system. a,d) Central slice in which the vacuole has
the lowest RIs (dark blue voxels in (d)) and the nucleus has the highest RIs (dark red voxels in (a,d)). b,e) Isolevels representation of the cytoplasm
(yellow) along with the vacuole (blue) and the nucleus (red) segmented through the RI thresholding highlighted in the colorbars in (a,d), respectively.
The cell illuminated by a parallel beam (green rays) can focus the light on the positive direction due to the cytoplasm (yellow rays) and the nucleus (red
rays). In the hypotonic-stimulated yeast cell in (e), the cell can virtually focus the light also in the negative direction (blue rays) due to the large and
roundish vacuole. c,f) The cytoplasm and the nucleus inside the cytoplasm have a positive focal length, while the vacuole inside the cytoplasm has a
negative focal length, according to their RI contrast Δn reported on the right. nc, nN, and nV are the average RI values of the cytoplasm, nucleus, and
vacuole, respectively. nA is the average RI of the ambiance, i.e., the surrounding medium in the cytoplasm case, the cytoplasm without the nucleus in
the nucleus case, and the cytoplasm without the vacuole in the vacuole case.

cytoplasm, vacuoles are important catabolic sites,[46] whose mor-
phology is highly dynamic and sensitive to the osmotic growth
conditions. For instance, under hypertonic conditions, vacuole
fragments become more numerous and smaller. On the con-
trary, under hypotonic conditions, vacuoles fuse together to form
a single roundish larger vacuole.[47] Therefore, we exposed yeast
cells to hypotonic stress by placing them in water for 10 min
(see the Experimental Section). In the following, we will refer to
the cells before and after water exposure as isotonic-cells (or iso-
cells) and hypotonic-stimulated cells (or hypo-cells), respectively.
Then, we imaged them using the TPIFC recording system and
the corresponding holo-tomographic numerical processing de-
scribed in the Methods section.[19] The central slices of the result-
ing 3D RI tomogram of an iso-cell and an hypo-cell are shown in
Figure 1a,d, respectively. Since vacuoles have an aqueous content,
their RI values are expected to be the lowest inside the cell.[20,21]

In fact, in the hypo-cell in Figure 1d, a large roundish blue re-
gion with very low RIs can be clearly recognized, which is instead
missing in the iso-cell in Figure 1a since the reshaping process
of the multiple small vacuoles into one single large roundish vac-
uole has not been performed. For this reason, the vacuolar com-
partment can be easily segmented through a low RI threshold
in the hypo-cell, as displayed in blue in the isolevels represen-

tation in Figure 1e. At the same time, in both the iso-cell and
the hypo-cell in Figure 1a,d, their nuclei can be observed at the
highest RI values,[19,21] since they contain most of the cellular ge-
netic material, and thus they have been segmented again by a RI
thresholding, as reported in red in Figure 1b,e, respectively. The
histograms of the RI values related to the iso-cell in Figure 1a,b
and the hypo-cell in Figure 1d,e are shown in Figure S1a,b (Sup-
porting Information), respectively. By separating the contribution
of the cytoplasm, nucleus, and vacuole, it can be seen that the RI
histograms of the several cell components are mostly overlapped
each other, meaning that there are no clear discontinuities among
the RI values, which instead gradually change within the overall
cell, as also visible in the central slices in Figure 1a,d.

In Figure 1b,e, a simplified sketch of a complex effect such as
the cellular biolensing is reported, with the aim to highlight the
main contributions to the positive and negative lensing effects.
As sketched in Figure 1b,e, it is well known that, if the overall
cell is illuminated by a parallel beam (parallel green rays), light
is focused along the positive direction of the optical axis (conver-
gent yellow and red rays).[18] However, in the following, we show
that the presence of a large and roundish vacuole makes the hypo-
cell a system of lenses able to focus the incident light both in the
positive and negative directions of the optical axis (divergent blue
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Figure 2. Focalization of a (a,c) yeast iso-cell and a (b,d) yeast hypo-cell obtained through the DH-based method (see Video S1, Supporting Information,
with the whole axial scanning). a,b) QPM reprojected from the 3D RI tomogram through the IBPM, in which the contours of the nucleus and the vacuole
are highlighted in red and blue, respectively. c,d) At the top, intensity profile made of the intensity values computed for each axial distance along the
yellow line in (a,c), respectively. At the bottom, max-intensity curve of the overall cell (green), the sole cytoplasm (yellow), the sole nucleus (red), and
the sole vacuole (blue). Focal regions of the cytoplasm, nucleus, and vacuole are highlighted in the boxes. Arrows indicate focal planes.

rays in Figure 1e). In particular, we show that both the cytoplasm
and the nucleus inside the cytoplasm contribute to the conver-
gent lens effect due to their positive RI contrast (see Figure 1c,f),
while the vacuole inside the cytoplasm acts as a divergent lens
due to its negative RI contrast (see Figure 1f). In fact, the focal
distance of a homogeneous sphere can be computed as[18]

f ≈ 1
nA

nd
4
(
n − nA

) (1)

where d is the diameter of the sphere, n is its RI, and nA is the RI
of the surrounding ambience. Hence, for mostly convex objects
such as the cellular compartments here considered, their posi-
tive/negative RI contrast Δn = n − nA is responsible for their
positive/negative lens effect, respectively.

2.1. Characterization of the Negative Biolens’ Effect Through a
DH-Based Method

To characterize the behavior of the reconstructed cells as bi-
olenses, we employ the Integral Beam Propagation Method
(IBPM) to emulate the in-focus complex wavefront produced
when an incident plane wave passes through the 3D spatial distri-
bution of the cell’s RIs. In fact, we consider a linear model to ap-
proximate the beam propagation, thus a quantitative phase map

(QPM)[48] is given by the integration of the RI values along the
optical z-axis,[49] i.e.,

QPM (x, y) = 2𝜋
𝜆

∫
z

[
n (x, y, z) − n0

]
dz (2)

where n(x, y, z) is the 3D RI spatial distribution, n0 is the RI of
the surrounding medium, and 𝜆 is the wavelength of the inci-
dent beam. The QPMs reprojected from the 3D RI tomograms in
Figure 1a,d are respectively shown in Figure 2a,b, while the com-
parison with the corresponding experimental QPMs is reported
in Figure S2a,c,f,h (Supporting Information), respectively. It is
important to note that, even if QPMs are 2D images, they con-
dense the whole cellular information. Indeed, in a 2D QPM, the
3D RI spatial distribution is coupled to the 3D cell’s morphol-
ogy. Moreover, biological cells are often defined as “phase objects”
since they mainly change the phase of the incident light while
leaving mostly unchanged its amplitude.[48] This can be seen in
the amplitude maps displayed in Figure S2b,g (Supporting Infor-
mation), corresponding to the QPMs of the iso-cell and hypo-cell
in Figure S2a,f (Supporting Information), respectively, in which
cells are almost transparent. Therefore, the vacuolar compart-
ment can also be observed at the lowest phase values of the hypo-
cell in Figure 2b, as well as the nucleus can be recognized at
the highest phase values for both the iso-cell and hypo-cell in
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Figure 2a,b. For this reason, the 2D QPM can be exploited to in-
vestigate the biolens’ effect. It is worth underlining that one of the
main advantages offered by DH is the possibility of numerically
refocusing the recorded digital hologram. This is particularly im-
portant in the case of imaging flow cytometry experiments, where
usually cells are not recorded exactly in their foci. At this aim, the
complex wavefront is numerically propagated along the optical
z-axis through the Angular Spectrum formula,[24] and an ampli-
tude contrast metric is minimized in order to compute the in-
focus z-position of each cell.[50] Then, in order to investigate the
biolens’ effect, starting from the in-focus z-position, we numeri-
cally propagate the complex wavefront along the positive and neg-
ative directions of the optical z-axis by considering in this case
study a unitary amplitude due to the cell amplitude transparency
shown in Figure S2b,g (Supporting Information). The in-focus
z-position is considered as the origin of the reference system and
is located approximately in the middle of the cell volume (i.e., 81
μm3 for the iso-cell and 252 μm3 for the hypo-cell). For each z-
position, we compute the maximum value of the intensity of the
propagated complex wavefront.[17] The max-intensity curves re-
lated to the iso-cell and the hypo-cell are reported in green at the
bottom of Figure 2c,d, respectively.

To recognize the contributions of different cellular com-
partments, we have exploited the experimental tomograms in
Figure 1 to generate various scenarios by isolating their main
components. In particular, for both the iso-cell and hypo-cell,
we have generated the cytoplasm tomogram, i.e., a tomogram
having the same shell of the cell and a homogeneous RI value
equal to the mean cell RI, immersed in the same experimental
surrounding medium (see the corresponding QPMs in Figure
S2d,i, Supporting Information, respectively). Then, for both the
iso-cell and hypo-cell, we have generated the nucleus tomogram,
i.e., a tomogram having the same shell of the segmented nucleus
and a homogeneous RI value equal to the mean nucleus RI, im-
mersed in a surrounding medium having as RI the mean value
of the overall cell, except for the nucleus volume (see the cor-
responding QPMs in Figure S2e,j (Supporting Information). Fi-
nally, for the sole hypo-cell, we have generated the vacuole tomo-
gram, i.e., a tomogram having the same shell of the segmented
vacuole and a homogeneous RI value equal to the mean vac-
uole RI, immersed in a surrounding medium having as RI the
mean value of the overall cell, except for the vacuole volume (see
the corresponding QPM in Figure S2k, Supporting Information).
Note that phase values are negative for the vacuole QPM, since
the RI contrast between this compartment and the surrounding
medium is negative. Hence, we have computed the max-intensity
curves related to the cytoplasm (yellow), the nucleus (red), and
the vacuole (blue), displayed at the bottom of Figure 2c,d. The
different peaks inside the max-intensity curves of the overall cell
(green) imply different focalizations of its equivalent biolens. To
highlight this, we show at the top of Figure 2c,d the intensity pro-
files corresponding to the yellow lines in Figure 2a,b, respectively,
which are the intensity values (ordinate axis) computed at each
axial position (abscissa axis) along the sole yellow lines. In par-
ticular, by comparing the max-intensity curves of the overall cells
with the max-intensity curves of the single compartments, it can
be seen that the main peaks on the right are due to the cytoplasm’
focalization, while the intermediate peak in the middle is due to
the nucleus’ focalization. Thus, as sketched in Figure 1b,c,e,f,

both the overall cell and the sole nucleus act as positive con-
vergent lenses, since they focus the incident light forward along
the optical axis, as they have a positive RI contrast with respect
to their surrounding medium.[18] Moreover, as the overall cyto-
plasm is bigger than the sole nucleus, its focal length is longer
and its focalization is more intense. However, in the intensity pro-
file and in the green max-intensity curve of Figure 2d, a virtual
negative focalization can also be observed. The negative peak is
also present inside the vacuole max-intensity curve, while it is
missing in the max-intensity curve of the iso-cell in Figure 2c, in
which the formation of a large vacuole has not occurred. There-
fore, this means that the large and roundish vacuole inside the
yeast cell can focus the incident light backward along the op-
tical axis, thus acting as a negative divergent lens, as sketched
in Figure 1e,f. This can be explained by the negative RI contrast
between the vacuole and its surrounding medium (i.e., both the
cytoplasm and the nucleus),[18] already observed in the negative
phase values in Figure S2k (Supporting Information). In sum-
mary, starting from the experimental DH imaging of yeast cells,
the max-intensity curve can be created by using the Angular Spec-
trum to numerically emulate the virtual light propagation along
the negative optical axis,[24] thus obtaining the virtual negative fo-
calization displayed in Figure 2d. In this way, the focal properties
of such divergent optical elements can be measured. Hence, the
DH-based method allows an easy and fast numerical characteri-
zation of the positive/negative focal properties of cell biolenses,
which replaces complex and time-consuming experimental char-
acterizations, above all in the case of divergent biolenses.

2.2. Assessment of the Negative Biolens’ Effect Through Zemax
OpticStudio

The characterization of the positive-negative focal properties of
a yeast cell bio-engineered as an optical system of biolenses has
been demonstrated so far through the DH-based method in Mat-
lab R2022a. However, a commercial software specific to the op-
tical design, i.e., Zemax OpticStudio, has also been employed
to confirm and strengthen the attained results. At this aim, we
have considered the cytoplasm tomogram for both the iso-cell
and hypo-cell. For both of them, the Huygens Point Spread Func-
tions (PSFs) have been computed along the optical z-axis, and the
maximum value has been calculated. Since the cell size is fewer
times larger than the light wavelength, the diffraction effects play
an important role in the shape, intensity, and size of the images
along the z-axis. The calculation of the Huygens PSF in Zemax
OpticStudio is done by converting each ray on the Spot Diagram
into a small plane wave. The total irradiance at any point on the
image surface may be determined by coherently summing all the
plane waves represented by all the traced rays. Details about these
simulations are reported in the Supplemental Document. The
plots of the maxima of the PSFs as a function of the z-position
(namely, max-PSF curves) are reported in Figure 3a, normalized
to the maximum value of the max-PSF curve about the iso-cell.
In both cases, the max-PSF curve exhibits a peak in the posi-
tive z-axis due to the real positive focalization of the whole cell,
while the negative values are close to 0. Furthermore, an addi-
tional scenario has been generated from the hypo-cell, i.e., the
cytoplasm/vacuole tomogram, that is the cytoplasm tomogram
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Figure 3. Optical properties of a yeast iso-cell and a yeast hypo-cell obtained through simulations in Zemax OpticStudio. a) Normalized max-PSF
curves of the sole cytoplasm about the iso-cell (yellow) and the hypo-cell (green), and the cytoplasm/vacuole of the hypo-cell (blue). b,d,f) Normalized
Huygens PSF about the cytoplasm tomograms of the iso-cell and hypo-cell and the cytoplasm/vacuole tomogram of the hypo-cell, respectively, at -60 μm.
c,e,g) Normalized Huygens PSF about the cytoplasm tomograms of the iso-cell and hypo-cell and the cytoplasm/vacuole tomogram of the hypo-cell,
respectively, at +30 μm.

Adv. Optical Mater. 2024, 2400164 © 2024 Wiley-VCH GmbH2400164 (6 of 12)
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Figure 4. Focalization of a yeast hypo-cell at different cell orientations with respect to the incident beam direction (see Video S2, Supporting Information,
with the whole cell rotation). a–c) Isolevels representation of the cytoplasm (yellow) along with the vacuole (blue) and the nucleus (red) at respectively
0°, 45°, and 90° of rotation around the y-axis, and d–f) corresponding QPMs, respectively, reprojected through the IBPM by keeping fixed the illumination
beam direction along the z-axis (green arrows in (a-c)). g) Max-intensity curves computed from the QPMs in (d-f) at 0°, 45°, and 90°, respectively, in
which the corresponding virtual negative focal positions are highlighted (colored dots). h) Max-intensity value in the virtual negative focus at different
cell orientations in cartesian (left) and polar (right) coordinates. i) Negative focal length at different cell orientations in cartesian (left) and polar (right)
coordinates.

Adv. Optical Mater. 2024, 2400164 © 2024 Wiley-VCH GmbH2400164 (7 of 12)
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having the mean RI of the measured vacuole inside the vacuo-
lar shell (see Figure S3c, Supporting Information). The corre-
sponding max-PSF curve, normalized to the maximum value of
the max-PSF curve about the iso-cell, in addition to the positive
peak, shows higher values at the negative z-distances due to the
presence of the vacuolar structure and its virtual negative focal-
ization. The ratio between the average value at negative and pos-
itive axial distances has been computed to quantify it. This ratio
is 0.03 for the cytoplasm tomogram in both the iso-cell and hypo-
cell, while it raises to 0.23 for the cytoplasm/vacuole tomogram
in the hypo-cell, thus confirming that the hypo-cell is also show-
ing a virtual negative focalization beyond the main real positive
focalization.

But, in addition to the validation of the DH-based biolens char-
acterization, simulations in Zemax OpticStudio provide a power-
ful tool to compute the Huygens PSF of the cell, considered as an
optical system able to focus the incident light beam in the posi-
tive and/or negative directions. For example, the Huygens PSFs
are displayed in Figure 3b,d,f at -60 μm and in Figure 3c,e,g at
+30 μm, respectively, for the cytoplasm tomograms of the iso-cell
and hypo-cell and the cytoplasm/vacuole tomogram of the hypo-
cell. As discussed before, in all three cases, the Huygens PSFs
have a high positive peak (see Figure 3c,e,g), while the sole cy-
toplasm/vacuole tomogram exhibits a pronounced negative peak
(see Figure 3f).

2.3. Positive-Negative Focal Properties of the Optical System of
Biolenses

In summary, if the cytoplasm and the nucleus are individu-
ally considered, they behave as positive convergent lenses, while
the vacuole is equivalent to a negative divergent lens. For this
reason, the overall cell can be considered an optical system of
biolenses with positive-negative focal properties, which are ex-
pected to change according to its orientation with respect to the
incident beam. By exploiting the DH-based method and the pos-
sibility offered by TPIFC of reconstructing a cell in suspension, in
Figure 4a–c we have considered three different orientations
of the hypo-cell around the y-axis, i.e., 0°, 45°, and 90°,
respectively, while we have reprojected the corresponding
QPMs in Figure 4d–f, respectively. In particular, as reported
in Figure 4a–c, the cell orientation corresponds to the an-
gle formed by the cell’s major axis with respect to the XY-
plane, and it is positive for clockwise rotations around the
y-axis.

For each QPM, we have computed the max-intensity curves re-
ported in Figure 4g. It can be observed that, passing from 0° to
90°, the max-intensity value in the virtual negative focus (i.e., the
value of the marked local peak) gradually decreases, as well as the
negative focal length (i.e., the position of the marked local peak).
On the contrary, the positive peak gradually increases. In fact, by
defining the peak ratio as the ratio between the max-intensity of
the negative and the positive peaks, it is 0.41 at 0°, 0.27 at 45°, and
0.11 at 90°. This means that, while the optical system made of the
overall cell at 0° is able to focus the incident beam toward both
the positive and the negative directions, at 90° it mainly acts as a
positive lens. This is due to the relative positions among the cyto-
plasm, the nucleus, and the vacuole. In fact, at 0°, the nucleus and

Table 1. Focal features of the yeast hypo-cell related to its rotation around
the sole y-axis (see Figure 4).

Focal Feature Single Cell

Minimum Negative Focal Length [μm] 14.1

Maximum Negative Focal Length [μm] 18

Minimum Positive Focal Length [μm] 15.5

Maximum Positive Focal Length [μm] 27.3

Minimum Negative Focal Max-Intensity [a.u.] 2.2

Maximum Negative Focal Max-Intensity [a.u.] 3.9

Minimum Positive Focal Max-Intensity [a.u.] 9.2

Maximum Positive Focal Max-Intensity [a.u.] 20.6

the vacuole are not overlapped with respect to the beam direction
and, in addition, the light passes through a small portion of the
cytoplasm, as the cell is exposing its short side to the wavefront
(see Figure 4a,d). Thus, this is the case where the negative biolens
effect is more effective. Instead, this effect fades at 45°, where the
nucleus is overlapped to the vacuole with respect to the incident
beam direction (see Figure 4b,e). Finally, the negative biolens ef-
fect disappears at 90°, since the nucleus is still overlapped to the
vacuole, but, in addition, the incident light must cross the long
side of the cell, thus mostly contributing to the positive biolens
effect (see Figure 4c,f).

To better visualize the discussed dependence between the fo-
cal properties of the cell and its orientation with respect to the
incident beam, in Figure 4e we report the max-intensity values
in the virtual negative focus at different cell orientations (both
in cartesian and in polar coordinates), and in Figure 4f we dis-
play the negative focal length at different cell orientations (both
in cartesian and in polar coordinates). In both cases, a sinusoidal
trend of the cell focal properties is observed, which can be ex-
pected since the interval of cell rotations between 0° and 90° in-
cludes all the possible relative positions among the cytoplasm,
the nucleus, and the vacuole with respect to the incident beam.
The focal features of both the negative and the positive focus are
summarized in Table 1, which refers to the rotation of the cell
around the sole y-axis. Of course, in principle, the TPIFC tech-
nique allows characterizing the focal properties of the cellular
biolens along any direction in 3D space, thus simulating, for ex-
ample, an optical manipulation of the cell by means of optical
tweezers.[51]

2.4. An example of Complex Optical System of Positive-negative
Biolenses

Yeast cells are often used as biological models for the eukaryotic
cell since they easily and quickly duplicate (the division time takes
an average of 90 min).[45] The division process of yeast cells is de-
fined as “budding” since the daughter cell buds off the mother
cell and then it detaches, thus forming a new yeast cell.[45,52] An
example of a budding yeast cell after the vacuolar alteration is
shown in Figure 5a, in which the smaller daughter cell is placed
to the left of the bigger mother cell, thus leading to the reprojected
QPM in Figure 5b. It can be seen that the whole cell in Figure 5a,b
is made of two cells side by side in which the nucleus and the vac-
uole are not overlapped with respect to the optical axis, as for the
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Figure 5. Focalization of a budding yeast hypo-cell. a) Isolevels represen-
tation of the whole cell (yellow) along with its vacuoles (blue) and nuclei
(red), and b) corresponding QPM reprojected through the IBPM along
the z-axis (green arrows in (a)). c,d) Reprojected QPMs of respectively
the daughter and mother cells cropped on the left and the right side of
the QPM in (b). e–g) Intensity profile made of the intensity values com-
puted for each axial distance along the yellow line in (b-d), respectively.
In (g), the intensity values are saturated to make visible the daughter
cell’s focalization. h) Max-intensity curve of the whole cell (green), the
daughter cell (violet), and the mother cell (orange). Arrows indicate focal
planes.

Table 2. Focal features of the budding yeast hypo-cell at 0° around the y-
axis (see Figure 5).

Focal Feature Daughter Cell Mother Cell

Negative Focal Length [μm] 5.8 10.9

Positive Focal Length [μm] 4.9 12.5

Negative Focal Max-Intensity [a.u.] 2.4 4.3

Positive Focal Max-Intensity [a.u.] 5.3 13.6

case in Figure 4a,d. This is better shown in Figure 5c,d, in which
the reprojected QPM of the whole cell in Figure 5b has been sep-
arated in the contributions of the daughter cell and the mother
cell, respectively. As already demonstrated, in such conditions,
the two yeast cells exhibit focal properties typical of both conver-
gent and divergent lenses, as also visible in the intensity profiles
in Figure 5e,f corresponding to the yellow lines in Figure 5c,d,
respectively.

When considering the whole yeast cell in Figure 5b , as the in-
cident beam passes separately through the two cells and not se-
quentially, their biolens’ properties remain unchanged, as shown
in the intensity profile of Figure 5g. Of course, as also reported
in the more informative max-intensity curve of Figure 5h, the
daughter cell is smaller than the mother one, thus its positive and
negative focal lengths are shorter as well as the max-intensity val-
ues in the positive and negative focal planes are lower. Therefore,
a budding yeast cell can act as a complex optical system made of
two optical systems of biolenses having different focal properties,
each of which in turn behaves simultaneously as an equivalent
positive and negative lens, due to the reshaping of a large and
roundish vacuole (see the quantitative focal features summarized
in Table 2).

3. Conclusion

We have shown that, starting from a live biological cell acting as
a positive optical lens, an optical system of biolenses can be bio-
engineered to induce positive as well as negative lensing effects.
This process was achieved by altering the intracellular content
instead of morphing the cell shape. In particular, we reshaped
the intracellular vacuoles inside the cytoplasm of yeast cells by
inducing hypotonic conditions in the surrounding buffer, thus
leading to the formation of one single large and roundish vac-
uole. Because of a lower RI with respect to the embedding cy-
toplasm, the reshaped vacuole behaves as a negative optical bi-
olens. Therefore, in the morphed yeast cell, a virtual negative fo-
calization is added to the main real positive one. The investigation
was performed through a phase-contrast holo-tomographic flow-
cytometry technique at the single-cell level, namely TPIFC. The
in-flow tomographic tool allowed obtaining the 3D RI distribu-
tion of the cells in suspension conditions, which were exploited
to isolate the contributions of several intracellular components
to the focal properties of the overall optical system of biolenses,
i.e., the cell. Moreover, we employed TPIFC to demonstrate that
the positive-negative focal properties of this optical system of bi-
olenses change according to its orientation with respect to the
incident light. In particular, there are some orientations where
the virtual negative focalization is more evident than others. The
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characterization of the focal properties of yeast cells recorded by
TPIFC was performed by means of a DH-based model. Further-
more, verification of the focal properties of such optical systems
of biolenses was also performed through a numerical study by
Zemax OpticStudio. Remarkably, the output of numerical simu-
lations in Zemax OpticStudio were in good agreement with the
well-established DH-based characterization of focal properties
related to the experimental yeast cells. Finally, a budding yeast
cell was analyzed as an even more complex optical system able
to perform several positive-negative focalizations of the incident
light.

The attained results represent a significant step forward along
the route of generating biological lenses with programmed op-
tical functions. Of course, future works are needed to overcome
current limitations. For example, one limitation is linked to the
hypotonic conditions necessary to trigger the vacuole property
as negative biolens. The formation of the large roundish vac-
uole needs just a few minutes under hypotonic conditions, which
can easily be generated by placing yeast cells in water. Although
yeast cells can survive in water due to their quick adaptation
to hypotonic shocks,[53] without nutrients, cells can be analysed
only for a limited time which should not exceed a few hours
of incubation to avoid inducing significant morphological alter-
ations of the intracellular organelle as well as the entire cell. To
further improve this time period for exploiting yeast vacuoles
as negative biolenses, in the future, this property can be in-
vestigated on purified vacuoles. Indeed, once purified, vacuoles
can preserve their biochemical properties, and their morphol-
ogy does not suffer from the lack of nutrients.[54,55] At the same
time, to move toward the scaling up of this technology for real-
world use, future studies will be dedicated to fine-tune the bio-
engineering protocols for the creation of a large roundish vac-
uole as negative lens in order to have a better control on its focal
properties.

In summary, in this study we expanded the scope of the bio-
lens paradigm by focusing not only on the overall morphology of
the cell but also on its specific inner structures. This innovative
approach opens new avenues for bio-engineering live cells and
customizing their optical properties, broadening the horizons of
what can be achieved in this field. The goals of tailoring living
samples as micro-lenses or micro-lenses array may be grouped
in two main classes: (i) exploiting cells to obtain optical func-
tionalities at the microscale as sub-diffraction imaging or optical
tweezers; (ii) diagnostic purposes. In case of the first-class appli-
cations, the driving reasons are the intrinsic biocompatibility of
the optical component that is necessary in some imaging modali-
ties as in endoscopy and the complete skipping of multi-step fab-
rication processes. All the possible applications will be subject of
future studies, which will also entail analyzing different lighting
conditions and wavelengths to grasp crucial lensing parameters
like focal length and numerical aperture. Instead, in the context
of the first-class applications, harnessing the bio-lensing proper-
ties for diagnostics presents numerous advantages, primarily due
to the ability to achieve comprehensive label-free fingerprinting
of biological samples. This stands in stark contrast to traditional
bio-chemical and genetic analyses. To enlarge the spectrum of
biomedical applications, it would be useful to study the lens prop-
erty of vacuoles also in mammals, since their detection could pro-
foundly impact clinical diagnosis.

Figure 6. TPIFC experimental setup. a) Sketch of the opto-fluidic recording
system. HWP1, HWP2 – Half-Wave Plates; PBS – Polarizing Beam Split-
ter; TL1, TL2 – Tube Lenses; M – Mirror; MO1, MO2 – Microscope Objec-
tives; MC – Microfluidic Channel; BS – Beam Splitter; CMOS – Camera.
b) Recorded digital hologram, with the cell’s diffraction visible in the holo-
graphic ROI highlighted in red.

4. Experimental Section
Sample Preparation: Yeast cells were grown at 30 °C on YPD (yeast

extract, peptone, dextrose 2%) agar-plate up to the colony’s formation. Af-
ter that, the individual colony was picked up and grown in liquid YPD for
overnight incubation at 30 °C with agitation. The day after, cells were di-
luted in a new tube in YPD up to 0.02OD (optical density) and incubated
for an additional 24 h before processing. 0.5OD of cells were imaged be-
fore and after 10 min of incubation at 30 °C in water (hypotonic conditions)
or in PBS (phosphate buffer for isotonic conditions).

TPIFC Experiments: The TPIFC experimental setup comprises two
modules, i.e., an optical module and a microfluidic module, as sketched
in Figure 6a.[22] The optical module was a DH microscope based on an
off-axis Mach-Zehnder optical interferometer. The light beam created by
a solid-state continuous wave laser source (Laser Quantum Torus 532 –
𝜆 = 532 nm) was split into a reference and an object beam by a polar-
izing beam splitter (PBS). The splitting ratio between the two beams was
adjusted by two half-wave plates (HWP1 and HWP2) located in front of
and behind the PBS. After passing through the biological sample, the ob-
ject beam was collected by a microscope objective (MO1) and sent to a
tube lens (TL1). Meanwhile, the reference beam was collected by a MO2
and a TL2. The interference pattern produced by the object and reference
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beams within the beam splitter cube (BS) propagates up to the CMOS
recording camera (Genie Nano-CXP Camera, 5120 × 5120 pixels, Δx =
Δy = 4.5 μm pixel size), thus resulting in the recorded digital hologram
(see the example in Figure 6b, measuring 640 × 640 μm2. The microflu-
idic module was instead made of a low-pressure pump module (Cetoni
NEMESYS 290 N) that generates a laminar flow at 75 nL/s within a com-
mercial microfluidic channel (Microfluidic – ChipShop 10 000 107, 200 μm
× 1000 μm cross-section), where the biological sample made of single cells
could flow and rotate. In particular, cells flow along to the y-axis, rotate
around the x-axis, and are recorded along the optical z-axis, according to
the reference system displayed in Figure 6b.

Thanks to the TPIFC experimental system, hundreds of holograms were
recorded for each flowing/rotating cell. From the recorded holographic
video sequence, a subsequence of QPMs containing its roto-translation
was computed for each cell.[23] At this aim, as shown in Figure 6b, a re-
gion of interest (ROI) was selected within each full hologram around each
cell.

The holographic ROI was demodulated through a band-pass filter in
the Fourier domain to extract the real diffraction order, thanks to the DH
off-axis configuration.[24] The DH microscopy allows recording cells out-
of-focus in any position along the optical z-axis, since the real in-focus dis-
tance could be numerically computed by means of a refocusing method
based on the Tamura Coefficient.[50] The out-of-focus demodulated com-
plex field was then numerically propagated at the computed in-focus z-
position through the Angular Spectrum formula.[24] The same operations
were carried out over a reference hologram, i.e., a hologram recorded with-
out any cell inside, in order to remove residual phase aberrations by sub-
tracting the argument of the in-focus reference complex field from the ar-
gument of the in-focus cell complex field.[56] Finally, the resulting phase
map was denoised by the 2D windowed Fourier transform filtering[57] and
unwrapped by the PUMA algorithm,[58] thus obtaining the QPMs as those
displayed in Figure 2a,b. For each cell, the sequence of QPMs was centered
around its centroids, and the corresponding unknown rolling angles were
estimated from the tracking positions.[59] Finally, the sequence of cen-
tered QPMs and corresponding estimated rolling angles were employed
to reconstruct the 3D RI tomogram through the Filtered Back Projection
algorithm,[60] as shown in Figure 1a,d.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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