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ABSTRACT Quantitative phase microscopy (QPM) represents a noninvasive alternative to fluorescence microscopy for cell
observation with high contrast and for the quantitative measurement of dry mass (DM) and growth rate at the single-cell level.
While DM measurements using QPM have been widely conducted on mammalian cells, bacteria have been less investigated,
presumably due to the high resolution and high sensitivity required by their smaller size. This article demonstrates the use of
cross-grating wavefront microscopy, a high-resolution and high-sensitivity QPM, for accurate DM measurement and monitoring
of single microorganisms (bacteria and archaea). The article covers strategies for overcoming light diffraction and sample
focusing, and introduces the concepts of normalized optical volume and optical polarizability (OP) to gain additional information
beyond DM. The algorithms for DM, optical volume, and OP measurements are illustrated through two case studies: monitoring
DM evolution in a microscale colony-forming unit as a function of temperature, and using OP as a potential species-specific
signature.

SIGNIFICANCE Quantitative phase microscopy techniques are capable of measuring the dry mass of biological cells in
culture using optical microscopy means, usually for eukaryotic cells in the hundred-picogram range. This study provides
the guidelines for accurately measuring dry masses in the subpicogram range, for the study of microorganisms, such as
bacteria or archaea, opening the path for the precise monitoring of bacteria growth at the single-cell level. Moreover, this
study extends the possibilities of quantitative phase microscopies by introducing new measurable quantities besides dry
mass, such as complex optical polarizability and normalized optical volume, with envisioned applications in cell
classification using deep learning.

INTRODUCTION where v, called the specific refraction increment, is roughly
constant, varying within the tight range 0.18-0.21 um?®
pg ' (we chose y = 0.20 um® pg~' in this article).
Pwater ANd Nyarer are the mass density and refractive index
of water. Water is taken as the reference liquid because
cells are normally living and cultured in aqueous
environment.

Based on this relation, Barer initiated in 1954 the idea of
using phase imaging to measure the dry mass (DM) of cells
(2). Indeed, quantitative phase microscopy (QPM) tech-
niques map the phase shift ¢, or equivalently the optical
path difference (OPD) 6¢ = ¢2/2m, associated with a
transparent object of interest in the field of view of a mi-
n = Nyer = Y(P — Puater)s 1) croscope, typically biological media such as living cells.

The measured OPD image reads

Mass density and refractive index of transparent materials
are closely related. This trend is far from being a universal
law for organic and inorganic materials, as stressed in
1954 by Barr, who objectively compared a wide range of
materials (1). For biological matter, however, it is widely
recognized that an increase in mass density results in a cor-
responding increase in the refractive index, especially when
the system of interest is mainly composed of proteins (2—4).
The law holds true for living cells, for instance, where the
mass density p and the refractive index n of the cell are
linked by the relation
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The integral runs over the thickness of the imaged object.
The so-called optical volume (OV) 6V is defined as the in-
tegral of the OPD over the area of interest

oV = // 6l(x,y)dxdy = ///(”(x’y’z) 3)

- nwater) dXdde

and can be simply retrieved from OPD images by a pixel
summation. From Egs. | and 3, one can derive the important
equation linking the measured OPD (6/) or phase (¢) image
with the DM om of the imaged object:

om = y! / / 0l(x, y)dxdy, )

A
om = v’lg// ¢ (x, y)dxdy. ®)

The DM is considered as a faithful estimation of the
biomass of the system, more than the fresh mass that does
not exclude water, and especially in cell biology. Imaging
also enables the mapping of the DM surface density g, in

pg um™>:
oo(x,y) = v~ '6l(x,y). ©6)

This relation directly leads to the simple relation between
OV and DM:

om = vy 'oV.

Here are the relations to be used in practice, including the
common units:

éa(x,y) [pg/um’] = 5.0 x 1077 6¢(x,y) [nm].

om [pg] = 5.0 6V [um’].

Although the idea of measuring biomass using QPM was
introduced in 1954, its implementation remained elusive for
50 years (5,6). One had to wait for the development of high-
resolution QPM techniques in the 2000s to observe the pub-
lication of the first influential articles on this topic. In 2008,
Popescu et al. illustrated the principle of DM measurement
of living cells using QPM in a seminal article by measuring
the DM of HelLa cells (7). The authors could measure cell
biomasses of a few hundred picograms using two QPM
techniques, namely Fourier phase microscopy and Hilbert
phase microscopy. The group reported a sensitivity of 4 fg
um 2. Simultaneously, Marquet’s group reported measure-
ments of the DM production rate of yeast cells using digital
holography microscopy (8). DMs of wild-type and mutant
cells of a few tens of picograms were measured and fol-
lowed through the cell cycle. In 2011, another seminal
article was published by the group of Popescu using, this
time, spatial light interference microscopy and focusing
on Escherichia coli (9). DMs of a few picograms were
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measured, demonstrating the ability of QPM to answer the
important question of whether cell growth is linear or expo-
nential. In 2012, Girshovitz and Shaked introduced the wide
variety of mass-OPD-related physical quantities that can be
measured by QPM, besides DM and DM surface density,
namely the OV, the cell outer surface, some phase/mass
ratiometric quantities, sphericity/eccentricity indices, and
some statistical parameters (phase kurtosis and skewness)
(10). The interest of all these quantities was illustrated by
using HeLa cells.

Quadriwave lateral shearing interferometry (QLSI) is a
high-resolution optical wavefront imaging technique (11).
QLSI is simply based on the use of a two-dimensional
diffraction grating (also known as cross-grating) placed at
a millimetric distance from the sensor of a camera (12).
When a QLSI camera is implemented on a microscope, it
can then be referred to as cross-grating wavefront micro-
scopy (CGM) (13,14). In 2015, Aknoun et al. introduced
the use of CGM for the measurements of DM of mammalian
cells (15). The interest of directly measuring 6¢ and not ¢ to
access cellular DM was illustrated, and a detailed study on
the precision and trueness of the DM measurements was
conducted. The authors also addressed an important aspect
of DM measurements, i.e., cell segmentation, by detailing
an effective segmentation algorithm for eukaryotic cells,
even in confluence.

All these phase and wavefront microscopy techniques
were then used to tackle biological questions related to
cell growth and proliferation (16-28). Measuring DM is
certainly the main strength of QPM compared with
more common microscopy approaches based on fluores-
cence measurements. QPM lacks specificity but is quanti-
tative, noninvasive and can run for days without inducing
photobleaching or phototoxicity to the sample. All
these articles also illustrate the interest of accessing
cellular DM using optical microscopy compared with
microelectromechanical techniques (20,29-32). Surpris-
ingly, measuring DM by a phase or wavefront microscopy
technique has remained elusive for microorganisms such
as bacteria until very recently (33,34), and the microbi-
ology community would gain a lot if there was a simple
tool to quantitatively monitor the growth rate of microor-
ganisms under a microscope, and not only within an
incubator.

In this article, we use CGM to demonstrate its ability to
simply and accurately measure the DM of small cells, such
as bacteria. We explain how to handle diffraction fringes,
inherent to micrometric objects, to avoid possible inaccura-
cies in the DM estimation. We also quantify the accuracy
of the measured DM as a function of microscope focus and
objective numerical aperture. Then, we introduce the use of
the optical polarizability (OP), measured by CGM, as a com-
plementary information to DM. Finally, the method is illus-
trated on two case studies: the monitoring of the DM
evolution of a microscale colony-forming unit (CFU) and
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its dependence on temperature, and the use of the OP as a
ratiometric measurement to help classify imaged bacteria.

MATERIALS AND METHODS
Image acquisition using CGM

QLSI, introduced and patented by Primot and Guerineau in 2000
(12,35), is based on the use of a two-dimensional grating (or the syno-
nym, cross-grating) positioned at a millimetric distance from a camera
chip (13). A QLSI cross-grating consists of a 0 — 7 phase checkerboard
pattern that favors the diffraction of only the first orders. The measured
interferogram enables the computation of both the intensity and
wavefront profiles of a light beam, with higher accuracy and definition
compared with Shack-Hartman wavefront sensors. When QLSI is
implemented on a microscope (11), a configuration we recently proposed
to name CGM for the sake of simplicity, the measured intensity
and wavefront profiles become the transmittance and the OPD of the
imaged object, as demonstrated by Bon et al. in 2009 for applications
in biology (36). More recently, applications in nanophotonics have
been reported by our group to image and characterize nano-objects
(37-40).

The 0 — = phase shift pattern is key to obtain a nondiffractive light wave
between the grating and the camera, meaning that the light wave propagates
keeping the same pattern. This shadow-like propagation creates an array of
dots on the camera, the position of which can be precisely determined if
they are sampled, in practice, by at least 3 camera pixels. As a consequence,
the definition of the QLSI image is reduced by a factor of 3, in the two di-
mensions of the image, leading to the reduction by a factor of 9 of the total
amount of pixels.

All the experiments were conducted on a home-made microscope
(Fig. 1) composed of a monochromator as a light source (Monochro-
mator associated with an Energetiq EQ-99X laser-driven light source,
purchased from Opton Laser International, Les Ulis, France, hyperchro-
mator DG-600-300/1250) mounted in a Kéhler configuration. The mono-
chromator was tuned at a wavelength A = 540 nm or A = 625 nm
depending on the experiments. We used Olympus objective lenses
(100x [oil, 1.3 NA] UPLFLN100XOP/100x [oil, variable NA] UP-
LFLN100XOI2/40x [air, 0.6 NA] LUCPLFN40X/60x [oil, 1.25 NA]
UPLFLN60XOI); a tube lens with a focal length of 200 mm (Thorlabs,
Maisons-Laffitte, France, TTL200-A), multiplying the effective magnifi-
cation of the microscope by a factor of 1.1, compared with the objec-
tives; a QLSI wavefront imaging system, consisting of a Zyla camera
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5.5 and a QLSI cross-grating of pitch I' = 39 um placed at 0.86 mm
from the camera sensor.

Sample preparation

E. coli and Geobacillus stearothermophilus were usually cultivated in LB me-
dium overnight at 37°C, 200 rpm. Lactobacillus reuteri was precultured in
MRS medium overnight at 35°C, 200 rpm. Deinocococcus radiodurans was
precultured in TGY2X medium overnight at 30°C, 200 rpm. The archaeon Sul-
folobus shibatae was cultivated in 182 medium over 3 days at 75°C, 200 rpm.
The bacterial and archaeal concentrations were evaluated by measuring the op-
tical density (OD) of the culture (Ultrospec 10 Cell Density Meter, Biochrom,
Cambridge, United Kingdom).

Different sample geometries were used depending on the experiment.

For the experiments on the effect of the focus and the numerical aperture: a
volume of 5 uL of bacteria with an OD of 0.4 was sandwiched between two
glass coverslips (925 mm at the bottom and @18 mm at the top) and placed
in a metallic sample holder (Attofluor Cell Chamber, Thermo Fisher Scientific,
Tllkirch, France). After 15 min of sedimentation, the bacteria were imaged using
the microscope.

For the experiments related to precision estimation: a volume of 10 uL of
bacteria suspension with an optical density of 0.05 was left to dry on a
microdish with a glass bottom and 400 uL of LB culture media was added
on top. A @25-mm glass coverslip was added on top of the medium, to
ensure a stable, flat upper interface, not likely to distort the incoming light
wavefront. Then, the bacteria were imaged after 30 min of sedimentation.

For the experiments on E. coli growth as a function of the temperature,
see cell heating below.

Cell heating

For any experiment at higher temperature than the ambient temperature, the
bacteria were heated using a microheating device (VAHEAT, Interherence,
Erlangen, Germany), consisting of a sample holder of the size of a glass
slide that contains a glass coverslip in which an electrical current can
flow. The heating coming from the glass coverslip directly enables a fast
temperature control over a square area of around 5 x 5 mm? at the bacteria
location. This small heating device enables a simple and fast control of the
temperature (around 1 s to reach the temperature target and a few seconds to
cool down to room temperature). The experiments were conducted on two
types of samples, the Standard Smart Substrates (SmS) and the Standard
Smart Substrates with PDMS reservoir (SmS-R). With SmS, a volume of

Cross-grating

FIGURE 1 Experimental setup for cross-grating
wavefront microscopy. (a) Schematic of the micro-
scope. (b) Schematic of the 2D-grating (also known
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as cross-grating) placed at a distance of 0.86 mm
from the camera sensor. (¢) From left to right, raw
camera image called the interferogram, transmit-
tance image, and OPD image, both retrieved from
the interferogram. To see this figure in color, go on-
line.
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0.5 uL of bacteria suspension with an OD of 0.05 was deposited on the
substrate and covered by the 5 x 5 mm? coverslip to prevent convection.
For the SmS-R, the PDMS cuvette was filled with LB culture medium,
and an extra 25-mm glass coverslip was added on top of the cuvette to pre-
vent evaporation during the experiment and ensure a flat, stable top
interface.

Numerical simulations

IF-DDA is a free software that we developed to rigorously solve the prob-
lem of electromagnetic scattering of small objects in three dimensions (41).
The software can be downloaded from the webpage https://www.fresnel.fr/
perso/chaumet/ifdda.html. IF-DDA is based on the discrete dipole approx-
imation (DDA), which is a volume-integral equation method (42). The prin-
ciple consists of discretizing the object under study in three dimensions on a
cubic mesh, computing the electromagnetic field inside the object, and
computing the subsequent light emission by the object through a micro-
scope to get the electromagnetic field at the object plane.

RESULTS AND DISCUSSION
DM o6m measurement method

Eqgs. 3 and 4 introduced the calculation method of the OV
and DM of an object from its OPD image. In practice, the
double integration amounts to summing pixel values over
a domain D of the image:

oV = p*y oty )
ijeD
om = vy~ lpzzégi,p ®)
ijeD

where p? is the pixel area. Provided a good background sub-
traction is performed, the domain of integration D is easy to
define when considering eukaryotic cells (15). However, it is
a priori less obvious to determine when dealing with small
objects because of diffraction, which makes the boundaries
of the object not well defined. We recently pointed out this
issue with the DM measurement of neurites using CGM

Optical path difference (nm)
0 5 10 15 20 25

(43). Fig. 2 adisplays a simulated OPD image of a bacterium,
of the rod-shape of an E. coli, obtained using IF-DDA (see
materials and methods). One can see that diffraction rings
spread much further than the geometrical size of the bacteria,
raising the question of what the proper integration area D
should be to properly calculate the DM 6m and OV 6V using
Eqgs. 7 and 8. To numerically answer this question, we calcu-
lated the OVof an E. coli bacterium as a function of the size of
the integration area D (Fig. 2 b), and compared with the theo-
retical value 6V = (n — ng)V. We define a dilation factor
f = d/dy, where dy is the width of the bacteria and d is
the width of the domain D(f). The plot of Fig. 2 b shows
that integrating over D(f = 1), i.e., over the geometrical
size of the bacteria, or over what a segmentation algorithm
would normally capture, tends to yield inaccurate measure-
ments. Aroundf = 1, the values are slightly underestimated
(0.0122 instead of the true value of 0.0131 ,um3), and the
slope of D(f) remains large, making any OV and DM
measurement likely to feature a large dispersion of the
measurements. Fig. 2 b also shows that, if the diffraction
rings are all captured within the integration area D(f), the
measured DM and OV tend toward the theoretical values
(0.0131 um® and 65 fg, respectively). Thus, for a proper esti-
mation of DM and OV, the diffraction rings must be all
captured.

Experimentally, because these diffraction rings are
tenuous, standard segmentation algorithms tend to miss
them. For this reason, we recently proposed a refined algo-
rithm aimed to capture them in the context of neuron imag-
ing (43). The algorithm we developed in MATLAB (The
MathWorks, Natick, MA) and provide on GitHub (44) is de-
picted in Fig. 3. It involves a first step of segmentation of the
cell, which can be performed using any regular segmenta-
tion algorithm. We chose a magic wand approach where,
by clicking on a bacterial cell, the whole body of the bacte-
rium is automatically selected. Then, the selected domain D
is resized by a factor f and the OV, calculated over the
domain D(f), is plotted as a function of f. This plot naturally

o
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0.5

Estimated optical volume (10?2 pm3)

FIGURE 2 IF-DDA numerical simulation of the
image of a bacterium, at focus, on glass in water,
modeled as a rod of length 1.5 um, diameter 0.5
wum, and refractive index 1.38 (A = 550 nm, 1.3
NA). (a) Simulated OPD image of the bacterium
along with horizontal and vertical crosscuts passing
by the center of the bacterium. The dashed line rep-
resents the geometry of the bacteria. (b) Estimated
OV and DM as a function of the dilation factor f of
the area over which the image integration is numer-
ically performed. The dashed line represents the

=N

Estimated dry mass (fg)

dilation factor f
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o theoretical values. The dashed lines in the inset
represent the geometries of several integration areas
D(f) for various dilation factors f (1, 2, 4, and 6). To
see this figure in color, go online.
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FIGURE 3 Procedure of segmentation for DM estimation. (a) Experimental OPD image of a bacterium. (b) Magic-wand selection. (c—e) Segmented areas
for various dilation factors f: 0.75, 1 (that the standard segmentation gives), and 1.5 (the minimum segmented area to consider for proper DM estimation). The
background value is calculated over the white, annular area that is 3 px wide. (f) Estimated OV, OP, and DM as a function of the dilation factor f. To see this

figure in color, go online.

shows an increase in OV as a function of f from f = 0 to
f = 1 until it reaches a plateau corresponding to a proper
capture of the diffraction rings and to the true OV. The
plateau is reached at an f value of around 1.5, substantially
greater than 1, demonstrating the need to capture a larger
area than a regular segmentation algorithm would. Above
f = 1, oscillations of the estimated DM are observed due
to the diffraction rings, which are barely visible but substan-
tially affect the DM estimation.

Caution should be used, though, with experimental OPD
images. Unlike simulated images, which naturally exhibit a
zero OPD value far from the imaged objects, experimental
OPD images are obtained to within an arbitrary additional
constant. Indeed, CGM primarily measures gradients of
OPD, and the OPD image is subsequently obtained by inte-
gration of these gradients, which adds an arbitrary constant.
To circumvent this specificity of CGM, we neither under-
take to adjust the background offset nor correct any back-
ground nonuniformity. Instead, for each estimation of the
OV or DM at a particular f value, we simply subtract to
the image the average OPD value over the boundary of
the segmented area D(f) (represented by the white area in
Fig. 3, c—e). This method yields a precise and simple estima-
tion of OV and DM, and is not sensitive to the arbitrary
offset of the OPD and to any nonuniformity of the OPD
background. Fig. 3 f plots the measured OV as a function
of the dilation factor f using the methods depicted above.
Note that image noise can limit the range of f values, as
explained further below.

As a conclusion, diffraction rings must be taken into
account for an accurate measurement of the DM. Even if
they look tenuous, they contribute to a substantial part of
the information. This conclusion is consistent with our
recent study on nanoparticles (100 nm in size) much smaller
than bacteria, which also featured diffraction rings that must
be integrated to yield a proper estimation of the optical com-
plex polarizability of the nanoparticle (39). The interest of
measuring the OV on a plateau of 0V(f), rather than at

f = 1, is not only to obtain a value closer to reality. The
other, and equally important, interest of expanding the sum-
mation area is that the slope of 6V (f) is weaker (Fig. 3 f),
leading to much less dispersed measurements, and thus
more reproducible and precise DM estimation.

Optical polarizability « measurements

Besides the OV and DM, we introduce in this article another
physical quantity to be measured from the optical images
that also contain valuable information: the complex optical
polarizability (OP) « (39). We introduced the ability of
CGM to measure this quantity in a previous publication
dealing with metallic and dielectric nanoparticles (39).
The OP « is a complex number that characterizes the optical
response of the nanoparticle. Unlike the DM or the OV,
which can be calculated from the sole OPD image, the
calculation of « involves a mix of both the intensity (i.e.,
transmittance) and OPD images, T and 6/:

a = M%//(l — \/mexp(ibr(%(x,y)/}{))dxdy,
©))
iAn

2
o — oP Z(l _ mexp(iZWé&,//A))a (10)

T D

where ng is the refractive index of the substrate (usually
glass). Compared with 6V, « is richer because it also con-
tains information coming from the intensity image. Also,
as demonstrated below, « can give ratiometric measure-
ments, no longer dependent on the bacteria size, and repre-
senting a signature of the bacteria type.

The OP has the dimension of a volume, just like the OV.
There exists an interesting relation between OP and OV. For
0¢ < A (which is normally the case for bacteria), a Taylor
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FIGURE 4 OV and DM measured on numerical OPD images of 10 micro-objects, simulated using IF-DDA, as a function of the microscope focus. The
morphologies span progressively from a 50-nm sphere to a 4 x 2-um rod. The objects feature a refractive index of n = 1.38, are deposited on glass (1.51),
and immersed in water (np = 1.33). In each case, a drawing of the object is inserted, specifying the dimensions of the object. The dashed lines represent the
theoretical OV and DM. The red (darker) lines represent the OV and DM measured on the OPD images by pixel summation according to Eqs. 7 and 8. The
yellow lines represent the weighted OV and DM measured on the OPD images by pixel summation according to Eq. 13. To see this figure in color, go on-

line.

development at the first order gives the following expression
for the real part of a:

Re(a) = — 2n0pzz VTi00;; . (11)

ijeD

For T=1 (a good approximation for transparent objects),
from Eq. 11, the real part of the OP and the OV become
proportional:

6V = — Re(a)/(2n) . (12)

In addition to having the same dimension, the OP and OV
have thus the same order of magnitude.

From Eqgs. 11 and 12, one can define the weighted OV
oV, defined from the OPD image weighted by the transmit-
tance image:

V=S \/Tijoli; . (13)

ijeD

Because 6V, is defined from the OP which tends to be
focus independent (39), we shall see in the next section
that considering the weighted OV 6V, (Eq. 13) instead of
normal 6V (Eq. 7) makes the estimation of the OV, and
thus the DM, less focus dependent and more precise.
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Validity of DM measurements as a function of the
object size

Eq. 2, and all the following equations used to determine OV
and DM, suppose the projective approximation. This approx-
imation is no longer valid in the case of small particles, where
ray optics no longer applies. Nanoparticles can even feature
plasmonic or Mie resonances, making the measured OV far
from being only dependent on the volume of the object,
because surface effects dominate bulk properties. The ques-
tion of whether DM measurements can be performed on
nano-objects is thus relevant. In this section, we conduct
DDA simulations to investigate the accuracy of OV measure-
ments as a function of the object size. We chose to consider
objects that vary progressively from a 50-nm sphere (corre-
sponding to a virus or a vesicle) to a 4 x 2-um elongated
rod (corresponding to a large bacteria), immersed in water,
lying on glass. The refractive index of the objects was kept
at 1.38, a typical value for cells. We also varied the focus
from —0.5 to 0.5 um for each object. Results are plotted in
Fig. 4. In each simulated OPD image, a pixel summation
(Eq. 7) was performed to determine the so-called imaged
OV (red solid lines). The main observation is that OV and
DM measurements can be safely conducted even for the small-
est objects. In particular, for small objects, measured and
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theoretical OV line shapes are indistinguishable (first three
graphs of Fig. 4). There is just a weak dependence of the
imaged OV as a function of the focus, in particular for large ob-
jects, which makes the OV measurements less accurate when
the microscope is defocused. This focus dependence is studied
in more detail in the next section. The conclusion here is that
DM measurements can be safely conducted for arbitrarily
small biological objects.

Here, we stopped the simulation at a minimum size of
50 nm because it would be difficult to image objects smaller
than that using any QPM. Note that, using interferometric
scattering, (iSCAT), it is possible to detect single proteins
and, if a proper calibration is performed, it is even possible
to determine their mass (45).

Influence of image noise on the measurements of
om and «

The primary source of noise in CGM is the shot noise (also
known as photon noise) (14). Thermal or reading noise can
be considered as negligible because the intensity on the cam-
era sensor in CGM is normally high. This shot noise creates a
white noise on the interferogram and on the measured wave-
front gradients. Upon integrating the wavefront gradients to
get the OPD image, this white noise turns into a Brown noise
(or Flicker noise) (14). While white noise features a uniform
spectral distribution, a Brown noise is characterized by a
spectral distribution in 1/F? (the inverse of spatial frequency
squared), meaning that low frequencies are particularly
important in the noise of OPD images in CGM.

To investigate the effect of this particular noise on DM and
OP measurements, we conducted numerical simulations. We
simulated flat images endowed with a Brown noise, where we
fixed the noise standard deviation at 6y = 0.17 nm, a typical
value in CGM. The OV on this image was estimated using Eq.
8, over a circular area of radius R, as defined in Fig. 5 a. Of
course, the OV is supposed to be zero because no object is
imaged (float OPD). This is true in average, but not for
each particular image due to noise. Fig. 5 b plots the calcu-
lated OV as a function of R using the procedure described

Dry mass photometry of single bacteria

in Fig. 3. Counterintuitively, although the noise has an aver-
aged value of zero over the image, integrating the noise leads
to a divergence of 6V(R) when increasing R (Fig. 5 b). We
calculated the standard deviation ooy of the calculated OV
for a large set of noise images (5000 noise images), and found
a law scaling as ooy ~ R? (Fig. 5 ¢). This divergence comes
from the fact that the noise is a Brown noise dominated by
low spatial frequencies. For a white noise, the divergence
would be less dramatic, scaling as R. However, as far as
the scaling law is not faster than R?, the OV of an imaged ob-
ject also scale as R%. This means that if the signal of the
imaged object is larger than the noise, its DM could be
measured no matter the object’s size. The same conclusion
and scaling law apply for the estimation of «.

Fig. 6 further illustrates the effect of the noise of OPD im-
ages on DM and polarizability measurements, with the OV
measurement on a single bacterium and with a common size
(OVofaround 0.2 ,um3 ). The measured OV and OP are plotted
as a function of the integration radius R, both for a bare field of
view (Fig. 6 a) and with the bacterium (Fig. 6 b). From this
comparison, one can see that the effect of the noise becomes
detrimental from R ~ 90 px, much further than the onset of
the plateau atR ~ 50 px (see Fig. 6 b) where the measurements
should be done. Thus, for bacteria, and more generally for any-
thing that stands out from the noise, precise OV and OP mea-
surements can be done. Things are more difficult when dealing
with nanoparticles, for instance. Gold nanoparticles, 100 nmin
diameter, could be precisely characterized, for instance, with
normal imaging conditions (averaging of 30 interferograms).
For smaller objects, such as vesicles of viruses, for instance,
the estimation of the DM could be more difficult, but could al-
ways be improved by averaging more interferograms. A
detailed description of the noise of OPD images acquired using
CGM, and on how to minimize it, is provided in (14).

Dependence of 6m and « measurements on focus
and numerical aperture

Changing the focus of the microscope strongly affects the
intensity and OPD images, from which the OV, DM, and
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OP are calculated. The imaged objects look more blurred
when the microscope is defocused. It is thus important to
determine to what extent the focus affects the estimations
of these quantities. The focus is indeed not straightforward
to determine and can vary from one image to another. When
visually adjusting the focus of a microscope, what is
perceived as the right focus can be user-dependent and, as
a more subtle problem, the right focuses usually look
much different when looking at the intensity or OPD im-
ages. Because of this uncertainty, it is important to deter-
mine the focus range that yields reproducible values of
OV, DM, and OP. A similar issue is a priori possible with
the numerical aperture (NA) of the microscope, which af-
fects the image in the same manner as the focus.

The case of the dependence of DM on the focus has been
studied using CGM with eukaryotic cells by Aknoun et al.
(15), who showed that the measured DMs do not vary
more than 1% if the defocus remains within =5 um. This
weak dependence comes from the fact that refraction and
diffraction are negligible for eukaryotic cells. The authors
also showed that the NA does not affect the cells’ DM mea-
surements at all. Since bacteria are much smaller than
eukaryotic cells, and their OPD images more affected by
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diffraction and more dependent on the focus and the NA,
these rules derived for eukaryotic cells should be reconsid-
ered for bacteria.

Regarding the OP o, we demonstrated in a previous pub-
lication that its estimation is supposed to be rigorously inde-
pendent on the focus and NA if the surrounding medium is
uniform (39). However, cells in culture lie at the vicinity of a
glass/water interface, making the surroundings nonuniform.
The OP « is thus no longer supposed to remain constant in
theory.

To quantify the effect of the focus and NA on the estima-
tion of OV, DM, and OP of objects as small as bacteria, we
conducted numerical and experimental studies, presented
below.

Fig. 4 displays numerical simulations of the OV of
nano- and micro-objects as a function of the focus of
the microscope, from — 0.5 to 0.5 um. These simulations
demonstrate a slight dependence of OV on the focus, espe-
cially for large objects (not for nanoparticles). However,
OV variations remain confined within 10% maximum if
the focus is varied by *=0.5 um. This range of variation
does not preclude OV measurements. Interestingly, using
the normalized OV defined by Eq. 13 enables the cancel-
lation of this dependence, for any size of the imaged ob-
ject, and the estimation of the proper OV. The use of the
intensity-normalized OV thus appears as an effective
way to limit the dispersion of OV measurements. Note
that these simulations do not specifically concern CGM.
These results apply for any QPIL.

To investigate the effect of the focus, we also conducted
experiments on E. coli bacteria. Bacteria cultures were
imaged at room temperature, not at the optimal growth tem-
perature of 37°C. This way, the bacteria did not grow over
the duration of the experiment to ensure that variations of
the measured DMs from one image to another do not
come from actual DM variations.

The focus was varied from —7 to +7 um. This wide range
of values is purposely exaggerated as a means to better
cover the subject. In practice, for bacteria, the focus can
be visually set within a range of =1 um with a good repro-
ducibility (see Fig. 7 a). Fig. 7, b—d demonstrate a substan-
tial effect of the focus on the measured OV and « values.
Unlike eukaryotic cells that demonstrate a parabolic depen-
dence of the measured dm values as a function of the focus
(15), we found a linear dependence for bacteria. However,
substantial deviation of 0m and « are only observed for de-
focuses that can be easily avoided experimentally. Within
the more reasonable range of *1.5 um, both the OP and
OV can be considered constant. Caution should therefore
be taken when measuring these optical parameters, the focus
should remain in the —1.5, 1.5 um range to ensure accurate
values of the OV, DM, and OP.

We also conducted a similar study to analyze the
influence of the objective NA on the DM dm and OP « mea-
surements. Fig. 8 displays the normalized OV and the
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normalized real and imaginary parts of the OP as a function
of the objective NA from 0.6 to 1.3. The NA of the objective
has no influence on the measurement of the OV and OP. No
caution need to be taken regarding the objective NA when
conducting DM measurements using CGM. The same
conclusion was reported for the DM of eukaryotic cells
(15) and for the OP of nanoparticles (39).

Precision of the measurements

To estimate the precision of OV and DM measurements on
bacteria, we acquired a series of 60 successive images on a
given set of 10 bacterial cells, and measured the OV of all
these cells on all these images using the algorithm de-
picted in Fig. 3. One frame was acquired (no image
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ertures (100x, 0.6-1.3 NA, A = 540 nm). (b) Normalized DM as a function of the NA for 10 different bacteria (dashed lines), along with the average of all
these line shapes (solid line). (c) Same as (b) for Re(a). (d) Same as (c¢) for Im(a). To see this figure in color, go online.
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average), and the measured noise amplitude on the images
was 0.72 nm (measured on an empty field of view, 431x
450 pixels). This noise level is common in CGM, and
can be improved by averaging more OPD images. These
600 OV measurements are presented in Fig. 9. For each
bacterium, boxplots are displayed, giving the average
OV along with the standard deviation. The precision,
defined as the standard deviation divided by the OV, calcu-
lated over the 600 bacteria measurements, is close to
3% (Fig. 9).

Concept of microscale CFUs

DM metrology using QPM represents a powerful tool to
quantitatively measure the growth rate of cells in culture.
Their successive replications of prokaryotic cells can yield
the formation of groups of cells in close vicinity (clusters
or chains, see Fig. 10), making segmentation and DM es-
timations of single cells complicated. Nevertheless, to
properly estimate the growth rate of a bacteria/archaea
population using QPM, it makes sense to follow the
mass of a group of cells originating from a single one.
On the contrary, such a cell agglomeration is thus not
problematic. We call it a microscale CFU (mCFU), in
reference to the CFUs that are visually observed in petri
dishes at the macroscale (46).

Examples of applications
Monitoring of the growth rate of bacteria over time

As an illustration of the methods and concepts introduced
in the previous section, related to DM measurements using
CGM, we present here results related to the growth of
E. coli over time followed by CGM. We followed in real
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FIGURE 9 Study of the precision of DM mea-
surements. (@) OV and DM measurements for 10
different E. coli bacterial cells, 60 measurements
each, represented as boxplots. (b) Relative stan-
dard deviation of these 10 particular bacteria
(100x, 1.3 NA, 2 = 530 nm, exposure time 1 s).
To see this figure in color, go online.

Precision (%)

time the bacteria proliferation and quantified the growth
rate by monitoring the DMs of several mCFUs over
time. The bacteria were incubated at their optimum growth
temperature of 37°C. The bacterial cells were imaged us-
ing a 40x air objective, at A = 625 nm. An image
sequence was acquired for >5 h to capture the growth of
several mCFUs originating from single bacteria. Fig. 11
plots the average of the DM evolution for five different
mCFUs in both normal scale (Fig. 11 a) and semiloga-
rithmic scale (Fig. 11 b). An exponential growth is
observed, followed by a plateau after 4 h corresponding
to the expected stationary phase reached when the bacte-
rial cell density is too high. The data were fitted using
an exponential function m = my 1077 4 cst, where
g = 1/7 is the growth rate (number of division per unit
time). The growth rate at 37°C was found to be
g = 0.71 h™ !, which is consistent with culture conditions
used in this study.

In all these measurements on mCFUs, we used the same
procedure as the one described for single bacteria, involving
a dilation factor and a plateau (Fig. 5).

We take the opportunity here to show how CGM,
coupled with a fast microheating system (VAHEAT,
Interherence), can be conveniently used to investigate
the effect of the temperature on the growth rate of micro-
organisms. Fig. 11 presents results on the growth of
E. coli at two temperatures, namely 31 and 37°C. The
DM evolution of mCFUs is presented in a semilog scale
in Fig. 11 ¢ to better demonstrate the exponential growth,
corresponding here to a linear trend. In both cases, the
DM exponentially increases over time before reaching a
stationary phase for both temperatures. Faster bacterial
growth is observed at 37°C compared with 31°C, as ex-
pected, and this variation could be quantitatively esti-
mated; 0.71 h™" at 37°C and 0.34 h™' at 31°C. This is
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FIGURE 10 Examples of microscale colony-forming units (mCFUs). (a)
mCFU of Sulfolobus shibatae archaea. (b) mCFU of Geobacillus stearo-
thermophilus bacteria. The measured DMs of the mCFUs are indicated
on top of the images (60x, 1.25 NA, A = 625 nm). To see this figure in co-
lor, go online.

in agreement with previously reported values from the
literature (47). The bacterial growth rate slowly increases
until its optimum temperature of 37°C then drops for tem-
peratures higher than 37°C.

Toward the differentiation of bacteria using « measurements

The complex OP « of a particle is of utmost interest when
the particle is used for its optical properties: « contains all
the information related to its interaction with light (e.g.,
scattering and absorption properties). CGM appears thus
as a precious metrology tool in nanophotonics. However,
for bacteria, the interest of « is not as straightforward,
because one is not particularly interested in their optical
properties. Here, we show to what extent o measurements
can represent nevertheless an interesting approach in
biology, to enrich phase or wavefront images of bacteria.
The specificity of the OP is that it combines not only two
images (intensity and OPD), but also two numbers: its real
and imaginary parts. Just like the DM, these two numbers
scale as the cell volume. Thus, by taking their ratio, the
argument of «, or any other such combination, one ends
up with a dimensionless quantity that no longer depends
on the volume of the bacteria, but on its nature. Combining
intensity and phase images to obtain « enables thus the deri-
vation of ratiometric measurements, and possibly to a new
method to discriminate different prokaryotic species with
similar phenotypes. We investigated this possibility by
screening experiments on four different bacteria species,
namely E. coli, G. stearothermophilus, D. radiodurans,
and L. reuteri. Results are gathered in Fig. 12. We chose
to plot the argument of complex polarizability arg(«) as a
ratiometric, volume-independent quantity. The results
show that different species can exhibit different average «
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values. arg(«) appears as a balance between absorption and
refraction. What would make arg(«) (or any other ratiomet-
ric quantity) different from one bacterial species from
another is thus different ratios of absorption coefficient
and refractive indices. More sophisticated ratiometric quan-
tities could be designed to possibly make the measurements
less dispersed and make this method more efficient for a bet-
ter identification.

The results presented in Fig. 12 are not convincing
enough to be used to differentiate microorganisms: the
data look dispersed and the difference in arg(«) from one
species to another is not blatant. However, there is a differ-
ence, and the results presented here highlight a more general
concept: the interest of considering also the intensity image,
and not only the OPD image, to gain information on the
imaged cells. For instance, the group of Park and co-workers
recently developed a deep learning approach to identify bac-
terial species, but just from phase images not on intensity
ones (33). Our results suggest here that feeding the artificial
neural network (ANN) with not only phase or OPD images
but also with the corresponding intensity images could
markedly improve the ability of ANN to classify objects
imaged with phase and wavefront microscopy techniques.
Results presented in Fig. 12 could be more convincing by
investigating more complex ratiometric measurements
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than simply arg(e), but also by letting an ANN find its opti-
mized combination.

CONCLUSION

DM photometry of bacteria using phase or wavefront micro-
scopy demands a careful control of diffraction, image noise,
and focus to achieve accurate measurements. We provide
numerical tools and experimental rules to achieve accurate
DM measurements of microorganisms, and illustrate these
approaches by measurements obtained using CGM.

In addition to the well-known DM, and the OV from
which it is derived, we introduce two other physical quanti-
ties that expand the toolbox for microorganism characteriza-
tion using quantitative phase and wavefront microscopies:
weighted OV and complex OP. Weighted OV, computed
from the OPD image normalized by the square root of the
intensity image, gives rise to OV and DM measurements
that are no longer dependent on the focus, leading to more
precise measurements. Complex OP was introduced a few
years ago in the context of nanophotonics to derive their op-
tical properties. We show here that useful quantities can be
derived from the OP, such as the argument of OP supposed
to be size independent and only dependent on the nature of
the microorganism.
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This article aims to pave the way for more accurate DM
measurement of small biological objects such as microor-
ganisms, organelles, vesicles, or virions, and expands the
functionalities of phase/wavefront microscopy to capture
original features that can help in the development of refined
deep learning algorithms aimed at classifying bacteria.

Although demonstrated using CGM, the results and tech-
niques described in this article can be applied to any QPI.
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