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ABSTRACT: Quantitative phase imaging enables precise and label-free character-
izations of individual nano-objects within a large volume, without a priori knowledge
of the sample or imaging system. While emerging common path implementations are
simple enough to promise a broad dissemination, their phase sensitivity still falls short
of precisely estimating the mass or polarizability of vesicles, viruses, or nanoparticles
in single-shot acquisitions. In this paper, we revisit the Zernike filtering concept,
originally crafted for intensity-only detectors, with the aim of adapting it to wavefront
imaging. We demonstrate, through numerical simulation and experiments based on
high-resolution wavefront sensing, that a simple Fourier-plane add-on can significantly
enhance phase sensitivity for subdiffraction objects�achieving over an order of magnitude increase (×12)�while allowing
the quantitative retrieval of both intensity and phase. This advancement allows for more precise nano-object detection and
metrology.
KEYWORDS: quantitative phase imaging, sensitivity increase, nanoparticles, scattering contrast, single nano-object metrology

The precise detection and characterization of individual nano-
objects are of paramount importance across various fields of
science, including physics, chemistry, biology, and medicine. In
physics and chemistry, the synthesis, transformation, and use of
nanostructures and nano-optics are a hot topic.1 Concurrently,
biological nano-objects such as viruses and vesicles are attracting
more and more attention in medicine not only for the
comprehension of viral processes2 but also for nanomedicine
applications.3 As nanoparticles (NPs) find broader applications
in fields such as cosmetics and food additives,4 and with the
surge in clinical trials utilizing nanocarriers,5,6 versatile and
effective quality control methodologies become increasingly
vital.7,8 Extensive efforts have been made over the past decade to
develop simple, non-invasive, label-free imaging methods
capable of detecting NPs with extreme sensitivity.9−11 However,
it remains challenging for most strategies based on intensity
measurement to provide enough specific information to
accurately characterize a mixture of unknown nano-objects,
e.g., water pollutant determination,12,13 without a priori
knowledge of their composition and properties.
In this context, quantitative phase imaging (QPI) recently

emerged as a powerful method for NP characterization. By
giving access not only to the amplitude of the electromagnetic
(EM) field but also its phase, QPI�often performed with a
digital holographic setup�offers numerous advantages over
intensity-only methods including numerical refocusing,7,14

numerical aberration correction,15 sensor dynamic optimiza-
tion,16,17 and metrology without a priori knowledge about the

sample.17−24 In particular, QPI enables the precise estimation of
the complex optical polarizability, thereby providing insights
into the absorption and scattering cross sections independently
of the NP’s shape or composition.21 In, e.g., biological
applications, this allows us to determine the dry mass of
biological objects.7,25 Importantly, this approach bypasses any
need for sample calibration, assumptions about sample
composition, and any prior knowledge of the optical system.
An important feature of QPI in assessing nanoparticle
concentrations lies in its ability to analyze large volumes
through numerical refocusing of the EM field.16,26−28 Instead of
being limited to a surface or its close vicinity, this allows the in
situ characterization of moving NPs in solutions, i.e., dispersed
in 3D. Incidentally, numerical refocusing and single NP
(super)localization also allow accurate hydrodynamic sizing by
leveraging Brownian motion analysis along extensive, 3D
trajectories. Based on such analyses, several recent works have
demonstrated the potential of QPI to estimate the mass or
chemical nature of unknown NPs, viruses, or vesicles in solution
and even identify them in a label-free manner.17,22,23 A recent
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study has even demonstrated the ability to characterize nano-
objects down to the scale of a single protein, albeit at the cost of
increased experimental complexity.29

The main roadblock to the detection of weak scattering/
extinction cross sections from single nano-objects arises from
the very little amount of light scattered when compared to the
nonscattered light. The limited dynamics of detectors, especially
cameras, precludes the detection of the smallest particles. To
effectively enhance detection capabilities, the dominant strategy
relies on an optimal use of this limited dynamics by (i) rejecting
most of the illumination light while preserving the scattered light
to avoid detector saturation and (ii) exploiting the gain provided
by a coherent reference field to achieve a signal level significantly
above the readout noise.30−33 Implementing these can be
straightforward in interferometric techniques using an external
reference arm, like digital holographic microscopy: on the
measurement arm, the illumination field can be blocked using
dark-field illumination or total internal reflection geome-
try.1,17,34,35 Then, by adequately balancing the relative intensity
of the reference and scattered fields, the contrast and intensity of
the interference term can be optimized. However, digital
holography and other two-arm interferometers are quite
sensitive to vibrations and thermal/mechanical drift in the
object or reference arms. Although the use of antivibration tables

and temperature control can reduce noises and phase drifts, they
introduce significant experimental constraints in many scenar-
ios, e.g., when characterizing infectious viruses or vesicles in a
biosafety cabinet. Moreover, two-arm interferometers are
relatively cumbersome and require spatially and temporally
coherent sources, which makes them prone to coherence
artifacts, i.e., interference with parasitic reflections and scattering
in the optical system also called speckle noise, thus limiting the
overall quality and sensitivity of phase images.
These drawbacks are largely minimized in self-referenced QPI

techniques, which can be used with an incoherent light source
(LED, white light, ...) and rely on a sturdier, compact, single-arm
architecture. A broad variety of common-path implementations
have indeed been proposed in the past decade.8,36−38 They give
access to the wavefront shape, rather than to an absolute phase
map, typically through a sampling of local wavefront gradients or
curvatures. As an example, high-resolution wavefront sensors,
based on, e.g., quadriwave-lateral shearing interferometry, coded
aperture, or thin diffusers, can be simply used as “quantitative
phase cameras”, offering direct access to the scalar EM field.
Unfortunately, the two conditions described above (i, dark field;
ii, interferometric gain) are difficult to adapt to common path
architectures since (i) some light is required even in empty
places, where no particle is present, to provide a spatially

Figure 1. Schematics of the experimental configuration in (a) standard common-path QPI (represented here as a classical QLSI
implementation) and (d) Z-WIM. (b) Complex plane representation of the incident (Ei), scattered (Es), and transmitted (Et) fields in the image
plane. (e) Complex plane representation with the Z-WIM setup. (c, f) Phase images of 100 nm-diameter polystyrene NPs on glass in water for
each configuration and (g−i) zoom on the phase and intensity images of an NP (g) in standard QPI and (h) before and (i) after numerical
reconstruction, showing the sensitivity gain and the quantitativity (note the identical color bars in g and i) of Z-WIM.
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continuous phase reference. Therefore, the zero intensity of
dark-field imaging in particle-empty regions forbids self-
referenced QPI measurements of the relative phase within the
field of view. Also, (ii) common path methods do not give
independent access to an external reference able to provide an
interferometric gain. In consequence, the main strategy to
increase the signal-to-noise ratio (SNR) thus consists in
accumulating a large number of photons, either by averaging a
large number of images21,39 or by using a camera with a high full
well capacity.22,33 While averaging clearly decreases the
temporal resolution, utilizing a high-capacity camera yields an
SNR boost of the phase signal typically limited to a factor of 5
when compared to QPI performed with regular sensors.
In this article, we propose a technique coined as Z-WIM for

Zernike wavefront imaging microscopy, which provides, with a
single-shot acquisition, a more than 1 order of magnitude
increase in sensitivity for any self-referencedQPI technique. The
original Zernike phase contrast uses a dephasing and attenuating
filter (classically a ring) in the Fourier plane to efficiently convert
phase differences into an intensity contrast, allowing the
qualitative imaging of phase features. Here, we show that the
same concept can be generalized for nanoparticle imaging to
boost the signal-to-noise ratio (SNR) of phase images while
ensuring quantitative measurements. As such, Z-WIM offers a
simple and robust way to increase the phase signals of small
objects, which is adapted to modern wavefront detection
schemes rather than intensity-only cameras. We present a
modeling of Z-WIM and show that it allows the retrieval of
quantitative phase and intensity images for the accurate and
calibration-free characterization of NPs. We then present an
experimental implementation with a high-resolution wavefront
sensor (WFS) and demonstrate experimentally a 12× sensitivity
increase.

RESULTS/DISCUSSION
Principle of Phase Amplification. Before delving into the

concept of phase amplification, let us consider the measurement
of the phase shift induced by a small NP using a standard QPI
configuration (see Figure 1a). Here, we base our experimental
applications on a common-path high-resolution wavefront
sensor (quadriwave lateral shearing interferometer,36,40,41

QLSI), but note that our reasoning holds for any wavefront
imaging method. As in most QPI configurations, the sample is
illuminated in transmission by a quasi-plane wave under normal
incidence to facilitate dry mass estimation from optical path
difference measurements as well as numerical propagation.
Upon interaction with the incident field Ei, the NP induces a
scattered field Es. Both Ei and Es are collected by the microscope,
and the sensor receives the coherent sum of these two fields Et =
Ei + Es. These fields and their relative phase can be visualized
through the use of Fresnel vectors, i.e., a representation of the
scalar EM fields in the complex plane. As shown in Figure 1b,
since ∥Es∥ ≪ ∥Ei∥ for nanoparticles, the phase shift ϕ between
the illumination Ei and the collected field Et is small. As a
consequence, measurements of ϕ typically yield a poor SNR
(see Figure 1c) even with a shot noise-limited wavefront sensor.
Recently, the advent of high-resolution QPI enabled simulta-
neous measurement of both the amplitude and phase of EM
fields. However, in the particular case of small NPs, this raises
several specific challenges, which have so far been largely
overlooked, probably due to the fact that standard detectors
have remained blind to phase for almost a century. The very

small values of both the amplitude |Es| and phase shifts ϕ are a
challenge to high SNR QPI measurements.
Acknowledging the limitations of conventional strategies that

involve accumulating more photons,22,33 we propose here an
approach to enhance the phase signal by selectively harvesting
photons that are instrumental to the process. In the case of
weakly scattering samples and (semi)spatially coherent
illumination, it is well known since Frits Zernike that the
contrast of phase-only objects can be enhanced by introducing
±π/2 dephasing and attenuating filters in the Fourier plane.42

Contributions from the nonscattered photons Ei and the
photons scattered by the sample Es can be re-equilibrated,
creating high-contrast interferences when observed with an
intensity detector. One well-known limitation of this phase
contrast method arises when dealing with samples modulating
both the amplitude and phase. Since intensity and phase
contributions are entangled in the intensity variations on the
detector, objects displaying both absorption and phase-shifting
properties cannot be characterized quantitatively: while of
course extremely effective, Zernike phase contrast remains a
qualitative phase sensing technique. Noteworthily, Zernike
phase contrast exploits the fact that the illumination and the light
scattered by small objects can be very different in terms of
angular distribution. This is especially pronounced when the
illumination is a collimated, spatially coherent beam, since NP
scattering covers a broad angular range, almost isotropic in the
Rayleigh regime for subwavelength nano-objects. Thus, in the
Fourier plane, i.e., the back focal plane of the objective, the
spatially coherent illumination Ei is confined at the center,
whereas the scattered light Es can cover the entire pupil (see
inset in Figure 1a).
Here, we propose to use a partially opaque filter, positioned in

the pupil plane, to selectively attenuate and phase-shift the
incident field Ei while preserving most of the scattered light Es.
This enhances both the measurement of the amplitude (by
enhancing the relative contribution of the scattered light and,
therefore, the use of detector dynamics) and, most crucially, of
the phase by increasing the relative phase between Es and the
illumination field after attenuation Ei . We show that this
enhanced phase ϕ′ can be measured with a noticeably higher
SNR compared to a standard QPI system. In turn, this raises the
challenge of quantitatively retrieving the original, unamplified
value of the phase ϕ, a problem that we address using a simple
model described below. This configuration, coined as Z-WIM
for Zernike wavefront imaging microscopy, can thus be seen as a
counterpart of Zernike phase contrast,42 adapted to any
quantitative phase camera or wavefront sensing method.
When a semiopaque filter with a radius Rfilter and a complex

transmission t = t0e−iβ (with +t )0 is positioned at the center
of the Fourier plane, the incident and scattered fields become Ei
and Es. Since Ei converges at the center of the pupil for a spatially
coherent source, it is attenuated and phase-shifted by a factor t:
Ei = t·Ei. Conversely, the scattered field Es is spread over the
entire pupil plane for an isotropic scatterer and is only

attenuated by a factor t(1 ) R
R0

filter
2

pupil
2 , with Rpupil being the

pupil radius. Considering a transmission t02 ≈ 1% and a ratio
< 10%R

R
filter

pupil
, this attenuation remains smaller than 1%, and we

can thus safely consider Es ≈Es (see Supplementary Section 1).
The total EM field, after interaction with the filter, then writes:
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= + +t eE E E E Et i s
i

i s0 (1)

With a proper choice of t0 and β, the relative phase ϕ′ between
the filtered fields Ei and Es can therefore be much larger than the
phase ϕ obtained without filtering, as illustrated in Figure 1e.
Since the phase measurement noise σϕ is similar in both cases,
this provides an effective improvement of the SNR of the phase
measurement, as illustrated in Figure 1g,h. However, it is
important to emphasize that extracting metrological values of
NPs such as polarizability or dry mass from the filtered images
(I′, ϕ′) is not as straightforward as in a standard QPI regime.
In this context, a reconstruction process is needed for

estimating the values (I,ϕ) that would have been obtained in the
absence of filtering. Traditional deconvolution-based ap-
proaches for image reconstruction are known to be computa-
tionally demanding, prone to amplify noises, and reliant on
regularization techniques that can compromise the image’s
frequency content and introduce artifacts. As an alternative, we
propose a direct reconstruction method based on a straightfor-

ward analytical expression. According to eq 1, the complex fields
without and with filtering are indeed related through:

| | | | + | |+ tE E Ee e (1 e )t
i

t
i i

i
( )

0

Experimentally, we do not have direct access to the absolute
amplitude of the field but to the relative intensities, defined as I =
|Et|2/|Ei|2 and I′ = |Et |2/|Ei |2 = |Et |2/t02|Ei|2. We can thus write:

++I t I te e 1 ei i i
0

( )
0 (2)

Using this relation, the intensity and phase images (I, ϕ) can
be directly estimated from the filtered images (I′, ϕ′). Since the
filtered images (I′, ϕ′) benefit from an improved SNR, the
retrieved images (Ir, ϕr) also inherit this improved SNR. As
shown in Figure 1i, this yields noticeably improved quantitative
phase images as compared to classical QPI. This SNR
improvement (ΓSNR) can be quantified in the case of very
small NPs (see Figure SI3 for detailed computation), which
satisfy I′ ≈ 1 and ϕ′ ≪ 1 and leads to:

Figure 2. (a) Schematics of the experimental setup. HR-WFS: high-resolution wavefront sensor. (b) XY phase images of a single 100 nm NP at a
glass/water interface at different Z around focus, (c) XZ cuts of these Z stacks (dotted lines indicate the images in b) and (d) corresponding
cross sections along the Z axis (dotted line: standard QPI; continuous line: Z-WIM). Quantitativity is maintained even when the NP is out of
focus. (e) Phase images observed over time. (f) Distribution and standard deviation of the OPD of standard QPI (orange) and Z-WIM (purple)
phase images using a filter with t02 = 0.7% and β = 0.21 rad.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c05152
ACS Nano XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05152/suppl_file/nn4c05152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


=
+t K

1 1

sin ( ) cos ( )
SNR

0 2 2 2
(3)

with K, a constant that only depends on the properties of the
QPI imaging system and represents the ratio between its
intensity noise and phase noise. The use of a t02 = 1% (β = 0) filter
thus enables a 10-fold increase in sensitivity. Noteworthily, such
a filtering strategy, even when paired with a standard camera
featuring conventional full well capacity (typ. FWC = 40 ke−),
can result in an SNR gain that is approximately twice larger than
what would be achieved with a state-of-the-art high FWC
camera (FWC = 2000 ke−).22

Importantly, this sensitivity enhancement does not depend on
NP properties or dimensions. It holds true for NPs typically
smaller than a few hundred nanometers of diameter (see
Supplementary Section 2), thus making Z-WIM highly suitable
for the blind characterization of unknown NP mixtures,
including viruses and extracellular vesicles.

Experimental Validation on Calibrated Polystyrene
NPs. To experimentally demonstrate a sensitivity increase with
Z-WIM, we used the experimental setup based on an inverted
optical microscope, and it is depicted in Figure 2a. To obtain the
best results, the light source should have both a high spatial
coherence and low temporal coherence. The high spatial

coherence allows an efficient confinement of the incident field
in the pupil plane and, thus, an efficient spatial filtering. The low
temporal coherence exploits the benefits of self-referenced QPI,
i.e., reducing coherence artifacts such as speckle noise. However,
the relative spectral bandwidth Δλ/λ must remain limited (typ.

< 10%) for valid numerical repropagation of the scalar EM
field over a large z range. Additionally, to allow imaging at
sufficient frame rates for NP tracking despite the attenuation by
the filter, the light source should have a luminance about 100
times higher in Z-WIM than in standard QPI. These
requirements can be fulfilled using, e.g., a supercontinuum
laser combined with a bandpass filter or a super luminescent
diode (see details in Methods/Experimental Section). Because
the pupil plane lies inside the collection objective, Fourier-plane
filtering is performed outside the microscope by positioning a
semiopaque filter of complex transmission t = t0e−iβ precisely at
the center of the reimaged pupil plane. After this Fourier-plane
filtering, the sample is imaged onto a custom-made high-
resolution wavefront sensor (WFS) based on QLSI43 and
described in Methods/Experimental Section.
We first characterized samples of known size and optical

properties, large enough to provide a good SNR with both Z-
WIM and standard QPI, to quantitatively compare these
methods (Figure 2). With 100 nm-diameter polystyrene (PS)

Figure 3. (a, b) Theoretical phase and intensity enhancements as a function of the filter parameters for a small dielectric NP. (c, d) Cross section
of panels (a) and (b) for a filter transmission t02 = 1.5%. The points correspond to experimental measurements, and the stars correspond to the
images in panel (g). (e) Principle of the thermally adjustable phase shift β. (f) Complex plane representation showing the effect of varying β. (g)
Raw filtered images of 100 nm polystyrene beads in water measured for different values of β and (h) corresponding reconstructed images.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c05152
ACS Nano XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c05152/suppl_file/nn4c05152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05152?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


beads (fluospheres, Invitrogen) in water (Δn = 0.26), the
expected optical path difference (OPD) signal is around 2 nm
(Figure 1c), i.e., above the sensitivity (σϕ ≃ 350 pm in OPD, i.e.,
4.8 mrad in phase) of our standard QPI sensor without a
semiopaque filter. One of the significant advantages of QPI lies
in its ability to characterize NPs in solution through direct (non-
iterative) numerical refocusing of defocused objects. We
therefore characterized the robustness of Z-WIM against
defocus by imaging these NPs both at focus and with a defocus
ranging from Z = −3 μm to Z = +3 μm.
The resulting XY images and XZ cuts with and without Z-

WIM filtering are shown in Figure 2b,c, aside with the
corresponding cross sections along the Z direction (Figure
2d). These results show that Z-WIM, like standard QPI
techniques, enables quantitative imaging even for large defocus
while keeping an improved signal-to-noise ratio. This results in
an exquisite reduction and flattening of the background. Z-WIM
can therefore be used to quantitatively characterize smaller NPs
in solution and/or, equivalently, to detect NPs over an extended
Z-range as compared to standard QPI.
To quantitatively characterize the SNR improvement ΓSNR,

we recorded the temporal phase variation observed over 100
measurements in an area free of NPs (Figure 2e). For single-shot
acquisition, the phase noise is reduced from σϕ = 350 pm (4.8
mrad) with standardQPI to

r
= 30 pm (0.4mrad) with Z-WIM

(Figure 2f). The associated SNR improvement ΓSNR = 12 is
consistent with the theoretical expectation (eq 3) for a t02 = 0.7%
and β ≈ 0 filter.

Effect of the Filter Properties. As discussed in Principle of
Phase Amplification in Wavefront Imaging, the value of the
phase shift β introduced by the filter has an important influence
on the phase and intensity enhancements. Simulations carried
out for various filter parameters in Figure 3a,b show that some
value of β can even lead to ϕ′ canceling out. Fabricating filters
with different β while keeping the same t0 to validate this
experimentally can be challenging and would not allow a
continuous tuning of the phase shift. Here, we implement a
photothermal phase modulator inspired by ref 44 and whose
experimental fabrication is described in Methods/Experimental
Section to adjust the phase shift between the illumination field
and the scattered field.
Experimentally, we retrieved that varying β has an effect on

both the filtered phase and intensity images, as illustrated in
Figure 3g. For instance, we observe a periodic inversion of the
sign of both the phase and intensity contrast, as shown in Figure
3c,d. This phenomenon is observed experimentally (represented
by dots) and is predicted by our model (indicated by the dashed
line).
To understand this behavior, it can be convenient to consider

the Fresnel vectors (Figure 3f). Here, for the sake of clarity, we
keep Ei aligned with the real axis and apply the relative phase
shift β to the scattered field Es rather than Ei. The relation
between the fields then becomes:

| | = | | + +tE E Ee et
i

i s
i

0

A change in the value of β amounts to a rotation of Es around
t0|Ei| = Ei . Therefore, as β is varied and as Es rotates around Ei ,
the measured field Et repeatedly crosses the real axis,
corresponding to a sign change of the phase, or the |Et |/|Ei | =
1 circle corresponding to the inversions of the intensity contrast.
Using the appropriate values of β, each of the raw images in

Figure 3g can therefore be processed using our analytical model

to retrieve the reconstructed Z-WIM images shown in Figure 3h.
As expected, all the reconstructed images are identical, which
validates our approach and confirms the possibility to
reconstruct directly interpretable QPI images for any value of β.
The periodic inversion of the sign of the phase however raises

interesting questions regarding the SNR of the reconstructed
phase images, in particular when the filtered phase ϕ′ cancels
out. To investigate on this, we carried out experimental and
theoretical studies of the evolution of the reconstructed phase
noise

r
with β. Experimental measurements (Figure 4a and

dots in Figure 4b) show that
r
critically depends on β, varying

from 50 pm when β = 0[π] to 100 pm when β = π/2[π]. This
noise nonetheless remains consistently lower than the phase
noise σϕ = 350 pm of standard QPI. These results show that a
quantitative reconstruction with improved sensitivity in Z-WIM
can be achieved for any filter parameters t0 and β, and the
knowledge of these parameters is sufficient to ensure a
quantitative reconstruction with enhanced sensitivity.
These experimental variations of

r
with β are well

reproduced by our theoretical model (dashed lines in Figure
4b) described in detail in Supplementary Section 3 and whose
main result is recalled in eq 3. A critical information carried by
the model is that

r
, and therefore ΓSNR = σϕ/ r

, is strictly
independent of the NP properties (at least for small NPs) and
only depends on the properties of both the filter and phase
sensor. A deeper analysis of the model shows that the phase
noise of the reconstructed image

r
depends on both the phase

noise σϕ and intensity noise σI of the sensor, but to different
ex tent s depend ing on β , a s i l lu s t ra ted by the

+K1/ sin ( ) cos ( )2 2 2 dependency of eq 3. For β ≈ 0[π],

r
is proportional to σϕ, while for β ≈ π/2[π], it is proportional

to σI.
This observation leads to 2 major consequences. First, even

though NPs with different properties can display a maximum
phase enhancement for different values of β (cf Figure 3a for a
dielectric NP and Figure SI4d for a gold NP), the optimal ΓSNR
will be achieved for the same value of β in both cases, therefore
enhancing the relevance of Z-WIM for the characterization of
mixtures of NPs. Second, the optimal value of β will depend on
the phase sensor and, more precisely, on the value of the
parameter K. In this study, we found that for our WFS, K = 2.1

Figure 4. (a) Experimental Z-WIM images obtained for different β
values considering a filter with the transmission t02 = 1.5% and
variable β. (b) Experimental evolution (dots) of the reconstructed
phase noise

r
with β and comparison with the theoretical

estimation provided in eq 3 (dotted line).
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and thus, the highest ΓSNR is achieved for β ≈ 0 and leads to ΓSNR
≈ 1/t0.

Single-Shot Polarizability Measurements. To illustrate
the benefits of such sensitivity improvements, we measured the
scalar EM field of 200 nm polystyrene NPs in immersion oil (n =
1.515) to extract their polarizability α using the formalism
proposed by Khadir et al.21 Figure 5 shows results obtained for

100 consecutive acquisitions with bothmethods.While standard
QPI measurements are clearly dominated by noise for these
small NPs, noticeably leading to nonphysical negative values for
Im(α), Z-WIM measurements display a much-reduced dis-
persion and yield polarizability values in good agreement with
the literature.21

Application to the Weighing of Small Unilammellar
Vesicles. We then challenged the ability of Z-WIM to
characterize biologically relevant objects, which are hardly
detectable in standard QPI. As a test sample, we used small
unilamellar vesicles (SUVs), which represent a model system for
the extracellular vesicles (EVs) secreted by most cells and
bacteria and are promising candidates for drug delivery
applications.6 SUVs typically consist in a few nm-thick lipid
bilayer enclosing an aqueous solution, with outer diameters
ranging from a few tens of nanometers to a few μm (Figure 6a).
Because of their very small mass and refractive index mismatch
with respect to their aqueous environment, their character-
ization in standard QPI is extremely challenging.

In this study, we used DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine) SUVs obtained by extrusion through a 100 nm
pore-diameter membrane filter. Assuming a 5 nm-thick bilayer
membrane, a 100 nm DOPC SUV is expected to weigh
approximately 120 MDa, which amounts to an OPD of 400 pm
in our configuration (N.A. = 1.4 and λ = 450 nm), very close to
the typ. 350 pm detection threshold of our camera in standard
QPI (Figure 6b).
With ΓSNR > 10, Z-WIM enables the detection of such SUVs

with an SNR > 10 (Figure 6c), thus allowing a precise weighing
of individual vesicles. Here, the dry mass of the vesicles retrieved
from the phase images yields an average value of 115 ± 10 MDa
(Figure 6d), in good agreement with the expected value and with
the dry mass retrieved from averaged standard QPI images (see
Supplementary Section 5 and Figure SI8). From this dry mass,
the diameter of each individual SUV can be estimated, still
assuming a 5 nm-thick bilayer and a refractive index of 1.48 for
DOPC45 (bars in Figure 6e), and compared to nanoparticle
tracking analysis (line in Figure 6e) hydrodynamic size
estimations obtained with a commercial device (Nanosight).
Both distributions are very similar, and the slight differences can
be attributed to the uncertainty in the modeling of the refractive
index of the SUV.
From these experiments carried out in a biological context, we

infer a single-shot acquisition sensitivity of 10 MDa for Z-WIM
using a standard camera-based WFS (full well capacity, ∼40
ke−). This is below the mass of most viruses or extracellular
vesicles, which makes Z-WIM a promising and simple tool for
the label-free characterization of extremely small biological
entities.

CONCLUSIONS
In this article, we reported a Fourier-plane filtering technique, Z-
WIM, which enables a more than 1 order of magnitude
sensitivity improvement when imaging nanoparticles with self-
referenced QPI while allowing quantitative measurements. We
took advantage of the quasi-isotropic scattering of subdiffraction
NPs to propose an artifact-free reconstruction process, which is
faster and more resilient to noise as compared to more
traditional deconvolutional approaches. We experimentally
studied the effects of the filter parameters (transmission and
phase shift) on the sensitivity increase and built upon these
measurements to derive the numerical background that explains
these effects and allows the easy optimization of these
parameters. Altogether, we showed that even with loosely
optimized filter parameters, Z-WIM represents an easy-to-
implement and affordable way to increase the sensitivity of QPI.
Z-WIM can be applied to any wavefront sensor-based QPI

technique (e.g., quadriwave lateral shearing interferometry43 or
diffuser-based as DiPSI38) and, more generally, to any self-
referenced QPI technique, including multiple plane transport of
intensity,46 partitioned detection aperture,37 ptychography,47

etc. By giving quantitative access to both the phase and intensity,
these techniques, and particularly Z-WIM, provide richer
information on the sample as compared to intensity-only
techniques such as, e.g., attenuated-COBRI.48,49 This allows the
quantitative characterization of NPs, even when out of focus,
without a priori knowledge or calibration. In this article, we used
QLSI to experimentally illustrate the potential of Z-WIM to
extract quantitative properties, such as polarizability, extinction
cross sections, or dry mass, of individual NPs either with higher
accuracy or for otherwise undetectable NPs.

Figure 5. Polarizability of a 200 nm polystyrene NP in immersion oil
retrieved from 100 consecutive images in standard QPI and Z-WIM.

Figure 6. Phase images of 100 nm-diameter DOPC SUVs imaged in
(a) standard QPI and (b) Z-WIM. (c) Schematics of a DOPC SUV.
(d) Measured dry mass distribution of the SUVs and (e) estimated
diameter distribution using Z-WIM (bars) compared to a
commercial NTA analysis (line).
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While standard image averaging usually performs well and
remains relevant with static samples, it does not allow the
characterization of small NPs moving in solution. Recent
approaches based on extensive image postprocessing have
proven effective in this context.22 However, they require a
sufficient SNR on each individual image to enable the detection,
precise 3D superlocalization, and 3D registration of the NP
before averaging. While these methods can increase the
precision of the measurement for rather large NPs, they do
not lower the detection threshold, and small NPs remain
undetectable. By increasing the sensitivity, Z-WIM allows to
optimize the amount of information, which can be extracted
within a given 3D field of view and is able to perform well with
both static and moving samples. Of course, Z-WIM can also be
combined with image averaging to push the sensitivity further,
thus maximizing the amount of information that can be
extracted from each nano-object. Also, numerical refocusing
over extended Z-ranges can notably increase the potential
number of images, which can be used for the averaging, thus
increasing sensitivity for moving particles too.
Finally, the sensitivity of Z-WIM could be pushed even further

if associated to a high full well capacity-based QPI sensor, or a
higher attenuation coefficient filter, provided that a sufficiently
bright light source is available. In this case, the sensitivity
improvements should be able to reach or surpass ×100, thus
enabling the label-free characterization of mobile nano-objects
as small as individual proteins (100 kDa) with single-shot
acquisitions and a setup of minimal complexity.

METHODS/EXPERIMENTAL SECTION
Experimental Setup. The experimental setup (Figure 2a) is based

on an inverted microscope (Olympus IX-71). To meet the require-
ments on spatial and temporal coherence beneficial to QPI imaging, we
indifferently use either a superluminescent diode (SLED EXS210014-
01, Exalos) emitting at λ = 450 nm with a bandwidth Δλ = 5 nm or a
visible supercontinuum laser (SMHP-Visible, Leukos) combined with a
bandpass filter (FBH450-40, Thorlabs) to isolate a Δλ = 40 nm
wavelength band centered at λ = 450 nm. Both sources are coupled into
a 20 m-long multimode optical fiber (FG105LVA, Thorlabs) and
collimated by an aspheric lens ( f ′ = 4.34 mm, Thorlabs) to illuminate
the sample with a plane wave with high spatial coherence (N.A. = 0.04).
The high-luminance sources used in this work thus enable working in
the same coherence regime as sources traditionally used in standard
QLSI (LEDs, halogen lamp, ...) but provide much higher irradiance,
enabling the use of short integration times. While in standard QPI, the
irradiance on the sample is typically 0.5W/cm2, Z-WIM requires 50W/
cm2 to achieve similar irradiance on the wavefront sensor, considering
the attenuation by the filter. However, this irradiance remains below the
damage threshold for living cells, which is around 1 kW/cm2 for blue-
green excitation50,51 and below the irradiance levels used to detect NPs
of similar sizes with holographic17 or iScat techniques.52

The light is then collected by a 60×, N.A. = 1.4 oil immersion
objective (Olympus PlanApo). The pupil plane of this objective is not
directly accessible as it lies inside it and is reimaged outside the
microscope using a f’ = 100 mm Achromatic Doublet (Thorlabs).
Fourier-plane filtering is performed in this reimaged pupil plane by
either of the two filters described hereafter.

After this Fourier-plane filtering, the sample is imaged on a custom-
made high resolution wavefront sensor (WFS) based on QLSI.43 This
WFS consists in a two-dimensional 20 μm-step 0−π phase-only
checkerboard grating53 (PhiMask, Idylle), reimaged a few millimeters
(d = 1.6 mm) before an sCMOS camera (Andor Zyla 5.5). Here,
unwanted diffracted orders are spatially filtered to keep only 4 orders
thanks to a relay telescope (not shown in Figure 2a). This QLSI system
yields performances comparable to those of modified Hartmann−
Mask-based sensors.22

Description of the Spatial Filters. Most of the experiments
presented in this article have been performed using a semiopaque filter
for Fourier-plane filtering consisting in a 100 nm-thick gold disc
deposited on a glass substrate. Its radius (Rfilter = 100 μm) has been
chosen considering the reimaged pupil radius (Rpupil = 2.3 mm) to
obtain < 10%R

R
filter

pupil
and thus preserve quantitativity (see Supplemen-

tary Section 1). This radius corresponds to N.A. = 0.06 in the reimaged
pupil plane, i.e., slightly more than the N.A. = 0.04 of the illumination,
which can therefore be blocked efficiently. The gold thickness was
chosen to provide both a transmission t02 < 1% and a negligible phase
shift β, leading to ΓSNR > 10. Using numerical simulations based on the
Fresnel coefficients for a multilayered thin film,54 we estimated that the
filter induces a transmission t02 = 0.7% and phase shift β = 0.21 rad. The
transmission value was confirmed experimentally using transmission
microscopy images of the filter (see Supplementary Section 4).

For the experiments requiring a precise control of the phase shift β,
we slightly modified the previous filter. In this case, a similar 100 nm-
thick, 200 μm-diameter gold disc filter is covered by a 50 μm-thick
glycerol layer in a chamber sealed by a sapphire window (Figure 3e).
The transmission of this filter was measured to be t02 = 1.5%, which
corresponds to an expected ΓSNR = 8 for β ≈ 0. The temperature of the
filter and the value of β are controlled with a laser diode (CNI, 633 nm,
500 mW) focused on the gold disc to locally heat the gold and glycerol
layers. Since the refractive index of glycerol decreases with the
temperature (δn/δT = −2.1 × 10−4 K−1), its optical thickness and,
therefore, β can be precisely controlled.
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