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ABSTRACT: Introduced more than 50 years ago, dynamic light
scattering (DLS) is routinely used to determine the size
distribution of colloidal suspensions as well as of macromolecules
in solution, such as proteins, nucleic acids, and their complexes.
More recently, differential dynamic microscopy (DDM) has been
proposed as a way to perform DLS experiments with a microscope,
with much less stringent constraints in terms of cleanliness of the
optical surfaces but a potentially lower sensitivity due to the use of
camera-based detectors. In this work, we push bright-field DDM
beyond known limits and show it to be sufficiently sensitive to size
small macromolecules in diluted solutions. By considering
solutions of three different proteins (bovine serum albumin,
lysozyme, and pepsin), we accurately determine the diffusion coefficient and hydrodynamic radius of both single proteins and small
protein aggregates down to concentrations of a few milligrams per milliliter. In addition, we present preliminary results showing an
unexplored potential for the determination of virial coefficients. Our results are in excellent agreement with those obtained in parallel
with a state-of-the-art commercial DLS setup, showing that DDM represents a valuable alternative for rapid, label-free protein sizing
with an optical microscope.

■ INTRODUCTION
Dynamic light scattering (DLS) is an extremely sensitive
optical method to probe the dynamics of complex fluids:
coherent light with wavelength λ illuminates the sample, and
the temporally fluctuating scattering intensity at an angle θ is
quantitatively analyzed to extract the lifetime of the refractive
index fluctuations occurring in the sample at the length-scale L
≃ λ/2 sin(θ/2).1,2 For a diluted suspension of small particles,
the refractive index distribution is mainly determined by the
particle concentration, which fluctuates over time due to
Brownian motion. In this case, measuring the correlation time
of the intensity fluctuations enables estimating the diffusion
coefficient of the particles from which, if the viscosity of the
solvent is known, their hydrodynamic radius can be
determined via the Stokes−Einstein relation.3 First demon-
strated in the late 1960s as a rapid and noninvasive method to
measure the size of proteins, nucleic acids, viruses, and
synthetic nanoparticles in solution,4,5 DLS rapidly grew in
popularity, and nowadays commercial DLS instruments are
part of the standard instrumentation of many pharmacology,
physics, biology, and chemistry laboratories, both in academic
and in industrial contexts. Since its introduction, one of the key
applications of DLS has been the determination of the size of
macromolecules and supramolecular structures in a range
roughly comprised between a fraction of a nanometer and a
few microns.6 Moreover, the strong dependence of the
scattered intensity I on the particle size (for small particles I

scales as the sixth power of the radius7) makes DLS particularly
effective in detecting the presence of aggregates and
monitoring aggregation processes.6

A downside of the excellent sensitivity of DLS is its extreme
susceptibility to the presence of impurities both in the sample
and along the optical path, implying meticulous care in sample
preparation (e.g., the need for multiple filtration steps) and
high cleanliness standards for all the optical surfaces.6

Moreover, due to its strong susceptibility to multiple
scattering, DLS is suitable for probing only fairly transparent
solutions. This strongly narrows the range of concentrations
that DLS can probe and prevents its application to even
slightly turbid materials or harsh experimental conditions. To
overcome these limitations, different variants have been
proposed over the years, aimed either at reducing the effect
of multiple scattering, for example, exploiting different cross-
correlation schemes, as in two-color and three-dimensional
DLS,8 or at extracting dynamical information from the multiple
scattered light, as in diffusing wave spectroscopy (DWS).9

However, except for DWS, which operates in the strong
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multiple scattering limit and is suitable for highly turbid
materials, none of the aforementioned alternatives to DLS have
achieved comparable commercial success, mainly due to the
increased operational and instrumental complexity compared
to standard DLS.

In 2008, Cerbino and Trappe demonstrated that a
conventional optical microscope using white-light illumination
could be used to extract the same information obtained with
DLS, by analyzing temporal sequences of images of the sample
acquired in direct space.10 This approach, named differential
dynamic microscopy (DDM), relies on a fully automated and
operator-independent procedure that calculates simultaneously
for different wavevectors q the temporal correlations of the
spatially Fourier-transformed sample images.11 DDM has been
successfully demonstrated in a wide range of applications
including the characterization of the Brownian dynamics of
diluted10,12 and concentrated13,14 colloidal suspensions, the
microrheology of complex fluids,15−17 the active motion of
swimming microorganisms13,18,19 and crawling cells,20 the
protein absorption on functionalized nanoparticles,21 and the
diffusive behavior of large protein clusters.22

The close formal correspondence with DLS enabled
expanding the range of applicability of DDM by directly
exploiting or adapting both well-established experimental
geometries (like depolarized23,24 or wide-angle scattering25 to
measure the rototranslational dynamics of anisotropic
particles) and analytical tools (like cumulant expansions22,24

to estimate polydispersity or even more refined inversion
schemes, like CONTIN,26 to access the particle size
distribution).

The most obvious advantage of DDM is that it does not
require any dedicated or specialized instrumentation. Other
key strengths, which fostered adoption in an increasing number
of laboratories worldwide, include its robustness with respect
to the presence of dirt along the optical path,10 the tolerance
with respect to multiple scattering,27 the possibility of
exploiting different imaging modes and optical contrast
mechanisms, and even combining them20,28,29 to gather
information on different substructures.

To date, one of the main limitations of bright-field DDM
compared to DLS is its sensitivity, namely, the ability to
reliably measure very small, weakly scattering particles, a case
that includes a variety of interesting biological macromolecules.
In this work, we experimentally show that bright-field DDM
can successfully probe the dynamics of diluted protein
solutions, down to concentrations of a few mg/mL; the

smallest detected macromolecule (lysozyme) has a hydro-
dynamic radius of about 2 nm, 1 order of magnitude below the
previous detection limit,30 which opens a whole new field of
application for this technique.

■ MATERIALS AND METHODS
Sample Preparation and Imaging. In this study, we consider

aqueous solutions of three different proteins: bovine serum albumin
(BSA) (Sigma #A7638), pepsin (Roche #10108057001), and
lysozyme (Roche #10837059001). Phosphate-buffered saline (PBS)
was prepared from commercial 10× stock solutions (ROTH
#1058.1). For each protein, we probed four different concentrations,
obtained by serial dilution. Before measurement, each solution is
filtered with 0.22 μm filters (Minisart).

Filtration and possible protein adsorption to the vials can, in
principle, alter the actual protein concentration in the sample, which
can differ from its nominal value. To account for these effects, a
commercial UV spectrophotometer (Thermo Fisher Scientific) was
used to independently assess the actual protein concentration within
each sample. By measuring the sample absorbance a at a wavelength λ
= 280 nm, the protein concentration is then obtained by inverting the
Beer−Lambert law, a = εcl, where ε is the protein extinction
coefficient, c is the concentration, and l = 0.1 cm is the optical path
length. The concentrations are reported in Supporting Information
Table S1, together with the extinction coefficients used for their
calculation.

For microscopy measurements, the samples are confined in glass
capillaries with rectangular cross sections (thickness 300 μm, and
width 3 mm). Each capillary is then put on a microscope slide and
carefully sealed with epoxy glue at the two ends to prevent
evaporation.

The experimental setup consists of a commercial inverted
microscope (Nikon Eclipse Ti−U) equipped with a fast digital
camera (Hamamatsu Orca Flash 4.0 v2). Bright-field images of the
sample are collected with a 20 × 0.5 NA objective. For each sample,
four sequences of 5000 images are recorded with a sampling rate of
500 fps and an exposure time of 1.99 ms. For each solution, image
sequences are collected from two distinct portions of the sample, the
focal plane corresponding to the middle plane of the capillary. Image
resolution is 1024(w) × 128(h) pixels, upon 2 × 2 binning. The
effective pixel size, taking into account the lens magnification and
binning, is equal to 650 nm. The imaging conditions, in terms of
illumination intensity, size of the field diaphragm, and size aperture
diaphragm as well as the camera settings, are carefully maintained
constant throughout the whole set of experiments. All the experiments
are performed at room temperature T = (22 ± 2) °C.

All of the samples are characterized in parallel with a state-of-the-
art commercial DLS instrument (Prometheus Panta, NanoTemper
Technologies GmbH) with λ = 405 nm and θ = 147° for comparison.
Samples were filled into Prometheus High Sensitivity capillaries, and

Figure 1. DDM analysis. (a) A sequence of sample images I(r, t) is recorded with a constant frame rate. Frames at increasing time delays are
subtracted from each reference frame to get difference images: ΔI(r, t, Δt) = I(r, t + Δt) − I(r, t). The Fourier transform of the image difference,
and its squared modulus, is then calculated, | |I t tr( ( , , )) 2. The image structure function d(q, Δt) is retrieved by averaging the Fourier power
spectra obtained for the same time delay Δt but different reference times t. The system isotropy allows considering the azimuthal average of d(q,
Δt). (b) For each wavevector q, the azimuthally averaged image structure function can be plotted against the lag time Δt and can be written as d(q,
Δt) = A(q)[1 − f(q, Δt)] + B(q), where A(q) is the static amplitude, B(q) is the noise term, and f(q, Δt) is the real part of the intermediate
scattering function.
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10 acquisitions were measured per capillary at 6% UV excitation
power and 100% DLS power at 25.0 °C using PR.Panta Control
v.1.5.2. Additional static light scattering measurements have been
performed using a custom-built apparatus equipped with a λ = 532
nm laser source.31

DDM Analysis for Protein Sizing. Protein diffusive dynamics is
probed in the reciprocal space according to DDM analysis, whose
main steps are schematically illustrated in Figure 1. A detailed
description of the technique can be found for example in refs.,10,11

while a number of software implementations of the method have been
made publicly available by different groups in the past few years.32,33

In short, the procedure is based on the acquisition of a sequence of
bright-field microscopy images, I(r, t) with a constant frame rate.
Frames separated by a given time delay Δt are subtracted from each
other to generate a difference image, ΔI(r, t, Δt) = I(r, t + Δt) − I(r, t),
as depicted in Figure 1a. A 2D fast Fourier transform algorithm is then
applied to the difference image, and the spatial Fourier power spectra
obtained for the same time delay Δt, but different initial times t, are
then averaged to get the so-called image structure function

| |d t I t tq r( , ) ( ( , , )) 2 , where indicates the Fourier
transform, and q = (qx, qy) is the 2D wavevector in the Fourier
space. If the system structure and dynamics are isotropic, an average
can be performed over different orientations of q, obtaining the
azimuthally averaged image structure function d(q, Δt), where

= +q q qx y
2 2 .

For each scattering wavevector q, the image structure function d(q,
Δt) is typically a monotonically increasing function of the delay time
Δt, as shown in Figure 1b. The image structure function is given by

= [ ] +d q t A q f q t B q( , ) ( ) 1 ( , ) ( ) (1)

where the term A(q) is the static amplitude, and the term B(q)
accounts for the noise in the detection chain;11 the function f(q, Δt) is
the real part of the intermediate scattering function, a quantity that is
also probed in a DLS experiment for a fixed q set by the scattering
angle θ = 2 arcsin(qλ/π).11,34 By fitting a suitable model to d(q, Δt),
one can thus extract f(q, Δt), whose decay encodes the information
on the sample dynamics at a length scale 2π/q.34

In the simple case where the sample is a collection of monodisperse
independent particles undergoing Brownian motion with a diffusion
coefficient D, the intermediate scattering function is described by a
single exponential decay f(q, Δt) = exp(−Γ(q)Δt), where the q-
dependent relaxation rate Γ(q) is given by Γ(q) = Dq2.34 For each q,
fitting (eq 1) to d(q, Δt), with f(q, Δt) = exp(−Γ(q)Δt), allows
obtaining the relaxation rate Γ(q). By fitting a quadratic model to the
latter, one estimates the diffusion coefficient, which is linked to the
particle hydrodynamic radius Rh via the Stokes−Einstein equation

=D
k T

R6
B

h (2)

where kB = 1.38 × 10−23 J/K is the Boltzmann constant, T is the
sample absolute temperature, and η is the solvent viscosity. This way,
one can estimate the typical size of the diffusing objects. If the
solution contains particles of different sizes, the intermediate
scattering function is given by the weighted sum of multiple
exponential decays, each of which is associated with a different
subpopulation of particles.34 In this general case, similar to DLS,
reconstructing the particle size distribution from the intermediate
scattering function is a nontrivial task and, according to the
complexity of the sample and to the signal-to-noise ratio, different
approaches, like cumulant expansion35 or inversion algorithms like
CONTIN,26 can be exploited.

■ RESULTS AND DISCUSSION
We performed DDM analysis on all samples, consisting of
solutions of three different proteins (BSA, lysozyme, and
pepsin) at different concentrations, as detailed in the Materials
and Methods section. A comprehensive account of all the

collected data can be found in the Supporting Information.
Representative image sequences are included in Supplementary
Movies SM1, SM2, SM3, SM4, SM5, and SM6. In each movie,
both raw and background-subtracted images are shown, while
the corresponding intensity histograms before and after
background subtraction are reported in Figures S1 and S2,
respectively. We consider first the results obtained for the BSA
solutions. Figure 2a shows a few representative intermediate

scattering functions, f(q, Δt), obtained at different wavevectors,
q, for the most concentrated BSA solution (c = 34 ± 2 mg/
mL). As can be appreciated from the figure, the experimental
data are well described by a single exponential decay. The q-
dependence of the corresponding relaxation rate Γ(q) obtained
from the fit is reported in Figure 2b. A quadratic fit of Γ(q) =
Dq2 provides an estimated diffusion coefficient D = (73 ± 2)
μm2/s. The diffusion coefficients obtained with the same
procedure for the BSA samples at lower concentrations (down
to about 1.2 mg/mL) are plotted as a function of protein
concentration in the inset of Figure 2b. The diffusion
coefficient is observed to systematically increase with the
protein concentration. Weak intermolecular interactions can
indeed result in a dependency of the collective diffusion

Figure 2. DDM analysis of diluted BSA solutions. (a) Representative
intermediate scattering functions f(q, Δt) at different wavevectors q
for the BSA sample at concentration c = 34 ± 2 mg/mL. The
experimental data (circles) are fitted to a single exponential decay
(solid lines). (b) Relaxation rate, Γ(q) extracted from the fit. Solid
symbols highlight the wavevectors q corresponding to the curves
shown in panel (a). The solid line represents the quadratic fit to the
data Γ(q) = Dq2. The inset reports the values of diffusion coefficient
D calculated from DDM analysis at different protein concentrations.
The value corresponding to the sample at c = 34 ± 2 mg/mL is
highlighted in gray. The solid line represents a linear fit to the data
according to eq 3.
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coefficient D on the concentration c, which for semidiluted
solutions reads

= + ·D D k c(1 )0 D (3)

where D0 is the diffusion coefficient in the dilute limit and kD is
the so-called diffusion interaction parameter, which is expected
to be positive in the case of repulsive interactions.36 A linear fit
to the data provides D0 = (64 ± 4) μm2/s and kD = (4 ± 1) ×
10−3 mL/mg, which is fully consistent with previously reported
values for BSA under similar experimental conditions.37

To enable a direct comparison with the output of the DLS
measurements, we calculated for each sample the correspond-
ing hydrodynamic radius using the Stokes−Einstein relation
(eq 2). The results are shown in Figure 3c. In the same figure,
we also report the average hydrodynamic radius and the width
of the number-weighted size distribution estimated for each
sample with DLS (see Supporting Information Figure S1 and
Supporting Information Table S2). As can be appreciated, the
agreement between DDM and DLS results, as well as with
literature reference values,38 is very good. As a further
consistency check, we independently estimate the diffusion
interaction parameter kD by fitting the model Rh

−1 = R0
−1(1 +

kD·c) to the DLS data. The fitting procedure gives R0 = (3.4 ±
0.1) nm and an estimate of the diffusion interaction parameter
kD = (4 ± 1) × 10−3 mL/mg, fully compatible with the value
obtained with DDM.

Besides extracting the relaxation rate, the above-described
procedure also enables estimation of the corresponding static
amplitude A(q), as well as the noise term B(q), for each
wavevector q.

In Figure 3a, we report the amplitude A(q) and the noise
baseline B(q) measured for the BSA solutions at different
concentrations. First of all, we note that the noise term B(q) is
nearly constant at all wavevectors and does not differ
significantly between the samples. This is consistent with the
fact that B(q) mainly depends on the electronic noise of the
sensor and on the shot noise,11 which is expected to be
constant as the imaging conditions and the camera settings are
identical for all acquisitions. By contrast, the signal amplitude
A(q) systematically increases with the protein concentration.
Indeed, for each given wavevector q, A(q) is expected to be

directly proportional to the scattering intensity I(q), A(q) =
T(q)I(q), where the proportionality term T(q), often referred
to as the optical transfer function, is an instrumental
constant,11 independent of the sample concentration. To
investigate how the amplitude scales with the protein
concentration, we consider the average value ⟨A⟩ over a
defined range of q between 0.5 and 0.8 μm−1, where A(q)
exhibits a very broad peak. The results are shown as solid
symbols in Figure 3b. As can be appreciated from the figure,
the amplitude displays a fairly linear dependence on the
concentration for small c (dotted line), while a systematic
deviation is observed at larger c. This behavior is compatible
with the presence of repulsive interactions between the
molecules, and it is described by the Debye−Zimm equation39

which, for semidiluted solutions of particles much smaller than
the wavelength of light, can be written as

*
= +K c

R M
B c1

2 2 (4)

Here, ΔR is the Rayleigh ratio, K* is an instrumental
constant (which also incorporates the refractive index of the
solvent and the refractive index increment dn/dc of the protein
solution), M is the molecular mass, and B2 is the second virial
coefficient, which represents the first correction to the ideal gas
equation of state due to interparticle interactions. For a given
experimental geometry, the Rayleigh ratio is directly propor-
tional to the scattering intensity I. We can thus rewrite eq 4 in
terms of the average amplitude ⟨A⟩ as follows

=
+

A kc
c c1 / 0 (5)

where k is a new constant accounting also for the effect of the
optical transfer function, and =c MB(2 )0 2

1. By fitting eq 5 to
our DDM data (and using M = 66.6 kDa), we obtain the
following estimate for the second virial coefficient, B2 = (3 ±
1) × 10−4 mol·mL·g−2. This value has the same order of
magnitude but is significantly larger compared to most of the
values reported in the literature for the same protein under
similar conditions.40 In order to confirm the validity of our
findings, we performed static light scattering experiments on

Figure 3. Signal amplitude and noise at different protein concentrations. (a) Signal amplitude A(q) (squares) and noise term B(q) (diamonds)
measured for BSA solutions at different concentrations. (b) Scaling of the scattering intensity measured with DDM (black squares) and SLS (red
symbols) as a function of protein concentration for BSA (solid symbols) and lysozyme (empty symbols) samples. DDM values are obtained as an
average of A(q) in the q range between 0.5 and 0.8 μm−1, corresponding to the gray-shaded area in panel (a). The dashed and dotted lines
correspond to linear scalings, while the solid black line is a fit to the BSA DDM data according to eq 5. Each SLS data set has been scaled with an
arbitrary multiplicative constant. Red circles correspond to SLS measurements at λ = 405 nm and θ = 147°, whereas red stars correspond to
measurements at λ = 532 nm and θ = 90°. (c) Hydrodynamic radii estimated with DDM (black squares) for single molecules of BSA (top) and
lysozyme (bottom) at different concentrations. Values obtained from DLS are shown as red horizontal dashes, with vertical shaded bars
representing the full width at half maximum of the size distributions.
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the same proteins, obtaining the scattered intensity I(c) at both
147° (λ = 405 nm) and 90° (λ = 532 nm) as a function of the
concentration c. The results, scaled by a global multiplicative
constant, are reported in Figure 3b as solid red circles and
stars, respectively, and display an excellent agreement with the
ones obtained with DDM.

Taken together, these results demonstrate that bright-field
DDM, besides providing an accurate characterization of
diluted and semidiluted protein solution dynamics, can also
be used to characterize, at least in relative terms, the
dependence of the scattering intensity on the concentration,
gathering quantitative information on the intermolecular
interactions.

A similar set of experiments was performed on a sequence of
lysozyme solutions at concentrations ranging between 5 and 30
mg/mL. The obtained intermediate scattering functions are
again fully compatible with a simple exponential decay,
indicating a fairly monodisperse sample (Supporting Informa-
tion). The estimates for the hydrodynamic radius obtained for
each sample are reported in Figure 3c as empty symbols, where
we can see that within the experimental errors, the estimated
Rh values do not show any systematic dependence on the
concentration. All values are in good agreement with both the
literature41 and DLS results (see Supporting Information Table
S2). For lysozyme, the average amplitude ⟨A⟩ shown in Figure
3b (empty squares) displays a rather clean linear scaling with c

(dashed line), indicating a marginal effect of intermolecular
interactions in the investigated concentration range. This result
was also confirmed by independent static light-scattering
measurements (empty red circles and stars).

While the results obtained for both BSA and lysozyme
solutions are compatible with the behavior of a diluted
suspension of identical particles, the pepsin solutions we
investigated provide an example of a less ideal case. Indeed,
despite filtration, DDM analysis revealed the presence of
protein aggregates at all concentrations considered. The
intermediate scattering functions are no longer described by
a single exponential but display two well-distinct decays, as
shown in Figure 4a for the highest concentration (c = 23 ± 1
mg/mL). A good fit to the data is now obtained by adopting a
d o u b l e - e x p o n e n t i a l m o d e l o f t h e f o r m

= [ ]f q t q e q e( , ) 1 ( ) (1 ( ))q t q t( ) ( )1 2 .
This model corresponds to the simultaneous presence of two
relaxation processes, which we attribute to two distinct families
of diffusing particles. This can be confirmed by considering the
q-dependence of the two relaxation rates, Γ1 and Γ2, extracted
from the fit, as shown in Figure 4c. Both Γ1 and Γ2 display a
rather clean ∼q2 scaling. By fitting a quadratic function to the
two rates, we determine the corresponding diffusion
coefficients from which we recover the associated hydro-
dynamic radii reported in Figure 4d. Strikingly enough, the
hydrodynamic radius Rh,1 = (3.2 ± 0.2) nm corresponding to

Figure 4. DDM analysis of diluted pepsin solutions. (a) Examples of intermediate scattering functions f(q, Δt) at different wavevectors q for the
pepsin sample at c = 23 ± 1 mg/mL. Data clearly show a double decay due to the simultaneous presence of single and aggregated proteins.
Experimental data (circles) are fitted with a double exponential (solid lines). (b) Scaling of the two amplitudes ⟨A1⟩ (single proteins) and ⟨A2⟩
(protein aggregates) with the protein concentration. (c) Relaxation rates Γ1 and Γ2 extracted from the fit at different q, linked to the motion of
single proteins (down-pointing triangles) and protein aggregates (up-pointing triangles), respectively. Solid symbols highlight the selection of data
points corresponding to the curves shown in (a). (d) Hydrodynamic radii of single proteins and aggregates, calculated from the diffusion
coefficients obtained at different concentrations. The black dashed line represents the average size estimated for the protein aggregates, that is equal
to about 108 nm. The red-shaded bars represent the full width at half maximum of the size distributions obtained from DLS, with average values
indicated as red horizontal dashes.
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the faster decay is in excellent agreement with the value Rh,DLS
= (3.11 ± 0.03) nm obtained from the DLS measurement, as
well as with literature values for the monomeric protein under
similar conditions.42 This indicates that the “fast” contribution
to the intermediate scattering function comes from the
diffusion of monomeric, unaggregated proteins. On the other
hand, the slower decay provides a hydrodynamic radius Rh,2 of
about (115 ± 3) nm. This value is compatible with the size of
the largest particle that can pass through the filter, whose
nominal mesh size is about 220 nm. The amplitude ⟨A1⟩ = ⟨α·
A⟩ of the decay corresponding to single proteins and the
amplitude ⟨A2⟩ = ⟨(1 − α)·A⟩ obtained for the aggregates are
both shown in Figure 4b, as down- and up-pointing triangles,
respectively. As for lysozyme, we observe a fairly good linear
scaling of ⟨A1⟩ with c for pepsin over the whole range of
investigated concentrations.

It is worth noticing that while the amplitudes of the two
contributions are somehow comparable (1 ≲ ⟨A2⟩/⟨A1⟩ ≲ 2,
corresponding to 0.3 ≲ α ≲ 0.5), this is not true for the
corresponding concentrations c1 and c2. Let M1 and M2 be the
average molecular weights of the monomeric proteins and of
the aggregates, respectively. Under the simplifying assumptions
that both dn/dc and the density are the same for single and
a g g r e g a t e d m o l e c u l e s , w e g e t

×( ) 8 10c
c
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A M

A
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According to this estimate, the contribution of the
aggregates to the total mass in the solution is very small
(less than 0.01%), and we can safely assume that the
concentration c1 of the monomeric protein coincides with
the total concentration c measured with the UV spectropho-
tometer. Remarkably, the presence of these aggregates is only
barely visible in DLS measurements performed at large
scattering angles (see Supporting Information Figure S1),
which suggests how the access to the small scattering angles
probed by DDM may be crucial to obtain a thorough sample
characterization.

■ CONCLUSIONS
In this work, we have shown that DDM enables us to measure
the size of proteins in solution in seconds using a bright-field
microscope. The current detection limit in terms of
concentration is about 1 mg/mL for BSA, only about a
decade above the nominal sensitivity of typical commercial
DLS instruments. The smallest detected molecule is lysozyme,
with a hydrodynamic radius of about 2 nm. Importantly, these
limits are by no means fundamental in nature as they are
mainly determined by the intrinsic noise of the detector and by
the size and number of acquired images. Indeed, we foresee
that the adoption of new-generation, better-performing
sensors, combined with the execution of more extended
measurements, could significantly increase the sensitivity of the
method as well as the accuracy in the determination of the
particle size. In Supporting Information, we provide an in-
depth examination of the instrumental factors (e.g., sample
concentration, molecular weight, and camera specifications)
that affect the signal-to-noise ratio for a protein sizing DDM
experiment. From this, we derive an equation for the critical
signal-to-noise ratio, the threshold below which DDM is
unlikely to yield reliable results. This estimation serves a dual
purpose: it can be used to predict whether the signal from a
particular sample under the experimental conditions in place

will be strong enough for DDM analysis. Additionally, it can
guide the optimization of the experimental protocol, ensuring
that it is primed for detecting the sample of interest. While
these results allow us to estimate the lower limit of detection
(e.g., in terms of the minimum detectable concentration of a
target molecule), an upper limit is imposed by the onset of
multiple scattering, which breaks the simple linear relation
between the amplitude of the concentration fluctuations in the
sample and the optical signal in the images DDM relies on.11 It
is important to note, though, that this constraint mainly applies
to extremely turbid samples. Under normal conditions,27 DDM
exhibits the capacity to effectively probe solutions with
concentrations up to a thousand times higher than what
conventional DLS can manage. Even within this effective
range, it is crucial to keep in mind that interactions between
the molecules in solution can affect their collective dynamics
and lead to a collective diffusion coefficient D that deviates
systematically from the one predicted by the Stokes−Einstein
relation (eq 2),34,36 as also shown in this study. As a
consequence, DDM, like DLS, requires suitably diluted
solutions to be used as a particle sizing tool. A common
empirical approach to determine whether a given solution is
diluted enough to enable reliable sizing consists of further
diluting the solution (for example by a factor of 2), repeating
the measurement on the diluted sample, and checking whether
the diffusion coefficients obtained from the two samples are
mutually consistent.6 Alternatively, the diffusion coefficient in
the dilute limit can be obtained by extrapolating to c = 0, the
values obtained at different concentrations according to eq 3.

We have also shown that besides determining the relaxation
dynamics, with DDM it is also possible to obtain quantitative
information on the dependence of the scattered intensity on
the concentration and hence on intermolecular interactions, an
application that could be pushed further by calibrating the
microscope with small colloidal particles to determine the
transfer function T(q).

In each experiment presented in this work, the volume
probed in a single measurement was as small as ≃20 nL. This
indicates that our approach, combined with suitably designed
sample cells, allows the investigation of extremely small sample
volumes.

Notably, by probing much smaller wavevectors (typically in
the range [0.1, 10] μm−1) compared to fixed 90° angle DLS
(qDLS ≃ 17 μm−1, assuming λ = 532 nm), DDM enables
characterizing the dynamics of rapidly diffusing particles with
relatively relaxed requirements in terms of the sampling
frequency. For example, the light scattered at 90° by an
aqueous solution of 2 nm particles fluctuates with a
characteristic time of about 30 μs. The same solution probed
at q ≃ 1 μm−1 displays fluctuations with a ≃ 9 ms lifetime,
which can be easily captured with a standard scientific camera.

In this study, we focused on a few relatively simple
representative examples where the particle size distribution is
strongly peaked around either one or two well-defined values.
However, the range of applicability of the method is much
wider. As already mentioned, the whole paraphernalia of DLS
can be directly exploited to analyze and interpret DDM data:
cumulant expansion to evaluate sample polydispersity,22,24,35

inversion schemes to estimate the particle size distribution, like
CONTIN,26 to mention a few.
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