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Crowding and confinement act in concert to slow
DNA diffusion within cell-sized droplets

Mehdi Shafiei Aporvari,1 Steven Dang,1 Juexin Marfai,1 Kara Coursey,1 Ryan McGorty,1,3,*

and Rae M. Robertson-Anderson1,2,3,*

SUMMARY

Dynamics of biological macromolecules, such as DNA, in crowded and confined
environments are critical to understanding cellular processes such as transcrip-
tion, infection, and replication. However, the combined effects of cellular confine-
ment and crowding on macromolecular dynamics remain poorly understood.
Here, we use differential dynamicmicroscopy to investigate the diffusion of large
DNAmolecules confined in cell-sized droplets and crowded by dextran polymers.
We show that confined and crowded DNAmolecules exhibit universal anomalous
subdiffusion with scaling that is insensitive to the degree of confinement and
crowding. However, effective DNAdiffusion coefficientsDeff decrease up to 2 or-
ders of magnitude as droplet size decreases—an effect that is enhanced by
increased crowding. We mathematically model the coupling of crowding and
confinement by combining polymer scaling theories with confinement-induced
depletion effects. The generality and tunability of our system and models render
them applicable to elucidating wide-ranging crowded and confined systems.

INTRODUCTION

A multitude of cellular processes depend on thermally driven dynamics—both center-of-mass transport

and conformational fluctuations—of large macromolecules like DNA. Such transport dynamics strongly

depend on the degree of crowding by other macromolecules and the degree of confinement by the cell

membrane. These conditions, crowding and confinement, are common to intracellular spaces and their ef-

fects on transport have been extensively studied (McGuffee and Elcock, 2010; Zhou et al., 2008; Bucciarelli

et al., 2016; Dix and Verkman, 2008). However, most studies investigating how crowding and confinement

affect the diffusion of small particles or macromolecules have focused on either crowding or confinement

(Balducci et al., 2006; Morrin et al., 2021; Hitimana et al., 2022; Bonthuis et al., 2008; Tan et al., 2013; Reisner

et al., 2005; Skóra et al., 2020). How the interplay between crowding and confinement affects the transport

of large macromolecules remains poorly understood.

Moreover, previous studies have largely used spherical colloidal particles or small molecules as tracers,

rather than large macromolecules, since uniform and monodisperse suspensions of these materials can

be easily obtained. However, both crowding and confinement have been shown to cause swelling or

compaction of large macromolecules depending on the physical properties of the macromolecules and

the environmental conditions (Kato et al., 2009; Jones et al., 2011; Junker et al., 2019; Gorczyca et al.,

2015; Zhang et al., 2009). This important contribution to dynamics is missed in studies using nanoparticles,

colloids, or small molecules. Here, to address this gap, we use large DNA tracers, which assume fluctuating

random coil configurations in solution, and which we are able to produce with monodisperse controllable

length and topology. Moreover, the use of DNA molecules more directly elucidates intracellular dynamics

that are key to biological processes such as transformation, replication, and gene expression (Nakano

et al., 2014; Weiss, 2014; Miyoshi and Sugimoto, 2008; Tan et al., 2013; Lukacs et al., 2000). Finally, we

consider here the crowding regime in which the diffusing polymer tracers (DNA) are much larger than

the crowding polymers (dextran), a very different regime than those typically examined both experimen-

tally and theoretically in which the tracer polymer or particle is comparable to or smaller than the surround-

ing polymers (Guan et al., 2014; Kwon et al., 2014; Roosen-Runge et al., 2011). Specifically, the 115 kbp

linear DNA polymers that we use have a coil size of R0z2 mmcompared to the�16 nm hydrodynamic radius

of the dextran random coils (Senti et al., 1955; Robertson et al., 2006; Armstrong et al., 2004). This >100 3

mismatch between the DNA and dextran sizes ensures that the DNA is experiencing the bulk viscosity and
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concentration of the dextran solution, rather than a lower effective viscosity that depends on the size ratio

of the tracer and crowder (Kohli and Mukhopadhyay, 2012).

Macromolecular crowding can lead to anomalous thermal transport dynamics in which the mean squared

displacementDrðDtÞ2 does not increase linearly with lag timeDt, as is the case in normal Brownian diffusion

in whichDrðDtÞ2fDta with a = 1. Specifically, crowding can cause subdiffusion, described byDrðDtÞ2fDta

where a< 1 is the anomalous scaling exponent (Höfling and Franosch, 2013; Metzler et al., 2016). Experi-

ments examining diffusion in the crowded intracellular environment (Weiss et al., 2004; Banks and Fradin,

2005), as well as in in vitro crowding conditions (Junker et al., 2019; Skóra et al., 2020), have reported sub-

diffusive dynamics ða < 1Þ with the deviation from normal diffusion (i.e., a = 1) dependent on the concen-

tration and type of crowders.

Similar to crowding, confinement has also been shown to slow the dynamics of particles and macromole-

cules (Balducci et al., 2006; Morrin et al., 2021). For example, previous studies have shown that the diffusion

coefficient D of 36-nm-diameter particles decreased by �20%–30% from its bulk value DB when placed

between surfaces separated by �10 3 the particle diameter. This slowdown was more pronounced as

the degree of confinement increased (Hitimana et al., 2022). Several other studies that have reported

similar slowing of particle diffusion near hard walls of confining slits, spheres, channels, and other geom-

etries (Lin et al., 2000; Pawar and Anderson, 1993; Bevan and Prieve, 2000; Broersma, 1959; Zembrzycki

et al., 2012; Kazoe and Yoda, 2011) have explained this slowing as arising from increased hydrodynamic

drag near the surface. Ref (Behrens et al., 2003) approximates this reduced diffusion via the relation

D=DBxð6d2 + 2ddÞ=ð6d2 + 9dd + 2d2Þ, where d is the particle size and d is its distance from the confining

wall (Behrens et al., 2003).

Several prior studies have also examined the dynamics of DNA molecules confined in nanoslits and nano-

channels, focusing on the strong confinement regime where the confinement length scale is comparable to

or smaller than the DNA coil size (Bonthuis et al., 2008; Tang et al., 2010; Reisner et al., 2005; Persson et al.,

2009; Hitimana et al., 2022). Under these conditions, experiments and simulations have shown that DNA

diffusion depends strongly on the degree of confinement, agreeing well with theoretical scaling relation-

ships (De Gennes and Gennes, 1979; Morrin et al., 2021; Balducci et al., 2006; Chen et al., 2004). These

studies shed light on the diffusion of DNA through pores and nanofluidic devices, yet their extension to

weaker confinement conditions, both in terms of the size and softness of the confining vessel, as for

DNA molecules within cells or intracellular compartments, is limited (Tang et al., 2010).

Few studies have probed the combined effects of crowding and confinement in the weak confinement

regime (Jones et al., 2011). Recent studies using lipid-coated droplets to create a confining environment

reported that diffusion coefficients of small molecules (�2–4 nm) in crowded environments decreased

by a factor of �2 compared to bulk values when confined in droplets of radius Rz10 mm (Watanabe

et al., 2020). Follow-up work showed measurable decreases in molecular diffusivity in droplets with Rz

10 � 20 mm, but only when the droplets contained a 20% (w/w) of 150 kDa dextran, with similar crowding

by smaller molecules (glucose, 180 Da) having minimal effect (Harusawa et al., 2020). These studies reveal

that even modest levels of confinement can significantly slow the thermal motion of molecules in crowded

environments. However, a theoretical understanding of the observed slow diffusion under these conditions

is lacking. Even less well understood is how the transport of large macromolecules is affected by similar

levels of crowding and confinement.

Here, we investigate the dynamics of large DNAmolecules in crowded and confined environments inspired

by the intracellular environment. Specifically, we crowd 115 kbpDNA tracers, which have a coil size of R0z 2

mm, by smaller, highly overlapping dextran polymers with a hydrodynamic radius of RHz16 nm> 100R0 and

at concentrations >5-fold their overlap concentration c�. We then confine this crowded system within

isolated aqueous droplets coated with a lipid layer, and use differential dynamic microscopy (DDM) to

measure the dynamics of the crowded and confined DNA molecules (Figure 1). DDM combines features

of real-space image analysis and dynamic light scattering to quantify ensemble transport dynamics (Cer-

bino and Trappe, 2008; Cerbino et al., 2022). As DDMdoes not require real-space localization of molecules,

it has been used in many previous studies where, due to highly overlapping molecules or poor signal to

noise, particle tracking is not feasible (Regan et al., 2019; Drechsler et al., 2017; Feriani et al., 2017; Martinez

et al., 2012; Lu et al., 2012). Using DDM, we show that the effective diffusion coefficients of DNA in
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concentrated dextran solutions decrease by nearly two orders of magnitude when the radius of the

confining droplet decreases from Rx100 mm to � 5 mm, with the degree of slowing being substantially

more pronounced at higher dextran concentration. To elucidate the physical mechanisms underlying

the surprisingly large coupled effect of crowding and confinement on DNA dynamics, we combine scaling

theories describing the dependence of polymer diffusion and coil size on concentration with depletion ef-

fects. The resulting mathematical model, which contains no free fitting parameters and is generally appli-

cable to crowded and confined systems, captures the scaling of dynamics with droplet radius and degree of

crowding remarkably well.

RESULTS

To probe the thermal motion of DNAmolecules within crowded and confined environments, we create wa-

ter-in-oil emulsions stabilized with a lipid mixture, resulting in lipid-coated aqueous droplets of radii Rx

3 � 100 mm with an average radius of Rx13 mm (see STAR Methods, Figures 1A and 1B). As shown in Fig-

ure 1C, we find that the droplets are spherical in shape and do not wet the hydrophobic glass surface.

To measure DNA dynamics, we use laser scanning confocal microscopy to image fluorescent-labeled 115 kbp

DNAmolecules in the central plane of the lipid-coated droplets (red square in Figure 1C), which contain varying

concentrations of dextran ðc = 0%; 14% ðw =wÞ; 28% ,ðw =wÞÞ. We measure the transport dynamics of the

confined DNA by performing DDM analyses on time-series of images as described in STAR Methods (Fig-

ure 1D). With DDM, we find the characteristic decay time for density fluctuations tðqÞ across a range of

Figure 1. Experimental approach to investigating DNA diffusion subject to in vitro cell-mimicking crowding and confinement

(A) We use confocal fluorescence microscopy to measure the dynamics of 115 kbp DNA molecules (R0z2 mm) diffusing in crowded solutions of 500 kDa

dextran polymers (RHz16 nm) encapsulated in a droplet stabilized with a lipid layer within a continuous phase of mineral oil.

(B) The probability distribution of droplet radii R shows droplets with Rx3 mm to � 100 mm and an average value of Rx13:5 mm.

(C) A 3D rendering of a focal stack of 39 images, 74 mm374 mm in size, with a z-step size of 2:05 mm, shows the spherical shape of the droplets. The droplet

shown has a radius of Rx37 mm.

(D) A time series of images of DNA within the central plane of the droplet is used for DDM analysis.

(E–F) A representative 2D image structure function Dðqx ;qy ;DtÞ for lag time Dt = 6:6 s is radially symmetric, indicating isotropic dynamics. Azimuthally

averaging the 2D image structure functions for all lag times Dt results in 1D image structure functions Dðq;DtÞ, as shown for q = 2:4 mm� 1 in (F). Dðq;DtÞ
versus Dt is well fit to the model in Equation 3 (black curve).

(G) The intermediate scattering function (ISF) as a function of Dt for q = 2:4 mm� 1 decays from 1 to 0 and is fit to the model f ðq;DtÞ = expð� ðDt=tðqÞÞsðqÞÞ
(black curve).

(H) Decay time, tðqÞ, versus q shows power-law behavior described by tðqÞ = 1=ðDeff q
g), which provides measures of the type and rate of macromolecular

transport, via g and Deff ; respectively. The data shown are for a droplet with radius Rx37 mmand the scaling bar represents power-law scaling with g = 2:2.

ll
OPEN ACCESS

iScience 25, 105122, October 21, 2022 3

iScience
Article



wavevectors q. To do so, we first compute the image structure function, Dðq;DtÞ, by taking the Fourier trans-

form of the differences of images separated by a given lag time, Dt, as described in STAR Methods. A repre-

sentative slice of the image structure function for a particular lag time is shown in Figure 1E for DNA diffusing

within a 37-mm-radius droplet. Computing image structure functions over a range of different lag times, Dt, al-

lows us to determine how Dðq;DtÞ varies with Dt for each q-value, as shown for q = 2:4 mm�1 in Figure 1F. By

fittingDðq;DtÞ to themodel described in Equation (3) (see STARMethods), we compute the decay time tðqÞ as
a function of wavevector q. We also extract the ISF as a function of lag time, Dt, as shown for q = 2:4 mm� 1 in

Figure 1G. The decays of the ISFs and are well fit to the model f ðq;DtÞ = expð� ðDt=tðqÞÞsðqÞÞ as shown by the

black curve in Figure 1G. By determining the power law relationship between t andq, i.e., tðqÞfq�g, we deter-

mine the type of thermal transport (Figure 1H). Specifically, the scaling exponent g reveals whether the dy-

namics are diffusive ðg = 2Þ, subdiffusive ðg > 2Þ, or superdiffusive ðg < 2Þ.

Using this approach (Figure 1), we first consider how DNA dynamics are affected by crowding alone,

without confinement, by measuring the transport of DNA in a bulk solution of 28% dextran (Figure 2).

Our DDM analyses reveal that the DNA molecules move subdiffusively in this crowded dextran solution.

We compute the ISFs for different wavevectors (Figure 2A) from which we determine tðqÞ (Figure 2B).

We find that tðqÞ is well described by the power law relationship tðqÞ = ðDeff q
gÞ� 1, whereDeff is the effec-

tive diffusion coefficient, and g = 2:2 is indicative of subdiffusive dynamics. Note that the parameter g is

Figure 2. DDM analysis shows that large DNA molecules crowded by dextran polymers exhibit subdiffusive

dynamics in bulk

(A) From DDM, we compute the ISFs across a range of wavevectors q for DNA in a bulk 28% (w/w) dextran solution. ISFs

versus Dt for = 1:40 � 3:24 mm� 1, indicated by the colorscale legend, are shown. Inset shows a representative 2003 200

pixel fluorescence confocal image of DNA molecules diffusing in a 28% dextran solution, which we use for DDM analysis.

(B) Decay time tðqÞ versus q, determined from the ISFs shown in (A), exhibit power-law scaling behavior, tðqÞf q�g with

gx2:2, as shown by the solid black line. Inset shows the decay time scaled by q2:2. The minimal q-dependence of tq2:2

confirms that the dynamics are subdiffusive with an anomalous scaling exponent a = 2=gx0:91 over the entire range of

examined lengthscales l = 2p=qx1:9 mm � 4:5 mm.

(C) ISFs versus Dt computed for q = 0:98 � 3:44 mm� 1 (indicated by colorscale) for DNA in a bulk 14% dextran solution

show similar functional form as the decays shown in (A) but with a faster rate of decay.

(D) Decay time tðqÞ versus q, determined from the ISFs shown in (C), exhibit power-law scaling with gx2:2 (solid black

line). Inset shows the decay time scaled by q2:2. The scaling exponent is the same as that for 28% dextran (shown in A) but

the magnitudes of tðqÞ values are substantially lower, indicating faster dynamics.
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related to the scaling exponent, a, in the equation relating mean squared displacement to lag time (i.e.,

DrðtÞ2 � ta) by g = 2=a. Therefore, our data correspond to an anomalous exponent of a = 0:91, in agree-

ment with the previously reported value for the same DNA diffusing in a similar dextran solution (Harusawa

et al., 2020). To better show the agreement of tðqÞwith the subdiffusive power-law scaling g = 2:2, we plot

tðqÞ scaled by q2:2 (Figure 2B inset). As can be seen, tq2:2 remains constant over the entire q range, con-

firming the scaling power of g = 2:2.

As crowder concentration has been shown to play an important role in DNA dynamics (Zhou, 2013; Junker

et al., 2019; Konopka et al., 2006; Elowitz et al., 1999), we compare our results for 28% dextran (Figures 2A

and 2B) to those performed at 14% dextran (Figures 2C and 2D). We find that the ISFs for 14% dextran show

similar functional form to the ISFs for 28% dextran (shown in Figure 2A), but the timescales over which the

ISFs decay to 0 are shorter, indicating faster dynamics. Likewise, the corresponding decay time tðqÞ is

shorter for all q values (Figure 2D), another marker of faster mobility in the 14% dextran compared to

28%. However, surprisingly, the subdiffusive scaling exponent is unchanged by the reduction in dextran

concentration. Namely, the power-law scaling of tðqÞ for the 14% dextran is best described by g = 2:2,

just as for 28% dextran (Figure 2D inset).

While there are many mechanisms that can lead to subdiffusive dynamics in crowded systems (Polanowski

and Sikorski, 2016; Höfling and Franosch, 2013; Golding and Cox, 2006; Kwon et al., 2014), the subdiffusion

we measure here is likely a result of the viscoelasticity of the highly overlapping dextran solutions. Indeed,

several previous studies have shown that the subdiffusion that tracers in high-concentration dextran solu-

tions exhibit, with similarly modest exponents (0:8<a< 1), can be explained by the fractional Brownian mo-

tion model in which the viscoelasticity of the crowding medium results in the Brownian ‘‘steps’’ of the

random walk not being completely independent (Banks and Fradin, 2005; Szymanski and Weiss, 2009;

He et al., 2008). Moreover, previous studies have reported that dextran solutions exhibit viscoelastic prop-

erties at concentrations a 10% which are markedly increased for a 15% due to entanglements between

the dextran molecules (McCurdy et al., 1994; Pinder et al., 2006). Reported signatures of viscoelasticity

and entanglements included viscosity shear thinning and an elastic modulus greater than the viscous

modulus (i.e., G0 >G00) (Chapman et al., 2015; Pinder et al., 2006).

Because the dextran molecules are substantially smaller and thus more mobile than the DNA, we do not

expect caging or obstructed diffusion of the DNA to play a role in the dynamics (Banks and Fradin,

2005). Moreover, our data show no signs of spatial heterogeneity, another potential source of anomalous

diffusion, and previous studies examining similar crowding conditions in bulk likewise reported spatially

homogeneous solutions (Chapman et al., 2015; Gorczyca et al., 2015).

Next, to determine how confinement alone, without crowding, affects DNA diffusion, we measure DNA dy-

namics inside aqueous lipid-coated droplets with no dextran (Figure 3). Unlike in crowded conditions, we

find that the dynamics of the confined DNA are well described by normal Brownian diffusion for all droplet

sizes (Rx6 � 84 mm) as shown by the relatively constant values of tq2 versus q for all R (Figure 3A). How-

ever, a clear dependence on droplet size is evident, with the scaled decay time tq2 increasing as R de-

creases (denoted by the color gradient in Figure 3A). For the largest droplets, tq2 is close to bulk values

(black squares in Figure 3A), but as R decreases, this scaled decay time increases� 3-fold. The correspond-

ing diffusion coefficients, D = C1 =tq2D where <> represents the average over q, similarly decrease with

decreasing droplet size as shown in Figure 3B. For the largest droplets (Ra80 mm), D is similar to the

bulk value DB (dashed black line in Figure 3B), but as the droplet size decreases to Rx6 mm the diffusion

coefficient drops �3-fold. While decreasing DNA diffusion coefficients with increasing confinement have

been noted in many prior studies (Balducci et al., 2006; Morrin et al., 2021; Bonthuis et al., 2008; Tang

et al., 2010; Reisner et al., 2005; Persson et al., 2009), most have employed a strong degree of confinement

where the confining length scale is comparable to or smaller than the DNA coil size R0. Here, we observe a

factor of �3 slowdown of the dynamics when the droplet radius is several times larger than R0ðx2 mm).

The results discussed above show that crowding leads to subdiffusive DNA dynamics with effective diffu-

sion coefficients that decrease with increasing crowding but with a scaling exponent that is insensitive to

crowder concentration. Confinement, on the other hand, does not induce subdiffusion, but it does cause a

slowing of DNA diffusion as the degree of confinement increases.
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We now turn to understanding how these two different effects act in concert to dictate the dynamics of

DNA that is both crowded and confined. For the data shown in Figure 4, we confine DNA molecules within

lipid-coated droplets (as in Figure 3) that contain either 14% or 28% dextran (the solutions examined in Fig-

ure 2). Representative images of DNA within such droplets are shown in Figures 4A–4C. Using the same

DDM analysis described above, we determine how the decay time tðqÞ varies with q and R. Interestingly,

we find that, similar to DNA molecules crowded by bulk dextran solutions (Figure 3), crowded DNA mol-

ecules confined within droplets exhibit subdiffusive dynamics with the same scaling exponent g = 2:2

(Figures 4D and 4E). As can be seen in Figures 4D and 4E, where the scaled decay time tq2:2 is plotted

versus q for droplets of differing radii R, we observe minimal q dependence of tq2:2 over the entire range

of q and R values. (For comparison, the results for DNA in bulk dextran solutions (Figure 2) are shown with

black squares.) Therefore, the degree to which the dynamics of crowded DNA are subdiffusive appears to

be independent of the confinement size, at least for droplets with radii Ra3 mm, as well as the degree of

crowding (14 vs 28%).

To corroborate this finding, we also examine the stretching exponent sðqÞdetermined from fitting the DDM

image structure function Dðq;DtÞ (see STARMethods). This stretching exponent is predicted to be compa-

rable to the anomalous scaling exponent a (Guo et al., 2012; Jacob et al., 2015). Supplementary information

Figure S1, which plots sðqÞ for all R and q values for each dextran concentration shows that sðqÞ is largely
independent of R and q for both 14% and 28% dextran, with average values of s = 0:83G0:02 and s =

0:86G0:02, respectively. The consistency between s and a further verifies the subdiffusive nature of the dy-

namics we measure (Jacob et al., 2015).

We also note that tðqÞ is noisy at small q for small droplets, which we understand as follows. The dynamics

at small q values correspond to density fluctuations over large length scales, l, i.e., q = 2p=l. For example,

q = 3 mm� 1 corresponds to lx2 mmwhich is not much smaller than the smallest droplet size. Therefore, in

the limit of low q values, we expect noisier measurements of tðqÞ for small droplets.

Interestingly, while the degree of subdiffusivity appears insensitive to confinement size and crowder con-

centration (Figures 4D and 4E), we observe a clear dependence of the effective diffusion coefficient, Deff =

ðtq2:2Þ� 1; on droplet size that is more pronounced with increased crowding. This strong dependency ofDeff

on droplet size within crowded environments can be clearly seen in Figures 4F and 4G where we have

plotted Deff versus droplet radius R.

As shown, when DNA is crowded by 28% dextran, Deff in the smallest droplet (Rx4 mm) is more than an

order of magnitude slower than that measured in the bulk 28% dextran solution (Figure 4F). This drop in

Deff with decreasing droplet size R is also evident at the lower dextran concentration (14%), but the

Figure 3. Confinement by cell-sized droplets slows the Brownian diffusion of large DNA molecules

(A) DDM decay times tðqÞ, scaled by q2 and plotted versus q, for droplets with radii Rx6 mm to Rx84 mm, indicated by the

colorscale legend, show no systematic dependence on q for all R values, indicating normal Brownian diffusion in which

tðqÞfq� 2.

(B) DNA diffusion coefficients are computed from the data shown in (A) via the relation D = ðtq2Þ� 1 and plotted as a

function of droplet radius R. D is reduced nearly �3-fold from the bulk value DB (dashed horizontal line) as R decreases

to � 6 mm. Error bars represent the standard deviation of the distribution of individual DðqÞ values computed for each

q value.
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decrease is less pronounced, with Deff decreasing by up to a factor of �5 from the bulk value when the

droplet radius is lowered to Rx3 mm (Figure 4G).

To confirm that our results are not biased by how we fit the image structure function, Dðq;DtÞ, that we
obtain from DDM, we also compute the intermediate scattering functions (ISF) without fitting the data

to a particular model, as described in STAR Methods. Figures 5A and 5B show the ISFs versus lag time,

Dt, for DNA crowded by 28% dextran in droplets of Rx6:5 mm (Figure 5A) and Rx30 mm (Figure 5B) for

a range of q values. As expected for ergodic systems, the ISFs decrease from 1 to 0 with decay rates

that decrease with decreasing q values (increasing length scales l). By rescaling Dt by q2:2, we observe a

collapse of the ISFs across the entire q range (Figures 5C and 5D). Recall that for normal Brownian diffusion,

the characteristic decay time of the ISF varies with the wavevector as tðqÞ � q� 2. In such cases of normal

diffusion, the q-dependent ISFs should collapse if plotted against q2Dt. Likewise, the collapse of the

Figure 4. The coupled effects of confinement and crowding markedly slow the transport of DNA as droplet size

decreases

(A–C) Confocal fluorescence images (512 3 512 pixel) of DNA molecules inside droplets of radii (A) Rx27 mm, (B) Rx

16 mm, and (C) Rx6:2 mm.

(D and E) Scaled decay times, tq2:2, versus q for different droplet sizes, indicated by the colorscale legend, show that both

28% (D) and 14% (E) dextran solutions result in subdiffusive dynamics with the same scaling power of gx2:2.

(F and G) Effective diffusion coefficients of confined DNA molecules, computed via the relation Deff = ðtq2:2Þ� 1,

when crowded by 28% (F) and 14% (G) dextran solutions in droplets of varying radii R show a strong dependence on

droplet size. The slowdown of DNA dynamics as droplet size decreases is most pronounced in the 28% dextran

solution. Error bars represent the standard deviation of the distribution of individual DðqÞ values computed for each

q value.
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ISFs when plotted versus q2:2Dt is consistent with our results showing tðqÞ � q� 2:2 (Figures 2B, 4D and 4E),

as well as prior work showing that DNA in crowded dextran environments exhibits subdiffusive dynamics

(Harusawa et al., 2020; Szymanski and Weiss, 2009).

Figure 5. Collapse of ISFs reveal subdiffusive dynamics of large DNA molecules in crowded and confined

environments

(A and B) ISFs versus lag time Dt for DNA diffusing in 28% dextran and confined in large (Rx30 mm, A) and small (Rx 6:5 m

m, B) droplets show decays at faster rates (smaller lag times Dt) as q increases.

(C and D) The ISFs shown in (A) (purple) and (B) (green) plotted as a function of a lag time scaled by q2:2 (i.e., q2:2Dt)

collapse to a single curve, indicating the universality of the subdiffusive scaling g = 2:2 across lengthscales.

(E) ISFs for DNA in 28% dextran and confined in droplets with Rx3:1 mm (red), 6:5 mm (green), 15:2 mm (blue), and 30:2 mm

(purple) all collapse when Dt is scaled by q2:2. The collapsed ISFs decay more slowly for smaller droplets, indicating that

confinement slows DNA diffusion.
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To determine the robustness of this model-free data collapse to changing droplet size, we plot the ISFs

versus q2:2Dt for four droplets of various sizes from Rx3 mm to � 30 mm. As shown in Figure 5E, the ISFs

collapse for all droplet sizes, indicating the invariance of the subdiffusive scaling to varying confinement

size. Furthermore, the collapsed ISFs for the smallest droplet shown take an order of magnitude longer

to decay than those for the largest droplet shown, consistent with the scaling of the effective diffusion co-

efficients of DNA with R (Figure 4F). Notably, while tðqÞ and Deff values presented in Figure 4 required

fitting Dðq;DtÞ to a particular model, we determine the ISFs presented in Figure 5 without any fitting or as-

sumptions regarding the most appropriate model to describe the data.

DISCUSSION

The compounding effects of crowding and confinement—leading to a decrease in diffusivity with

decreasing droplet size that is more pronounced with crowders than without—have indeed been noted

in previous studies (Jones et al., 2011; Watanabe et al., 2020; Harusawa et al., 2020) For example, the diffu-

sion coefficients of 1.7-nm-diameter fluorescent molecules within lipid-coated aqueous droplets were

reported to decrease as the droplet size decreased from Rx20 mm to Rx10 mm: However, this R depen-

dence was only seen for dextran concentrations of 23% and 29%, with no R dependence reported for con-

centrations %17% (Harusawa et al., 2020). Other studies have also reported on the combined effects of

both crowding and confinement, though most focused on strongly confining slit-like or channel-like geom-

etries (Balducci et al., 2006; Morrin et al., 2021; Tang et al., 2010; Reisner et al., 2005; Persson et al., 2009;

Bonthuis et al., 2008) which are far from the weaker cell-like confinement we explore here.

Our collective results demonstrate that both crowding and confinement play important roles in the diffusion

of DNA, both contributing to suppressingDNAmobility in distinct ways. Figures 3B, 4F, and 4G clearly show

that increased confinement slows DNA diffusion. However, the extent to which DNA diffusion is hampered

by confinement increases with increasing crowding, and the functional form of this decrease varies.

To elucidate the physical mechanisms underlying the coupled effects of confinement and crowding, we first

consider the concentration regimes for the 14% and 28% dextran solutions that crowd the DNAmolecules.

These (w/w) dextran concentrations correspond to � 5:5c� (14%) and�13.5 c� (28%) (Graessley, 1980), indi-

cating substantial polymer overlap such that the solutions can be considered in the semidilute or concen-

trated regime. As described in the Introduction, previous studies have shown that solutions of 500 kDa

dextran behave as semidilute solutions of overlapping (but unentangled) flexible polymers for concentra-

tions�5%–15%, and transition to the concentrated entanglement regime at�15%–20% (Pinder et al., 2006;

McCurdy et al., 1994). Across this entire concentration regime, when dissolved in water, dextran polymers

assume ideal random coil configurations akin to flexible polymers in theta solvent conditions (Doi et al.,

1988; McCurdy et al., 1994).

We note that the concentration of DNA in the solutions is much smaller than that of the dextran, such that

we can assume that the overall solution concentration approximately matches the dextran concentration.

We also can approximate each DNA molecule as being surrounded entirely by dextran polymers and their

dynamics dictated solely by the crowding dextran. We acknowledge that the DNA concentration we use,

comparable to its overlap concentration c�DNA, is higher than typical c � c� tracer concentrations. Howev-
er, the DNA concentration is still >103 times lower than that of the dextran (0.0024% (w/w) vs 14% (w/w)),

further justifying our simplification.

By approximating our systems as self-similar semidilute (14%) or entangled (28%) flexible polymer (dextran)

solutions, we can compare our data to predictions for the scaling of diffusion coefficients of overlapping

and entangled polymers with polymer concentration c. Firstly, the diffusion coefficient is predicted to scale

with concentration as D � c� x where x is determined by the solvent conditions and concentration regime

(Rubinstein and Colby, 2003). For unentangled but overlapping polymers, xx1 or xx0:54 for theta solvent

or good solvent conditions, respectively. For entangled polymers (Robertson and Smith, 2007; Colby, 2010;

Kulicke and Kniewske, 1984; Onogi et al., 1967), xx7=3 or xx1:85 for theta solvent or good solvent condi-

tions. Of note, in the entangled regime, as polymer concentration increases, polymers that are in good sol-

vent conditions often transition to theta solvent scaling as self-avoiding coils start to collapse (Colby, 2010).

To first check if the bulk dynamics of our system are consistent with these scaling relations, we compare the

diffusion coefficients measured in bulk solutions of 14% and 28% dextran, DB;14=DB;28x5:48G0:65, to the
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predicted scaling equation ðDB;14 =DB;28Þ = ðc14=c28Þ� x � 2x . Solving this equation yields xx2:4G0:2,

which agrees remarkably well with the predicted theta solvent scaling xx7=3x2:33 for entangled poly-

mers, corroborating our assumption and previous reports that, at these concentrations, dextran is en-

tangled and in theta solvent conditions.

Moreover, previous studies have reported that the viscosity of dextran solutions scales with concentration

as h � c2 in the semidilute regime (Pinder et al., 2006), similarly predicted for semidilute unentangled flex-

ible polymers in theta solvents (Sabatie et al., 1988). This scaling exponent increases to �3–4 in the en-

tangled regime. Insofar as we can approximate that D � h� 1, these scaling laws are consistent with our

bulk scaling of xx2:4. As the diffusion coefficients are measured in the two different regimes (semidilute

unentangled versus entangled), we expect the scaling exponent to be intermediate between these values,

which indeed it is.

Finally, previous studies examining particle diffusion in semidilute and entangled polymers have reported

that in the limit where the tracer particle (DNA in our experiments) is larger than the crowding polymer size

RH, mesh size x, and entanglement tube radius a, that the particle diffusion coefficient scales with concen-

tration as xx4. For intermediate-sized particles which are larger than themesh size and coil size but smaller

than the tube radius, xx2:3. For the unentangled regime (as for the 14% dextran solution), the tube radius

is infinitely large such that the DNA can be considered in the intermediate regime (xx2:3), whereas at 28%

dextran the DNA should be treated as in the large size limit in which xx4. This scaling behavior, in line with

those described above for overlapping and entangled dextran solutions, further corroborates our physical

description of crowding dextran solutions and their impact on the diffusion of the DNA tracers.

Now, to determine the mechanism driving the confinement-mediated slowing of DNA under these crowding

conditions, we consider the volume excluded to the dextran near the lipid walls. Depletion of the dextran

from a layer of thickness r would effectively increase the dextran concentration by decreasing the available vol-

ume. Namely, ceff = m=Veff = 3m=4pðR � rÞ3 wherem is polymer mass and R is the droplet radius. We postu-

late that the depletion layer that separates the dextran solution and lipid membrane should be comparable to

theDNAcoil size, i.e., rzR0. Previousworks have shown that dextran acts as a depletant for largeDNA, causing

it to compact, elongate, or swell to maximize available volume (Chapman et al., 2015; Zhang et al., 2009). This

effect implies that the dextranpolymers cannot penetrate theDNAcoils (of sizeR0) andwould thus beexcluded

from their coil volume. Within this framework, we may also expect dextran polymers to crowd DNA to the lipid

membrane surface, a typical interaction between small polymer depletants and dilute large polymers (Kulkarni

et al., 1999; Kojima et al., 2006). We therefore expect that the DNA coil size dictates the depletion layer for the

dextran which in turn increases the dextran concentration. In the absence of DNA, dextran would be depleted

from themembrane surface by a layer of� RH;dx, but because R >R0 [RH;dx , any surface-mediated depletion

of the dextran would have a negligible effect on the effective dextran concentration.

As such, we combine the relations rzR0 with m = cBV = ð4p =3ÞcBR3, where cB is the bulk dextran concen-

tration, to estimate a confinement-dependent effective dextran concentration of ceff = cB½1 � ðR0=RÞ�� 3. To

determine R0,we recall that in theta solvent conditions, polymer coils are described as ideal random walks, in-

dependent of concentration, such that R0 depends on the numberN of Kuhn lengths of size b, via the relation

R0zbNnc�b where nz0:5 and b = 0 (Zimm, 1956; Doi et al., 1988; Colby, 2010). Conversely, in good solvent

conditions, polymer coils are swollen and described by concentration-dependent self-avoiding random walks

in which nz0:588 and bx1=8 (Daoud et al., 1975; Nierlich et al., 1985; Rubinstein andColby, 2003; Colby, 2010).

We now incorporate this expression into the scaling relations discussed above to phenomenologically

couple the effects of crowding and confinement: D=DB = ðceff =cBÞ� x = ½1 � ðR0=RÞ�3x . We also recall

R0 � c�b from which we can approximate R0;eff = R0ðceff =cBÞ�bxR0½1 � ðR0=RÞ�3b such that D=DBx

½1 � ðR0½1 � ðR0=RÞ�3b=RÞ�3x .

For the 115 kbp linear DNAwe use here, bx100 nm andNx383 such that R0;qz1:96 mmand R0;Gz 3:30 mm

for theta solvent and good solvent conditions, respectively. While our buffer conditions are good solvent

conditions for the DNA, we expect that the high degree of dextran-crowding, which screens hydrodynamic

interactions and can lead to depletion-driven compaction (Gorczyca et al., 2015; Kojima et al., 2006; Zhang

et al., 2009), would result in ideal randomwalk conformations akin to theta solvent conditions (Colby, 2010).
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Comparing our data to this model, we find that with 14% dextran crowding, the confinement-mediated

decrease in diffusion coefficients agrees with the scaling for semidilute unentangled polymers in theta sol-

vent conditions in which xx1, nx0:5, b = 0, and R0;qz1:96 mm (Figure 6A). This agreement is consistent

with results of previous works that show that at this concentration, dextran solutions indeed behave as un-

entangled, semidilute solutions of flexible polymers. More importantly, it suggests that the confinement-

mediated decrease in DNA diffusion may be explained by the increase in the effective dextran concentra-

tion resulting from the depletion layer formed by the DNA crowded to the membrane surface.

Within this framework, we expect the data for 28% dextran crowding to likewise be described by theta sol-

vent models but follow scaling for the entangled regime. Indeed, Figure 6B shows that our data nicely

follow the scaling for entangled polymers in theta solvent conditions in which xx7=3 (rather than 1), nx

0:5, b = 0, and R0;qz1:96 mm (solid black line in Figure 6B). However, we note that a fair amount of the

data, particularly for larger droplets, falls below the theoretical curve. To understand this effect, we turn

to previous bulk measurements on DNA crowded by dextran, in which the DNA coil size was reported

to swell nearly 2-fold for dextran concentrations a 20% (Gorczyca et al., 2015). If we take R0;q/ 2R0;q,

the modified theoretical curve captures these slower than expected data (dashed line in Figure 6B), sug-

gesting that similar swelling may be occurring here for sufficiently large droplets.

As a final check, to determine the validity of the models proposed above, we turn to the effect of confine-

ment on DNA diffusion in the absence of dextran crowding (0%, Figure 6C). In this case, the polymer con-

centration to consider is that of the DNA, rather than dextran, such that we expect good solvent conditions

and minimal polymer overlap (czc�DNA). In this regime, xx0:54, nx0:588, bx1=8, and R0;Gx3:30 mm in the

expression above for D=DB. As shown, our data without crowders indeed align remarkably well with this

prediction (black line in Figure 6C).

However, because there are no crowders to screen hydrodynamic interactions in this case, increased hydro-

dynamic drag from interactions with the lipid membranemay also contribute to the confinement-mediated

decrease (Goldman et al., 1967). Previous studies examining the diffusion of particles near hard walls of

confining slits, spheres, channels, and other geometries have shown that increased hydrodynamic

drag near the surface slows the diffusion of the particles in a manner dependent on the size of the particle

d relative to its distance from the confining wall d (Lin et al., 2000; Pawar and Anderson, 1993;

Figure 6. Depletion effects, polymer entanglements, and solvent conditions dictate how crowding amplifies

confinement-induced slowing of DNA dynamics

Diffusion coefficients D of DNA confined in droplets, normalized by their respective values in bulk solution DB can be

described by the model D=DB x1 �ðR0=RÞ�½1 � ðR0=RÞ�½1 � ðR0=RÞ�3b=RÞ�3x (black curves) in which x, b and the DNA coil

size R0 depend on dextran entanglements and solvent conditions. The dotted line shows the prediction from Ref (Behrens

et al., 2003) for increased hydrodynamic drag of particles near a confining surface.

(A) D=DB for DNA in 14% dextran is well described by the model considering theta solvent conditions and semidilute

unentangled dextran polymers. In this case xx1, b = 0, and R0 = R0;qz1:96 mm.

(B) For the more concentrated 28% dextran solution, D=DB of is also well described by theta solvent conditions but in the

entanglement regime where xx7=3, b = 0, and R0;qz1:96 mm (solid black curve). Black dashed curve shows the

prediction assuming 2-fold swelling of the DNA coil size, i.e., R0 = 2R0;q, which is applicable for dextran concentrations

above �20%.

(C) Without dextran crowding, themodel fitsD=DB for semidilute unentangled DNA polymers in good solvent conditions,

where xx0:54, b = 1=8, and R0 = R0;Gx3:30 mm. Error bars represent the standard deviation of the distribution of

individual DðqÞ values computed for each q value.
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Bevan and Prieve, 2000; Broersma, 1959; Zembrzycki et al., 2012; Kazoe and Yoda, 2011). Ref (Behrens et al.,

2003) describes this reduced diffusion via the relation D=DBxð6d2 + 2ddÞ=ð6d2 + 9dd + 2d2Þ: Adopting the

following equivalences: dxR0;G and dxR, we compare this prediction to our data (Figure 6). We find that

for larger droplet sizes, the model we derive above describes the data more accurately than this confine-

ment model, which does not account for polymer concentration. However, for very small droplets,

R(3R0;G,the stronger decay of D with R for this model better captures our data trend, indicating that

when the confinement size approaches the size of the DNA, surface interactions dominate over the effec-

tive increase in DNA concentration via depletion.

Importantly, the much larger drop in the diffusion coefficients in the presence of dextran crowders cannot

be explained by the increased hydrodynamic drag, which leads to a �3-fold decrease in DNA diffusion co-

efficients as R is reduced to �5 mm, compared to a �5-fold and �100-fold decrease when crowded by 14%

and 28% dextran solutions, respectively. At these high polymer concentrations, hydrodynamic interactions

are typically screened, and, instead, the increase in the effective dextran concentration with decreasing R

appears to dictate the slowing of the DNA dynamics.

In conclusion, the intracellular environment presents highly crowded and confined conditions which can

significantly hamper the thermal motion of large macromolecules like DNA. While both crowding and

confinement have been studied through experiments, simulations, and theory, how crowding and confine-

ment collectively affect transport, particularly that of large macromolecules, has received considerably less

attention. By using differential dynamic microscopy, we show how the synergistic effects of confinement

and crowding can lead to subdiffusion of large macromolecules, independent of the details of the

crowding and confinement conditions, as well as a substantial reduction in their diffusivity, even when

the confinement size is well above the macromolecule size. In particular, the effective diffusion coefficient

of DNA molecules in 28% dextran droplets decreases by more than an order of magnitude as the confining

droplet radius decreases from �100 to �3 mm.

Our collective results, rather surprising given the weak confinement in our systems compared to the nano-

scale confinement explored in many previous studies, are fully consistent with existing scaling models for

how polymer diffusion and coil size vary with concentration in the regime of overlapping polymers. By

recognizing that depletion effects at the droplet wall will increase the effective polymer concentration

within the droplet above that of the bulk polymer concentration, we derive a scaling model that relates

changes in DNA diffusion coefficients to changing droplet size. Notably, our model contains no free fitting

parameters, and is able to accurately capture our observations across the entire range of droplet sizes and

crowder concentrations that we examine.

The tunability of our experimental system, and generality of our DDM analyses and mathematical

modeling, make our approaches and results broadly applicable to crowded and confined polymeric sys-

tems. More specifically, our results may prove valuable to understanding the results of myriad recent

studies examining passive and active intracellular transport, many of which have pointed to the importance

of both crowding and confinement on the observed dynamics (Chakraborty et al., 2022; Lin et al., 2016; Wa-

tanabe et al., 2020; Gomez-Navarro et al., 2020; Pereira de Souza et al., 2011; Dominak et al., 2010; Dominak

and Keating, 2008). Finally, our specific results may shed light on intracellular processes that rely on the

DNA transport such as transfection, replication, and gene therapy.

Limitations of the study

Here, we studied how the dynamics of DNA molecules are affected by crowding and confinement. The

method of differential dynamic microscopy allowed us to quantify the ensemble averaged diffusion coef-

ficients of DNA in droplets of various sizes and with different concentrations of dextran. However, this

method does not allow us to determine the trajectories of individual DNA molecules nor their conforma-

tional dynamics. Future work could employ single particle tracking and conformational analysis which

would allow us to determine, e.g., heterogeneity in the transport dynamics and how dynamics depend

on the distance between the DNA and the droplet interface. Additional future work could probe how

the dynamics of DNA within confined environments are affected by different types of crowders, such as

dextran of different molecular weights, filamentous polymers, or mixtures of various crowders.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Rae M. Robertson-Anderson.

Material availability

This study did not generate new unique reagents.

Data and code availability

d Microscopy data reported in this paper will be shared by the lead contact upon request.

d Experimental data are analyzed using a customwritten Python code. Diffusion coefficients are calculated

from their definition in the text and their mean value and standard deviations are used in the figures. The

statistical and analysis detail can be found in the figure captions and methods details. All original code

has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in

the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Sample preparation

To create in vitro crowded environments, we use 500 kDa dextran (Fisher BioReagents BP1580-100) with a

hydrodynamics radius of RHx16 nm (Senti et al., 1955). An aqueous stock solution of dextran is prepared at

a concentration of 40% (w/w) in TE10 buffer (10 mM Tris-HCl, 1 mM EDTA, 10 mM NaCl), which is further

diluted for experiments which we perform at 28% (w/w) and 14% (w/w) dextran.

Double-stranded linear DNA (L = 115 kbpx39 mm, R0x2 mm) is prepared, as described previously (Laib

et al., 2006), via replication of bacterial artificial chromosomes in E. coli, followed by extraction, purification,

and restriction endonuclease digestion to convert supercoiled DNA to linear topology. To image DNA for

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

DNA Robertson-Anderson Lab http://www.biospotlab.com/

Chemicals, peptides, and recombinant proteins

Dextran Fisher BioReagents Cat#18-602-091; CAS: 9004-54-0

Mineral oil Acros Organics Cat#AC415080060; CAS: 8042-47-5

MFP488 nucleic acid labeling reagent Mirus, Lable IT Nucleic Acid Labeling Kit MFP488

DOPE Avanti Polar Lipids CAS: 4004-05-1

Egg PC Avanti Polar Lipids CAS: 97281-44-2

PEG5k PE Avanti Polar Lipids CAS: 474922-84-4

Dimethyldichlorosilane Acros Organics Cat#AC430881000; CAS: 75-78-5

Software and algorithms

Differential dynamics microscopy (DDM) Verwei et al., 2022 https://doi.org/10.5281/zenodo.6626403

Python Python Software Foundation http://www.python.org/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
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analysis, we fluorescent-label DNA molecules with MFP488 nucleic acid labeling reagent (Mirus, Lable IT

Nucleic Acid Labeling Kit, MFP488) using modified manufacturer protocols . For experiments, labeled

DNA was diluted to 0.025 mg/mL in (1) TE10 buffer, (2) 14% dextran in TE10 or (3) 28% dextran in TE10.

To reduce photobleaching, an oxygen scavenging solution (45 mg/mL glucose, 43 mg/mL glucose oxidase,

and 7 mg/mL catalase) is added to the sample.

To form stable aqueous droplets in oil, we first prepare a lipid/oil solution. Our lipids include 1, 2-dioleoyl-

sn-glycero-3-phosphoethanolamine (DOPE), L-a-phosphatidylcholine (Egg PC), and 1,2-dipalmitoyl-sn-

glycro-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (PEG5k PE) from Avanti Polar

Lipids. We dissolve 1.4 mg/mL DOPE, 0.5 mg/mL Egg PC, and 0.1 mg/mL PEG5k-PE in mineral oil (Acros

Organics), and add the lipid-oil mixture to the DNA solution at an oil:water volume ratio of 10:1. Wemix the

sample by quickly pipetting up and down for �10 s to form a water-oil emulsion. These methods result in

spherical droplets of radius Rx3 � 100 mm. We pipet the droplet solution into a sample chamber made of

a microscope slide and coverslip separated by�0.1 mmwith double-sided tape and sealed with epoxy. We

silanize the cover glass as described previously (Helenius et al., 2006) to prevent droplets from wetting the

glass.

Laser scanning confocal microscopy

To image the labeled DNA molecules in droplets, we use a Nikon A1R laser scanning confocal microscope

with a 6031.4 NA oil immersion objective, 488 nm laser and 488/525 nm excitation/emission filters. We

collect 2000-frame time-series of 512 3 512 pixel images at frame rates of 1, 2, and 33 fps for 28% dextran,

14% dextran, and 0% dextran, respectively.

Differential dynamics microscopy (DDM)

From the collected time-series of images, Iðx; tÞ, we compute the image differences DIðx; t;DtÞ =
Iðx; t +DtÞ � Iðx; tÞ for a range of lag times, Dt. For a given lag time, the spatial Fourier power spectra of

image differences are computed using a fast Fourier transformation (FFT) routine and averaged together.

This algorithm results in an image structure function (Cerbino and Trappe, 2008):

D
�
q;Dt

�
=

��DbI�q; t;Dt���2
t

(Equation 1)

where, bIðq; tÞ = ð1 =2pÞ RR dxIðx; tÞe� jq,x and q = ðqx ;qyÞ is the two-dimensional scattering wavevector.

This image structure function is related to the intermediate scattering function (ISF), f ðq;DtÞ, according
to the equation

D
�
q;Dt

�
= A

�
q
��
1 � f

�
q;Dt

��
+B

�
q
�

(Equation 2)

where BðqÞ is related to the camera noise and AðqÞ is an amplitude term that contains details about the

imaging system and static scattering properties of the sample (Giavazzi et al., 2017; Cerbino and Trappe,

2008). The ISF, f ðq;DtÞ, is the cumulative probability that displacements of an image element over lag time

Dt will be within a length scale� 1=q. For stochastic processes that lose their memory over sufficiently long

times, f ðq;DtÞ will decay to zero. The functional form of the ISF depends on the system dynamics. Here, we

consider isotropic samples where the image structure function Dðq;DtÞ is azimuthally isotropic in the q

plane. This isotropy allows us to perform azimuthal averages to yield Dðq;DtÞ with the magnitude of the

wavevector q =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
x +q2

y

q
(Cerbino and Trappe, 2008; Giavazzi et al., 2009). To characterize anomalous

diffusion, we consider a stretched exponential model to describe the image structure function (He et al.,

2013; Jacob et al., 2015):

D
�
q;Dt

�
= A

�
q
��
1 � exp

	
�



Dt

t
�
q
��sðqÞ�


+B
�
q
�

(Equation 3)

where tðqÞ is a decay time and sðqÞ is a stretching exponent. We extract AðqÞ, BðqÞ, tðqÞ, and sðqÞ using a

nonlinear least-squares fitting of the image structure function for each wavevector q.

One can also extract f ðq;DtÞ from the computed image structure function by determining the parameters

AðqÞ and BðqÞ without fitting to any function. To estimate AðqÞ and BðqÞ, we compute the time-averaged
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power spectrum of the image series, jbIðq; tÞj2 = ðAðqÞ +BðqÞÞ=2 (Cerbino et al., 2017; Giavazzi et al., 2020).

In most experimental cases the noise term BðqÞ is practically q-independent. Since Aðq/NÞ = 0 (Cerbino

et al., 2022), we estimate themagnitude of B as the high-q limit of 2jbIðq; tÞj2. OnceAðqÞ and B are known, we

extract the ISF from Equation (2) as f ðq;DtÞ = 1 � ðDðq;DtÞ � BÞ=AðqÞ.

We use custom written Python code to perform each step of the DDM analysis described above (Verwei

et al., 2022).
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