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Abstract

Mucus plays an integral role for the barrier function of many epithelial tissues. In the human airways,
mucus is constantly secreted to capture inhaled microbes and pollutants and cleared away through
concerted ciliary motion. Many important respiratory diseases exhibit altered mucus flowability and
impaired clearance, contributing to respiratory distress and increased risk of infections. Understand-
ing how mucus rheology changes during disease progression and in response to treatments is thus
of great interest for subtyping patients and tailoring treatments, probing disease mechanisms, and
tailoring therapies; however, basic research of mucus rheology is greatly hampered by the lack of
scalable and user-friendly rheometry assays for the small volumes of mucus typically produced by in
vitro respiratory models and in clinical ex vivo settings. To address this challenge, we developed a
streamlined, high-throughput protocol leveraging Differential Dynamic Microscopy (DDM) to reliably
measure the frequency-dependent microrheology of minuscule (3-10 uL) mucus samples using standard
epifluorescence microscopy. Our method does not require time-consuming user-interventions common
in particle tracking routines and measures microrheology at the time scale of mucus relaxation (1-
20s), hence greatly reducing assay time. We demonstrate the successful application of our method
in mucus samples harvested from state-of-art air-liquid-interface (ALI) human respiratory cultures to
assess mucus rheology in airway disease models and different culture conditions. To show that our
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approach equally applies to other types and sources of human mucus, we also validated our method
in clinical samples of cervical mucus. We envision that our method can be seamlessly adopted by
non-expert users, without the need for specialized equipment or extensive training, to study diseases
and their treatments in the respiratory, intestinal, reproductive and other mucosal organ systems.
This advancement opens up new avenues for large-scale studies, providing new insights into the role
of mucus rheology previously limited by data accessibility and resource constraints.

1 Need for accessible and scalable mucus rheometry

Healthy human respiratory mucus typically contain up to 5% mucins, 2% lipids, 1% salts, and 0.02%
DNA and other molecules, with the remainder being water [1-4]. Despite its high (90-95%) water
content, mucus exhibits complex frequency- and scale-dependent viscoelasticity that regulates epithelial
barrier functions by controlling the movement and diffusion of particulate matter [3,5-11]. In the
human airway epithelium, a layer of mucus is produced by specialized glands as well as secretory cells
interspersing the dense carpet of multi-ciliated cells [12-14]. Effective clearance of trapped pathogens
and debris relies on the interplay between ciliary motion and mucus rheology, i.e., how mucus deforms
under physical forces [15,16]. For instance, reduced mucus viscosity disrupts ciliary coordination and
impairs globally directed flow [17]. On the other hand, mucus with high viscoelasticity can also hinder
ciliary motion, resulting in reduced mucociliary clearance and mucus plugging [18,19]. Abnormal
mucus rheology is strongly associated with chronic airway diseases [16,20]; however, the underlying
mechanisms and physiological implications remain widely unknown. Thus, it is essential to develop
tools that can reveal mucus properties and their evolution over the course of disease onset, progression
and treatment under physiologically relevant conditions.

Pioneering efforts starting in the late 1960s were able to measure rheology of microliter sputum
and mucus extractions using magnetically actuated microspheres with a radius on the order of 100
pm [5,8,21-24]). While these devices paved the way for establishing change of mucus or sputum
rheology in different diseases and in response to smoke exposure, the precision and frequency range
of these tools are limited, and it is not clear how such bulk properties translate to the diffusion of
micrometer to nanometer sized compounds. Therefore, the complex microstructure of mucus and
its barrier properties are now typically probed by tracking the thermal motion of embedded particles
(typically ~ 1 p in diameter or smaller) [15,25-28]. Another advantage of studying the thermal motion
of tracers is that one can automatically derive a broad-spectrum, frequency-dependent viscoelastic
modulus without the need to carefully calibrate and control sensors to operate at multiple frequencies
— this is crucial as viscoelastic modulus measured at any single frequency will not capture the complex
spatial and temporal interactions that mucus experiences in vivo [3].

Recent advances have enabled the culture of human airway epithelial cells at air-liquid inter-
face (ALI) for physiological-relevant and patient-specific disease modeling [29-33]. Such models have
helped reveal that abnormal numbers and phenotypes of mucus-secreting cells are key indicators of
many chronic airway diseases, including asthma, chronic obstructive pulmonary disease (COPD) and
bronchiectasis [12,34]. Further, certain genetic and epigenetic variations, pre-existing conditions and
environmental stressors may alter phenotype or abundance of mucus-secreting cells and raise the risk
for developing chronic lung disease, such as COPD [35-37]. However, beyond correlations, missing thus
far is a mechanistic understanding of how altered mucus secretion contributes to disease and whether
mucus rheological changes could provide markers for muco-obstructive disease staging and subtyping.
Moreover, many drug treatments need to pass through, or aim to restore, the mucus barrier, requiring
assays to measure and monitor mucus rheology [38,39]. Similar knowledge gaps hamper our under-
standing of other mucosal tissues in digestive and reproductive organs, where the mechanical properties
of mucus are essential for barrier, clearance, and lubrication functions [40,41]. In all of these systems,
studying the role of mucus in health and disease has been limited by the lack of high-throughput and
automatable methods that can analyze large numbers and small volumes of mucus samples provided
by ALI cultures, Organ-on-chips [42], rodents, and other common experimental models.

Tracking-free Differential Dynamic Microscopy (DDM) for automated analysis. Multi-
Particle Tracking (MPT) microrheology has been proposed for measuring microliter-scale mucus sam-
ples [43]; however, multiple manual steps make this technique less suitable for large numbers of samples.
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Imaging contrast needs to be carefully optimized at every step of acquisition and analysis to recon-
struct accurate and precise particle trajectories. Further, depending on the composition of the sample,
manual intervention is often needed to filter out spurious trajectories based on intensity, track length,
and location. Taken together, the lack of automation in MPT presents significant hurdles for its adop-
tion in large-scale biomedical studies and industrial settings, where frequently hundreds of samples are
to be evaluated [44].

Differential Dynamic Microscopy (DDM) [45] offers a promising alternative. Like MPT, DDM can
measure viscoelastic modulus across a wide range of frequencies using only a light microscope, a digital
camera, and conventional illumination methods. In stark contrast to MPT, however, DDM analysis
can be fully automated without any user input, making it far more suitable for high-throughput
experiments that demand automation and standardization [44,46-48]. DDM also offers enhanced
statistical precision and allows for the study of particles smaller than the optical resolution limit since
it does not rely on tracking specific features across image stacks. Combined with its ability to work with
low-signal and optically dense materials [48-52], DDM is particularly suitable for large-scale studies
of micro-liter in vitro mucus samples containing variable mucin concentrations and cellular debris.

Overcoming current limitations of DDM for mucus rheology. Although DDM can theoreti-
cally measure particle diffusion in mucus using only bright-field videos [53], the presence of cell debris
and particulate matter with unknown size distributions — such as residuals from cigarette smoke ex-
posure studies — can degrade the quality of the analysis. Without mono-dispersed, labeled tracers of
known size, it is difficult to standardize analysis across different experiments.

However, adding tracers to micro-scale mucus samples is non-trivial, similar to the case of MPT [43].
The most difficult challenge lies in mixing the highly concentrated fluorescent bead solution with
the mucus without altering the original viscoelastic characteristics via dilution. Further, since the
relaxation time of mucus can be minutes [3], standard practice in DDM implies that video footage over
multiple minutes needs to be acquired per regions of interest for unbiased parameter estimation [49,54,
55] (also see section 2.6). In most microscopy set-ups, these long acquisition windows are susceptible
to motion artifacts from sample drift, vibrations, or bleaching of fluorescent labels. Further, long
acquisition windows also mean that either multiple gigabytes of imaging data need to be manipulated
per sample, or movies with different frame rates need to be acquired and analyzed separately.

In this study, we overcome these challenges by advancing and integrating state-of-art DDM method-
ologies together with optimized sample collection and preparation steps. In multiple proof-of-concept
applications ranging from in vitro respiratory cultures to clinical cervical samples, we demonstrate the
power of a protocol that uses fluorescence-based DDM for high-throughput analysis of small (3—-10 pL)
mucus volumes. Our method can be deployed by non-experts with access to standard epifluorescence
microscopy. We highlight practical considerations and specific pain points for deployment and discuss
how our method and its derivatives can benefit translational research.

2 Methods: DDM for High-throughput Mucus Microrheology

The general workflow of our protocol is outlined in Fig.1A. Prior to the measurements, two preparation
steps are required for setting up the measurement chambers with evenly-distributed, evaporation-dried
tracers, and calibrating the hydrodynamic radius of the tracers for mucus measurements. To start the
measurement process, one mucus sample is loaded per chamber and gently mixed with the pre-loaded
tracers. Then, epifluorescence videos are taken for 3-10 regions of interests (ROIs), depending on the
perceived heterogeneity of particle motion in the sample. In most cases, 5 ROIs spanning the entire
chamber are sufficient. If multiple distinct phases (e.g., pockets of liquid phases inside a gel) are present,
each phase should be processed separately for maximum consistency. Following measurements of all
samples, the computational video analysis is conducted in batch mode without human supervision.
Not counting the preparation and analysis overhead, the video measurements of each sample take a
few minutes to process, including sample loading and acquisition of multiple ROIs. If multiple samples
are loaded at once, and we are only interested in measuring the viscoelasticity response of mucus near
the ciliary beat frequency (time delay of ~ 0.1 seconds), it is possible to shrink measurement time to
1 second per ROI, making sample collection and loading the only throughput-limiting step.
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A. High-throughput Mucus Microrheology Workflow
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Figure 1: High-throughput mucus microrheology workflow. A. Our streamlined workflow

can measure the viscoelastic moduli of each 3-10 pL. mucus sample at a total time cost of ca. 30
min, with only a few minutes requiring sustained human attention. In a trial run, 60 samples were
prepared in 62 min, and 235 regions of interest were imaged in 123 min. B. Mucus from sterile in
vitro culture were extracted from the apical side of transwell cultures and sealed in parafilm wrapped
Eppendorf tube for analysis. PDMS spacers with small holes (3 mm or 6 mm diameter) were cut
and put on glass slides to form capillary chambers. Dilute fluorescent bead solution was filled to each
chamber and let dry in a dark box at room temperature until the liquid had fully evaporated. After
verifying bead integrity with a one-time hydrodynamic radius calibration using a pure water sample,
the mucus samples were transferred to one chamber each, gently mixed and sealed for epifluorescence
microscopy inside a temperature controlled incubator. C. Differential dynamic microscopy (DDM)
works by finding the azimuthally-averaged image structure function based on the Fourier transform
of video frame differences at different time delay At¢. To increase throughput capacity, we restricted
measurement time to <20 s and estimated the scattering amplitude A(g) using periodically shifted
images instead of direct observation. Insets visualize particle motion due to diffusion versus such shifts.
Bottom panel compares results of this shift-based estimation strategy (blue and black dashed line) with
shortened video (light gray dashed line) of tracers in water to values obtained from original long video
(dark gray dashed line) taken with 10x (0.3 NA) objectives. Transwell and centrifuge illustration
created with BioRender https://BioRender.com/d80d467.
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2.1 Mucus collection and transport

Standardizing mucus collection is a crucial step in the process because viscoelastic properties are
sensitive to dehydration, excessive shear, pH changes, and other perturbations. Moreover, in vitro
epithelial surfaces may contain buffer or medium due to culture conditions, wash steps, or barrier
dysfunction. Hence, care must be taken to collect intact mucus. In ALI cultures, we collected mucus
using pipette tips with large openings (200 L tips) to minimize shear. To ensure mucus was collected,
we verified the existence of an elastic response of the samples during extraction. An elastic response
becomes apparent by the stretching of a mucus blob (illustrated in Fig. 1B), which will not happen for
purely viscous liquid, such as saline buffer or culture medium. If other liquid was inevitably collected
alongside mucus blobs, or if mucus was stuck to pipette tips, we used mild centrifugation at RCF
400 for 10 minutes to help separate and settle mucus from the supernatant liquid. Another way to
facilitate mucus collection is to introduce small amounts ( ~ 8 uL/cm?) of PBS three minutes before
collection to dislodge mucus blobs from the cell surface. We verified that as long as the exposure is
performed for all samples of interest equally, such short term contact to PBS does not significantly
alter the relative difference in viscoelasticity between samples; see Fig. 6. To avoid degradation and
dehydration, mucus is best stored and transported in appropriately-sized Eppendorf tubes at 4°C and
sealed with Parafilm wrap to limit evaporation. We verified that the viscoelastic properties do not
change when in airtight storage sealed with Parafilm for 7 days; see Fig. 4.

2.2 Chamber preparation

To prevent sample dehydration and facilitate its storage and reuse, we created custom capillary cham-
bers from commercially available sheets of polydimethylsiloxane (PDMS) foil with 0.25 mm nominal
thickness (Super clear, MVQ Silicones GmbH). This thickness was chosen to be compatible with the
maximum working distance of our microscope objective. Using scissors and biopsy punches or a desk-
top vinyl cutter (Roland DG), 18 x18 mm squares were cut from the silicone foil, with a 3 or 6 mm
diameter hole centered in the middle. These geometries yield a final measured holding volume of
ca. 3 or 8 uL, respectively. For samples available in larger volume (> 30 uL), commercially available
GeneFrame 25 pyL (Thermo Fisher Scientific, AB0576) were used to mount the sample.

2.3 Tracer preparation and calibration

After mounting the spacer to a standard microscope slide (VWR, 631-1553), we filled the chamber
with a dilute solution of fluorescent tracer beads and allowed them to desiccate at room temperature in
a light-tight box for 30-45 minutes. We used 500 nm diameter yellow-green carboxylated polystyrene
beads (Thermo Fisher Scientific, Fluorosphere F8813) at 1:2000 v/v dilution in Milli-Q water (mem-
braPure water purifier). Once all chambers had dried, one chamber was immediately refilled with
Milli-Q water (membraPure water purifier) and sealed with 1.5H glass cover slip for hydrodynamic
radius measurement. Specifically, the viscosity of water 7, is measured and compared to known val-
ues to compute the hydrodynamic radius r of the desiccated beads based on Stokes-Einstein relation
r = kgT/(6mn,D). Here, kp is the Boltzmann’s constant, T' the measurement temperature, and D
is the diffusion coefficient that is equal to the slope of mean-squared displacement divided by 4; also
see (4) and (5). This value was then used in the measurements of the viscoelastic modulus of mu-
cus samples. Our calibration experiments showed that the hydrodynamic radius of the fluorescent
tracers before and after desiccation remained around 255-260 um. Based on the understanding that
polystyrene particles with carboxyl surface chemistry and radius larger than 250 nm do not diffuse
through mucin networks [15,25], our microrheology results should be able to faithfully capture the
linear viscoelastic property of the mucus sample. If the goal is to study how ultrafine and fine par-
ticulate matter diffuse and interact with mucus, fluorescent tracers with smaller diameter can also
be integrated into our presented methodology. However, in our experience the hydrodynamic radius
might change after desiccation for smaller tracers and needs to be verified according to the calibration
experiment mentioned above. We did not use larger tracers to minimize perturbations of the sample
by the embedded tracers.
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2.4 Sample preparation

The mucus sample was introduced into the chamber lined with dried tracers using a positive displace-
ment pipette (Gilson Microman E); See Fig. 1B. To reduce bubble formation, the mucus was dispensed
slowly and the pipette was set to hold 2 yL. more than sample volume when filling the chamber, avoid-
ing the introduction of air at the end of loading. If large bubbles did form, it was often possible to
pop or remove the bubble by dragging it onto the PDMS spacer or poking it with the corner of a clean
glass cover slip.

In order to ensure that a sufficient amount of dried tracer was present in the bulk of the sample,
a small metal laboratory spatula was used to gently agitate the sample inside the chamber. In most
cases, moving the spatula in both clockwise and counterclockwise directions for 10 to 30 seconds was
sufficient to achieve adequate mixing.

Finally, a 1.5H glass cover slip was gently pushed onto the chamber starting from one edge to avoid
bubbles and cracking. Once sealed, the prepared slides were stored at 4°C for later experiments, or
placed for imaging into the temperature-controlled incubation chamber of the microscope preheated at
37°C. We ensured that the temperature control on the microscope reached equilibrium before imaging,
since temperature fluctuations result in changes to Brownian motion and thus erroneous viscosity
readout. Therefore, in all experiments, we waited at least 30 minutes after the incubator temperature
sensor reported the desired temperature.

2.5 Fluorescence imaging

We recorded all videos using an inverted epifluorescence microscope (ZEISS Axio Observer) equipped
with a high-speed camera (Hamamatsu Photonics Orca Flash 4.0) and a 20x objective (0.8 NA, 0.33
pm/px). Since DDM allows working with tracers smaller than the real-space optical resolution of the
microscope, a 10x objective (0.3 NA, 0.65 pum/px) was also tested, achieving good results. However,
in order to better compare tracking-based analysis with DDM, we opted for the 20x objective with
higher resolution, allowing individual tracer to be clearly resolved in space.

We first checked the sample in the bright-field channel to verify that no beating ciliated cells were
present, as these can be accidentally removed from the tissue culture together with mucus. We noted
down the location of microscopic bubbles and large aggregate/debris to be avoided. We found that
for high viscosity mucus samples, minuscule amounts of drift (< 0.1 pum/s) were sometimes present,
potentially due to slow relaxation of mucus after slide movement, unevenly placed cover slip, and/or
streaming around a distant bubble. While small amounts of unidirectional drift can be corrected
during analysis, we re-sealed problematic samples to reduce drift, whenever possible. Finally, to
minimize boundary effects, we measured Brownian motion in the central z-plane of the sample. This
focal plane was computed by averaging the two most extreme z-values each representing beads located
at the floor and ceiling of each chamber, using the maximum field of view available.

For video acquisition of our tracers, we used the FITC/GFP channel and recorded 5 second-long
videos at 2 ms exposure time per frame at 100% LED power for low sample viscosity, and 20 second-long
videos at 10 ms exposure time per frame at 30% LED power for high sample viscosity. The 20 second
video option was used whenever tracers were observed to vibrate back and forth around an equilibrium
position in real time. The exposure values were chosen to maximize signal-to-noise ratio and minimize
the global decay of fluorescent signals over time. Streaming option was always selected during time
series recording, so the final video frame rate was determined directly by the exposure time setting.
Depending on the heterogeneity of the sample, we recorded 3 to 10 ROlIs, each at 256x256 pixels
without binning at 0.33 pum/px, while staying in the same z-plane and avoiding clusters of aggregated
tracers. In our experience, a few aggregated beads did not cause significant problems, assuming most
of the motion comes from isolated tracers. The nature of DDM analysis also means that insufficient
contrast due to static background is not a concern, unlike in MPT.

After imaging, the entire slide was sealed with Parafilm for long-term storage. Our in vitro samples
did not require additional antibiotics to prevent contamination, and viscosity values remained stable
for one week after storage at 4°C; see Fig. 4.
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2.6 High-throughput DDM analysis

Viscoelastic moduli can be calculated automatically without user intervention from the recorded videos.
Our analysis was performed in MATLAB on an Intel i9 computer with 128 GB of random access
memory. Below we outline the mathematical foundation of this calculation and highlight our custom
adaptations from common practice that are necessary for high-throughput applications. For detailed
derivations of equations (1) to (5), see references [45,46,49, 54, 56].

Image structure function. The azimuthally averaged image structure function D(q, At) is obtained
as a function of the azimuthal wave number ¢ and time lag At from the video frame sequences via

D(q. &) = ([FFTUI (@, + A1) — L9 0)), (1)
where I(x,y,t) is the image intensity function over spatial coordinates x,y and time ¢, FFT the two-
dimensional Fast Fourier Transform (FFT) operator that converts real-space coordinates (z,y) into
reciprocal-space wave vectors (¢g,qy). (-)¢q indicates averaging in time and the azimuthal angles of
wave vectors. The characteristic results before averaging are shown in the left panels of Fig. 1C. This
image structure function corresponds to the theoretically tractable intermediate scattering function of
the Brownian particles f(gq, At) by the relation

D(g, At) = A(g)(1 = f(g, At)) + B(q) (2)

where A(q) is the total scattering amplitude depending on the number of particles in view as well as
the optical path and associated point spread function, and B(g) a term that captures the effect of
imaging noise.

If we take sufficiently long video at high enough speed in ideal conditions, the amplitude A(g) and
the noise floor B(g) should be revealed by the plateaus formed by D(q, At) near the largest and the
smallest and time delays, respectively; see black solid curve in the middle panel of Fig. 1C. Without
making any a priori assumption on the form of f(q, At), A(¢) and B(q) is commonly estimated by
fitting these plateaus. For material with high viscoelastic modulus, it can be prohibitive to wait for
tracers to naturally de-correlate and reach the plateau at the largest measured time lag. In addition,
slow drifts due to platform instability can also contaminate the shape of the D(q, At) curve by intro-
ducing premature de-correlation as indicated by the orange highlight of the simulated measurement
data (larger error bar). Finally, compared to the time necessary to locate viable region-of-interests
(usually up to 10 seconds per field of view), we also want to limit video length to be of similar orders
of magnitude; see blue shaded region in Fig. 1C.

To this end, for fluorescent tracers that do not move out of the frame (no change in tracer density),
it is possible to estimate A(q) from B(q) directly via the relation [57]

A(q) + B(g) = 2(FFT[I(z,y,1)*), - (3)

In fact, [48] recently demonstrated that this estimate can be more reliable than fitting from the plateau,
even if the de-correlation plateau is measured.

Similar to this approach, we estimated the sum of A(q) and B(q) directly by formally calculating
the image structure function based on the difference of a periodically translated frame with itself.
While this requires filtering at specific azimuthal wave number depending on the direction and amount
of the translation, we found that fitting to the lower envelope can recover the same estimate as Eqn. 3
without averaging every frame in time; see comparison between black dashed line and blue dashed
line in middle panel of Fig. 1C. This leaves the baseline noise floor B(q) the only free parameter for
estimation. We calculate it by fitting the plateau reached at the shortest time delay at the highest
wave number g; for a thorough analysis of how different estimates would impact the quality of the
result, we refer the interested readers to [48].

Lastly, we can compute the 2D mean squared displacement (MSD) of the tracer particles per wave

number ¢ by the relation
4 D(q, At) — B(Q))
Ar?y = ——1o (1 - : . 4
(Ar?) =~ o be] @)

In perfect conditions, resulting MSD should not be a function of g; some algorithms minimize the
residual at different ¢ to estimate A(q), B(q) [54]. For robustness, we proceed to calculate viscoelastic
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moduli based on the median and 10th to 90th quantile of the obtained MSD [48] with respect to ¢
ranging between 4 and 8, where the amplitude function A(q) has the expected increasing form (see
shaded area in bottom right corner panel of Fig. 1C) [58].

The elastic storage modulus G'(w) and viscous loss modulus G”(w) are related to MSD by the
generalized Stokes-Einstein relation

afw) = 1 TA),
B 4kpT
Glw) = 6mr [(Ar2)| T[1 + a(w)]’ ()

G'(w) = G cos(ma/2)
G"(w) = Gsin(ra/2),

where w = 1/At is the frequency, kg is the Boltzmann’s constant, 7' the measurement temperature,
r the hydrodynamic radius of the tracers, and I'[:] the Gamma function. Here a(w) represents the
logarithmic slope of the MSD.

3 Results: Validation and Proof-of-Concept Applications

DDM outperforms MPT in high viscosity samples. We first measured the rheology of mucus
gels reconstituted from lab-purified porcine gastric mucin (MUC5AC) [59,60] Mucin concentration was
varied from 1 to 4% (w/v) at pH 4 to mimic the range of mucus viscoelasticity we expect to collect in
airway cell culture models (see section A). Lab-purified reconstitution is known to better preserve the
important microstructure of native mucus than commercial sources [59]. We compare results obtained
from conventional macrorheology, MPT, and our DDM method in Fig. 2; see Section F for details of
the rheometer and tracking methodology.

Fig. 2A shows the expected increase of viscoelastic moduli as a function of mucin concentrations
using our high-throughput DDM method, at a range of frequency responses including typical ciliary
beat frequencies of human airway epithelia (5-15 Hz). At most frequencies w, storage modulus G'(w)
is higher than the loss modulus G (w) for 2-4% mucin samples, confirming that viscoelastic gels are
formed in these samples at low pH [61].

To simplify the ranking of viscoelasticity of different mucus samples, we use storage and dynamic
viscosity, corresponding to storage G'(w) and loss modulus G”(w) divided by measurement frequency w
each, and their complex magnitude, the absolute viscosity |G* = G’ +iG"|/w as the primary statistical
markers because they represent elasticity and viscosity in an approximately frequency-independent
fashion; see Fig. 2B. This is because the storage modulus G'(w) for many viscoelastic substances
follows a power-law relationship ~ w?® with 0 < § < 1 (Rouse polymer follows § = 1/2), while their loss
modulus increases linearly with frequency, i.e., G”(w) = nw, when far away from phase transitions.
Here, 1 is the dynamic viscosity.

Comparing the macroscopic shear rheometer values (Fig. 2B, left panels) with those from our
DDM microrheology results (middle panels), we see similar mucin concentration-dependent increases
without exact numerical match. This discrepancy is primarily due to a difference in measurement scale:
a complex, heterogeneous biological material such as a mucin gel (or native mucus) could exhibit a
fundamentally different mechanical response when probed in bulk (macrorheometer) or studied locally
(microrheology) [3,16,61-65]. Therefore, for further validation of DDM, we also performed MPT,
another microrheological assay on the same samples. Since we took care to select tracer size and
surface chemistry to minimize unwanted interactions, we were able to conduct MPT analysis on the
same microscopy videos used for DDM analysis. In absence of experimental noise, DDM and MPT
results should match exactly. Indeed, MPT results (Fig. 2B, right panels), especially when restricted to
lower frequency (0.1-1 Hz, green box plots), closely match our DDM values (middle panels). However,
if data from the full frequency spectrum is used (0.1-50 Hz), MPT generates much larger variances
(gray box plots behind green box plots). This discrepancy is due to a reduced signal-to-noise ratio at
high mucin concentration where the gel becomes increasingly opaque and the thermally driven tracer
vibrations blend into the high-frequency, static imaging noise. Nevertheless, this comparison does
not indicate a failure of particle tracking techniques in general — it merely demonstrates that in a
high-throughput workflow with minimal user intervention, DDM can recover better statistics even in
suboptimal contrast and signal conditions.
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Figure 2: Viscoelastic properties of reconstituted MUCS5AC gels. Porcine gastric mucin
(MUCS5AC) was reconstituted in acidic buffer (pH 4) to simulate mucus gels with physiologically-
relevant viscoelastic character. A. Frequency response of the storage and loss moduli of 1 to 4% w/w
MUCS5AC gel are clearly separable using our high-throughput DDM protocol. Error bar indicates
10 to 90th percentile calculation based on 5, 512x512 px ROIs. B. Microrheology output from DDM
(middle panels) and Multi-Particle Tracking (MPT, via FIJI Trackmate, right panels) can deviate from
macrorheology (left panels). DDM microrheology at all frequency range (0.1-50 Hz) closely matches
MPT results at restricted frequency (0.1-1 Hz, green). MPT results at full frequency ranges (0.1-
50 Hz, dark gray) produce significantly higher variance especially for high viscosity samples. Light
gray line indicates the dynamic viscosity of pure water at measurement temperature. Measurement
performed on n = 2 technical replicates using GeneFrame 25 uL capillary chambers. Slides were placed
on a temperature-controlled sample holder for additional thermal stability.

High-throughput workflow enables longitudinal studies of mucus rheology. We and others
have shown that secretory cell type abundance and composition of in vitro ALI human airway epithelial
cultures strongly depend on culture medium and differentiation time point [14,31,66], suggesting that
mucus properties are also affected. Here, we use this phenomenon to illustrate the potential of our
protocol to monitor longitudinal changes in mucus rheology in different in wvitro conditions; for the
detailed cell culture methods and materials see Section B.

Specifically, we compared the rheology of mucus generated by human primary airway epithelial cells
cultured at ALI in either PneumaCult (PC) or bronchial epithelial growth medium (BEGM). Fig. 3A
shows the storage and loss moduli of mucus extracted at multiple time points of differentiation. Our
results match the previously reported ranges for mucus extracted from PC cultures measured by optical
tweezer techniques [67] (Fig. 3A, pink bars). Consistent with this study, we also see a similar drop
in storage and loss modulus for samples collected from BEGM-based inserts. Importantly, the high-
throughput nature of our method enables us to easily monitor rheology changes over time. We found
that mucus viscoelasticity in PC cultures increased from day 20 to day 46 at ALI, and then stabilized
until day 70 at ALI; see Fig. 3A blue markers and panel B. In contrast, the viscoelasticity of mucus
in BEGM-based cultures did not show significant increase over time (Fig. 3A, gray markers). Indeed,
the measured viscosity is close to that of water at 37°C, suggesting that only tiny amounts of mucus
were produced that are difficult to be collected and/or measured. These results are consistent with
our study showing that PC-based cultures contain a higher proportion of mucus-producing cells than
BEGM-based cultures [14].

Stability of stored mucus samples facilitates batch processing. In order to share samples
between laboratories and streamline batch analysis, it would be beneficial to be able to store mucus
samples for extended periods of time without degrading their mechanical properties. Based on recom-
mendations from literature [68], we stored mounted mucus samples in Parafilm wrapped slides at 4°C.
We confirmed that under these conditions, viscoelastic moduli of extracted in vitro mucus remained
stable for at least one week, i.e., significantly longer than the typically assumed working time without
cryogenic storage for sputum analysis, where contamination is difficult to avoid [69]; see overlapped
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Figure 3: Impact of differentiation medium and culture age. A. Storage and loss moduli de-
rived from mucus extracted from in vitro primary airway epithelial Air-Liquid-Interface (ALI) cultures
in PneumaCult (PC, blue markers) versus BEGM-based medium (grayscale markers) at different time
points (days numbered after air lift at day 0). Pink markers are reproduced optical tweezer measure-
ment of mucus extracted from PC ALI culture [67]. B. Frequency-normalized storage and dynamic
viscosity shows that viscoelasticity of PC culture mucus saturates over time. In contrast, BEGM-based
mucus consistently showed a low viscosity near that of the water / culture medium. Measurements
performed from samples of n = 2 to 3 ALI insert cultures per condition from N=1 donor using 6
mm capillary chambers. Slides were placed on a temperature-controlled sample holder for additional
thermal stability.

markers in Fig. 4A. Interestingly, mucus from our bronchial airway donor 7783 shows a higher stor-
age modulus than the loss modulus near the typical ciliary beat frequency of about 10 Hz, while the
opposite is true for the small airway donor 8938. This indicates that cilia from the bronchial donor
are beating against a viscoelastic gel instead of a viscoelastic fluid. As a further proof-of-concept,
we show that the fold-change of absolute viscosity for the two donors remained stable between the
collection day (Fig. 4B, left box plot) and 7 days after storage (Fig. 4B, right box plot). This indicates
that our measurement and storage protocol can be used to robustly analyze previously stored samples,
facilitating batch processing of samples collected at different time points.

Reduction in viscoelastic moduli of airway mucus in response to cigarette smoke exposure.
To show how our workflow can benefit translational research, in Fig. 5 we compared mucus extracted
from ALI cultures exposed to cigarette smoke extracts against those extracted from the untreated
cultures; see section B and section C for cell culture, treatment, and collection details. In Fig. 5B,
we observed an approximately one-fold decrease in both storage and dynamic viscosity in response to
cigarette smoke. Our finding is consistent with studies showing that human sputum in light smokers
exhibits reduced viscosity [16,24].

Robust detection of viscoelastic differences in clinical mucus samples. While our method
was optimized for the small mucus volumes usually obtained in in vitro samples, it can be equally
applied to samples collected in animal models or the clinic. Since such samples may be collected
or processed in buffer solution, we aimed to understand whether short-term submersion in buffer
without aggressive mixing or homogenization would alter viscoelastic properties of the mucus and mask
differences between samples. We used clinically-extracted cervical mucus from different time points of
the menstrual cycle (Section D), when mucus is known to drastically differ in viscoelasticity [22,23],
and tested whether short-term storage in buffer would distort these differences. In Fig. 6A, freshly
collected luteal phase mucus (dark blue) shows a much higher storage modulus in most measured
frequency ranges and a higher loss modulus at low frequencies when compared to that of the ovulatory
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Figure 4: Rheological stability of sterile in wvitro mucus collection. A. Storage and loss

moduli of mucus extracted from ALI culture maintained in PneumaCult from two separate donors:
donor 7783 (green shaded markers) is of bronchial origin, and donor 8938 (magenta shaded markers)
is from a small airway source. B. Left panels show the fresh and stored absolute viscosity (|G*|/w)
before (lighter shade) and after 7 days of storage (darker shade). Right panel shows that fold changes
in absolute viscosity between the two donors remain stable after 7 days of storage inside the sealed
capillary chambers. Measurements performed on pooled n = 3 12-well plate inserts with specified
N = 2 donors using 3 mm capillary chambers.
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Figure 5: Rheological changes of in vitro airway mucus in response to cigarette smoke

exposure. A. Storage and loss moduli of mucus extracted from ALI cultures maintained in Pneu-
maCult and exposed to cigarette smoke extract twice a week over 8 weeks resembling a subchronic
condition (blue, CS) and untreated conditions (black, UN). A reduction in viscoelastic moduli induced
by cigarette smoke is observed for a single proof-of-concept donor and time point (day 70 after air
lift), hinting a potential compensation due to irritation. B. Fold change of the storage (left) and
dynamic (right) viscosity from CS treated sample and untreated one. Measurements performed on
n = 2 technical replicates from N = 1 donor samples per condition using 6 mm capillary chambers at
approximately 1:4 v/v dilution in PBS. Slides were placed on a temperature-controlled sample holder
for additional thermal stability.

phase mucus (dark red), as is commonly known [22,23]. Note that based on the strong oscillatory
behavior marked in the figure, we believe the actual loss modulus of luteal phase mucus is outside
the sensitivity limit of our current optical setup above 1 Hz. After measuring the freshly collected
samples, a technical replicate was submerged into phosphate-buffered saline (PBS, pH 7, calcium-
free) with a normal pipette in ca. 1:100 v/v ratio. The PBS-exposed sample was then incubated at
4°C for 5 minutes and gently centrifuged at 400 RCF for 10 minutes. This process did not result in
the homogenization of mucus and PBS, but rather caused the original mucus blob to swell [70-72].
The resulting gel was extracted and measured through our protocol, and a similar ratio of luteal
and ovulatory mucus viscoelasticity can be seen compared to the pre-exposure conditions (Fig. 6A,
lightly shaded markers), despite an overall decrease in absolute moduli compared to the fresh samples.
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Note that loss modulus readings no longer exhibits unphysical oscillations due to optical sensitivity
at high frequency ranges. Indeed, in Fig. 6B, we see that storage and dynamic viscosity of ovulatory
mucus were approximately two-fold smaller than that of the luteal phase mucus for both the fresh
and PBS-exposed samples (right panels), despite a nearly 100-fold drop in absolute units (left panels).
The remaining difference between the two conditions could be simply due to heterogeneity of the
harvested mucus; PBS-exposed sample was taken from the original collection separately from the fresh
sample; see Section D for details. In conclusion, our method robustly detects viscoelastic differences
in clinical mucus samples and helps reveal how storing and processing protocols impact viscoelastic
responses. Importantly, allowing mucus samples to gently swell in buffer allows for the reduction of
viscoelasticity in order to meet the sensitivity limits of DDM while preserving fold-change differences
between samples.
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Figure 6: Rheological stability of mucus after osmotic swelling. A. Storage and loss moduli
derived from clinically extracted cervical mucus at luteal (blue shaded markers) and ovulatory phase
(red shaded markers), both from fresh collection (darker shade) and after exposure to PBS without
homogenization (lighter shade). The luteal phase viscosity at higher frequencies are most likely outside
the sensitivity limit of our methodology and thus discarded in later statistical analyses. B. Storage
and dynamic viscosity (left panels) and fold change in absolute viscosity (right panels) of the luteal
and ovulatory mucus before and after exposure to PBS solution. Note that despite the dramatic drop
in viscosity in absolute units, the fold change remained stable before and after swelling. Measurements
performed on sample per condition from N = 1 donor with 6 mm capillary chambers. Slides were
placed on a temperature-controlled sample holder for additional thermal stability.

4 Discussion: Implications for translational research

Our proof-of-concept studies demonstrate that our optimized DDM microrheology technique allows
the robust quantification of elasticity and viscosity changes in as little as 3 uL of mucus. Our workflow
requires only a few minutes of sustained human attention for loading and recording of each sample. This
drastic reduction of time commitment compared to state-of-art approaches enables the measurement
of tens to hundreds of samples at a time, assuming that the pre- and post- processing overhead
including chamber preparation and automated analysis are done in batch separately. Taken together,
our methodology provides a powerful tool for monitoring mucus viscoelasticity in high-throughput in
vitro experiments.

As our method does not require any specialized training or equipment beyond standard epifluores-
cence microscopy, it is poised to be readily adapted in both basic and translational research for mon-
itoring longitudinal and donor-specific variations of mucus microrheology with much higher temporal
resolution than what is currently performed. Compared to other methods, our approach is uniquely
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positioned in terms of accessibility and capability to understand mucus rheology at physiologically
interesting time scales, e.g., the ciliary beat frequency; see Fig. 7.

While laser scattering based techniques, such as Diffusing Wave Spectroscopy (DWS) [73], Dynamic
Light Scattering (DLS) [74,75] can probe material response at much higher frequencies, these frequency
ranges are usually not of strong interest for physiological and pathological studies. These methods also
tend to operate with higher sample volumes without intuitive access to the spatial heterogeneity in-
formation. Optical tweezers [67,76,77] and methods using micro- or nano- magnetic probes [78-81]
are able to probe non-linear material responses and can even be used in-situ to measure viscoelasticity
as a function of mucus layer depth. However, these approaches usually only measure rheology at a
single local point inside the sample at a time. This limitation, along with the operational complexity
of manually inserting one or few physical probe into the sample and/or lengthy laser training, signif-
icantly limits accessibility and practicality. High-throughput microfluidic viscometry [82] are usually
unsuitable for materials that exhibit a highly elastic response due to pumping limitation; neverthe-
less, commercialized solutions such as Rheosense devices can perform viscosity-only measurement at a
sample volume of 10 L. OR a maximum throughput of ca. 15 minutes per 19 uL samples (automatic
analysis of 96 well plates in 24 hours) [83]. Lastly, compared to mechanical shear rheometers spe-
cialized for sputum analysis such as Rheomuco, our approach lowers the sample volume requirement
further from 20 pL of ALI mucus or 500 pL of sputum [69,84].

Our proof-of-concept results demonstrate the capability of DDM microrheology to serve as a rapid
screening tool to identify mucus samples with interesting viscoelastic features. It is not necessarily
meant to replace other more involved techniques discussed above; rather, these methods and their
strengths can be used in a complementary fashion by reusing the recorded videos or acquiring more
information from the mounted samples.

Our high-throughput technique will help generate robust data and elucidate factors underlying
changes of the biophysical properties of mucus from large scale studies. For example, it is well doc-
umented that heavy smoking (10-50 pack-year) and (chronic) bronchitis lead to secretion of highly
viscous mucus, while light smoke exposure (1-3 pack-year) can counterintuitively reduce viscosity [24].
This suggests that there exists a non-trivial, non-monotonic transition in human airway response to
irritants. Therefore, it is of great importance to assess if a given in vitro model system is capable of
reproducing this process, and which other, potentially donor-dependent factors play a role. Such a
model system would then also allow to test the impact of drug treatments intended to pass or restore
the mucus barrier. However, such functional, comparative assays will only be possible if researchers
have the tools to perform high-throughput measurements at least daily. Furthermore, it remains un-
clear which environmental, genetic or epigenetic factors cause some people to develop airway disease in
response to pollution, whereas others remain healthy [86-89]. One possibility is that mucus rheology
is at play, given its major role in airway defense. Thus, given a large and diverse cohorts of cell donors
whose health records are followed over time, it would be possible to probe whether mucus rheology
changes in response to pollution may be correlated with the development of disease later in life.

Despite the accessibility provided by DDM, mucus extraction and storage itself still need to be
standardized during in wvitro cell culture maintenance. For our differentiation media tests (Fig. 3),
we followed the general guideline based on [90] to humidify our cultures every 48 hours and perform
apical wash two days before collection to ensure we measure only freshly secreted mucus. We chose to
humidify our culture with 50 uL/cm? of insert area because at lower values, we frequently observed
that the apical surface dried out, especially for PneumaCult cultures; this value is, however, not
universal. In a previous study [17], only 3 uL of medium was enough to humidify the cultures. In [67],
it was not specified if a humidifying liquid was used at all, and the mucus was collected only after
being loosened 24 hours before collection. These different protocols could be due to either the specific
incubator environment or cell donors. To further complicate the matter, in long term exposure studies,
the accumulated mucus could be of inherent interest, e.g., the results in Fig. 5 comes from cultures
whose apical surface were never aspirated nor humidified and collected after only three minutes of
PBS loosening; see section C. Importantly, however, while the collection method will impact the
viscoelastic properties, our results show that relative differences between samples are conserved, as
long as the method is not destructive and is standardized within a given experiment.

Some final words on possible advancement of our workflow without impacting its user-friendly
nature and high-throughput capacity. Since a key advantage of DDM over MPT is that it is a reciprocal-
space analysis done without losing its real-space coordinates, one can compute spatial heterogeneity

13


https://doi.org/10.1101/2025.01.09.632077
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.09.632077; this version posted January 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Mechanical Magnetic 4 . Microfluidicn *
Shear Geometry LlA Detector U Microscope Q Sensor Laser
Modulus
[Pa]
Shear Rheometer
108 f RheoMuco™ ;l‘ EchoDWS
20uL / 500pL eoLab™ —
. ﬂsom Capillary
| Microfluidics
(Viscosity only) n
RheoSense™
10pL / 19pL
102
100

DLSpR *
12uL

102 + 10 (Krajina et al., 2017,
Caietal., 2021)
Optical Tweezer ¥

?:I:LwBeat/ (Preece et al, 2011,

10-4 L
Multi-Particle Tracking ij"’r et|a|'2%a 193-
i (Breedveld et al, 2003) oy etal., 2019)
1 L L n L L
10* 102 10° 10? 104 108

Shear Rate / Frequency [s]

Figure 7. DDM is uniquely suitable for user-friendly, high-throughput assessment of low
volume mucus samples. Accessible shear modulus and shear rate / frequency range of common
rheology methods compared to human mucus modulus at frequencies relevant for biomedical research
(black line) [15,16]. Ciliary beat frequency range based on our in vitro ALI culture measurements, with
white line indicating median [14]. Symbols indicate type of equipment required, and where applicable,
we also indicate the required minimum sample volume for each method. Multi-Particle Tracking (light
green) and Differential Dynamic Microscopy (pink) ranges are based on [43] and our reported setup.
Dynamic Light Scattering (orange), Magnetic Probe (dark purple), and Optical Tweezer (yellow)
ranges are based on numbers reported in [67,74-77,80,81,85]. Mechanical shear rheometer (gray)
values are based on our experience with Aanton Paar devices. Sample volume for RheoMuco device
are minimum ALI mucus volume reported in online FAQ and recommended sputum volume in [69].
Capillary microfluidic viscometer (light blue) and Diffusing Wave Spectroscopy (light purple) ranges
are based on values reported by RheoSense m-VROC II and VROC Initium 14+ and LS Instruments
RheoLab devices [73], respectively.

as a function of length scales by computing results from a cascade of different window frame sizes [91].
This might produce important scale-dependent insights, especially if mucus rheology is measured in situ
simultaneously with cilia~-driven flow. Such non-invasive in-situ measurements could be realized with
tracers mixed in during humidification, along with compounds that arrest ciliary motion temporarily
[80,92]. However, it remains to be verified that such manipulation does not incur long-term damage
to the culture, as that would limit the ability to perform longitudinal studies.

Further directions to improve the outreach of our method is to utilize true low-cost imaging plat-
forms to perform DDM analysis. To this end, recent work by [93,94] shows that a webcam based
image capture device could be used with frame dropping compensated explicitly or through deep-
learning based video frame interpolations. [48] also showcased mathematically sound ways to further
reduce the necessary amount of image frames needed for analyses, which can further speed up the
automation of post-processing steps. It is conceivable that hardware technology could one day allow
real-time processing of DDM analysis. Taken together, our systematic and automatable approach for
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high-throughput mucus rheology holds great potential for the future of disease subtyping, disease risk
prediction, drug delivery and treatment testing in the respiratory system and other mucosal tissues
and organs.
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Materials and Methods
A Reconstituted MUC5AC gels

Mucin (MUCB5AC) was purified from porcine stomachs as described previously [59]. The purified mucin
was dissolved in de-ionized water at 4.4% w/v and kept overnight in a cold room to facilitate proper
mucin solubilization. One hour before the shear rheometer measurements, 100 mM acetate buffer (pH
4) was added to suitable solutions of this mucin stock to obtain ca. 300 uL of 1,2,3, and 4% w/v mucin
gels. 150 puL samples of those gels were used for shear rheometry; the remaining samples were stored
at 4°C until loaded for DDM measurements into sealed GeneFrame 25 pL. chambers within 24 hours.

B ALI culture

Medium and donor comparison Human primary bronchial/tracheal cells (h(BTECs, catalog num-
ber FC-0035, donor 7783) and human primary small airway epithelial cells (hRSAECs, catalog number
FC-0016, donor 8938) were obtained from Lifeline Cell Technologies (USA). The first passage cells
were expanded in collagen I coated 75 cm? tissue culture flasks in bronchial epithelial cell medium
(BEpiCM) (ScienCell (Sanbio), SCC3211-b) until ~90% confluency. Expanded cells were seeded on
collagen IV (300 pg/mL) coated 6-well 0.4 pore diameter PET Transwell membranes (Corning, 3450)
at a density of 500K cells per insert (~135K cells/cm?). The cells were cultured in BEpiCM containing
1 nM EC23 (Tocris) until fully confluent. Once the tissues were confluent, differentiation was induced
by introducing air liquid interface (ALI) via removal of the apical medium (day 0 of ALI culture)
and the use of PneumaCult ALI (STEMCELL Technologies) or BEpiCM:DMEM 50:50 + 1nM Ec23
medium supplied through basal chamber.

Cigarette smoke exposure Human primary bronchial epithelial cells (hBECs) were acquired from
cancer-free smokers at the University of New Mexico through diagnostic bronchoscopy and were stored
in a de-identified manner (ATCC, CRL-11555). Donor culture plates were coated with lab made 804G
medium using RPMI (Gibco, 11875119) 4+ 10% FBS (Gibco, A5256801), and SABM with SAGM bullet
kits (Lonza, CC-3118). At 80% confluency, cells were seeded onto 804G media-coated 12-well Transwell
inserts and cultured in PneumaCult ALI (STEMCELL Technologies) until confluent. Once the tissues
reached 100% confluency, differentiation was induced by removing the apical medium to establish an
air liquid interface (ALI) setting (day 0 of ALI culture) and the use of PneumaCult medium supplied
through basal chamber.

Cigarette Smoke Extract (CSE) solutions were prepared from research cigarettes (3R4F, Center
for Tobacco Reference Products, Kentucky Tobacco Research & Development Center, Lexington, KY)
as previously reported in [95] and in more detail in [96]. CSE treatment was performed by exposing
cells for 1 h twice per week for 8 weeks either with vehicle (culture medium; UN condition) or medium
containing 40 pug/mL CSE (CS condition).

C In vitro mucus collection

Medium and donor comparison 48 hours before collection, the apical side of Transwells was
incubated with 500uL of Ca?* infused PBS for 10 minutes (inside 37°C incubator). Afterwards, the
PBS was removed and 50uL/cm? of medium was added (e.g., 233.5uL per insert for 6-well plates,
Corning 3450) to humidify the culture [90]. Mucus was collected and stored at +4°C in Eppendorf
tubes sealed with Parafilm until measurement. Mucus was collected on days 20, 25, 27 (week 4), 46
(week 6), and 70 (week 10) of ALI culture.

Cigarette smoke exposure Cultures were not humidified nor washed on the apical side for the
entire ALI culture duration (70 days, both CS and UN). On collection day, 30 L of PBS (Calcium-free)
was added to the apical side for 3 minutes, and mucus was harvested using a positive displacement
pipette (Gilson Microman E). Mucus samples were sent by overnight mail and kept at 4°C until the
measurement day in the same week.
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For measurement, a sample volume of 8 uL. was first loaded in a 6 mm capillary chamber for imaging,
then the same loaded sample was diluted (mixed until homogenization) with 10 pL of Milli-Q water
twice to enhance the measurable difference between CS and UN samples. This gives a final equivalent
dilution ratio of 16/81a1:4 v/v (results shown in Fig. 5). Dilution were conducted to enhance the
difference between measured viscoelastic moduli between CS and UN samples; prior to dilution the
results were outside the sensitivity zone of our method and yield virtually indistinguishable results.

D Cervical mucus collection and swelling

Cervical mucus was extracted at Frauenheilkunde MRI Universitatsklinikum rechts der Isar with spe-
cialized brushes. Mucus samples were kept on the brush and stored in Falcon tubes at 4°C (on ice
during transport) and 10 uL-sized blobs were transferred with positive displacement pipette to be
measured on the same day.

For mucus swelling test, another approximately 11 pl. mucus sample was taken from nearby po-
sitions on the brush and lightly mixed with 830 uL of PBS solution by pipette (1 mL) inside an
Eppendorf tube. Care was taken such that the mucus blob remained integral during the mixing pro-
cess. Afterwards, 276 uL of PBS was added again and the Eppendorf tube was incubated for 5 minutes
at 4°C. Next, the Eppendorf tube was centrifuged at 400 RCF for 10 minutes at 4°C. The mucus blob
was extracted from the supernatant fluid and placed into the capillary chamber for viscoelasticity
measurements. We did not use the same sample for the swelling test to avoid pipetting and transfer
loss.

E Validation with synthetic viscoelastic fluid

Numerous prior studies (e.g., [55]) have demonstrated that DDM microrheology can reproduce correct
microrheology results for homogenous standard fluids such as glycerol water mixture and polymer solu-
tions, such as Poly(ethylene oxide) (PEQO). To confirm that our high-throughput pipeline is performing
on par with expectation, we compared DDM and MPT measurement of 0 to 4% (w/w) PEO solution
in Milli-Q water.

51.4 mg of dry PEO powder (900 kDa; Sigma-Aldrich, 189456) were used to make 4% w/w stock
solution at room temperature. A total of 1.284 mL of Milli-Q water was gradually added to the
powder and mixed until no visible bubbles and chunks were present. The final weight was verified with
a digital scale to take account of evaporation during mixing. Dilution series and the stock solution were
then stored overnight at 4°C to allow material settling. Before loading 10 puL samples into capillary
chambers, solution in Eppendorf tube was vortexed for homogenization.

Fig. 8 compares the storage and loss modulus / viscosity of the PEO solution based on our DDM
versus MPT measurements. We found an excellent match between the two, especially for dynamic
viscosity, if we restrict the frequency range to 0.1-1 Hz (bottom right panel, green box plots). In
Fig. 8A, we observe a lower sensitivity bound for storage modulus via DDM below 0.01 Pa. This
degradation in performance could be due to edge effects caused by particles moving in and out of
view (256x256 px or 166.4x166.4 um ROI chosen for analysis throughput) for fluids of low elastic
response [97]. For similar reasons, only 28 high quality tracks that spanned the full length of the
video were found to be analyzed via MPT. Moreover, background artifacts from retarded particle
motion near chamber boundaries far away from the focal plane could still contribute some motion for
transparent solutions.

F Shear rheometry and particle tracking analysis

Small amplitude oscillatory shear measurements were performed using a commercial shear rheometer
(MCR 302, Anton Paar, Graz, Austria) with a plate/plate geometry (bottom plate: P-PTD 200/AIR,
Anton Paar; 25 mm steel measuring head: PP25, 79044, Anton Paar) and a plate separation of 300
pm [59,98]. Pre-measurements were conducted in a stress-controlled manner at a torque of 0.5 uNm to
ensure the characterization of linear viscoelastic responses. Then, frequency-dependent measurements
were conducted in strain-controlled mode using the 1.5-fold value of the strain determined in the pre-
measurements. Each 150 pL sample was measured 3 times over a frequency range of 0.01 to 10 Hz, with
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Figure 8: High-throughput DDM validation with PEO solutions. A. Storage and loss modulus
from DDM and particle tracking microrheology. DDM results show a small variance (error bar 10-90
percentile from 5 ROT average) that easily distinguishes PEO solution at different concentrations by
weight, especially near typical ciliary beat frequency ranges (light blue). B. Comparison of storage and
dynamic viscosity derived from DDM and particle tracking. Particle tracking results closely match that
of DDM but only if the noisy frequency range is ignored. DDM box plots are based on all measured
frequencies, green MPT box plots are restricted to data measured between 0.1 to 1 Hz, and dark gray
for all measured MPT frequencies.

the frequency sweep going from maximum to minimum, vice versa and back again. Special care was
taken so that the sample completely filled the gap between the two opposing plates. The instrument was
outfitted with a humidity trap to minimize evaporation during testing. All measurements performed
at 37°C.

Multi-particle tracking is performed using FIJI Trackmate [99] with Differences of Gaussian (DoG)
algorithm and simple Linear Assignment Problem (LAP) tracker. Manual thresholds were used to
filter out tracks with low tracking quality, abnormally high mean intensity, short track lengths, and
out of distribution mean track speed manually based on visual inspection. Before initiating Trackmate,
video contrast is adjusted to contain 0.01% saturated pixels based on full stack histogram.
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