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Cy3-Based Nanoviscosity Determination of Mucus: Effect of
Mucus Collection Methods and Antibiotics Treatment

Jacqueline Gottwald, Jens Balke, Johannes Stellmacher, Kira van Vorst,

Fereshteh Ghazisaeedi, Marcus Fulde,* and Ulrike Alexiev’

The integrity of the protective mucus layer as a primary defense against

pathogen invasion and microbial leakage into the intestinal epithelium can be

compromised by the effects of antibiotics on the commensal microbiome.
Changes in mucus integrity directly affect the solvent viscosity in the
immediate vicinity of the mucin network, that is, the nanoviscosity, which in
turn affects both biochemical reactions and selective transport. To assess
mucus nanoviscosity, a reliable readout via the viscosity-dependent
fluorescence lifetime of the molecular rotor dye cyanine 3 is established and
nanoviscosities from porcine and murine ex vivo mucus are determined. To
account for different mucin concentrations due to the removal of digestive
residues during mucus collection, the power law dependence of mucin
concentration on viscosity is used. The impact of antibiotics combinations
(meropenem/vancomycin, gentamycin/ampicillin) on ex vivo intestinal
mucus nanoviscosity is presented. The significant increase in viscosity of
murine intestinal mucus after treatment suggests an effect of antibiotics on
the microbiota that affects mucus integrity. This method will be a useful tool
to assess how drugs, directly or indirectly, affect mucus integrity. Additionally,

hydrogel that provides a protective layer
as well as a selective barrier. At the
macroscale, the mucus layer permits lu-
brication and protects against dehydration
and mechanical insult.'*) On the micro-
and nanoscale, mucus facilitates the ex-
change of gases and nutrients while protect-
ing against pathogens.*l All of these func-
tions require a high dynamic range of the
viscoelastic properties of the mucus layer.
The details of how mucus can combine
all these seemingly contradictory properties
are not yet fully understood from a physic-
ochemical perspective.l’! Mucus characteri-
zation studies include rats, mice, and more
recently, pigs, as the latter’s GI tract is most
similar to that of humans.[%]

The mucus in the GI tract contains a
high degree of water (78-95% in pigs).l°
The most abundant macromolecules in
mucus, the mucin proteins, are highly

the method can be utilized to analyze the role of mucus nanoviscosity in

health and disease, as well as in drug development.

1. Introduction

Cells in the gastrointestinal (GI) and respiratory tract, among oth-
ers, produce mucus with various functions. Mucus is a natural
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glycosylated and essential for the bio-
chemical and biophysical properties of the
mucus.” The class of secreted, gel-forming
mucins forms the mucus gel lining the
luminal epithelial cell surfaces, while the
transmembrane mucins are located on the epithelial cell mem-
brane and constitute the glycocalyx.[#! One of the most abun-
dant gel-forming mucins throughout the intestinal tract is the
mucin 2 protein, forming a large, net-like hydrogel.[®! The se-
creted mucus in the colon is organized in two layers, of which
the inner dense layer is intimately connected to the cell surface
and free of bacteria.l'”) The outer loose mucus layer extends from
the inner layer and harbors the commensal microbiota.['”) Com-
mensal bacteria are expected to use their large number of glycan-
degrading enzymes to contribute to the conversion from the thick
to the loose mucus layer.['"]

In a healthy state, the nature of the mucus is determined pri-
marily by the mucin network itself, based on its degree of entan-
glement and cross-linking, and by the solvent properties in the
network. Secondary polymers such as DNA and other proteins,
as well as lipids present in the inter-mesh solvent naturally influ-
ence solvent viscosity.®]

In the diseased state, the presence of pathogens, cellular de-
bris, and up regulation (or down regulation) of atypical mucins
further complicates the situation.[!!] Antibiotics are also known
to affect the gut microbiota,!'?l which in turn can affect mucus
integrity through changes in microbiome composition and dy-
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namics. It is, however, less known how this change in the micro-
biome affects the viscosity of mucus lining the epithelial cells in
the GI tract.

Macro- and microrheological techniques, as well as parti-
cle tracking rheology, are established techniques for determin-
ing the micro- and macroviscosity of mucus as well as its
viscoelastic properties from the storage and loss modulus in
macrorheology.[1*14]

Recently, ex vivo collection of intestinal mucus from freshly
harvested animal tissue and its use as a reliable source for mucus
studies aimed at mimicking physiological conditions has been
demonstrated.I'”) The microviscosity values determined from
particle diffusion in native and ex vivo porcine small intestinal
mucus are in the same range of 10-19 mPa s.[**] However, some-
times when measuring bulk samples, the properties of the com-
plex mucus network may not reproduce the in vivo behavior, be-
cause the measurement method itself may affect the complex
mucus network.[’®] Microrheology techniques have been estab-
lished to respond to the requirement of measuring rheology from
small volumes of mucus.!'*'”] It was also shown that the probe
size and the interactions between the probe and mucus must
be taken into account in order to select the probe correctly and
perform reliable microrheological measurements.['*18] Further-
more, less attention has been paid to the viscous mucus behav-
ior at the nanoscale, although the transport of small molecules
such as nutrients and drugs as well as bacteria not only de-
pends on the microstructural organization of the mucus net-
work but is expected to be significantly influenced by the prop-
erties of the solvent on the nanoscale. These nanoscale proper-
ties can be sensed by corresponding small nanoscale probes, ']
which do not affect mucus mesh integrity due to their nanome-
ter size. It has been shown that suitable small nanoscale probes
are, for example, fluorescent dyes or dyes coupled to soluble
proteins.[1920]

The aim here is to directly determine the nanoviscosity of ex
vivo mucus from the cells of the GI tract by establishing the small
fluorescent molecular rotor dye cyanine 3 (Cy3) (also called in-
docarbocyanine (ICC)) with its fluorescence lifetime as a sensor
for nanoviscosity.?!l Cy3 belongs to the class of so-called fluo-
rescent molecular rotors that have emerged as novel nanoprobes
for dynamic and spatially resolved nanoviscosity sensing, 212!
based on their ability to undergo intramolecular rotation. In the
case of Cy3, the molecular basis of this photophysical property
is the twisting motion (trans—cis isomerization) of the methine
bridge in the excited state of the dye, which has been extensively
studied in the past.[**?’] Photoisomerization efficiency depends
on solvent viscosity, temperature, and steric restriction.[2!27:28]
We recently established a Cy3 dye (ICC) as a fluorescent molec-
ular sensor for membrane nanoviscosity measurements when
bound to a sulfated polyglycerol, and extensively characterized
the fluorescence behavior of Cy3 as a function of temperature
and viscosity.!] The excited state lifetime of Cy3 (ICC) in aque-
ous solution is very short (r ~ 0.14-0.18 ns).*-3!l This is due
to the highly efficient bond twisting in the excited state that
leads to the nonfluorescent cis isomer.?”2 When bond twist-
ing is hindered, either by friction with solvent molecules (vis-
cosity) (Figure 1A) or by steric hindering, for example, through
binding to biomolecules, the radiative pathway becomes popu-
lated generating fluorescence.?”2831:33] To enable mucus viscos-
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ity investigations using Cy3, the dye is bound to the mucins via
the lectin wheat germ agglutinin (WGA). Lectins are ubiquitous
proteins that recognize specific carbohydrate residues of glyco-
proteins and glycolipids, such as the highly glycosylated mucins.
WGA binds specifically to sialic acid and N-acetylglucosamine
residues of mucin.?* Figure 1B shows the fluorescence decay
curve of Cy3 covalently linked to WGA (WGA-Cy3) whose fluo-
rescence lifetime increases to 1.7 ns in a solution with a viscosity
of 153 mPa s (lower panel) compared to the fluorescence life-
time of 0.3 ns in aqueous solution (0.9 mPas) (upper panel). Us-
ing the Férster—Hoffmann equation,35) which relates viscosity 7
to fluorescence lifetime 7 with log(r) = log(n), the fluorescence
lifetime of Cy3 can be translated into viscosity values.[?!]

In the present work, we show that WGA-bound Cy3 binds to
the sugars of mucins and detects the nanoviscosity of ex vivo
porcine and murine mucus. This enables the detection of pos-
sible viscosity changes caused by drug treatments, here in this
work the treatment with antibiotics. The nanoviscosity method
based on the fluorescent molecular rotor Cy3 allows to gain in-
sights into (side)effects of the treatment that affect the mucus
integrity.

2. Results and Discussion

2.1. Mucus Autofluorescence

To establish Cy3 as a nanoviscosity sensor for mucus, we first
had to determine whether mucus autofluorescence is present
and whether this interferes with Cy3 fluorescence. Thus, we mea-
sured the autofluorescence of mucus obtained from murine in-
testinal tissue and commercially available porcine stomach mu-
cus (PSM) (Figure 2A,B). The contour plot in Figure 2A demon-
strates the steady-state autofluorescence intensity of PSM de-
pending on the excitation and emission wavelength. Autofluores-
cence shows the most intense fluorescence in the 510-560 nm
range, while the fluorescence excitation spectrum shows high
intensities below 470 nm. This behavior would agree well with
the suggested contribution of collagen to the mucus autofluores-
cence signal 3]

The excitation spectrum at the Cy3 excitation wavelength
(=530 nm) shows only residual intensities, while the emission
maximum of WGA-Cy3 at ~560 nm overlaps with the small
mucin autofluorescence at this wavelength. Nevertheless, de-
pending on the WGA-Cy3 concentration, the fluorescence con-
tributions from the autofluorescence lifetime curve can influ-
ence the Cy3 lifetime signal. Figure 2B shows the autofluores-
cence lifetime curves from PSM and murine colon mucus in
comparison to the fluorescence lifetime curve of WGA-Cy3 in su-
crose/water mixtures with viscosities of 0.9 and 153 mPas. As a
viscosity sensor, the fluorescence decay curves of WGA-Cy3 cover
a wide range of lifetimes.[!l The higher the viscosity, the longer
the fluorescence lifetime (Figure 1 and Figure 2B). An increase
in WGA-Cy3 fluorescence lifetime measured in samples with un-
known mucin concentration could be due to either higher mucus
viscosity or simply a larger contribution from mucin autofluores-
cence since mucin has a longer fluorescence lifetime compared
to WGA-Cy3 in aqueous solution (Figure 2B). To use Cy3 as a
viscosity sensor, the contribution from autofluorescence to the
total fluorescence intensity should be negligible. We estimated

© 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.mbs-journal.de

M

Bioscience
www.mbs-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

oy

Norm. Intensity

Norm. Intensity

10° - -
Low viscosity

10"

10?

103

10"

-5 L B i . " alla

0274 6 8 10 12 14
Time (ns)

100¢ . . .
High viscosity

10"

10?2

102

10

-5 " " i

024 6 & 10 12 14
Time (ns)

Viscosity induced fluorescence enhancement

Figure 1. A) Structure of Cy3. The arrow indicates the coordinate for photoisomerization around the C—C double bond in the methine bridge. The upper
panel indicates efficient photoisomerization of Cy3 and low fluorescence. The lower panel indicates hindered isomerization due to the presence of a
viscous environment and fluorescence enhancement. B) Corresponding fluorescence decay curves showing a fast fluorescence decay (low fluorescence)
with a short lifetime (0.3 ns) in aqueous solution and a slow fluorescence decay (high fluorescence) with a long fluorescence lifetime (1.7 ns) in a viscous

solution.

that up to 10% autofluorescence would be tolerable for a reliable
Cy3 detection.?®] To determine the optimal Cy3 concentration, a
mucus sample collected from the murine colon was titrated with
increasing concentrations of WGA-Cy3 (Figure 2C). The relative
contributions of autofluorescence (I,,p,) 0t WGA-Cy3 (Iyca.cy3)
fluorescence were calculated from the areas under the fluores-
cence decay curve using I(autoﬂu or WGA-CyS)/(Iautoﬂu+IWGA-Cy3) and
plotted as a function of WGA-Cy3 concentration (Figure 2D). At
0.4 um WGA-Cy3, Cy3 fluorescence is ~#91% and autofluores-
cence is 9% of total fluorescence in the mucus sample.

2.2. WGA-Cy3 Binding Affinity to Murine Intestinal Mucus

The second requirement for using WGA-Cy3 as a mucus nanovis-
cosity sensor is that all sensor molecules are bound to mucin.
This is the case when the WGA-Cy3 concentration is below
the half-maximal binding constant (apparent binding affinity) of
WGA-Cy3 to mucin. Figure 3 shows the binding curve of WGA-
Cy3 to the glycosylated mucins in colon mucus. As a lectin,

Macromol. Biosci. 2024, 24, 2300437 2300437 (3 of 10)

WGA binds primarily to N-acetylglucosamine and sialic acid,
sugar residues that are common in mucins, via hydrogen bond
interactions.[’”] The WGA structure and one of its binding pock-
ets to which the mucin sugar moieties bind are presented in
Figure 3A. The binding affinity was determined by titrating a di-
luted murine mucus sample with increasing concentrations of
WGA-Cy3 (Figure 3B). The fractional binding saturation values
were calculated from the fluorescence lifetime of Cy3 and plotted
in a saturation plot (Figure 3C).3" The lower the WGA-Cy3 con-
centration, the more complete the binding to the mucus, which
is reflected in the longer fluorescence lifetime (Figure 3B). The
apparent binding constant in diluted mucus was calculated from
the fit to the fractional saturation data (Equation (5)) with K, =
(0.35 + 0.03) pm.

Calculating back to the original undiluted sample would give
an apparent binding constant of K, = (1.04 + 0.08) um. Taking
into account the binding affinity and the low autofluorescence
background as well as a sufficient Cy3 concentration, we deter-
mined 0.3-0.5 um WGA-Cy3 as the optimal concentration for the
following ex vivo mucus nanovicosity experiments.

© 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. A) Excitation—emission matrix plot of autofluorescence from PSM (2 mg mL™"). B) Fluorescence decay curves of murine intestinal mucus
from the colon (dark blue) and PSM (2 mg mL™") (light blue) compared to the fluorescence decay of WGA-Cy3 in aqueous sucrose mixtures with 0%
(black) and 70% (w/w) (red) sucrose. C) Comparison of fluorescence decays of autofluorescence found in murine colon mucus (green) with varying
concentrations of WGA-Cy3 in aqueous solution (shades of red). D) Plot of the fraction mucus autofluorescence (green) and the fraction WGA-Cy3
fluorescence (red) as a function of WGA-Cy3 concentration as obtained from (C). Experimental conditions: fluorescence excitation of murine mucus at
Aex = 530 nm, fluorescence emission at 4., > 545 nm; PSM: A®* = 486 nm and A*™ > 515 nm; T =37 °C.

2.3. Viscosity Calibration

Next, we established the calibration curve (Forster-Hoffmann
plot) to calculate the nanoviscosity from the fluorescence life-
time values (Figure 4). When using fluorescent molecular ro-
tor dyes to determine viscosity, the viscosity is usually deter-
mined from a plot of the fluorescence lifetime of the fluo-
rophore against the bulk viscosity, which is measured, for ex-

ample, with a rotational viscometer.?!l This is the so-called
Foérster—Hoffmann plot (Equation (6)) (Figure 4D) and is used
as a calibration curve. To investigate the possible influence of
WGA-Cy3 binding to mucin on the fluorescence lifetime of
Cy3 due to steric hindrance,!?”] we used WGA-Cy3 bound to
1 mg mL~! PSM in the respective viscosity solutions. The pres-
ence of mucin mimics the natural location of WGA-Cy3 in mucus
samples.
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Figure 3. A) Structure of WGA with added Cy3 and its N-acetylglucosamine (NAG) binding pocket (pdb 2UVO). B) Fluorescence decays of increasing
concentrations of WGA-Cy3 in diluted murine colon mucus (1:3 with phosphate-buffered saline (PBS), pH 7.4). C) Mean fluorescence lifetimes obtained
from the decay curves in (B) were used to calculate the fractional binding saturation according to Equation (4), which are plotted in (C). The mucin
concentration was kept constant. The fit to a binding equation (Equation (5), black line) is shown. The apparent binding constant is indicated. The red
dashed line indicates the binding curve for an undiluted mucus sample. Experimental conditions: A., = 530 nm, A, > 545 nm, T=37 °C.
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Figure 4. A) Fluorescence decays (gray lines) and multiexponential fits (colored lines) of WGA-Cy3 in different sucrose/buffered water mixtures at 37 °C.
B) Fluorescence decays (gray lines) and multiexponential fits (colored lines) of WGA-Cy3 in different sucrose/buffered water mixtures with 1 mg mL™!
PSM added at 37 °C. C) Mean fluorescence lifetime (fraction-weighted average lifetime (Equation (2)) of WGA-Cy3 from the fits shown in (A) and (B) are
plotted against the sucrose concentration. D) Férster—Hoffmann plots, showing the dependency of the mean fluorescence lifetime (7 ean) ON Viscosity.
A global Férster—Hoffmann fit (Equation (6)) was used to fit the fluorescence lifetime in dependence of bulk viscosity (red and black line). The obtained
slopes («) are indicated. For comparison, the fluorescence lifetime dependence of Cy3 (gray dots) on the bulk viscosity is shown. Experimental conditions
for fluorescence lifetime measurements: A,, = 488 nm, 4., > 515 nm, T=37 °C.

As can be seen from the measurements at 0% sucrose (Figure
4A—-C), binding to mucin slightly increases the fluorescence life-
time of WGA-Cy3 due to steric hindrance. This results in a slight
offset in the viscosity calibration curve compared to Cy3 alone
(Figure 4D). Fortunately, the fluorescence lifetime of WGA-Cy3
always responds similarly to the increased viscosity, regardless
of whether it is bound to mucins or not, or whether the viscos-
ity increase is caused by sucrose or temperature, all of which are
prerequisites for accurate viscosity measurement. The WGA-Cy3
data sets were globally fitted using Equation (6), yielding a slope
of @ =0.54 + 0.04. For the dye Cy3 alone in the presence of mucin,
we found a similar slope of @ = 0.61 + 0.02, which agrees very
well with earlier data.?!! This slope reflects a very good viscosity
sensitivity and points to the 2/3 power viscosity dependence ob-
tained from the Forster—Hoffmann equation for an intermediate
viscosity range.[3538:3]

2.4. Viscosity Determination of Porcine and Murine Intestinal Ex
Vivo Mucus

Ex vivo mucus collected from the colon of pigs was measured
spectromicroscopically using a fluorescence lifetime imaging mi-
croscopy (FLIM) setup to investigate the samples with the lowest
possible volume. Figure 5 shows exemplarily the collected mu-
cus samples (Figure 5A) and the nanoviscosity values at 20 °C

Macromol. Biosci. 2024, 24, 2300437 2300437 (5 of 10)

(Figure 5B) and 37 °C (Figure 5C). We observed variability be-
tween animals, while nanoviscosity values for mucus measure-
ments from a given animal showed less difference. The differ-
ence between the two animals was particularly significant at
20 °C with 12 + 1 and 49 + 6 mPa s. The difference between the
animals was smaller at 37 °C and, with 10 + 6 and 23 + 4 mPass,
lies in the range of the viscosity values of #10-19 mPa s measured
previously with particle tracking.!®]

To compare our measurements with the existing method, we
also used the pig colon sample with a 50 nm-sized fluorescent
bead for particle diffusivity measurements.[*"] The main frac-
tion of freely diffusing particles is ~70%. A similar value was
found in a previous publication in which the intestinal mucus
of pigs was studied by particle tracking.['*! The nanoscopic en-
semble diffusion constant D amounts to D = 0.21 + 0.01 um? s~!
at 20 °C as calculated from the mean-squared displacements of
the bead in the mucus (Figure 5D)[*’l The apparent viscosity of
n =41 + 2 mPa s was calculated from the diffusion constant us-
ing the Stokes—Einstein equation, #€= kT/3xD d, where k is the
Boltzmann constant, Tthe temperature in Kelvin and d the diam-
eter of the tracer bead (d = 50 nm). The comparison of the viscos-
ity values from our tracer measurements with the nanoviscosity
measurements from the same sample gives a good agreement
taking the interannual variations into account (Figure 5B,E).

Similar variations between animals were found for murine
small intestinal and colonic mucus, with nanoviscosity values

© 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. A) Small volume sample of washed and scraped pig colon mucus, which was subjected to FLIM measurements. B,C) Nanoviscosity data from
mucus obtained from two different animals at 20 °C (B) and 37 °C (C). The mean viscosity values + SD (in mPa s) with n = 4-6 measurements per
animal are indicated. D) Nanoscopic ensemble mean-squared displacements (<MSD>) of fluorescent beads from the mobile fraction of beads as a
function of At at 20 °C. The calculated diffusion constant with D = <MSD>/4At is indicated. E) Comparison of the Cy3-based nanoviscosity method

with the existing tracer-based method.

ranging from 16 + 10 to 172 + 45 mPa s for colonic mucus de-
pending on the sample and animal and with 32 + 18 mPa s for
small intestinal mucus (Figure 6A).

We hypothesize that the washing procedure used to remove di-
gestive residuals before scraping the mucus could influence the
measured viscosity values. This would be particularly the case
when using smaller animals such as mice. Therefore, we com-
pared washed and unwashed murine colon samples from the
same animal (Figure 6B). These results clearly show that using
unwashed samples is not an option as the remaining debris from
the digestive tract obscures viscosity values and hides possible
changes in mucus viscosity (Figure 6B). However, the washing
process itself can result in slightly diluted mucus, which can vary
depending on the preparation. Therefore, a method is needed
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that allows evaluation of the effect of treatment on mucus despite
possible dilution effects on mucus collection.

2.5. Quantitative Comparison between Different Mucus Samples
and Application to Antibiotic Treatment

Given the possible effects of mucus preparation on mucus vis-
cosity presented above, it would be desirable to develop a method
that allows comparison of ex vivo mucus samples despite possi-
ble dilution effects or natural variations. An example of such a
comparative study would be the investigation of the effect of an-
tibiotics on mucus viscosity. Systemic antibiotic treatment is the
therapy of choice for serious infections, however, as a side effect,
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Figure 6. A) Nanoviscosity of scraped ex vivo murine colon mucus and small intestine mucus (20 °C). B) Comparison between washed and unwashed
colon mucus samples. The mean viscosity values & SD (in mPa s) with n = 3 measurements per animal are indicated.
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Figure 7. Bulk viscosity dependence of sucrose/water mixtures and
mucin/water mixtures on sucrose, respectively, mucin (PSM) concentra-
tion. The red solid line represents a fit with a power law function to the
mucin data that is indicated in the figure. Inset: Mucin data on a logarith-
mic x-axis.

the systemic use of antibiotic therapy also affects the composition
and function of beneficial commensal bacteria/microbiota. Thus,
the administration of antibiotics acts as a double-edged sword
that perturbs the microbiota and disrupts the homeostasis of the
microbiota habitat, that is, of the mucus. We aim here to investi-
gate and compare the physical alterations (viscosity) of intestinal
mucus after the administration of systemic antibiotics, mirroring
clinical cases. In the present case, we used the antibiotic com-
binations meropenem/vancomycin and ampicillin/gentamycin,
which are commonly used in clinical settings.[*1=]

To account for different mucin concentrations due to the re-
moval of digestive residues during mucus collection, we em-
ployed the power law dependence of mucin concentration on
viscosity and normalized the viscosity by measuring the mucin
concentration using the optical density (OD) at 600 nm. Since
the viscosity—concentration correlation is specific for a given
polymer*®! we prepared mucin (PSM) at various concentrations
and determined the viscosity (Figure 7).

The functional correlation can often be described by a power
law 7 = ny+ Act,*1 where 5, is the viscosity of the solvent,
A, and b are constants and ¢ is the concentration of the poly-
mer, in this case of the biopolymer mucin. The fit for the vis-
cosity dependence on mucin concentration in aqueous solution
results in the following fit parameters: n,= 2.2 + 0.2 mPa s,
A=(1.8+6.2)x 10 mPas,and b=2.0 +0.2.

In order to apply this power law relationship between mucin
concentration and viscosity to normalize the viscosity of ex vivo
mucus samples and make the nanoviscosity values compara-
ble, the mucus concentration was determined using the OD at
600 nm. The viscosity data obtained for the different mucus sam-
ples should be then normalized by ODy,?, based on the power
law fitting showing that viscosity increases with the square of con-
centration (Figure 7) and yielding the normalized nanoviscosity
value 7/ODg,%. We assume that the viscosity decreases when we
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dilute the mucus to a known extent. However, when we apply the
normalization method, the same 7/ODy,,> value should be ob-
tained for the diluted and undiluted samples. Thus, to validate
this normalization method, we diluted the investigated mucus
samples (untreated small intestinal mucus, antibiotics treated
small intestinal mucus) by a known factor of 1:1 with PBS and
again determined the nanoviscosity and absorbance of the mucus
in the diluted samples. The corresponding varying nanoviscosity
and OD data are shown in Figure 8A,B. We first applied the vis-
cosity normalization to the nanoviscosity values of the untreated
sample (Figure 8C). Figure 8C demonstrates that the normalized
nanoviscosity value /0D, * indeed is the same, within error, for
the diluted (white bar) and undiluted (gray bar) untreated mucus
sample. This proves that the 7/ODy,,? normalization is character-
istic of the given mucus sample and can be used for comparative
studies. We also tested the normalization procedures for mucus
obtained from a different tissue, pig colon. Normalization shows
11/ODg,? values for undiluted and diluted samples with 7.1 + 0.7
and 6.7 + 0.7 mPa s/ ODy,?, respectively, again with no signifi-
cant difference.

The normalization procedure now allows a comparison of
the different antibiotic treatment effects on small intestinal
mucus with the combinations of ampicillin/gentamicin and
meropenem/vancomycin (Figure 8D). Treatment with both an-
tibiotic combinations leads to a significant increase in mu-
cus viscosity compared to untreated animals as evidenced by
the increased normalized nanoviscosity values (Figure 8D). We
can conclude that antibiotic treatment significantly affects the
nanoviscosity of small intestinal mucus, approximately leading
to a doubling of the normalized nanoviscosity.

The reciprocal interactions between the intestinal mucosal bar-
rier and the gut microbiota play an essential role in maintaining
gut homeostasis. Commensal bacteria inhabit the outer mucus
layer on mucosal surfaces and utilize their glycans as a promi-
nent energy source.l’~*! Antibiotic treatment induces dysbiosis,
which is characterized with altered composition and diversity of
the microbiota, functional disturbance of intestinal metabolism,
and decreased colonization resistance against pathogens.*®! Sub-
sequently, a shift in the metabolic function of the gut micro-
biota, accompanied by the overgrowth and invasion of poten-
tially pathogenic bacteria, can trigger inflammatory responses
and disrupt tight junctions, leading to a range of complica-
tions from diarrhea to enteritis.’»*?] Additionally, thinning of the
mucus layer after antibiotic treatment has been reported.’>%3!
The latter perhaps could be triggered from a lower total num-
ber of bacteria interacting with the mucosal barrier and pro-
moting mucus-production by goblet cells, similar to observa-
tions made in germ-free mice.>* Nevertheless, direct microbiota-
mediated effects of antibiotic therapy on the composition, hy-
drate state, and viscosity of the mucus are still unexplored. Our
observations demonstrate an increased mucus nanoviscosity for
the two used antibiotics combination, ampicillin/gentamicin and
meropenem/vancomycin. Our hypothesis posits that depending
on the eliminated bacterial species, decreased taxonomic rich-
ness may lead to a general reduction of mucolytic and prote-
olytic activity of the altered microbiota.l*®! In future studies, the
inclusion of glycomics and metabolomics investigations will be
crucial for unraveling the mechanisms underlying this observa-
tion. It is important to acknowledge that the choice of antibi-
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Figure 8. A) Cy3 lifetime-based nanoviscosity values from 0.3 pm WGA-Cy3 in the mucus of the murine small intestine after treatment with two different
combinations of antibiotics “Meropenem + Vancomycin” and “Ampicillin + Gentamicin”, and from the mucus of an untreated group. B) OD at 600 nm
of the mucus samples shown in (A) as a measure of mucin concentration. C) Ratio of nanoviscosity and OD squared (normalized nanoviscosity) for
untreated samples. D) Comparison of the normalized nanoviscosity values for the antibiotics-treated groups with the untreated group. “Diluted” samples
were diluted 1:1 with PBS before fluorescence decay and absorbance measurements. Experimental conditions: 4., = 530 nm, 4., > 545 nm, T =20 °C.
Statistical analysis was performed using a two-way ANOVA and statistical significance was assessed using the Tukey Test (significance level 0.05).

otic class, monotherapy versus combination therapy, dosage, fre-
quency of administration, and treatment duration all play sig-
nificant roles in shaping the direction and magnitude of micro-
bial perturbations and their mediated effects on the host.[>3¢]
All of these different factors will be included in future sys-
tematic studies. Furthermore, in clinical practice, the admin-
istration of probiotics, prebiotics, and fecal microbiota trans-
plantation has been considered during or after a period of an-
tibiotic therapy.’”*8] One main implication from our results is
the consideration of combining antibiotic therapies (regardless
of the selected antibiotics) with supportive measures to pre-
serve the physical integrity of the mucus layer, for example
with the administration of hydrogels or the use of innovative
nanodrugs.>”]

3. Conclusion

In summary, a new viscosity sensing modality based on the flu-
orescent molecular rotor dye Cy3 for mucus viscosity was devel-
oped. The lectin-WGA-Cy3 conjugate was shown to bind to the
mucin glycans, and conditions were developed to measure mu-
cus nanoviscosity reliably and with high sensitivity using time-
resolved fluorescence and the Forster—-Hoffmann equation relat-
ing fluorescence lifetime to viscosity. Furthermore, we demon-
strated that mucus collection, particularly the washing process
to remove digestive residues, influences viscosity readings. To
account for these unavoidable challenges in the mucus collec-
tion process, we established a viscosity normalization based on
the squared power law dependence of viscosity on mucin con-
centration. Analyses of the effects of antibiotics on the small
intestine mucus showed an increased mucus nanoviscosity for
the two used antibiotics combination, ampicillin/gentamicin and
meropenem/vancomycin. We anticipate that the nanoviscosity
measurement approach developed here can be broadly applied to
all types of mucus from all tissue types. With regard to drug treat-
ments and new drug/mucoadhesive nanoparticle developments,
this approach could systematically shed new light on the effects
related to mucus integrity.
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4. Experimental Section

Collection of Murine and Porcine Mucus Samples:  Murine and porcine
mucus samples were collected from different intestinal segments in ac-
cordance with the principles of the Basel Declaration following the insti-
tutional and national guidelines for animal care and use. The protocol
was approved by the local state office of occupational health and technical
safety “Landesamt fiir Gesundheit und Soziales, Berlin” (LaGeSo Reg. Nr.
T 0284/15 and StN 014/22). Scraped mucus samples were taken from the
colon of 6-8 week-old C57BL/6) wild-type mice. In the pig model, samples
were obtained from the colon of wild-type German Landrace pigs.

Tissue segments were removed from the body and gently emptied of
their contents before being placed in sterile petri dishes. Murine tissues
were once flushed with ice-cold sterile cell culture PBS at pH 7.4 (Gibco,
Paisley, UK) using a blunt syringe needle. Then intestinal tissues were
opened longitudinally using surgery scissors. For porcine tissues, the wash
step with ice-cold PBS (2—4 wash steps) was included after the longitudi-
nal cut. Mucus samples were scraped gently using large coverslips. The
scraped samples were collected in 2 mL cryotubes (Corning, Reynosa,
Mexico), snap-frozen in liquid nitrogen, and stored at —80 °C.

Antibiotics Treatment: Murine mucus samples from 10 juvenile male
mice of the same litter were collected (approval G 0167/18). Mice were di-
vided into two groups of 5 and treated with two combinations of antibiotics
on the 6th and 7th day after birth with at least 24 h in between treatments.
The first group was treated with Ampicillin (orally, 150 mg k=" g) and Gen-
tamicin (orally, 150 mg k™' g), the second group received Meropenem
(subcutaneous, 90 mg k™' g) and Vancomycin (orally, 150 mg k=" g). No
probiotic was administered after antibiotic treatment. Mucus was ob-
tained from the small intestines and colon. Scraped mucus samples from
untreated mice were used as a reference.

Time-Resolved Fluorescence Spectroscopy in FLIM Mode: The fluores-
cence lifetime curves of Cy3 (sulfo-Cyanine3 maleimide (Lumiprobe, Ger-
many)) and WGA-Cy3 (Biotrend, Germany) in different sucrose/water mix-
tures, in PSM (Sigma-Aldrich Chemie GmbH, Germany) and in ex vivo mu-
cus were recorded in a home-built confocal time-correlated single photon-
counting (TCSPC) based FLIM setup, as previously described,!2%%] to al-
low the measurement of small samples of 25-50 uL mucus. The setup con-
sisted of an inverted microscope (IX71, Olympus, Shinjuku, Tokio, Japan),
a tunable ps-supercontinuum white light laser (SuperK Extreme EXU-3,
NKT Photonics, Birkerad, Denmark), a confocal scanning unit (DCS120,
Becker & Hickl, Germany), a hybrid PMT detector (HPM-100-40, Becker
& Hickl, Germany), and a TCSPC-module (SPC150, Becker & Hickl, Ger-
many). FLIM images were recorded by the SPCM software (Becker & Hickl,
Germany) using a 60x objective (water, UPLSAPO60XW, Olympus, Japan),
resulting in a total field of view with 300 pum side length. An acousto-optical
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tunable filter (SELECT UV-VIS, NKT Photonics, Denmark) was used to
select the fluorescence excitation wavelengths from the white light laser
beam. The laser repetition rate was set to 19.5 MHz. Cy3 was excited at
530 nm and the fluorescence emission was spectrally selected by a long-
pass filter (>545 nm, Chroma, Rockingham, USA). A notch filter (Semrock,
USA) removed the residual scattered excitation light. The TCSPC-module
sorted the detected fluorescence photons into 1024 time channels with
a channel width of 19.97 ps. The instrument response function (IRF) of
the system was less than 100 ps (FWHM). To analyze the fluorescence de-
cay traces, the decay histograms from all pixels in the FLIM image were
summed up. Subsequently, the fluorescence decay curve was fitted by a
multi-exponential model function after deconvolution using a calculated
IRF.

I (#) = Zai et (M

with n the total number of decay components, a; the amplitude and z; the
fluorescence lifetime of the i-th component.[8162] The fraction-weighted

average fluorescence lifetime 7,,,, was calculated by

Tmean = Zﬂl Ti (2)

with f; being the fractional amplitude (population amplitude) of the i-th
component with

AT

Z,” AT

Bi ®)

In selected cases, the samples were measured in the TCSPC cuvette setup,
described in,[62] with an excitation wavelength of 488 nm.

Determination of Apparent Binding Affinity of WGA-Cy3 to Mucin:  Half-
maximum binding constants (apparent binding affinity, Kp) of WGA-Cy3
to mucins were determined based on changes in Cy3 mean fluorescence
lifetime 7., in the presence of ex-vivo mucus. The fractional saturation
of WGA-Cy3 mucin-binding was calculated by:

4

BP)) —
fractional saturation ([BP]) = ( Fmean ([BP) Tmean’())

Tmean,max — Tmean,0

where 7,...n is the mean fluorescence lifetime of Cy3 (Equation (2)) at a
specific concentration of the binding partner [BP] WGA-Cy3 that binds to
MuCin. 7.0 o is the mean fluorescence lifetime of Cy3 in the absence of
mucins and 7,;,caq may it's lifetime at a theoretical infinite mucin concen-
tration (or at a given mucin concentration with very low WGA-Cy3 con-
centration) which resulted in fully saturated binding.3"! Thus, the K, was
obtained when plotting 1-fractional saturation over [WGA-Cy3] and the plot

was fitted with the Hill-equation:

S x [BP]"

fractional saturation ([BP]) =
(k2 +[BP]")

©)

where S is the saturation level of the binding process and n is the coop-
erativity factor (which was 1). Binding experiments were carried out with
murine colon mucus with fixed but unknown mucin concentration.
Viscosity Dependence of Cy3 Fluorescence Decay Traces: Cy3 (Lu-
miprobe, Germany) and WGA-Cy3 (Biotrend, Germany) were investigated
by time-resolved fluorescence spectroscopy in sucrose/water mixtures
ranging from 0% to 70% (w/w) sucrose. The obtained fluorescence de-
cay traces were fitted by Equation (1) and the mean fluorescence lifetimes
were calculated by Equation (2). The viscosity dependence was analyzed
as previously described for a Cy3 dye.[?'] Briefly, the viscosity values were
taken from ref. [63] at the different sucrose concentrations. The mean fluo-
rescence lifetimes as a function of viscosity were evaluated by an extended

Macromol. Biosci. 2024, 24, 2300437 2300437 (9 of 10)

www.mbs-journal.de

Forster—Hoffmann equation, which included a temperature-dependent ac-
tivation energy for dye isomerization:

-1
]

mean = 1

G + 4

Eﬂ
T X ek + ke + k (6)

max

Cis a constant and 1/A,,,, indicates that 7 does not go to zero at zero
viscosity, krand k, are the rate of fluorescence and all other non-radiative
rates, respectively, from the excited to the ground state.[21:64]

Diffusivity Measurements:  The fluorescence microscopy setupl®! con-
sisted of an inverted wide-field microscope (Olympus 1X-71) with a 60x
oil immersion objective (PLAPON60XxOTIRFM, Olympus) with a numeri-
cal aperture of 1.45. Excitation of the samples was achieved with a 25 mW
561 nm laser (MBL 111561, CNI Optoelectronics Technology). Fluores-
cence emission was collected by the same objective and separated from
excitation light and possible scattering by a dichroic beam splitter (BS-
z488/563/633, Chroma, USA.) and a long pass filter (ET LP 575, Chroma)
in the emission path. Emission was detected by a CMOS camera (Or-
caFlash V2, Hamamatsu). The recorded movies consisted of 2000 frames
with a frame rate of 31 ms/frame and a field of view of 2048 x 2048 pixels
with a pixel length of 104 nm that was measured with proper gratings. The
identification and calculation of the step length distribution (SLD) and the
mean square displacement (MSD) were carried out as described.[“] The
sample was scraped mucus from the porcine colon. Mucus (50 ul) was
incubated with Cy3-labeled polystyrene beads (PS50-AMS3-1, Nanocs),
(1:100 diluted in mucus) for 60 min. Bead diffusion was measured at 20 °C.

To analyze the SLDs the field of view-corrected SLD was used.[*?] The
MSD of the mobile population was used to calculate the diffusion constant
D using

D =< MSD > /4DAt )

The Stokes—Einstein equation relates the viscosity # of the mucus to the
diffusion coefficient of a particle with diameter d and was used to calculate
the viscosity

h = kT/3zDd ®)
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