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Abstract The lumen of the small intestine (SI) is filled with particulates: microbes, therapeutic
particles, and food granules. The structure of this particulate suspension could impact uptake of
drugs and nutrients and the function of microorganisms; however, little is understood about how
this suspension is re-structured as it transits the gut. Here, we demonstrate that particles
spontaneously aggregate in Sl luminal fluid ex vivo. We find that mucins and immunoglobulins are
not required for aggregation. Instead, aggregation can be controlled using polymers from dietary
fiber in a manner that is qualitatively consistent with polymer-induced depletion interactions, which
do not require specific chemical interactions. Furthermore, we find that aggregation is tunable; by
feeding mice dietary fibers of different molecular weights, we can control aggregation in Sl luminal
fluid. This work suggests that the molecular weight and concentration of dietary polymers play an
underappreciated role in shaping the physicochemical environment of the gut.

Editorial note: This article has been through an editorial process in which the authors decide how
to respond to the issues raised during peer review. The Reviewing Editor’s assessment is that all
the issues have been addressed (see decision letter).

DOI: https://doi.org/10.7554/eLite.40387.001

Introduction
The small intestine (Sl) contains numerous types of solid particles. Some of these particles include
microbes, viruses, cell debris, particles for drug delivery, and food granules (Donaldson et al., 2016;
McGuckin et al., 2011; Maisel et al., 2015a; Goldberg and Gomez-Orellana, 2003; Faisant et al.,
1995). Little is understood about the state of these particles in the small intestine; do these particles
exist as a disperse solution or as aggregates? An understanding of how particulate matter is struc-
tured as it moves through the SI would contribute to fundamental knowledge on a host of topics,
such as how microbes, including probiotics and pathogens, function in the SI (Millet et al., 2014,
Lukic et al., 2014; Del Re et al., 1998; Kos et al., 2003; Tzipori et al., 1992). Knowledge of how
particle suspensions change during transit would also provide insight into how the uptake of drugs
and nutrients are affected by the physicochemical properties of the S| environment (Maisel et al.,
2015a; Goldberg and Gomez-Orellana, 2003). It would also give us better comprehension of how
the Sl acts to clear potential invaders and harmful debris (McGuckin et al., 2011, Howe et al.,
2014).

Polymers abound in the gut in the form of secretions (e.g. mucins and immunoglobulins) and die-
tary polymers (e.g. dietary fibers and synthetic polymers). It is well known that host-secreted poly-
mers can cause aggregation of particles via chemical interactions; for example, mucins (Puri et al.,
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2015; Laux et al., 1986; Sajjan and Forstner, 1990; Wanke et al., 1990; Sun et al., 2007), immu-
noglobulins (Doe, 1989; Peterson et al., 2007; Levinson et al., 2015; Hendrickx et al., 2015;
Endt et al., 2010; Bunker et al., 2017; Moor et al., 2017; Mantis et al., 2011; Donaldson et al.,
2018), and proteins (Bergstrém et al., 2016) can cause bacteria to aggregate via an agglutination
mechanism. However, non-adsorbing polymers can also cause aggregation via purely physical inter-
actions that are dependent on the physical properties of the polymers, such as their molecular
weight (MW) and concentration (Asakura and Oosawa, 1954; Asakura and Oosawa, 1958;
Vrij, 1976, Gast et al., 1983; Prasad, 2002; Lu et al., 2006; llett et al., 1995). Here, we investigate
whether these physical interactions play a role in structuring particles in the SI. For this work, we
study the interactions between polystyrene particles densely coated with polyethylene glycol (PEG)
and the luminal contents of the SI. It has been demonstrated previously that PEG-coated particles
have little or no chemical interactions with biopolymers (Valentine et al., 2004; Wang et al., 2008),
so using PEG-coated particles allows us to isolate and investigate only the interactions dominated
by physical effects.

Results

PEG-coated particles aggregate in fluid from the murine small intestine
It has been observed that both bacteria (Levinson et al., 2015; Hendrickx et al., 2015; Endt et al.,
2010; Moor et al., 2017, Donaldson et al., 2018; Bergstrém et al., 2016) and particles
(Maisel et al., 2015a; Ensign et al., 2012; Tirosh and Rubinstein, 1998; Maisel et al., 2015b)
aggregate in the gut. Experiments have been performed in which mice are orally co-administered
carboxylate-coated nanoparticles, which are mucoadhesive, and PEG-coated nanoparticles, which
are mucus-penetrating (Maisel et al., 2015a). The carboxylate-coated particles formed large aggre-
gates in the center of the gut lumen. In contrast, PEG-coated particles were sometimes found co-
localized with carboxylate-coated particles and also penetrated mucus, distributing across the
underlying epithelium of the Sl as aggregates and single particles.

To evaluate the distribution of particulate suspensions in the SI, we suspended 1-um-diameter
fluorescent PEG-coated particles (see Materials and methods for synthesis) in buffers isotonic to the
Sl and orally administered them to mice. We chose 1-um-diameter particles because of their similar-
ity in size to bacteria. We collected luminal contents after 3 hr and confirmed using confocal fluores-
cence and reflectance microscopy that these particles aggregated with each other and co-
aggregated with what appeared to be digesta (Figure 1C and D; Materials and methods). On sepa-
rate mice, fluorescent scanning was used to verify that particles do transit the SI after 3 hr
(Figure 1A and B; Materials and methods).

Given the rich complexity of the Sl, wherein particles co-aggregate with digesta and bacteria,
and are subjected to the mechanical forces of digestion and transit (Hasler et al., 2009), and other
phenomena, we next developed an ex vivo assay to characterize the structure of particles in luminal
fluid from the Sl of mice. As a simple starting point, we sought to understand interactions among
particles of known chemistry and the luminal fluid of the SI. To minimize chemical interactions with
the biopolymers of the SI, we again chose PEG-coated polystyrene particles. PEG coatings have
been shown to minimize biochemical interactions between polystyrene particles and biopolymers in
a variety of contexts (Valentine et al., 2004; Wang et al., 2008), and thus PEG-coated particles are
commonly used in drug delivery (Maisel et al., 2015a; Maisel et al., 2015b; Lai et al., 2009).

To create PEG-coated polystyrene particles for the ex vivo experiments, we took 1-um-diameter
carboxylate-coated polystyrene particles and conjugated PEG to the surface (Materials and meth-
ods). We used nuclear magnetic resonance (NMR) to verify that PEG coated the surface of the par-
ticles (see Materials and methods and Table 1). We found that by coating with PEG 5 kDa and then
coating again with PEG 1 kDa to backfill the remaining surface sites on the particle allowed us to
achieve a lower zeta potential than applying a single coat of PEG 5 kDa (Table 7). We chose these
particles for use in our assay. It has been suggested in the literature that a near-zero zeta potential
minimizes the interactions particles have in biological environments (Wang et al., 2008).

To collect luminal fluid from the S| of mice, we excised the S| of adult mice (8-16 weeks old),
divided it into an upper and lower section, and gently collected the luminal contents on ice. To sepa-
rate the liquid and solid phase, we centrifuged the contents and collected the supernatant. To
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Figure 1. PEG-coated particles aggregate in the murine small intestine (S). (A and B) Fluorescent scanner image
of gastrointestinal tract (GIT) from a mouse orally administered a suspension of 1 um diameter PEG-coated
particles (green). Scale bar is 0.5 cm. (see Figure 1—figure supplement 1 for image processing steps and how
contours of gut were outlined). (C and D) Confocal micrographs of luminal contents from the upper (C) and lower
(D) Sl of a mouse orally gavaged with PEG-coated particles (green) showing scattering from luminal contents
(purple). Scale bars are 10 um. Stm = Stomach; US| = upper Sl; LS| = lower SI; Col = colon.

DOI: https://doi.org/10.7554/eLife.40387.002

The following figure supplement is available for figure 1:

Figure supplement 1. Overview of image processing for fluorescent scanner images appearing in Figure 1.
DOI: https://doi.org/10.7554/eLife.40387.003

further ensure that any remaining solid material was removed from the fluid phase, we filtered the
supernatant through a 30-um pore size spin column and collected the filtrate (see Materials and
methods for more details). We then placed the PEG-coated particles in the Sl luminal fluid at a

Table 1 Zeta potential and NMR measurements of PEG-coated particles.

For the zeta potential measurements, each particle solution was 0.1 mg/ml of particles in T mM KCI.
Measurements were done on a Brookhaven NanoBrook ZetaPALS Potential Analyzer. Three trials
were done where each trial was 10 runs and each run was 10 cycles. Values reported are the average
zeta potential for the 30 runs. NMR measurements were performed as described in Materials and
methods. Values are estimates of the nanomoles of polyethylene glycol (PEG) per milligrams of par-
ticles. To calculate this, we have to assume all the PEG on the surface is a single MW. It is therefore
assumed all the PEG on the surface is PEG 5 kDa.

Surface modification of PS particles Zeta potential (mV) Nanomoles PEG/mg particles
PEG 5 kDa -18.87 £ 1.78 5.5
PEG 5 kDa w/ mPEG 1 kDa backfill —7.66 £2.12 4.6
PEG 5 kDa w/ mPEG 350 Da backfill —9.99 +1.65 4.3
PEG 5 kDa w/ mPEG 5 kDa backfill —14.56 +£1.78 4.0
PEG 2 kDa —39.59 £ 2.41 9.4
Carboxylate-coated (no PEG) —61.36 £ 12.40 0.0

DOI: https://doi.org/10.7554/eLife.40387.004
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volume fraction of =0.001. A low-volume fraction was chosen because bacteria in the healthy Sl are
found at similarly low-volume fractions (Rubio-Tapia et al., 2009, O’Hara and Shanahan, 2006;
Simon and Gorbach, 1984). We found that, despite the PEG coating and low-volume fraction,
aggregates of particles formed in 5-10 min (Figure 2A-D), a timescale much shorter than the transit
time for food through the SI, which can be as short as ~80 min in healthy humans (Hasler et al.,
2009) and ~60 min in mice (Padmanabhan et al., 2013). On longer timescales, peristaltic mixing
could also play a role (Hasler et al., 2009); during fasting, the migrating motor complex (MMC)
cycle first consists of a period of quiescence for ~30-70 min, followed by a period of random con-
tractions, then by 5 to 10 min in which contractions occur at 11-12 counts per minute (cpm) in the
duodenum and 7-8 cpm in the ileum. After eating, MMC is substituted with intermittent contractions
in the S| and waves can occur at a frequency of 19-24 cpm in the distal ileum 1-4 hr later. We there-
fore chose to focus on aggregation at short timescales (~10 min) because we sought to understand
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Figure 2. PEG-coated particles aggregate in fluid from the murine small intestine (SI) ex vivo. The 1-um-diameter PEG-coated particles form
aggregates in fluid collected from the upper (A-C) and lower (D) Sl in ~10 min. (A and D) Maximum z-projections of 10 optical slices taken on a confocal
microscope. (B and C) 3D renderings of aggregates found in panel A. (E) Maximum z-projection of the same particles in Hanks' balanced salt solution
(HBSS). Scale bars are 10 um in 2D images and 2 um in 3D images. (F and H) Volume-weighted empirical cumulative distribution functions (ECDFs)
comparing aggregation of the particles in pooled samples from the upper (F) and lower (H) Sl of three separate groups of male chow-fed mice (each
group consisted of three mice) and a control (particles suspended in HBSS). The vertical axis is the cumulative volume fraction of the total number of
particles in solution in an aggregate of a given size. The horizontal axis (aggregate size) is given as the number of particles per aggregate (N). (G and |)
Box plots depicting the 95% empirical bootstrap Cl of the volume-weighted average aggregate size (given in number of particles per aggregate, N) in
samples from the upper (G) and lower (I) Sl (the samples are the same as those from panels F and H). The line bisecting the box is the 50" percentile,
the upper and lower edges of the box are the 251" and 75" percentile respectively, and the whiskers are the 2.5" and 97.5" percentiles. USI = upper SI;
LSI = lower SI. See Materials and methods for bootstrapping procedure.

DOI: https://doi.org/10.7554/eLife.40387.005
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the initial formation of aggregates before aggregation is influenced by mechanical forces such as
shear due to peristaltic mixing and the transit of food.

To quantify the amount of aggregation in samples of luminal fluid, we developed a method to
measure the sizes of all aggregates in solution using confocal microscopy (see Materials and meth-
ods). From these datasets, we created volume-weighted empirical cumulative distribution functions
(ECDFs) of all the aggregate sizes in a given solution. We used these volume-weighted ECDFs to
compare the extent of aggregation in a given sample (Figure 2F and H). To test the variability of
aggregation in samples collected from groups of mice treated under the same conditions, we com-
pared the extent of aggregation in pooled samples taken from three groups, each consisting of
three male mice on a standard chow diet. We plotted the volume-weighted ECDFs of each sample
(Figure 2F and H) and observed that the variation among the groups under the same conditions
appeared to be small compared with the differences between the samples and the control.

To quantify the variability of aggregation among groups using an additional method, we boot-
strapped our datasets to create 95% bootstrap confidence intervals (Cl) of the volume-weighted
average aggregate size of each of the three groups and the control in Hanks' balanced salt solution
(HBSS) (Figure 2G and I, see Materials and methods for complete details of the bootstrapping pro-
cedure). All 95% bootstrap Cl either overlapped or came close to overlapping, again suggesting
there was little variability among pooled samples treated under the same conditions (male mice on a
standard chow diet).

Fractionation of Sl fluids suggests polymers play a role in aggregation
of PEG-coated particles

Given that polymers can aggregate particles and bacteria via several mechanisms (Puri et al., 2015;
Laux et al., 1986; Sajjan and Forstner, 1990; Wanke et al., 1990; Sun et al., 2007; Doe, 1989,
Peterson et al., 2007; Levinson et al., 2015; Hendrickx et al., 2015; Endt et al., 2010;
Bunker et al., 2017, Moor et al., 2017, Mantis et al., 2011, Donaldson et al., 2018,
Bergstrém et al., 2016; Asakura and Oosawa, 1954; Asakura and Oosawa, 1958; Vrij, 1976;
Gast et al., 1983; Prasad, 2002; Lu et al., 2006; llett et al., 1995), we hypothesized that biopoly-
mers in S| luminal fluid are involved in the aggregation of the PEG-coated particles. We therefore
sought to first quantify the physical properties of the polymers in the luminal fluid of the SI. To do
this, we used a 0.45 um filter to remove additional debris and ran samples from a group of three
chow-fed mice on a gel permeation chromatography (GPC) instrument coupled to a refractometer, a
dual-angle light scattering (LS) detector, and a viscometer (details in Materials and methods). Chro-
matography confirmed that polymers were indeed present in the Sl fluid (Figure 3A and D). Because
we do not know the refractive index increment (dn/dc) of the polymers present in these samples and
the polymers are extremely polydisperse, we cannot make exact calculations of the physical parame-
ters of these polymers. We can, however, calculate estimated values by assuming the range of the
dn/dc values to be about 0.147 for polysaccharides and about 0.185 for proteins and then dividing
the sample into different fractions based on retention volume (estimates of concentration and MW
of polymers are displayed on Figure 3A and D). The estimates suggest that the Sl is abundant in
polymers with a range of MWs.

To qualitatively test our hypothesis that biopolymers in the S| were involved in the aggregation of
our PEG-coated particles, we collected Sl luminal fluid from a different group of three male, chow-
fed mice. We performed an additional filtration step (0.45 um) to further ensure the removal of any
solid materials. This filtrate was then separated into aliquots and each aliquot was run through a dif-
ferent MW cut-off (MWCO) filter (see Materials and methods). We then collected the eluent of each
aliquot and compared the aggregation of our PEG-coated particles in each (Figure 3B,C,E and F).
We generally found less aggregation in the fractionated samples compared with the 30- and 0.45
um filtered samples. When the MWCO was decreased to 3 kDa, the observed aggregation in the
eluent matched the extent of aggregation observed for particles in HBSS. Overall, these data sup-
ported our hypothesis that polymers were involved in the aggregation of these particles.

Interestingly, in the lower SI, we observed more aggregation in the 0.45 pum filtered sample com-
pared with the 30 um filtered sample. From handling the samples, we observed that the 30 um fil-
tered samples appeared to be more viscous than the 0.45 pum filtered samples. We postulate that
this increase in viscosity was due to the formation of self-associating polymeric structures, although
we did not test this assumption. We attribute this decrease in aggregation in the 30 um filtered
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Figure 3. Gel permeation chromatography (GPC) of fluid from the small intestine (SI) and aggregation of PEG-coated particles in fractionated fluid
from SI. (A and D) Chromatograms of samples from the upper (A) and lower (D) Sl from a group of three chow-fed mice. Dashed lines indicate the
three retention volumes the chromatograms were divided into for analysis: 11-16 mL, 16-20 mL, and >20 mL. Estimated concentrations and molecular
weight (MW) are reported in green on the chromatograms for each retention volume. (B and E) Volume-weighted empirical cumulative distribution
functions (ECDFs) of aggregate sizes in the upper (B) and lower (E) S liquid fractions of chow-fed mice which have been run through MW cut-off
(MWCO) filters with different MWCOs. As a control, aggregate sizes were also measured for particles placed in HBSS. The vertical axis is the cumulative
volume fraction of the total number of particles in solution in an aggregate of a given size. The horizontal axis is aggregate size (number of particles
per aggregate, N). (C and F) Box plots depict the 95% empirical bootstrap Cl of the volume-weighted average aggregate size (given in number of
particles per aggregate, N) in the samples from panels B and E, respectively (see Materials and methods for bootstrapping procedure). The line
bisecting the box is the 50" percentile, the upper and lower edges of the box are the 25" and 75" percentile respectively, and the whiskers are the
2.5" and 97.5" percentiles.

DOI: https://doi.org/10.7554/eLife.40387.006

samples to slower aggregation kinetics due to decreased diffusivity of particles in this viscous

medium. This decrease in aggregation at high polymer concentrations or viscosities is also observed

in solutions of model polymers, as discussed in the next section.

Preska Steinberg et al. eLife 2019;8:€40387. DOI: https://doi.org/10.7554/eLife.40387

6 of 33


https://doi.org/10.7554/eLife.40387

LI FE Research Communication Physics of Living Systems

Aggregation of PEG-coated particles in model polymer solutions shows
complex dependence on the concentration and MW of polymers

Before exploring the complex environment of the Sl further, we sought to first understand how our
PEG-coated particles behaved in simple, well-characterized polymer solutions with similar MW and
concentrations to those polymers we found in the Sl in the previous experiments (Figure 3A and D).
It has been demonstrated that the aggregation of colloids and bacteria can be controlled by altering
the concentration and size of the non-adsorbing polymers to which particles are exposed
(Asakura and Oosawa, 1954; Asakura and Oosawa, 1958, Vrij, 1976; Gast et al., 1983; Pra-
sad, 2002; Lu et al., 2006; llett et al., 1995). In these controlled settings, particles aggregate due
to what are known as depletion interactions (Asakura and Oosawa, 1954, Asakura and Oosawa,
1958, Vrij, 1976). Many groups have focused on depletion interactions with hard-sphere-like col-
loids; they often use polymethylmethacrylate particles sterically stabilized with polyhydroxystearic
acid, because these particles closely approximate hard-sphere-like behavior (Royall et al., 2013,
Pusey and van Megen, 1986). In these scenarios, depletion interactions are often described as
forces that arise when particles get close enough to exclude polymers from the space between
them, resulting in a difference in osmotic pressure between the solution and the exclusion region,
leading to a net attractive force (Asakura and Oosawa, 1954; Asakura and Oosawa, 1958;
Vrij, 1976; Gast et al., 1983; Prasad, 2002). Others have instead chosen to describe the phase
behavior of the colloid/polymer mixture in terms of the free energy of the entire system (llett et al.,
1995; Lekkerkerker et al., 1992). Short-range attractions (polymer radius is ten-fold less than parti-
cle radius) between hard-sphere colloids induced by polymers have been described successfully in
the language of equilibrium liquid—gas phase separation (Lu et al., 2008; Zaccarelli et al., 2008).

Some groups have explicitly accounted for the effects of the grafted polymer layer used to steri-
cally stabilize colloids when studying interactions between polymer solutions and colloids
(Vincent et al., 1986a; Cowell et al., 1978; Vincent et al., 1980; Clarke and Vincent, 1981;
Feigin and Napper, 1980; Vincent et al., 1986b; Gast and Leibler, 1986; Jones and Vincent,
1989; Napper, 1983); this includes groups studying mixtures of polystyrene particles sterically stabi-
lized with grafted layers of PEG (MWs of 750 Da and 2 kDa) and aqueous solutions of free PEG poly-
mer (MW from 200 Da to 300 kDa) (Cowell et al., 1978; Vincent et al., 1980). It has been found
experimentally that in mixtures of polymers and sterically stabilized colloids, the colloids form aggre-
gates above a threshold polymer concentration. At even higher concentrations, as the characteristic
polymer size shrinks, the colloids cease to aggregate, a phenomenon referred to as ‘depletion
stabilization.’

To test whether our PEG-coated particles behave similarly to what has been previously found in
mixtures of polymers and sterically stabilized particles, we created polymer solutions with PEG at a
range of polymer concentrations and MWs and measured the extent of aggregation in these poly-
mer/particle mixtures (Figure 4A-D). We chose PEGs that have MWs similar to the MW of polymers
we found naturally occurring in the Sl (Figure 3A,D): 1 MDa, 100 kDa, and 3350 Da. Using PEGs
with similar physical properties (i.e. MW, concentration) as a simple model of polymers found in the
Sl allows us to focus solely on physical interactions between the particles and polymers. We created
PEG solutions in HBSS at mass concentrations similar to those measured for polymers in the SI
(Figure 3A and D) and imaged the polymer/particle mixtures after ~10 min. HBSS was chosen
because it has a similar pH and ionic strength to that of the S| (Lindahl et al., 1997, Fuchs and
Dressman, 2014). At the high ionic strengths of these buffered aqueous solutions (~170 mM), any
electrostatic repulsions that can occur between particles should be screened to length scales on the
order of the Debye screening length ~0.7 nm (Yethiraj and van Blaaderen, 2003; Jones, 2002),
nearly an order of magnitude smaller than the estimated length of the surface PEG brush (~6.4 nm;
see Materials and methods for more details). We again chose to look at aggregation on short time-
scales (after ~10 min) because we sought to understand the initial formation of aggregates; in the SI,
on longer timescales, aggregation will likely also be influenced by mechanical forces such as shear
due to peristaltic mixing and the transit of food.

For PEG 1 MDa and 100 kDa solutions we found aggregates of similar sizes to those observed in
the Sl luminal fluid (Figure 4A-D). We did not detect any aggregation for the PEG 3350 Da solutions
(Figure 4D). Because the pH is known to vary across different sections of the gastrointestinal tract
and this could affect the observed aggregation behavior, we measured the pH in luminal fluid from
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Figure 4. Aggregation of PEG-coated particles in model polymer solutions shows complex dependence on molecular weight (MW) and concentration
of PEG. (A) Aggregates of 1 um diameter PEG-coated particles in a 1 MDa PEG solution with a polymer concentration (c) of 1.6 mg/mL. Image is a
maximum z-projection of 10 optical slices taken on a confocal microscope. Scale bar is 10 um. (B and C) 3D renders of aggregates found in panel A.
Scale bars are 2 um. (D) Volume-weighted average sizes for serial dilutions of PEG solutions of three MWs (1 MDa, 100 kDa, and 3350 Da). Volume-
weighted average sizes are plotted on the vertical axis in terms of number of particles per aggregate (N) against polymer mass concentration (c,) in
mg/mL. The vertical error bars are 95% empirical bootstrap Cl (see Materials and methods for bootstrapping procedure). Shaded regions indicate the
concentration ranges of detected intestinal polymers of similar MW. (E) Schematic depicting depletion interactions induced by ‘long polymers’
(polymer radius (Rp) >length of the brush, L). Free polymers are depicted as purple spheres. Colloids are depicted in green with the grafted brush layer
in purple. The depletion layer around each colloid is depicted by dashed lines. The overlap region between the two depletion layers is indicated in
grey. (F) Schematic depicting depletion interactions induced by ‘short polymers’ (R, <L). The depletion zone does not extend past the length of the
brush and there is effectively no overlap in the depletion layers; the depletion attractions are ‘buried’ within the steric layer. (G) Schematic depicting the
different contributions to the inter-particle potential (U(r)) against inter-particle separation distance (r). The hard surfaces of the particles are in contact
atr = 0. Ugep depicts the depletion potential for a short polymer (Rp shor) and a long polymer (Rp jong). Us,mix shows the contribution to the steric

Figure 4 continued on next page
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Figure 4 continued

potential due to mixing. Ug o + Ug,mix shows the contribution due to elastic deformations and mixing at close inter-particle separations. (H) The
magnitude of the minima of the inter-particle potential (Uni/kT) plotted against polymer concentration for the three PEG solutions in (D). (I) Diffusion
coefficients estimated from the Stokes—Einstein-Sutherland equation for 1 um particles in the PEG solutions used in (D). Diffusion coefficients of
particles in polymer solutions (Dp) are normalized by the diffusion coefficients in water (Dy) and plotted against polymer concentration.

DOV https://doi.org/10.7554/eLife.40387.007

The following figure supplements are available for figure 4:

Figure supplement 1. pH measurements of luminal fluid from different sections of the gastrointestinal tract.

DOI: https://doi.org/10.7554/eLife.40387.008

Figure supplement 2. Aggregation of PEG-coated particles in model polymer solutions with different pH.

DOI: https://doi.org/10.7554/eLife.40387.009

Figure supplement 3. Aggregation of PEG-coated particles in model polymer solutions from Figure 4D normalized by polymer overlap concentration