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2 
 

Abstract 17 

The lumen of the small intestine (SI) is filled with particulates: microbes, therapeutic particles, and food 18 

granules. The structure of this particulate suspension could impact uptake of drugs and nutrients and the 19 

function of microorganisms; however, little is understood about how this suspension is re-structured as it 20 

transits the gut. Here, we demonstrate that particles spontaneously aggregate in SI luminal fluid ex vivo. We 21 

find that mucins and immunoglobulins are not required for aggregation. Instead, aggregation can be controlled 22 

using polymers from dietary fiber in a manner that is qualitatively consistent with polymer-induced depletion 23 

interactions, which do not require specific chemical interactions. Furthermore, we find that aggregation is 24 

tunable; by feeding mice dietary fibers of different molecular weights, we can control aggregation in SI luminal 25 

fluid. This work suggests that the molecular weight and concentration of dietary polymers play an 26 

underappreciated role in shaping the physicochemical environment of the gut. 27 

  28 
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3 
 

Introduction 29 

The small intestine (SI) contains numerous types of solid particles. Some of these particles include microbes, 30 

viruses, cell debris, particles for drug delivery, and food granules (1–5). Little is understood about the state of 31 

these particles in the small intestine; do these particles exist as a disperse solution or as aggregates? An 32 

understanding of how particulate matter is structured as it moves through the SI would contribute to 33 

fundamental knowledge on a host of topics, such as how microbes, including probiotics and pathogens, function 34 

in the SI (6–10). Knowledge of how particle suspensions change during transit would also provide insight into 35 

how the uptake of drugs and nutrients are affected by the physiochemical properties of the SI environment (3,4). 36 

It would also give us better comprehension of how the SI acts to clear potential invaders and harmful debris 37 

(2,11). 38 

 Polymers abound in the gut in the form of secretions (e.g. mucins and immunoglobulins) and dietary 39 

polymers (e.g. dietary fibers and synthetic polymers). It is well known that host-secreted polymers can cause 40 

aggregation of particles via chemical interactions; for example, mucins (12–16), immunoglobulins (17–25), and 41 

proteins (26) can cause bacteria to aggregate via an agglutination mechanism. However, non-adsorbing 42 

polymers can also cause aggregation via purely physical interactions that are dependent on the physical 43 

properties of the polymers, such as their molecular weight (MW) and concentration (27–33). Here, we 44 

investigate whether these physical interactions play a role in structuring particles in the SI. For this work, we 45 

study the interactions between polystyrene particles densely coated with polyethylene glycol (PEG) and the 46 

luminal contents of the SI. It has been demonstrated previously that PEG-coated particles have little or no 47 

chemical interactions with biopolymers (34,35), so using PEG-coated particles allows us to isolate and 48 

investigate only the interactions dominated by physical effects. 49 

 50 

 51 

 52 

 53 
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4 
 

Results 54 

PEG-coated particles aggregate in fluid from the murine small intestine 55 

It has been observed that both bacteria (19–21,23,25,26) and particles (3,36–38) aggregate in the gut. 56 

Experiments have been performed in which mice are orally co-administered carboxylate-coated nanoparticles, 57 

which are mucoadhesive, and PEG-coated nanoparticles, which are mucus-penetrating (3). The carboxylate-58 

coated particles formed large aggregates in the center of the gut lumen. In contrast, PEG-coated particles were 59 

sometimes found co-localized with carboxylate-coated particles and also penetrated mucus, distributing across 60 

the underlying epithelium of the SI as aggregates and single particles. 61 

To evaluate the distribution of particulate suspensions in the SI, we suspended 1-µm-diameter 62 

fluorescent PEG-coated particles (see Materials and Methods for synthesis) in buffers isotonic to the SI and 63 

orally administered them to mice. We chose 1 µm-diameter particles because of their similarity in size to 64 

bacteria. We collected luminal contents after 3 h and confirmed using confocal fluorescence and reflectance 65 

microscopy that these particles aggregated with each other and co-aggregated with what appeared to be digesta 66 

(Fig. 1C and D; Materials and Methods). On separate mice, fluorescent scanning was used to verify that 67 

particles do transit the SI after 3 h (Fig. 1A and B; Materials and Methods). 68 

 69 
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Fig. 1. PEG-coated particles aggregate in the murine small intestine (SI). (A and B) Fluorescent scanner image 70 

of gastrointestinal tract (GIT) from a mouse orally administered a suspension of 1-µm diameter PEG-coated 71 

particles (green). Scale bar is 0.5 cm. (see Figure 1 – figure supplement 1 for image processing steps and how 72 

contours of gut were outlined). (C and D) Confocal micrographs of luminal contents from the upper (C) and 73 

lower (D) SI of a mouse orally gavaged with PEG-coated particles (green) showing scattering from luminal 74 

contents (purple). Scale bars are 10 µm. Stm = Stomach; USI = upper SI; LSI = lower SI; Col = colon. 75 

 76 

Given the rich complexity of the SI, wherein particles co-aggregate with digesta and bacteria, and are 77 

subjected to the mechanical forces of digestion and transit (39), and other phenomena, we developed an ex vivo 78 

assay to characterize the structure of particles in luminal fluid from the SI of mice. As a simple starting point, 79 

we sought to understand interactions among particles of known chemistry and the luminal fluid of the SI. To 80 

minimize chemical interactions with the biopolymers of the SI, we again chose PEG-coated polystyrene 81 

particles. PEG coatings have been shown to minimize biochemical interactions between polystyrene particles 82 

and biopolymers in a variety of contexts (34,35), and thus PEG-coated particles are commonly used in drug 83 

delivery (3,38,40). 84 

 To create PEG-coated polystyrene particles for the ex vivo experiments, we took 1-µm-diameter 85 

carboxylate-coated polystyrene particles and conjugated PEG to the surface (Materials and Methods). We used 86 

NMR to verify that PEG coated the surface of the particles (see Materials and Methods and Table 8). We found 87 

that by coating with PEG 5 kDa and then coating again with PEG 1 kDa to backfill the remaining surface sites 88 

on the particle allowed us to achieve a lower zeta potential than applying a single coat of PEG 5 kDa (Table 8). 89 

We chose these particles for use in our assay. It has been suggested in the literature that a near-zero zeta 90 

potential minimizes the interactions particles have in biological environments (35). 91 

To collect luminal fluid from the SI of mice, we excised the SI of adult mice (8-16 weeks old), divided it 92 

into an upper and lower section, and gently collected the luminal contents on ice. To separate the liquid and 93 

solid phase, we centrifuged the contents and collected the supernatant. To further ensure that any remaining 94 

solid material was removed from the fluid phase, we filtered the supernatant through a 30-µm pore size spin 95 
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column and collected the filtrate (see Materials and Methods for more details). We then placed the PEG-coated 96 

particles in the SI luminal fluid at a volume fraction of ≈0.001. A low-volume fraction was chosen because 97 

bacteria in the healthy SI are found at similarly low-volume fractions (41–43). We found that, despite the PEG 98 

coating and low-volume fraction, aggregates of particles formed in 5-10 min (Fig. 2A-D), a timescale much 99 

shorter than the transit time for food through the SI, which can be as short as ~80 min in healthy humans (39) 100 

and ~60 min in mice (44). On longer timescales, peristaltic mixing could also play a role (39); during fasting, 101 

the migrating motor complex (MMC) cycle first consists of a period of quiescence for ~30-70 min, followed by 102 

a period of random contractions, then by 5 to 10 minutes in which contractions occur at 11-12 counts per minute 103 

(cpm) in the duodenum and 7-8 cpm in the ileum. After eating, MMC is substituted with intermittent 104 

contractions in the SI and waves can occur at a frequency of 19-24 cpm in the distal ileum 1-4 h later. We 105 

therefore chose to focus on aggregation at short timescales (~10 min) because we sought to understand the 106 

initial formation of aggregates before aggregation is influenced by mechanical forces such as shear due to 107 

peristaltic mixing and the transit of food. 108 

 To quantify the amount of aggregation in samples of luminal fluid, we developed a method to measure 109 

the sizes of all aggregates in solution using confocal microscopy (see Materials and Methods). From these 110 

datasets, we created volume-weighted empirical cumulative distribution functions (ECDFs) of all the aggregate 111 

sizes in a given solution. We used these volume-weighted ECDFs to compare the extent of aggregation in a 112 

given sample (Fig. 2F and H). To test the variability of aggregation in samples collected from groups of mice 113 

treated under the same conditions, we compared the extent of aggregation in pooled samples taken from three 114 

groups, each consisting of three male mice on a standard chow diet. We plotted the volume-weighted ECDFs of 115 

each sample (Fig. 2F and H) and observed that the variation among the groups under the same conditions 116 

appeared to be small compared with the differences between the samples and the control. 117 

 To quantify the variability of aggregation among groups using an additional method, we bootstrapped 118 

our datasets to create 95% bootstrap confidence intervals (CI) of the volume-weighted average aggregate size of 119 
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each of the three groups and the control in Hank’s balanced salt solution (HBSS) (Fig. 2G and I; see Materials 120 

and Methods for complete details of the bootstrapping procedure). All 95% bootstrap CI either overlapped or 121 

came close to overlapping, again suggesting there was little variability among pooled samples treated under the 122 

same conditions (male mice on a standard chow diet). 123 

 124 

Fig. 2. PEG-coated particles aggregate in fluid from the murine small intestine (SI) ex vivo. The 1-µm-diameter 125 

PEG-coated particles form aggregates in fluid collected from the upper (A-C) and lower (D) SI in ~10 min. (A 126 

and D) Maximum z-projections of 10 optical slices taken on a confocal microscope. (B and C) 3D renderings of 127 

aggregates found in panel A. (E) Maximum z-projection of the same particles in HBSS. Scale bars are 10 µm in 128 

2D images and 2 µm in 3D images. (F and H) Volume-weighted empirical cumulative distribution functions 129 

(ECDFs) comparing aggregation of the particles in pooled samples from the upper (F) and lower (H) SI of three 130 

separate groups of male chow-fed mice (each group consisted of three mice) and a control (particles suspended 131 

in HBSS). The vertical axis is the cumulative volume fraction of the total number of particles in solution in an 132 

aggregate of a given size. The horizontal axis (aggregate size) is given as the number of particles per aggregate 133 

(N). (G and I) Box plots depicting the 95% empirical bootstrap CI of the volume-weighted average aggregate 134 

size (given in number of particles per aggregate, N) in samples from the upper (G) and lower (I) SI (the samples 135 

are the same as those from panels F and H). The line bisecting the box is the 50th percentile, the upper and lower 136 

edges of the box are the 25th and 75th percentile respectively, and the whiskers are the 2.5th and 97.5th 137 

percentiles. USI = upper SI; LSI = lower SI. See Materials and Methods for bootstrapping procedure.  138 

 139 
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 140 

 141 

 142 

 143 

 144 

 145 

 146 

Fractionation of SI fluids suggests polymers play a role in aggregation of PEG-coated particles 147 

Given that polymers can aggregate particles and bacteria via several mechanisms (12–33), we hypothesized that 148 

biopolymers in SI luminal fluid are involved in the aggregation of our PEG-coated particles. We therefore 149 

sought to first quantify the physical properties of the polymers in the luminal fluid of the SI. To do this, we used 150 

a 0.45-µm filter to remove additional debris and ran samples from a group of three chow-fed mice on a gel 151 

permeation chromatography (GPC) instrument coupled to a refractometer, a dual-angle light scattering (LS) 152 

detector, and a viscometer (details in Materials and Methods). Chromatography confirmed that polymers were 153 

indeed present in the SI fluid (Fig. 3A and D). Because we do not know the refractive index increment (dn/dc) 154 

of the polymers present in these samples and the polymers are extremely polydisperse, we cannot make exact 155 

calculations of the physical parameters of these polymers. We can, however, calculate estimated values by 156 

assuming the range of the dn/dc values to be about 0.147 for polysaccharides and about 0.185 for proteins and 157 

then dividing the sample into different fractions based on retention volume (estimates of concentration and MW 158 

of polymers are displayed on Fig. 3A and D). The estimates suggest that the SI is abundant in polymers with a 159 

range of MWs. 160 

To qualitatively test our hypothesis that biopolymers in the SI were involved in the aggregation of our 161 

PEG-coated particles, we collected SI luminal fluid from a different group of three male, chow-fed mice. We 162 

performed an additional filtration step (0.45-µm) to further ensure the removal of any solid materials. This 163 

filtrate was then separated into aliquots and each aliquot was run through a different MW cut-off (MWCO) 164 

filter (see Materials and Methods). We then collected the eluent of each aliquot and compared the aggregation 165 
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of our PEG-coated particles in each (Fig. 3B, C, E, and F). We generally found less aggregation in the 166 

fractionated samples compared with the 30- and 0.45-µm filtered samples. When the MWCO was decreased to 167 

3 kDa, the observed aggregation in the eluent matched the extent of aggregation observed for particles in HBSS. 168 

Overall, these data supported our hypothesis that polymers were involved in the aggregation of these particles. 169 

 Interestingly, in the lower SI, we observed more aggregation in the 0.45-µm filtered sample compared 170 

with the 30-µm filtered sample. From handling the samples, we observed that the 30-µm filtered samples 171 

appeared to be more viscous than the 0.45-µm filtered samples. We postulate that this increase in viscosity was 172 

due to the formation of self-associating polymeric structures, although we did not test this assumption. We 173 

attribute this decrease in aggregation in the 30-µm filtered samples to slower aggregation kinetics due to 174 

decreased diffusivity of particles in this viscous medium. This decrease in aggregation at high polymer 175 

concentrations or viscosities is also observed in solutions of model polymers, as discussed in the next section. 176 
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 177 

Fig. 3. Gel permeation chromatography (GPC) of fluid from the small intestine (SI) and aggregation of PEG-178 

coated particles in fractionated fluid from SI. (A and D) Chromatograms of samples from the upper (A) and 179 

lower (D) SI from a group of three chow-fed mice. Dashed lines indicate the three retention volumes the 180 

chromatograms were divided into for analysis: 11-16 mL, 16-20 mL, and >20 mL. Estimated concentrations and 181 

molecular weight (MW) are reported in green on the chromatograms for each retention volume. (B and E) 182 

Volume-weighted empirical cumulative distribution functions (ECDFs) of aggregate sizes in the upper (B) and 183 

lower (E) SI liquid fractions of chow-fed mice which have been run through MW cut-off (MWCO) filters with 184 

different MWCOs. As a control, aggregate sizes were also measured for particles placed in HBSS. The vertical 185 

axis is the cumulative volume fraction of the total number of particles in solution in an aggregate of a given 186 

size. The horizontal axis is aggregate size (number of particles per aggregate, N). (C and F) Box plots depict the 187 

95% empirical bootstrap CI of the volume-weighted average aggregate size (given in number of particles per 188 

aggregate, N) in the samples from panels B and E, respectively (see Materials and Methods for bootstrapping 189 

procedure). The line bisecting the box is the 50th percentile, the upper and lower edges of the box are the 25th 190 

and 75th percentile respectively, and the whiskers are the 2.5th and 97.5th percentiles. 191 

 192 
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Aggregation of PEG-coated particles in model polymer solutions shows complex dependence on the 193 

concentration and MW of polymers. 194 

Before exploring the complex environment of the SI further, we sought to first understand how our PEG-coated 195 

particles behaved in simple, well-characterized polymer solutions with similar MW and concentrations to those 196 

polymers we found in the SI in the previous experiments (Fig. 3A and D). It has been demonstrated that the 197 

aggregation of colloids and bacteria can be controlled by altering the concentration and size of the non-198 

adsorbing polymers to which particles are exposed (27–33). In these controlled settings, particles aggregate due 199 

to what are known as depletion interactions (27–29). Many groups have focused on depletion interactions with 200 

hard-sphere-like colloids; they often use polymethylmethacrylate particles sterically stabilized with 201 

polyhydroxystearic acid, because these particles closely approximate hard-sphere-like behavior (45,46). In these 202 

scenarios, depletion interactions are often described as forces that arise when particles get close enough to 203 

exclude polymers from the space between them, resulting in a difference in osmotic pressure between the 204 

solution and the exclusion region, leading to a net attractive force (27–31). Others have instead chosen to 205 

describe the phase behavior of the colloid/polymer mixture in terms of the free energy of the entire system 206 

(33,47). Short-range attractions (polymer radius is ten-fold less than particle radius) between hard-sphere 207 

colloids induced by polymers have been described successfully in the language of equilibrium liquid–gas phase 208 

separation (48,49). 209 

 Some groups have explicitly accounted for the effects of the grafted polymer layer used to sterically 210 

stabilize colloids when studying interactions between polymer solutions and colloids (50–58); this includes 211 

groups studying mixtures of polystyrene particles sterically stabilized with grafted layers of PEG (MWs of 750 212 

Da and 2 kDa) and aqueous solutions of free PEG polymer (MW from 200 Da to 300 kDa) (51,52). It has been 213 

found experimentally that in mixtures of polymers and sterically stabilized colloids, the colloids form 214 

aggregates above a threshold polymer concentration. At even higher concentrations, as the characteristic 215 

polymer size shrinks, the colloids cease to aggregate, a phenomenon referred to as “depletion stabilization.” 216 
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 To test whether our PEG-coated particles behave similarly to what has been previously found in 217 

mixtures of polymers and sterically stabilized particles, we created polymer solutions with PEG at a range of 218 

polymer concentrations and MWs and measured the extent of aggregation in these polymer/particle mixtures 219 

(Fig. 4A-D). We chose PEGs that have MWs similar to the MW of polymers we found naturally occurring in 220 

the SI (Fig. 3A, D): 1 MDa, 100 kDa, and 3350 Da. Using PEGs with similar physical properties (i.e. MW, 221 

concentration) as a simple model of polymers found in the SI allows us to focus solely on physical interactions 222 

between the particles and polymers. We created PEG solutions in HBSS at mass concentrations similar to those 223 

measured for polymers in the SI (Fig. 3A and D) and imaged the polymer/particle mixtures after ~10 min. 224 

HBSS was chosen because it has a similar pH and ionic strength to that of the SI (59,60). At the high ionic 225 

strengths of these buffered aqueous solutions (~170 mM), any electrostatic repulsions that can occur between 226 

particles should be screened to length scales of order the Debye screening length ~0.7 nm (61,62), nearly an 227 

order of magnitude smaller than the estimated length of the surface PEG brush (~6.4 nm; see Materials and 228 

Methods for more details). We again chose to look at aggregation on short timescales (after ~10 min) because 229 

we sought to understand the initial formation of aggregates; in the SI, on longer timescales, aggregation will 230 

likely also be influenced by mechanical forces such as shear due to peristaltic mixing and the transit of food. 231 

For PEG 1 MDa and 100 kDa solutions we found aggregates of similar sizes to those observed in the SI 232 

luminal fluid (Fig. 4A-D). We did not detect any aggregation for the PEG 3350 Da solutions (Fig. 4D). Because 233 

the pH is known to vary across different sections of the gastrointestinal tract and this could affect the observed 234 

aggregation behavior, we measured the pH in luminal fluid from the upper and lower small intestine (see Figure 235 

4 – figure supplement 1 and Materials and Methods). We found that the upper small intestine (USI) luminal 236 

fluid was 6.0 0.1 and for the lower small intestine (LSI) 7.5 0.3. For the HBSS used, 237 

7.6 0.1 (See Materials and Methods), which matches that of the LSI but not the USI. We therefore conducted 238 

the same in vitro experiment for PEG 1 MDa in phosphate buffered saline with 6.0 0.1 (Materials and 239 
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Methods and Figure 4 – figure supplement 2). We found some differences in the aggregation, but the overall 240 

trends were similar to before.  241 

Overall, though our system is not at equilibrium at these short timescales, we found trends consistent 242 

with what has been observed in the literature for depletion interactions with sterically stabilized particles (50–243 

58). At dilute polymer concentrations, the extent of aggregation increased with concentration. At higher 244 

polymer concentrations, the extent of aggregation began to decrease as the solutions begin to “re-stabilize.” 245 

Additionally, the extent of aggregation was greater for longer polymers. Interestingly, we found that the curves 246 

for the long polymers in Figure 4D could be collapsed by normalizing the polymer concentration by the overlap 247 

concentration (which denotes the transition between the dilute to semi-dilute polymer concentration regimes) 248 

for each respective polymer solution (Figure 4 – figure supplement 3). We next sought to describe the inter-249 

particle potential using theory that combines depletion interactions with steric interactions. 250 

We applied previously established theoretical frameworks that combine depletion interactions with 251 

steric interactions to better understand our system (50,54,58). To account for the depletion attractions between 252 

colloids we used the Asakura–Oosawa (AO) potential (Udep) (27–29): 253 

	

∞	 	 	 0

2 Π 	0 2

0	 	 2

. 1254 

Where Udep is given in joules, ΠP is the polymer osmotic pressure (in Pa), a is the radius of the colloid (in m), 255 

RP is the characteristic polymer size (in m), and r is the separation distance between bare particle surfaces (in 256 

m). This form of the depletion potential equation assumes that a >> RP, a condition satisfied for 1 µm particles 257 

we used. For the polymer osmotic pressure, we used the following crossover equation for a polymer in a good 258 

solvent (63,64): 259 

Π 	 1 ∗

.
. 2260 

Where ΠP  is given in pascals, NAvo is Avogadro’s number, k is the Boltzmann constant, T is the temperature (in 261 
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kelvins), MW is the molecular weight of the polymer (in Da),  is the polymer mass concentration (in kg/m3), 262 

and 
∗

 is the polymer overlap concentration (in kg/m3). This equation describes the polymer osmotic pressure 263 

well in both the dilute and semi-dilute regime. 264 

 For the characteristic polymer size, we used the concentration-dependent radius of gyration (31,65). This 265 

can be written as: 266 

	 0 	 . 3267 

Where  is the concentration-dependent radius of gyration or the characteristic polymer size given in 268 

meters, Rg(0) is the radius of gyration (in m) at dilute concentrations and ΠP is given by equation 2. The 269 

characteristic polymer size is given by the dilute radius of gyration at low concentration and is close to the 270 

correlation length of the polymer solution, or the average distance between monomers, in the semi-dilute 271 

regime. Therefore, using equations 2 and 3, we acquire the correct limits for the depletion potential; the 272 

Asakura–Oosawa potential in the dilute regime and the depletion potential described by Joanny, Liebler, and de 273 

Gennes in the semi-dilute regime (66). Similar crossover equations have been found to adequately describe 274 

experimentally observed depletion aggregation in polymer-colloid mixtures where the polymer concentration 275 

spans the dilute and semi-dilute regimes  (67). Using literature values for the hydrodynamic radii of the PEGs 276 

(68) and the Kirkwood-Riseman relation, which relates the hydrodynamic radius to the radius of gyration (68–277 

70), we estimated Rg(0) for each polymer. We estimated Rg(0) ≈ 62.6, 16.7, 2.9 nm for PEG 1 MDa, 100 kDa, 278 

and 3350 Da, respectively. Using both the estimates of Rg(0) and the MW of each polymer, we then estimated 279 

∗  for each polymer (63,71). We estimated cp
* = 1.6, 8.6, and 52.6 mg/mL for PEG 1 MDa, 100 kDa, and 3350 280 

Da, respectively. 281 

To account for steric interactions between the two grafted layers upon close inter-particle separations, 282 

we used equation 4 (50,52). For inter-particle separation distances between L and 2L, where L is the length of 283 
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the grafted layer, the steric interactions between the two grafted layers can be described using the Flory–284 

Huggins free energy of mixing: 285 

, 	 . 4286 

Where ,  is the steric interaction energy due to mixing (given in joules), a is the particle radius (in m),  is 287 

the volume of a water molecule (in m3),  is the average volume fraction of the grafted polymer (unitless),  is 288 

the Flory–Huggins interaction parameter for the grafted polymer and the solvent (unitless), and L is the length 289 

of the grafted layer (in m). For PEG in aqueous solvents, 0.45 (72). Our NMR measurements (see 290 

Materials and Methods for details) suggest that the grafting density of PEG is within the brush regime. We 291 

therefore use the Alexander–de Gennes approximation (63) and our NMR measurements to estimate the length 292 

of the grafted layer (L) as L ~ 6.4 nm and the average volume fraction to be 	~	0.43. 293 

For inter-particle separations closer than L, one needs to account for elastic deformations of the grafted 294 

layers (50,57). This is far greater in magnitude than Udep, so one can simply assume that at this point the 295 

potential is extremely repulsive. For inter-particle separations greater than L: 296 

	 , 	 	 2
	 	 	 2 . 5297 

 Using this theoretical framework, we can build a physical intuition for the system (Fig. 4E-G). Long 298 

polymers have depletion layers that extend out past the brush layer and overlap, inducing attractions between 299 

the particles (Fig. 4E). For short polymers (RP < L), the depletion attractions are buried within the steric 300 

repulsions induced by the brush and there are effectively no attractions among the particles (Fig. 4F). We can 301 

use this crossover to estimate the magnitudes of the minima in the inter-particle potentials for the three PEG 302 

solutions (Fig. 4H). It should be noted that we have made several simplifications; for example, we do not 303 

consider interactions between free polymers and the grafted layer, which could lead to partial penetration of free 304 

polymers into the grafted layer or possible compression of the grafted layer by the free polymers (50,56,57). 305 

Despite such simplifications, we find that the calculated minima display similar concentration trends to the 306 
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trends seen in the average aggregate sizes (Fig. 4D). These calculations offer an explanation for why there is no 307 

aggregation of PEG-coated particles in solutions of PEG 3350. 308 

 Another factor that needs to be considered at the short timescales and low-volume fractions we are 309 

working at is aggregation kinetics (73–75). The probability that particles collide in solution is directly related to 310 

the diffusion coefficient and the volume fraction of the particles. As we increase the polymer concentration we 311 

increase the viscosity of the solution and decrease the diffusivity of the particles. In Fig. 4I, we plot theoretical 312 

estimates of the diffusion coefficients of the particles against the concentrations of the PEG solutions. These 313 

diffusion coefficients were estimated using literature measurements, the Stokes–Einstein–Sutherland equation, 314 

and the Huggins equation for viscosity (63,68). 315 

Because our system has not reached equilibrium, in this case the non-monotonic dependence of 316 

aggregation on polymer concentration for long polymers is due to a complex interplay between thermodynamics 317 

and kinetics (which we have not untangled). However, both the dependence of diffusivity (Fig. 4I) and the 318 

equilibrium prediction of inter-particle minima (Fig. 4H) on polymer concentration suggest that we should 319 

expect a decrease in aggregation at high polymer concentrations. The inter-particle minima also suggests that 320 

we should not expect short polymers to induce aggregation. Both trends are consistent with what we observe. 321 

Understanding how our PEG-coated particles behave in these so-called “simple” polymer solutions with similar 322 

physical properties to the intestinal polymers we detected (Fig. 3A and D) informs the interpretation of the 323 

results of the next sections. 324 

.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/490920doi: bioRxiv preprint first posted online Dec. 10, 2018; 

http://dx.doi.org/10.1101/490920
http://creativecommons.org/licenses/by/4.0/


17 
 

 325 

Fig 4. Aggregation of PEG-coated particles in model polymer solutions shows complex dependence on 326 

molecular weight (MW) and concentration of PEG. (A) Aggregates of 1 µm diameter PEG-coated particles 327 

in a 1 MDa PEG solution with a polymer concentration (c) of 1.6 mg/mL. Image is a maximum z-projection of 328 

10 optical slices taken on a confocal microscope. Scale bar is 10 µm. (B and C) 3D renders of aggregates found 329 

in panel A. Scale bars are 2 µm. (D) Volume-weighted average sizes for serial dilutions of PEG solutions of 330 

three MW (1 MDa, 100 kDa, and 3350 Da). Volume-weighted average sizes are plotted on the vertical axis in 331 

terms of number of particles per aggregate (N) against polymer mass concentration (cp) in mg/mL. The vertical 332 

error bars are 95% empirical bootstrap CI (see Materials and Methods for bootstrapping procedure). Shaded 333 

regions indicate the concentration ranges of detected intestinal polymers of similar MW. (E) Schematic 334 

depicting depletion interactions induced by “long polymers” (polymer radius (RP) > length of the brush, L). 335 

Free polymers are depicted as purple spheres. Colloids are depicted in green with the grafted brush layer in 336 
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purple. The depletion layer around each colloid is depicted by dotted lines. The overlap region between the two 337 

depletion layers is indicated in grey. (F) Schematic depicting depletion interactions induced by “short 338 

polymers” (Rp < L). The depletion zone does not extend past the length of the brush and there is effectively no 339 

overlap in the depletion layers; the depletion attractions are “buried” within the steric layer. (G) Schematic 340 

depicting the different contributions to the inter-particle potential (U(r)) against inter-particle separation 341 

distance (r). The hard surfaces of the particles are in contact at r = 0. Udep depicts the depletion potential for a 342 

short polymer (RP,short) and a long polymer (RP,long). Us,mix shows the contribution to the steric potential due to 343 

mixing. Us,el + Us,mix shows the contribution due to elastic deformations and mixing at close inter-particle 344 

separations. (H) The magnitude of the minima of the inter-particle potential (Umin/kT) plotted against polymer 345 

concentration for the three PEG solutions in (D). (I) Diffusion coefficients estimated from the Stokes–Einstein–346 

Sutherland equation for 1 µm particles in the PEG solutions used in (D). Diffusion coefficients of particles in 347 

polymer solutions (DP) are normalized by the diffusion coefficients in water (DW) and plotted against polymer 348 

concentration. 349 

 350 

 351 

 352 

 353 

MUC2 may play a role in the aggregation of PEG-coated particles, but is not required for aggregation to 354 

occur 355 

It has been demonstrated that mucins can aggregate and bind to bacteria in vitro (12–16); thus, we wanted to 356 

test whether mucins, such as Mucin 2 (MUC2), which is the primary mucin secreted in the SI (76,77), drive the 357 

aggregation of PEG-coated particles in SI fluid. It is known that in the presence of Ca2+ and at 	 6.2, 358 

MUC2 can form aggregates or precipitate out, but it is soluble without Ca2+ or at higher pH (78). Our 359 

measurements of the pH throughout the SI suggest that it is possible that MUC2 precipitates out in the upper 360 

small intestine; however, because it is unclear how much Ca2+ is in the lumen of the upper small intestine, there 361 

could be soluble MUC2 in the upper small intestine. Additionally, the literature suggests that, based on the pH, 362 

there should be soluble MUC2 in the lower small intestine. We therefore tested if MUC2 drives aggregation in 363 

both the upper and lower small intestine. To do this, we compared the aggregation of our PEG-coated particles 364 

in samples from MUC2 knockout (MUC2KO) mice to samples from wild-type (WT) mice. To carefully 365 

preserve the native composition of the SI fluid, we used a protease-inhibitor cocktail when collecting the 366 

samples (see Materials and Methods). We confirmed mouse MUC2KO status via genotyping and Western blot 367 

(Fig. 5E; Materials and Methods). The Western blot detected MUC2 in the colons of WT mice and not 368 
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MUC2KO mice, as expected, however it did not detect a signal for MUC2 in the SI of either the WT or 369 

MUC2KO mice. We speculate that the lack of MUC2 signal in the SI of WT mice may be due to low levels of 370 

MUC2 present in the luminal contents of the SI. 371 

 We observed aggregation in samples from both the MUC2KO and WT mice (Fig. 5A-B). To test the 372 

strength of the aggregation effect in the different samples, we serially diluted the samples and measured the 373 

average aggregate size to see when the effect disappeared (Fig. 5C-D). As explained in the previous section, we 374 

do not necessarily expect to see a linear decrease in aggregation with dilution. For simplicity, we will refer to 375 

the dilution factor at which aggregation begins to disappear as the “aggregation threshold.” We found 376 

differences in the aggregation threshold in the samples from MUC2KO and WT mice (Fig. 5C-D), suggesting 377 

that although MUC2 is not required for aggregation to occur, it could play a role in the aggregation of PEG-378 

coated particles. 379 

 We wanted to test differences in the MW distribution of the polymers found in these samples, so we 380 

0.45-µm-filtered our samples and analyzed them by GPC (see Materials and Methods). The chromatograms 381 

from the refractometer (Fig. 5F-G) suggest that the polymer composition of MUC2KO and WT samples were 382 

qualitatively similar. Following the same methods in Fig. 3, we made estimates of the physical parameters of 383 

the detected polymers. These estimates are summarized in Tables 1–2 for both the upper and lower SI of 384 

MUC2KO and WT mice. We find that these estimates suggest there are some differences in the polymeric 385 

composition of the SI of these two groups. 386 

 To test whether these measured differences in polymeric composition are reflected in differences in 387 

aggregation, we looked at aggregation in the 0.45-µm-filtered samples. We found that the undiluted samples 388 

from both groups displayed aggregation (Figure 5 – figure supplement 1A-B). We then created serial dilutions 389 

of the samples and found different aggregation thresholds for the samples (Figure 5 – figure supplement 1C-D). 390 

These results further confirm our conclusion that although MUC2 may play a role in particle aggregation, it is 391 

not required for aggregation to occur. 392 
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 393 

Fig 5. Quantification of the aggregation of particles in the small intestine (SI) in MUC2 knockout (MUC2KO) and 394 

wild-type (WT) mice. (A and B) Volume-weighted empirical cumulative distribution functions (ECDFs) 395 

comparing aggregation of the particles in undiluted, 30-µm filtered samples from the upper (A) and lower (B ) 396 

SI of two separate groups of wild-type (WT) and MUC2-knockout (MUC2KO) mice to the control (particles 397 

suspended in HBSS). The vertical axis is the cumulative volume fraction of the total number of particles in 398 

solution in an aggregate of a given size; the horizontal axis is aggregate size in number of particles per 399 

aggregate (N). (C and D). Volume-weighted average aggregate sizes (Vol Wt Avg Size) for serial dilutions of 400 

30-µm-filtered samples from the upper (C) and lower (D) SI of two separate groups of WT and MUC2KO mice. 401 

The dilution factor is plotted on the horizontal axis; a dilution factor of 1 is undiluted, ½ is a two-fold dilution. 402 

The vertical error bars are 95% empirical bootstrap CI (see Materials and Methods). (E) Western blots of 30-403 

µm filtered samples from the SI and the colon of WT and MUC2KO mice. WT USI = WT upper SI; KO USI = 404 

KO lower SI; WT LSI = WT lower SI; KO USI = KO upper SI; WT Col = WT colon; KO Col = KO colon (F 405 

and G). Chromatograms of samples from the upper (F) and lower (G) SI of groups of WT and MUC2KO mice.  406 

 407 

 408 

 409 
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 410 

Immunoglobulins may play a role in aggregation, but are not required for aggregation to occur 411 

It has also been demonstrated that immunoglobulins can bind to bacteria and induce them to aggregate (17–25). 412 

We therefore wanted to test the hypothesis that immunoglobulins drive the aggregation of PEG-coated particles 413 

in the SI. To do this, we compared the aggregation of our PEG-coated particles in samples from groups of 414 

mutant mice that do not produce immunoglobulins (Rag1KO), to samples from groups of WT mice. Again, to 415 

carefully preserve the native composition of the SI fluid, we used a protease-inhibitor cocktail when collecting 416 

the samples (see Materials and Methods). Because Rag1KO mice are immunocompromised, they need be fed 417 

an autoclaved chow diet. To control any potential differences in diet, both the Rag1KO and WT mice were fed 418 

an autoclaved chow diet for 48 h before samples were collected. 419 

 The mice were confirmed to be Rag1KO via genotyping and Western blot (Fig. 6E). According to the 420 

literature, IgA is abundant in the SI (79). As expected, we saw a signal for IgA in the upper and lower SI of WT 421 

mice. We also tested for less abundant immunoglobulins such as IgG and IgM (Figure 6 – figure supplements 1 422 

and 2, respectively), but did not detect their presence in the luminal contents of either WT or KO mice. 423 

 We observed aggregation in 30-µm-filtered samples from Rag1KO and WT mice (Fig. 6A and B). To 424 

test the strength of the aggregation effect in the different samples, we serially diluted the samples and compared 425 

the volume-weighted average aggregate sizes at each dilution (Fig. 6C and D). We found differences in the 426 

amount of aggregation between the Rag1KO and WT samples at different dilutions, suggesting that although 427 

immunoglobulins are not required for aggregation to occur, they could play a role in the aggregation of PEG-428 

coated particles. 429 

 We wanted to test differences in the MW distribution of the polymers found in these samples, so we 430 

0.45-µm-filtered our samples and analyzed them by GPC (see Materials and Methods). The chromatograms 431 

from the refractometer (Fig. 6F and G) suggested that the Rag1KO and WT samples were visually similar. We 432 

again made estimates of the physical parameters of the polymers in these samples (summarized in Tables 3–4). 433 
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These estimates suggest that there are some differences in the polymeric composition of the SI of these two 434 

groups of mice. 435 

 To test whether these measured differences in polymeric composition correspond with differences in 436 

aggregation, we quantified aggregation in the 0.45-µm-filtered samples. We found that the undiluted samples 437 

for both groups displayed aggregation (Figure 6 – figure supplement 3A and B). When we created serial 438 

dilutions of the samples we found that the levels of aggregation were similar (Figure 6 – figure supplement 3C 439 

and D). Taken together, the results suggest that immunoglobulins may play some role in aggregation, but the 440 

presence of immunoglobulins are not required for aggregation to occur. 441 

 Interestingly, there are some differences in the levels of aggregation in WT mice fed the autoclaved diet 442 

compared with the standard chow diet. The two diets are nutritionally the same, only the processing is different. 443 

When samples from the WT mice in the MUC2KO experiments are compared with samples from the WT mice 444 

in the Rag1KO experiments are compared, it is apparent that, compared with WT mice fed the normal chow 445 

diet, samples from WT mice fed the autoclaved diet had (i) a lower average concentration of polymers and (ii) 446 

polymers of lower overall MW (see “WT” samples in Tables 1–4). These observations suggested two 447 

hypotheses: (1) dietary polymers may play a role in aggregation and (2) aggregation may be controlled by 448 

changing the polymer composition of the diet. We tested these hypotheses next. 449 

 450 
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 451 

Fig 6. Quantification of the aggregation of particles in the small intestine (SI) in Immunoglobulin-deficient 452 

(Rag1KO) and wild-type (WT) mice. (A and B) Volume-weighted empirical cumulative distribution functions 453 

(ECDFs) comparing aggregation of the particles in undiluted, 30-µm filtered samples from the upper (A) and 454 

lower (B ) SI of two separate groups of wild-type (WT) and immunoglobulin-deficient (Rag1KO) mice to the 455 

control (particles suspended in HBSS). Plotted on the vertical axis is the cumulative volume fraction of the total 456 

number of particles in solution in an aggregate of a given size. Plotted on the horizontal axis are aggregate sizes 457 

in number of particles. (C and D). Volume-weighted average aggregate sizes (Vol Wt Avg Size) for serial 458 

dilutions of 30-µm filtered samples from the upper (C) and lower (D) SI of two separate groups of WT and 459 

Rag1KO mice. The dilution factor is plotted on the horizontal axis, where a dilution factor of 1 is undiluted, ½ 460 

is a two-fold dilution, and so on. The vertical error bars are 95% empirical bootstrap CI using the bootstrapping 461 

procedure described in Materials and Methods. (E ) Western blots of 30-µm filtered samples from the SI of WT 462 

and Rag1KO mice. WT USI = WT upper SI; KO USI = KO lower SI; WT LSI = WT lower SI; KO USI = KO 463 

upper SI. (F and G) Chromatograms of samples from the upper (F) and lower (G) SI of groups of WT and 464 

Rag1KO mice. 465 
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 466 

Polymers in the diet control aggregation of PEG-coated particles in a manner consistent with depletion-467 

type interactions 468 

As described in Fig. 4, the extent of aggregation can be controlled by altering the polymer size and 469 

concentration of the polymer solution. Furthermore, as pointed out above, SI fluid from mice fed autoclaved 470 

and non-autoclaved diets induced different levels of aggregation. We hypothesized that aggregation behavior 471 

would differ between mice fed polymers of different sizes—even if the polymers were composed of similar 472 

chemical monomers and were present at the same polymer mass concentration. We hypothesized that mice fed 473 

short polymers would exhibit less aggregation in the SI (i.e. short polymers reduce the strength of the effect 474 

because depletion attractions are reduced). We predicted that the converse would be true for long polymers (i.e. 475 

long polymers increase the strength of the effect because depletion attractions are increased). 476 

 We first identified two candidate dietary carbohydrate polymers; Fibersol-2, a “resistant maltodextrin” 477 

composed of D-glucose monomers (80,81), with a MW of ~3500 Da (see Table 5) and apple pectin, composed 478 

of D-galacturonic acid and D-galacturonic acid methyl ester monomers (82,83), with a MW of ~230 kDa (Table 479 

5). Before feeding mice these polymers, we first tested their effects on aggregation in vitro at various 480 

concentrations in buffer (Fig. 7A). We found similar trends to the PEG solutions in Fig. 4. Pectin at low (~0.05 481 

to ~1 mg/mL) and very high mass concentrations showed little aggregation (~7 mg/mL) and showed the most 482 

aggregation at an intermediate concentration (~1.5 to ~3 mg/mL). Fibersol-2 did not induce much aggregation 483 

up to a mass concentration of ~240 mg/mL. 484 

 To test our hypothesis that we could use polymer size to control aggregation, we devised a simple 485 

experiment. One group of mice was fed a solution of Fibersol-2 and a second group was fed a solution of apple 486 

pectin for 24 h. The mass concentrations of the fibers in the two solutions were matched at 2% w/v and 5% w/v 487 

sucrose was added to each to ensure the mice consumed the solutions. Mesh-bottom cages were used to ensure 488 

that the mice did not re-ingest polymers from fecal matter via coprophagy. According to the literature, neither 489 
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of these two polymers should be broken down in the SI (81,84,85). As before, all samples were collected with a 490 

protease-inhibitor cocktail. 491 

 As before, we created serial dilutions of the small intestinal luminal fluid and looked at the extent of 492 

aggregation in each sample. In the 30-µm-filtered samples from the upper SI we observed more aggregation in 493 

the pectin-fed mice compared with the Fibersol-2 fed mice (Fig. 7E). For the undiluted 30-µm-filtered lower SI 494 

sample, the pectin-fed mice samples formed a gel-like material which we were unable to pipette and therefore 495 

could not use for aggregation experiments. This gelation is not too surprising considering that pectin can form a 496 

gel in certain contexts (83,86). We were able to dilute this gel four-fold and then compare the aggregation in 497 

serial dilutions of the pectin-fed LSI to the Fibersol-2-fed LSI. We found, again, more aggregation in the pectin-498 

fed mice than the Fibersol-2-fed mice (Fig. 7G). 499 

 We again 0.45-µm-filtered these samples and ran them on GPC to test differences in the MW and size 500 

distributions of the polymers in these samples. The chromatograms from the refractometer (Fig. 7C and D) 501 

suggest that there are differences in the polymeric distribution in the two groups of mice. Figure 7B shows 502 

chromatograms of just Fibersol-2 and pectin in buffer. We see that pectin elutes between 14-18 min, which is 503 

where we see an enhancement of the concentration of high-MW polymers in the samples from the SIs of the 504 

group fed pectin. We also see that Fibersol-2 elutes between 18-22 min, which is where we see an enhancement 505 

in the concentration of low-MW polymers in the samples from the SI of the group fed Fibersol-2. We again 506 

made estimates of the physical parameters of the polymers in these samples which are summarized in Tables 6 507 

and 7. The estimates also suggest that there are differences in the polymeric composition of the SI of the two 508 

groups. Overall, the data from GPC suggests that the pectin-fed mice have more high-MW polymers than the 509 

Fibersol-2-fed mice. Low-MW polymers appear to be more abundant in Fibersol-2 fed mice compared with 510 

pectin-fed mice. We observed visually that the SI contents of the pectin-fed mice formed a gel and pectin is also 511 

known to self-associate to form a gel or aggregates in solution (83,86). We note, therefore that by 0.45-µm-512 
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filtering these samples we may be removing these structures and decreasing the concentration of pectin in our 513 

samples. 514 

 To test that these measured differences in polymeric composition are reflected in differences in 515 

aggregation, we tested aggregation in the 0.45-µm-filtered samples. We found that in both the upper and lower 516 

SI samples, the samples from the pectin-fed group showed more aggregation than the samples from the group 517 

fed Fibersol-2 (Fig. 7F and H). When we created serial dilutions of these samples, we found that the samples 518 

from the mice fed Fibersol-2 showed almost no aggregation at any concentration whereas the samples from 519 

pectin-fed mice showed aggregation. We also observed that we needed to dilute the 30-µm-filtered samples 520 

more to achieve the greatest extent of aggregation (Fig. 7E and G). We speculate that this shift in the 521 

aggregation behavior between the 30-µm-filtered and 0.45-µm-filtered samples is due to some of the polymers 522 

being lost when 0.45-µm-filtering the samples as a result of the aforementioned self-association of pectin.  523 

These data taken together lead us to conclude that polymers in the diet can be used to control the 524 

aggregation of PEG-coated particles. This data further suggests that feeding higher MW polymers at the same 525 

mass concentration as lower MW polymers leads to an enhancement in aggregation. Due to the high 526 

polydispersity and complex chemical composition of SI luminal fluid as measured by GPC, it is unfeasible to 527 

apply the same theoretical analysis as was done in Fig. 4 to these data. We can, however, note that visually the 528 

behavior is qualitatively consistent with the depletion-type interactions found in simple PEG solutions in Fig. 4.  529 
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Fig. 7. Quantification of aggregation of PEG-coated particles in the small intestine (SI) of mice fed 531 

different polymers from dietary fiber. (A) Volume-weighted average aggregate sizes (Vol Wt Avg Size) for 532 

serial dilutions of apple pectin and Fibersol-2. Volume-weighted average sizes are plotted on the vertical axis in 533 

terms of number of particles per aggregate (N) against polymer concentration (mg/mL). The vertical error bars 534 

are 95% empirical bootstrap CI using the bootstrapping procedure described in Materials and Methods. (B) 535 

Chromatograms of apple pectin and Fibersol-2 in buffer. (C and D) Chromatograms of samples from the upper 536 

(E) and lower (F) SI of two separate groups of mice (fed pectin or Fibersol-2). (E-H) Volume-weighted average 537 

aggregate sizes (Vol Wt Avg Size) for serial dilutions of 30-µm-filtered samples from the upper (E) and lower 538 

(G) SI of two separate groups of mice (fed pectin or Fibersol-2) to the control (particles suspended in HBSS). (F 539 

and H) Serial dilutions of 0.45-µm-filtered samples from the same groups. The dilution factor is plotted on the 540 

horizontal axis, where a dilution factor of 1 is undiluted, and ½ is a two-fold dilution. The vertical error bars are 541 

95% empirical bootstrap CI using the bootstrapping procedure described in Materials and Methods. 542 

 543 
Discussion 544 

This work shows that even PEG-coated particles, which have minimal biochemical interactions, form 545 

aggregates in the luminal fluid of the SI. It reveals a previously unknown way in which dietary polymers can 546 

impact, and be used to control, the structure of particles in the SI. We speculate that this phenomenon may play 547 

a role in the aggregation of other particles in the SI such as microbes, viruses, nanoparticles for drug delivery, 548 

and food granules. In these systems, other factors will also inevitably affect the formation of these aggregates 549 

(e.g. interactions with mucins and immunoglobulins); thus, it will be important to explore the interplay among 550 

all these factors. Another important next step is to investigate how mixing in the SI and the co-aggregation of 551 

different types of particles may affect aggregation. We speculate that the aggregation of particles in the SI could 552 

also have functional consequences, such as promoting colonization by microbes, affecting infection by 553 

pathogens, and altering clearance of microbes (2,6–8,10,11). Aggregation will also need to be considered when 554 

designing nanoparticles for drug delivery (3,4). 555 

 We found that MUC2 and immunoglobulins, which have been found to aggregate microbes both in vivo 556 

and in vitro (12–25), are not required for the aggregation of PEG-coated particles. Instead, we found that by 557 

feeding mice dietary polymers with similar chemistry but very different sizes we could tune the extent of 558 

aggregation in the SI. These polymers (pectin and Fibersol-2) are forms of fiber commonly found in the human 559 

diet. We found that feeding long polymers induced aggregation, whereas short polymers did not. More work 560 
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needs to be done to understand the underlying mechanism, but surprisingly the observed aggregation behavior 561 

in the SI luminal fluid from mice fed dietary polymers of different sizes is qualitatively consistent with the 562 

aggregation behavior in simple PEG solutions, where aggregation is driven by depletion interactions. Overall, 563 

this suggests a simple dietary method for controlling aggregation in the gut. It will be important to extend this 564 

work to microbes and other particles commonly found in the gut and to measure the relative contributions of 565 

polymer-driven aggregation and chemical-driven aggregation. We note that mucins and immunoglobulins are 566 

polymers that can also self-associate into structures of very high MW (78,87,88), suggesting that they could 567 

cause aggregation via both physical and chemical mechanisms. Interestingly, during the review of this 568 

manuscript, a study was published with in vitro work done using model buffer solutions of mucins, DNA, and 569 

other biopolymers further implying that aggregation of bacteria by host-polymers can be depletion-mediated 570 

(89). In vivo, it will also be important to consider the effects of flow, as it has been shown that flow in non-571 

Newtonian fluids can induce particle aggregation (90–92). In particular, studies have suggested that the 572 

combination of flow and polymer elasticity can lead to aggregation (93) and that shear thinning viscosity can 573 

influence aggregation as well (94). In our work, we neglected flow effects for simplicity and thus our findings 574 

are most applicable to the initial formation of aggregates before aggregation is influenced by mechanical forces 575 

due to peristaltic mixing and the transit of food. A rudimentary estimate of the Weissenberg number (see 576 

Materials and Methods), which weighs the contributions of elastic and viscous forces, yields	Wi	~	0.3	to	10, 577 

suggesting that elasticity-induced effects may play a role in the SI and will be an important direction to pursue 578 

in follow-up studies. If flow-induced clustering does occur in vivo, the literature suggests it would aid in the 579 

process, perhaps enhancing particle aggregation. 580 

We note that current dietary guidelines do not differentiate between fibers of low and high MW (95,96). 581 

Our work implies that the MW of fiber, and the subsequent degradation of a high-MW fiber into a low-MW 582 

component (97), which we have discussed previously in the context of mucus compression, is important in 583 

defining the physicochemical environment of the gut. Further studies will be required to understand the effects 584 
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of industrial food processing on MW of the dietary polymers present in foods, and which processing methods 585 

preserve or produce high-MW polymers that impact mucus compression (97) and particle aggregation in the 586 

gut.   587 

 588 

Materials and Methods 589 

Key Resources Table     

Reagent type (species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

MUC2KO, C57BL/6 mice 
(female) 

MUC2KO Eugene Chang 
Lab provided 
initial breeding 
pairs which were 
provided to them 
from Leonard H. 
Augenlicht at the 
Department of 
Oncology of 
Albert Einstein 
Cancer Center 

 Genotyping 
was 
performed by 
Transnetyx 
Inc.; Western 
blot was done 
to confirm 
lack of 
MUC2 (See 
Fig. 5E) 

Rag1KO, C57BL/6 mice (male) Rag1KO Provided by 
Mazmanian Lab 
at Caltech 

RRID:IMSR_JAX:0022
16 

Western blot 
was done to 
confirm lack 
of IgA as 
explained in 
the text (See 
Fig. 6E) 

C57BL/6 mice (all male except 
for WT controls in MUC2KO 
experiments in Figure 5) 

WT The Jackson 
Laboratory 

RRID:IMSR_JAX:0006
64 

  

antibody MUC2 
polyclonal 
antibody 
(rabbit host) 

Biomatik Cat No: CAU27315   

antibody Li-Cor IRDye 
800CW Goat 
Anti-Rabbit 
IgG  

Li-Cor P/N 925-32211; 
RRID:AB_2651127 

  

antibody Li-Cor IRDye 
800 CW Goat 
Anti-Mouse 
IgG 

Li-Cor P/N 925-32210; 
RRID:AB_2687825 
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antibody Li-Cor IRDye 
800 CW Goat 
Anti-Mouse 
IgM 

Li-Cor P/N 925-32280   

antibody Goat Anti-
Mouse IgA-
unlabeled 

SouthernBiotech Cat No: 1040-01   

antibody Li-Cor IRDye 
800 CW 
Donkey Anti-
Goat IgG 

Li-Cor P/N 925-32214; 
RRID:AB_2687553 

  

chemical compound, drug apple pectin Solgar Inc. "Apple pectin 
powder"; 
SOLGB70120 00B 

  

chemical compound, drug Fibersol-2 Archer Daniels 
Midland/Matsuta
ni LLC 

Product code: 013100, 
Lot #: CY4P28540 

  

chemical compound, drug USP grade 
sucrose 

Sigma-Aldrich     

chemical compound, drug Protease 
inhibitor 
cocktail 

Roche cOmplete, 
Mini, EDTA-free 
Protease-
Inhibitor 
cocktail, Roche 

    

chemical compound, drug PEG 100kDa Dow POLYOX WSR N-10   
chemical compound, drug PEG 1 MDa Dow POLYOX WSR N-

12K 
  

chemical compound, drug PEG 3350 Bayer MiraLAX   
chemical compound, drug Hanks' 

Balanced Salt 
Solution 
(without 
calcium, 
magnesium, 
phenol red) 

GE Healthcare 
Life Sciences 

Product code: 
SH30588.02 

  

software, algorithm 3D aggregate 
analysis 
pipeline 

This paper; 
source code 
available through 
Dryad 

  Description in 
Materials and 
Methods; 
source code 
provided on 
Dryad 

other mesh-bottom 
(or wire-
bottom) floors 

 Lab Products, 
Inc. 

P/N: 75016   

other 1-μm diameter 
PEG 5kDa-
coated 
polysytrene 

This paper   Description of 
synthesis in 
Materials and 
Methods 
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beads 

other 1-μm diameter 
PEG 5kDa-
coated 
polysytrene 
beads with 
PEG 1 kDa 
"back-filling" 

This paper   Description of 
synthesis in 
Materials and 
Methods 

other standard chow 
diet 

PicoLab PicoLab Rodent Diet 
20; Product #5053 

  

other autoclaved 
chow diet 

PicoLab Laboratory 
Autoclavable Rodent 
Diet 5010 

  

 590 

Details of animals used. All mice were male or female specific pathogen free (SPF) C57BL/6 mice between 8-591 

16 weeks old. Mice on a standard, solid chow diet were given food and water ad libitum. Immunoglobulin-592 

deficient (Rag1KO) mice were maintained on an autoclaved chow diet due to their immunocompromised status. 593 

The control group of WT mice used as a comparison to this group was maintained on the same autoclaved chow 594 

diet for 48 h before euthanasia. Genotyping of MUC2 deficient (MUC2KO) and Rag1KO mice was done by 595 

Transnetyx (Transnetyx, Inc., Cordova, TN, USA). Mice given only apple pectin (Solgar, Inc., Leonia, NJ, 596 

USA) with sucrose (USP grade, Sigma-Aldrich, St. Louis, MO, USA) or Fibersol-2 (Archer Daniels 597 

Midland/Matsutani LLC, Chicago, IL, USA) with sucrose were first raised on a standard chow diet and given 598 

water ad libitum, then were maintained on a restricted diet consisting of only 2% apple pectin + 5% sucrose or 599 

2% Fibersol-2 + 5% sucrose for 24 h. For those 24 h, these mice were kept on mesh-bottom cages to prevent the 600 

re-ingestion of polymers from the standard chow diet via coprophagy. The MUC2KO colony was raised and 601 

maintained by the Ismagilov Lab. The Rag1KO mice were provided by the Mazmanian lab (Caltech). All other 602 

mice were from Jackson Labs (The Jackson Laboratory, Bar Harbor, ME, USA). All animal experiments were 603 

approved by the California Institute of Technology (Caltech) Institutional Animal Care and Use Committee 604 

(IACUC) and the U.S. Army’s Animal Care and Use Review Office (ACURO). Mice were euthanized via CO2 605 
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inhalation as approved by the Caltech IACUC in accordance with the American Veterinary Medical Association 606 

Guidelines on Euthanasia (98). 607 

Oral administration of particles. Particles were gavaged at a concentration of 0.1–2% w/v in either 1x HBSS 608 

or 1x PBS. We used small fluid volumes (50 µL) to minimize volume-related artifacts (3). We chose buffers 609 

isotonic to the SI because it has been shown that the isotonicity of the delivery medium can greatly affect the in 610 

vivo particle distribution (38). In some experiments, animals were food-restricted for 4 h prior to administration 611 

of particles. It has been previously demonstrated though that food-restriction has minimal effects on the in vivo 612 

distribution of PEG-coated particles (3). In all experiments animals were euthanized 3 h after administration of 613 

particles. 614 

Fluorescent scanner experiments. Gastrointestinal tracts (GIT) were excised and laid out flat on petri dishes 615 

on ice. Drops of saline were then placed around the GIT and the petri dishes were sealed with parafilm. Samples 616 

were then immediately brought to the fluorescent laser scanner (Typhoon FLA 9000) for imaging. Samples 617 

were scanned with an excitation wavelength of 473 nm and a 530 nm bandpass filter. 618 

Imaging of luminal contents from mice orally administered particles. Immediately after euthanization the 619 

small intestines of the mice were excised and divided into an upper and lower section. The luminal contents 620 

were collected by gently squeezing the intestines with tweezers. They were placed directly onto a glass slide 621 

and encircled by a ring of vacuum grease that did not touch the contents. A coverslip was then immediately 622 

placed on top to create an air-tight chamber. Samples were kept on ice during the collection process. The 623 

samples were then immediately taken for imaging. All imaging was performed using a Zeiss LSM 800 or a 624 

Leica DMI6000, using either bright-field microscopy, epifluorescence microscopy (GFP, L5 Nomarski prism), 625 

confocal fluorescence microscopy (488 nm excitation and 490-540 nm detection), or confocal reflectance 626 

microscopy (561 nm excitation and 540-700 nm detection). 627 

Collection of intestinal luminal fluid. Immediately after euthanasia, the SI of each mouse was excised and 628 

divided into an upper and lower section. If luminal fluid was collected from the colon, then the colon was also 629 
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excised. The luminal contents were then collected from each section in separate tubes and kept on ice. The 630 

luminal contents from an individual mouse was insufficient in volume to perform all the required analyses (i.e. 631 

ex vivo aggregation, GPC, and sometimes Western blot), so contents were pooled from a group of three mice of 632 

the same age that were co-housed. These pooled samples, kept divided by section, were then spun down at 17 633 

kG at 4 °C for 1 h to separate the liquid and solid portions of the contents. The supernatant of each sample was 634 

collected and then placed on 30 µm filters (Pierce Spin Columns – Snap Cap, Thermo Fisher Scientific, 635 

Waltham, MA, USA) and spun down at 17 kG at 4 °C for 1 h. Part of the filtrates of each sample were then 636 

collected, divided into aliquots, and frozen at -20 °C for future experiments. The remaining portion of the 637 

filtrates was then taken and placed on 0.45 µm centrifugal filters (Corning Costar Spin-X centrifuge tube filters; 638 

cellulose acetate membrane, pore size 0.45 µm, sterile) and spun down at 5 kG at 4 °C for 1 h. For experiments 639 

in which a protease-inhibitor cocktail (Roche cOmplete, Mini, EDTA-free Protease-Inhibitor Cocktail, Roche, 640 

Indianapolis, IN, USA) was used, a 100x concentrated stock solution was prepared in HBSS (without calcium, 641 

magnesium, and phenol red; GE Healthcare Life Sciences, Marlborough, MA, USA). The same procedure as 642 

detailed above were followed for the collection of luminal fluid, except immediately after the luminal contents 643 

were brought back from the animal facility on ice, 10 µL of the 100x protease-inhibitor cocktail was added to 644 

each tube. The mixtures were then vortexed briefly to mix. The contents were then spun down at 17kG at 4 °C 645 

as described above to separate the solid from liquid contents. The liquid fraction collected from each group 646 

before 30 and 0.45 µm filtration was usually ~200–300 mL, so the additional 10 µL of protease-inhibitor 647 

cocktail only diluted the samples by ~5% at most. 648 

Ex vivo and in vitro aggregation assays. We took 1-µm diameter PEG 5 kDa-coated polystyrene beads (with 649 

PEG 1 kDa “back-filling”) and suspended them at 10 mg/mL in deionized water. Before use, they were 650 

vortexed to re-suspend in solution and then sonicated for 1 min. The particle solution was then added to the 651 

polymer solution or small intestinal luminal fluid at a ratio of 1:10. After addition of particles, the mixture was 652 

vortexed for 10 seconds. Then, 2 µL of the mixture was then immediately pipetted into an imaging chamber 653 
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created with a SecureSeal imaging spacer (0.12 mm depth and 9 mm diameter, Electron Microscopy Sciences, 654 

Hatfield, PA, USA) and a glass slide. The top of the imaging chamber was immediately sealed with a #1.5 655 

coverslip. The samples were then imaged approximately 10 min later. In PEG solution experiments and serial 656 

dilution experiments, HBSS (without calcium, magnesium, phenol red; GE Healthcare Life Sciences) was used 657 

to dilute.  658 

In the 1 MDa PEG experiments conducted in phosphate buffered saline (PBS) with pH = 6 (Figure 4 – 659 

figure supplement 2) the PBS solution was initially prepared with 138 mM sodium chloride, 7.5 mM 660 

monosodium phosphate dihydrate, 1.1 mM disodium phosphate heptahydrate, and deionized (DI) water (Milli-661 

Q). The sodium chloride was added to ensure that the ionic strength matched that of Hank’s balanced salt 662 

solution. The pH was then measured using an Orion 2-Star Benchtop pH Meter (Thermo Scientific) with an 663 

Orion 9110DJWP Double Junction pH electrode (Thermo Fisher Scientific) after first calibrating the instrument 664 

using the following reference standard buffers: pH = 10 (VWR BDH5078-500 mL), pH = 7 (VWR BDH5046-665 

500 mL), and pH = 4 (VWR BDH5024-500 mL). The pH of the solution was then adjusted to pH = 6 using 1 M 666 

NaOH in DI water. 667 

Microscopy for ex vitro and in vitro aggregation assays. All imaging was performed using a Zeiss LSM 800, 668 

using confocal fluorescence microscopy (488 nm excitation, detection at 490-540 nm). We collected 3D stacks 669 

which were 200 x 200 x 40 µm in volume. 3D renders of aggregates were created using Imaris software from 670 

Bitplane, an Oxford Instruments Company. 671 

Imaging analysis. All image analysis was done in FIJI (ImageJ 2.0.0) using an ImageJ macro written using the 672 

ImageJ macro scripting language. These macros are available in Dryad. Z-stacks were saved as 16 bit .czi files 673 

and were subsequently loaded into FIJI. Each z-stack extended ~40 µm deep into each sample in the z-direction 674 

and was composed of 113 slices. As a result of the depth of the stacks in the z-direction, we observed a 675 

significant drop-off in measured aggregate fluorescence between the first slice and the last slice, likely due to 676 

scattering from the intestinal fluid and the particles themselves. To ensure that aggregates throughout a given 677 
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stack had a similar brightness, which is important for the 3D Object Counter plugin, the median pixel intensity 678 

for aggregates in every slice was set as the maximum pixel intensity value for every slice. To achieve this, first 679 

the 10th slice and the 10th to last slice of the z-stack were selected and thresholded using the Otsu method (99), 680 

creating a binary image of the aggregates in the two slices. The binary images were used as masks to measure 681 

the median pixel intensity of each aggregate in the two slices as well as the mean and max pixel intensity values 682 

for the background of both images. The drop-off in intensity was assumed to be approximately linear, so the 683 

median pixel intensity for aggregates in each slice was determined by interpolating between the median 684 

aggregate pixel intensity values from the 10th slice and 10th to last slice. The minimum pixel intensity value for 685 

each slice was determined by adding 1/3 of the mean background pixel intensity to 2/3 of the maximum 686 

background pixel intensity for the 10th and 10th to last slices (this was necessary to deal with the challenge 687 

determining background pixel intensities) and then interpolating to calculate the minimum for all other slices. 688 

The process of intentionally introducing image clipping in the z-stacks was justified by the manner in which 689 

aggregates were identified; aggregates were first measured by total volume instead of by particle count, thus 690 

being able to discern individual particles inside of each aggregate was unnecessary. 691 

The 3D Objects Counter plugin in FIJI was used to measure various parameters, including the volume of 692 

each aggregate. The plugin initially thresholds all slices in a stack using a single thresholding value, which 693 

requires objects in every slice of a stack to be roughly the same intensity (hence, the thresholding procedure 694 

described previously). The plugin takes the resulting now-binary z-stack and determines the number of voxels 695 

occupied by each aggregate and converts voxel volume to metric volume using metadata in each .czi file. A 696 

second macro was used to determine the average size of a singlet (single particle) for each z-stack. In this 697 

macro, we identified 10 singlets by visually inspecting the sample to determine the average size of a singlet. 698 

This was then used to normalize differences in measured aggregate volume between samples by converting to a 699 

particle count per aggregate. This normalization step was necessary due to variations in the average 700 

measured singlet size between samples. It also helped account for any differences in the thresholding procedure 701 

from sample to sample. 702 
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The accuracy of this method for determining aggregate sizes was validated by comparing empirical 703 

cumulative distribution functions (ECDFs) of the cross-sectional area of the aggregates in a given z-stack 704 

determined by the ImageJ macro to ECDFs generated by visually inspecting the samples to measure the cross-705 

sectional areas of aggregates. This comparison was done for at least three separate z-stacks. ImageJ macros will 706 

be made available upon request. 707 

 708 

Quantification of aggregate sizes. The sizes of aggregates in solution were quantified in two ways. One was 709 

by comparing the volume-weighted empirical cumulative distribution functions (ECDFs) of the aggregate sizes 710 

of each sample to each other. The volume-weighted ECDF, , as follows (100): 711 

1
∑

. 6  712 

	
	 	

0	 	 . 7713 

Where Ni is the number of particles per aggregate and n is the total number of aggregates in solutions (where 714 

single particles also count as aggregates). 715 

The other way in which the extent of aggregation was quantified was by creating bootstrap replicates of 716 

the ECDFs of the aggregate distributions of each sample and computing the volume-weighted average 717 

aggregate size (〈 〉; given in number of particles per aggregate) for each bootstrap replicate. The volume-718 

weighted average aggregate size is given by the following equation in units of “number of particles per 719 

aggregate”: 720 

〈 〉 	
∑

∑
	 . 8721 

This allowed us to calculate 95% empirical bootstrap CI on the volume-weighted average aggregate size. We 722 

generated 10,000 bootstrap replicates from the original ECDF of each sample to generate these. The advantage 723 

of this approach is that we do not need to assume anything about the underlying probability distribution; it is 724 
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non-parametric (100). The original ECDFs, from which the replicates were generated, each contained at least 725 

300 aggregates, in many cases containing ~1000 or more aggregates. The codes used for the analyses (volume-726 

weighted ECDFs and 95% empirical bootstrap CIs) were written in Python 3.6.4 and are available on Dryad. 727 

Filtration with MW cut-off filters. Small intestinal luminal fluid was collected and 0.45 µm-filtered as 728 

described in “Collection of Luminal Fluid”. It was then divided up and placed on MWCO filters (Pierce Protein 729 

Concentrators, Thermo Fisher Scientific) of with the following MWCOs: 100 kDa, 30 kDa, and 3 kDa. The 730 

samples were then centrifuged at 15 kG at 4 °C for 2 h, checking every 15 min for the first hour if additional 731 

volume had flowed through. After the eluent from each was collected, they were diluted back to their original 732 

volumes with HBSS. 733 

pH measurements of luminal fluid. Pooled samples of luminal fluid were collected from each section 734 

(stomach, upper small intestine, lower small intestine, cecum, and colon) and 30 µm-filtered as described in 735 

“Collection of Luminal fluid” (with use of the same protease inhibitor cocktail). Samples were collected from 736 

two separate groups of 2-month old B6 male mice on a standard chow diet. Each group had three mice. Because 737 

there was only ~25 µL of luminal fluid from the colons of each group we did not 30 µm-filter the colonic fluid 738 

as there was concern all the fluid would be retained by the filter. The colonic contents were simply spun down 739 

at 17 kG at 4 °C for 1 h to separate the liquid and solid portions of the contents. Then the supernatant (luminal 740 

fluid) was collected. Measurements were done using an Orion 2-Star Benchtop pH Meter. The instrument was 741 

first calibrated with three reference standard buffers: pH = 10 (VWR BDH5078-500 mL), pH = 7 (VWR 742 

BDH5046-500 mL), and pH = 4 (VWR BDH5024-500 mL). Measurements were conducted at T = 25 °C. There 743 

was at least 100 µL of sample from each section except for the stomach sample from one group of mice and 744 

from colon samples from both groups. Measurements were conducted with both a standard pH electrode (Orion 745 

9110DJWP Double Junction pH Electrode) and a micro pH electrode (Orion 9810BN Micro pH Electrode, 746 

Thermo Fisher Scientific). This was done because the standard electrode is only accurate for samples with 747 

volumes of 200 µL whereas the micro electrode is accurate for samples as small as 0.5 µL in volume. The 748 
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results are consistent with other results for rodents (101,102) with the exception of a study conducted with mice 749 

of a different gender, strain, and fed an 18% protein diet (103). 750 

 For the pH measurement of HBSS, the pH was measured with both the standard and micro pH 751 

electrodes, and three technical replicates were done with each probe. The value for the pH reported in the main 752 

text is the average of all six measurements. 753 

Estimation of coverage and length of grafted PEG layer. Based on our NMR measurements (see section 754 

NMR of PEG-coated particles with “backfill”) the grafting density (Γ) of the PEG polymer on our PEG 5 kDa-755 

coated particles with PEG 1 kDa backfill should be approximately: Γ 0.48	chains/nm  (to estimate this we 756 

assume that all of the PEG on the surface is PEG 5 kDa). One can estimate the grafting density at which the 757 

grafted chains transition from separate coils to overlapping coils or the brush regime by calculating the grafting 758 

density at which coils would just begin to overlap (104). This can be estimated as: 759 

Γ∗ ∼ . 9760 

Where  is the radius of gyration of the grafted polymer. Using literature measurements of the hydrodynamic 761 

radius of PEG 5 kDa and the Kirkwood-Riseman relation, this can be estimated as ~	3.45	nm. We therefore 762 

estimate that ∗ 	~	5, meaning that the grafting density is such that the polymer coils on the surface should be 763 

overlapping and within the brush regime. To estimate the length and average volume fraction of the layer, we 764 

therefore made the assumption that the grafted polymer layer behaved as a brush and used the Alexander-765 

deGennes brush approximation (63,105). This theory was originally developed for high-MW polymer coils, but 766 

has also been found, surprisingly, to quantitatively capture forces for grafted layers only a few segments long 767 

(105). We estimated the length (L) of the brush as (63):(62,95). This theory was originally developed for high-768 

MW polymer coils, but has also been found, surprisingly, to quantitatively capture forces for grafted layers only 769 

a few segments long . We estimated the length (L) of the brush as : 770 
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	~	 Γ . 10771 

Where N is the number of monomers per grafted chain,  is the Flory exponent, and b is the Kuhn length of the 772 

grafted polymer. We used b = 0.76 nm based on literature measurements (106) and took ≅ 0.588, because 773 

aqueous salt solutions are good solvents for PEG (107). Lastly, we estimated the number of monomers per 774 

chain by assuming the number of monomers is approximately equation to the number of Kuhn segments and the 775 

relationship between the radius of gyration, the Kuhn length and the number of Kuhn segments (63): 776 

	~	 . ~	13.	We therefore estimate that 	~	6.4	 . 777 

 The Alexander–de Gennes approximation assumes a step profile for the volume fraction of the grafted 778 

polymer ( ). We can estimate this using the following equation (63): 779 

	 	 Γ 	 	
0	 	

. 11780 

Where z is the distance from the bare particle surface. Using the same approximations as above we find 781 

0.43. 782 

Western blot of luminal contents. 30-µm filtered small intestinal luminal fluid was reduced in sample buffer 783 

with 100 mM dithiotreitol DTT at 95 °C for 5 min (the luminal fluid was diluted 10-fold in the sample buffer). 784 

Gel electrophoresis was then run on 4–15% SDS/PAGE gels. The transfer was performed using wet 785 

electroblotting to a nitrocellulose membrane. For detection of MUC2, the primary antibody was diluted 1:1,000 786 

(MUC2 polyclonal antibody, rabbit host, Biomatik, Wilmington, DE, USA) as a 1:10,000 in Odyssey blocking 787 

buffer (Li-Cor, Lincoln, NE, USA) with 0.2% Tween 20. The secondary antibody (Li-Cor IRDye 800CW Goat 788 

Anti-Rabbit IgG, Li-Cor) was diluted 1:10,000. For the detection of IgG and IgM, 1:10,000 dilutions of Li-Cor 789 

IRDye 800 CW Goat Anti-Mouse IgG and Li-Cor IRDye 800CW Goat Anti-Mouse IgM were used 790 

respectively. For detection of IgA, a 1:10,000 dilution of SouthernBiotech Goat Anti-Mouse IgA-unlabeled was 791 
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used as the primary and a 1:10,000 dilution of Li-Cor IRDye 800CW Donkey Anti-Goat IgG was used as the 792 

secondary. All membranes were visualized using a Li-Cor Odyssey scanner. 793 

Gel permeation chromatography. We used a Malvern OMNISEC RESOLVE connected to two Malvern 794 

A6000M columns (Malvern, Westborough, MA, USA) equilibrated with 1x PBS with 0.02% sodium azide, 795 

flow rate: 0.75 mL/min. For detection of the polymers, the OMNISEC REVEAL was used with a refractometer, 796 

UV detector, dual-angle light scattering detector, and a capillary viscometer. Luminal contents were 0.45-µm 797 

filtered as described above, then diluted 10-fold in the running buffer (1x PBS with 0.02% sodium azide) before 798 

injection into the system. Prior to injection, samples were kept on the autosampler at 4 °C. 799 

Synthesis of PEG-coated particles. We amended a previously published protocol (3) to synthesize PEG-coated 800 

particles; briefly, 2 mL of 1-µm fluorescent carboxylic-acid-terminated polystyrene beads (FluoroSpheres, 801 

Invitrogen, Thermo Fisher Scientific) at 2% v/v with 2 mM NaN3 were rinsed at 3900g for 40 min using a 802 

centrifugal filter (Millipore Amicon Ultra-4 mL 100 K MWCO). Particles were removed from the filter using 4 803 

mL of a solution of 15 mg/mL 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich) and 15 804 

mg/mL N-hydrosuccinimide (NHS, Aldrich), an excess concentration of NH2-PEG-OMe (5 kDa, Creative 805 

PEGworks, Chapel Hill, NC, USA) in 1 mL increments using 100 mM borate buffer, pH 8.4. By an excess 806 

concentration of NH2-PEG-OMe we mean ten-fold the concentration of PEG required to enter the polymer 807 

brush regime (see “Estimation of coverage and length of grafted PEG layer” section for details of calculation). 808 

This solution was tumbled on a rotary tumbler for 4 h at room temperature in a 15 mL falcon tube. Particles 809 

were washed three times to remove starting materials with 4 mL Milli-Q water in a centrifugal filter and re-810 

suspended in 2 mL in Milli-Q water. 811 

Synthesis of PEG-coated particles with “backfill.” 12 mL of 1-µm fluorescent carboxylic-acid-terminated 812 

polystyrene beads at 2% v/v with 2 mM NaN3 (FluoroSpheres 1-µm; 505/515, Invitrogen) were centrifuged to a 813 

pellet at 12,000g for 10 min. Beads were pelleted and rinsed three times with Milli-Q water. To the final pellet 814 
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of particles, 12 mL of a solution of 6 mM EDC (10 mg/mL; Sigma-Aldrich) and 5 mM Sulfo-NHS (1.08 815 

mg/mL, ThermoFisher), with 50x excess of the number of chains needed to enter the brush regime (see 816 

“Estimation of coverage and length of grafted PEG layer” for details of calculation) of NH2-PEG-OMe (mPEG-817 

Amine 2kDa; mPEG-Amine 5kDa; Creative PEGWorks) in 10x PBS, pH 7.4 (100 mM), was added. This 818 

solution was tumbled on a rotary tumbler for 4 h at room temperature. Tubes were vented every 30 min to 819 

release gas produced by the reaction. Particles were then pelleted and rinsed three times with Milli-Q water. The 820 

12 mL sample was divided into four 3 mL aliquots for the remaining conditions. For condition without backfill, 821 

beads were quenched with 50 mM Tris pH 7.4 overnight at room temperature with slow tilt rotation prepared 822 

from 10x Tris-buffered saline with Tween 20, pH 7.5 (Sigma-Aldrich). For particles with backfill, the 3-mL 823 

aliquot was re-suspended in with 50x excess of the number of chains needed to enter the brush regime (see 824 

“Estimation of coverage and length of grafted PEG layer” for details of calculation) of NH2-PEG-OMe (mPEG-825 

Amine 350; mPEG-Amine 1 kDa; mPEG-Amine 5kDa, Creative PEGWorks) in 100 mM PBS, pH 7.4 826 

containing 6 mM EDC and 5 mM Sulfo-NHS for 4 h before quenching overnight with 50 mM TRIS buffered 827 

Saline with Tween 20, pH 7.5. All beads were washed three times with Milli-Q water before suspending in 3 828 

mL sterile filtered PBS, pH7.4 with 1% BSA for storage. 829 

NMR of PEG-coated particles with “backfill.” We took 400 µl of 2% w/v samples and lyophilized (~8 mg), 830 

then dissolved in deuterated chloroform (Cambridge Isotope Laboratories, Tewksbury, MA, USA) with 0.01% 831 

tetramethylsilane (Aldrich) immediately before measurement. Data were collected on a Varian Innova 600 MHz 832 

spectrometer without spinning, using a 45o pulse width and 1 sec relaxation delay between scans. The 833 

concentration of PEG in each sample was determined by integrating the singlet at 3.64 pm and normalizing the 834 

integral to TMS internal standard at 0.0 ppm. 835 

Zeta potential measurements on PEG-coated particles with “backfill.” Each particle solution was 0.1 836 

mg/mL of particles in 1 mM KCl. Measurements were done on a Brookhaven NanoBrook ZetaPALS Potential 837 
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Analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). Three trials were done where each trial 838 

was 10 runs each and each run was 10 cycles. Values reported are the average zeta potential for the 30 runs. 839 

Estimate of Weissenberg number for small intestine. The Weissenberg number (Wi), which weighs the 840 

relative contributions of elastic and viscous forces, can be written as (108): 841 

	 . 12  842 

Where  is the shear rate (in  and λ is the fluid relaxation time (in s). The shear rate in the human small 843 

intestine during peristaltic contractions has been estimated as 	~	29	  (109). For dilute aqueous polymeric 844 

solutions of polyacrylamide with MWs ranging from 104 to 107 Da, it has been found that 0.009 to 0.45 s, 845 

with the relaxation time increasing with MW as 	 	 / (110). Using these values, we can estimate the 846 

Weissenberg number to be Wi ~ 0.3 to 10. 847 
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