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Derivation of the ionic contribution to osmotic pressure due to Donnan partitioning. We 

imagine a negatively charged polyelectrolyte solution with added salt to be in contact with the 

mucus layer. We take the volume of the polyelectrolyte solution (𝑉#) to be much larger than that 

of the mucus layer (𝑉%), which is true in our ex vivo set-up. In our ex vivo experiments, the 

polyelectrolyte solution volume is 𝑉#	~	200	𝜇𝐿, and we can estimate 𝑉% using the average 

thickness of colonic mucus measured in ref. 1 (𝑡	~	70	𝜇𝑚) and the xy dimensions of the explants 

(~1 by 1 cm), which gives 𝑉%	~	7	𝜇𝐿. Therefore, /0
/1
~	30, and we can assume that the salt and 

polyelectrolyte concentrations in the polyelectrolyte solution are unaffected by any partitioning 

of ions into the mucus layer. 

 The total concentration of salt cations in the polyelectrolyte solution from the condition 

of electroneutrality is simply (assuming the counterion of the polyelectrolyte is the same as the 

cation from salt, which is the case in our system): 

𝑐4
5 = 𝑐7 + 𝑝 

(S1) 

Where 𝑐4
5 is the total concentration of salt cations in the polyelectrolyte solution phase, 𝑐7 is the 

salt concentration, and 𝑝 is the charge concentration from the polyelectrolyte backbones. The 

concentration of the salt anions (𝑐:5) is just: 

𝑐:5 = 𝑐7 

(S2) 

This gives an osmotic pressure due to the small ions in the polyelectrolyte solution phase as: 
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Π<=># = 	𝑅𝑇(2𝑐7 + 𝑝) 

(S3) 

where 𝑅 = 𝑁BC=𝑘 is the gas constant.   

Now consider the small ion concentrations in the mucus layer. The mucus network 

contributes a fixed polyelectrolyte charge density of m. Electroneutrality then dictates: 

𝑐4E = 𝑐:E +𝑚 

(S4) 

where 𝑐4E and 𝑐:E are the small cation and small anion concentrations, respectively. Let 𝜓 be the 

potential difference between the mucus layer and the polyelectrolyte solution, then equality of 

electrochemical potential for the small ions entails:2 

𝑒𝜓 + 𝑅𝑇𝑙𝑛𝑐4E = 𝑅𝑇𝑙𝑛𝑐4
5 

(S5) 

−𝑒𝜓 + 𝑅𝑇𝑙𝑛𝑐:E = 𝑅𝑇𝑙𝑛𝑐:5 

(S6) 

Eq S5 and S6 can be combined to give: 

𝑐4E𝑐:E = 𝑐4
5𝑐:5 

(S7) 
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Combining eq S1, S2, S4, and S7 then gives: 

𝑐4E =
1
2 L
M𝑚N + 4𝑐7(𝑐7 + 𝑝) + 𝑚P 

(S8) 

and: 

𝑐:E =
1
2 L
M𝑚N + 4𝑐7(𝑐7 + 𝑝) − 𝑚P 

(S9) 

The osmotic pressure from the small ions in the mucus layer is thus: 

Π<=>E = 𝑅𝑇M𝑚N + 4𝑐7(𝑐7 + 𝑝) 

(S10) 

The osmotic pressure difference between the polyelectrolyte solution and the mucus layer due to 

ions (ΔΠ<=>) is obtained by subtracting eq S10 from eq S3: 

ΔΠ<=> = 𝑅𝑇 L2𝑐7 + 𝑝 − M𝑚N + 4𝑐7(𝑐7 + 𝑝)P 

(S11) 

In the limit of 𝑚 ≪ 𝑐7, the expression simplifies to: 

ΔΠ<=> = 𝑅𝑇 L2𝑐7 + 𝑝 − 2M𝑐7(𝑐7 + 𝑝)P 

(S12) 
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Estimation of the compression modulus for the colonic mucus hydrogel. The simplest model 

for uniaxial deformations of a polymer network can be derived from the “affine network model”, 

which assumes affine deformation of the polymer network. The driving physics behind 

deformations in this model is the entropic elasticity of the chains.3 This model gives the classical 

stress-elongation relation as (also eq 8 in main text): 

𝜎T>U = −𝐺(𝜆 −
1
𝜆N) 

(S13) 

Where 𝜎T>U is the engineering stress or the applied stress on the network (which in this case we 

took to be ΔΠ), G is the compression modulus of the network (in Pa), and 𝜆 is the deformation 

factor. The negative sign in front of G is due to the fact that we are applying a compressive stress. 

In this model, G can be written as: 

𝐺 =
𝜌𝑅𝑇
𝑀Z

 

(S14) 

where 𝜌 is the mass concentration of network strands (𝑘𝑔/𝑚]) and 𝑀Z is the MW of a network 

strand (in 𝑘𝐷𝑎). If we take the MW of a MUC2 network strand to be the MW of the polymer 

between network cross-links (often referred to as a “MUC2 monomer” in the biology literature), 

we can estimate 𝑀Z	~	400 − 600	𝑘𝐷𝑎.4,5 There are not existing literature values for the mass 

concentration of the murine colonic mucus hydrogel, but for porcine gastrointestinal mucus it is: 
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𝜌	~	19 − 30	𝑚𝑔/𝑚𝐿.6,7 Taking the arithmetic mean of these values and inserting them into eq 

S14 yields 𝐺	~	120	𝑃𝑎. We speculate that eq S14 may be lower than the value for G obtained by 

the curve fitting done in Figure 3 because eq S14 assumes that the network strands are non-

interacting. 
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Figure S1. Description of image processing for side-views presented in Figure 2. (A-B) False-

colored confocal fluorescence (A) and confocal reflectance (B) xz side-views presented in Figure 

2B. Brightness and contrast was not enhanced from the original images in either panel. (C) The 

confocal fluorescence image in A but with enhanced brightness and contrast. (D) The confocal 

reflectance image in (B) but with enhanced brightness and contrast. (E) The confocal reflectance 

image from D but with the top part of the image, above the dashed line, removed. Because the 

particles also scatter light, we split the image below the position of the particles, which were 

located in the fluorescence image (shown in C) for clarity. The dashed line in C, D, and E are at 

the exact same z-position (right below the particles). (F) Combination of C and E presented in 

Figure 2B. Scale bars are 30 μm. 
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Figure S2. Compression with carboxymethyl cellulose (CMC) is reversible. Plot of mucus 

thickness over time before and after adding CMC with a degree of substitution of 0.7 to a murine 

colonic explant. The following time-points were taken: Before adding CMC (time = 0 min), 10 

and 25 min after adding CMC (time = 10 and 25 min), and then 10 min to an hour after washing 

the explant three times with 1 mL of ice-cold 1x PBS to remove the CMC from the explant (time 

= 35 to 85 min). Mucus thickness was measured using the “microparticle method” (see Materials 

and Methods) and each data point represents the average thickness measured at 5 points on the 

explant. Error bars are SEM with n = 5. 
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Figure S3. Gel permeation chromatography (GPC) measurements of charged and uncharged 

polymers. Chromatograms of polymers used in the study. Method of detection is right-angle light 

scattering which is plotted on the vertical axis (unitless).  CMC DS 0.9 = carboxymethyl cellulose 

with a degree of substitution of 0.9, USP CMC = U.S.P. grade carboxymethyl cellulose fed to mice 

in Figure 1, CMC DS 0.7 = carboxymethyl cellulose with a degree of substitution of 0.7, HEC = 

hydroxyethyl cellulose. 
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Figure S4. Polymer contribution and ionic contribution to the osmotic pressure. The contributions 

to the osmotic pressure (eq 4) from ionic effects (i.e. Donnan partitioning) which is given by eq 5 

and from the polymer osmotic pressure which is given by eq 6. The polymer osmotic pressure 

(black) is equal for all polymers (both carboxymethyl cellulose [CMC] derivatives and 

hydroxyethyl cellulose [HEC]). There is no ionic contribution for HEC as it is uncharged. Dashed 

line indicates the polymer overlap concentration (𝑐∗), where 𝑐∗ = 0.19	%𝑤/𝑣. “Ionic for CMC 

DS 0.7” is the ionic contribution to the osmotic pressure for carboxymethyl cellulose with a degree 

of substitution of 0.7. “Ionic for CMC DS 0.9” is the ionic contribution to the osmotic pressure for 

CMC with a degree of substitution of 0.9. 
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Table S1: Gel permeation chromatography of polymers in phosphate-buffered saline. 

Sample HEC USP 

CMC 

CMC DS 0.9 CMC DS 0.7 

Mw (kDa) 152 148 150 146 

Mw/Mn 3.17 2.19 2.25 2.10 

Rh (nm) 18.8 20.6 22.2 19.9 

Carboxymethyl cellulose derivatives were analyzed using a refractive index increment (dn/dc) of  

h>
hi
= 0.163.8 Hydroxyethyl cellulose was analyzed using h>

hi
= 0.150.9 HEC = hydroxyethyl 

cellulose, USP CMC = U.S.P. grade carboxymethyl cellulose (fed to mice in Figure 1), CMC DS 

0.9 = carboxymethyl cellulose with a degree of substitution of 0.9, CMC DS 0.7 = carboxymethyl 

cellulose with a degree of substitution of 0.7. Mw = weight-average molecular weight; Mw/Mn = 

the dispersity; Rh = hydrodynamic radius.  

 
 


