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Supporting Text S1 

The deformability of the Tetra-PEG gels was estimated based on their prepolymer 

conditions. Under the affine deformation assumption where the macroscopic and microscopic 

deformations are coupled, the theoretical maximum uniaxial swelling ratio, 𝜆max, is considered to 

be equal to 𝑅max/𝑅0, where 𝑅0 and 𝑅max are the average end-to-end distance of the unperturbed 

Tetra-PEG network strands and the average contour length of the strands, respectively. 𝑅0 is 

estimated from the end-to-end distance of the Tetra-PEG gel prepared from the prepolymer 

solution at C*. At this overlapping concentration, the number density of prepolymers in the Tetra-

PEG gel precursors, 𝑑, was calculated by the following equation; 

𝑑 =
𝐶∗𝑁A

𝑀w

.                                             (Equation S1) 

Here, 𝑁A is Avogadro’s constant. The value of C* is 75 g L-1 (10 k) and 40 g L-1 (20 k). 

Assuming that prepolymers form a diamond-like lattice in the as-prepared Tetra-PEG gels[18], the 

average end-to-end distance between the neighborhood cross-linking points in the as-prepared 

Tetra-PEG gels, 𝑅0, is written as the following equation; 

𝑅0 =
3

2
𝑑−

1
3 =

3

2
(

𝐶∗𝑁A

𝑀w

)
−

1
3

.                (Equation S2) 

Next, under the assumption that PEG strands have all-trans conformation near their 

stretching limit, the average contour length of the Tetra-PEG network strands, 𝑅max, was 

calculated by the following equation,  

𝑅max = 𝑁(𝑟1 + 𝑟2) sin (
𝜃

2
).                          (Equation S3) 

Here, 𝑁 is the average polymerization degree of the PEG strands (112 for 10k and 224 for 20k), 

𝑟1 and 𝑟2 are the bond lengths of C-C (0.154 nm) and C-O (0.143 nm), respectively, and 𝜃 is the 

bond angle (109.5°). In this calculation, r and 𝜃 are supposed to be constant regardless of the 

deformation ratio of the strands. From these values, 𝜆max = 𝑅max/𝑅0 was approximately 

estimated as 9.2 (10k) and 10 (20k). 

  



 

 

3 

 

Supporting Text S2 

Volume fraction of each component in the gels, 𝜑, was estimated. We measured the 

volume swelling ratio Q, total polymer weight fraction 𝑊 
polymer, and density 𝜌 of all the gels as 

the basic data. The superscript and subscript on these variables indicate the target component 

and the state of the gel, respectively. We also use the literature values of the density of each 

component (for polymers, density of the dried one); 𝜌PNaAMPS=1.739 ± 0.3, and 𝜌PAAm=1.437 ±
0.2, and 𝜌PEG=1.12 g cm−3.[49, 50]  

We first estimated the weight fraction of each component and then converted it into 

the volume fraction. For the swollen Tetra-PEG gel, which is a PEG/water bi-component system, 

its total polymer fraction is equal to its PEG fraction. Thus, 𝑊swollen T−PEG gels
PEG = 𝑊swollen T−PEG gels

polymer
. 

Based on this value, 𝜑swollen T−PEG gels
PEG  is 

𝜑swollen T−PEG gels
PEG =

𝑊swollen T−PEG gels
PEG

𝜌polymer

𝑊swollen T−PEG gels
PEG

𝜌PEG +
1 − 𝑊swollen T−PEG gels

PEG

𝜌water

. (Equation S4) 

The St1 gel is the PEG/PNaAMPS/water tri-component system prepared by 

introducing PAMPS in the swollen Tetra-PEG gel. Throughout the process, the gross mass of the 

Tetra-PEG network in the swollen St gels does not change. Thus, 𝑊swollen St1 gels
T−PEG  was calculated 

as. 

𝑊swollen St1 gels
T−PEG = 𝑊swollen T−PEG gels

T−PEG
𝜌swollen T−PEG gels𝑄swollen T−PEG gels

𝜌swollen St1 gels𝑄swollen St1 gels

. (Equation S5) 

Thus, 𝑊swollen St1 gels
PNaAMPS  and 𝜑swollen St1 gels

PNaAMPS  can be obtained as 

𝑊swollen St1 gels
PNaAMPS = 𝑊

swollen St1gels

polymer
− 𝑊swollen St1 gels

T−PEG  ,                                    (Equation S6) 

𝜑swollen St1 gels
PNaAMPS

=

𝑊swollen St1 gels
PNaAMPS

𝜌PNaAMPS

𝑊swollen St1 gels
PEG

𝜌PEG +
𝑊swollen St1 gels

PNaAMPS

𝜌PNaAMPS +
1 − 𝑊swollen St1 gels

PEG − 𝑊swollen St1 gels
PNaAMPS

𝜌water

. (Equation S7) 

On the other hand, 𝜑swollen St1 gels
PEG  was estimated from 𝜑swollen T−PEG gels

PEG  and the volume swelling 

ratios as 

𝜑swollen St1 gels
PEG = 𝜑swollen T−PEG gels

PEG
𝑄swollen T−PEG gels

𝑄swollen St1 gels

.                            (Equation S8) 

The volume fraction of each component in the St2 and St3 gels was obtained using the 

same strategy. That is, the volume fraction of an existing component was estimated from the 

volume fraction obtained in the previous step and the volume swelling ratio from the previous 

step. For the newly added component, its weight fraction was first obtained from the weight 

fractions of the other components and then converted to the volume fraction. As examples, for the 

swollen St2 gels, volume fractions of PEG and PNaAMPS (existing components) were given by 
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𝜑swollen St2 gels
PEG = 𝜑swollen St1 gels

PEG
𝑄swollen St1 gels

𝑄swollen St2 gels

,          (Equation S9) 

𝜑swollen St2 gels
PNaAMPS = 𝜑swollen St1 gels

PNaAMPS
𝑄swollen St1 gels

𝑄swollen St2 gels

.          (Equation S10) 

Subsequently, the volume fraction of PAAm (newly added component) was estimated from its 

weight fraction; 

𝑊swollen St2 gels
PAAm = 𝑊

swollen St2gels

polymer
− 𝑊swollen St2 gels

PEG − 𝑊swollen St2 gels
PNaAMPS , (Equation S11) 

where 𝑊swollen St2 gels
PEG  and 𝑊swollen St2 gels

PNaAMPS  were estimated like Equation S5. 𝜑swollen St2 gels
PAAm  was 

estimated from 𝑊swollen St2 gels
PAAm  like Equation S7. 
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Supporting Text S3 

The method to calculate osmotic pressure (𝜋os) is described. The osmotic pressure of a 

gel is separable into the mixing contribution, 𝜋mix, which is based on the free energy of mixing of 

the network strands and solvent, and the ionic contribution (for ionic polymers), 𝜋ion, which 

originates from the difference of the mobile ion concentration between inside and outside the 

gel.[51, 52] As mentioned in the main text, 𝜋el and 𝜋os = 𝜋mix + 𝜋ion of a gel are balanced at the 

equilibrium swelling state; 

𝜋el = 𝜋mix + 𝜋ion.                (Equation S12) 

Following the previous reports, 𝜋el was estimated from the Young’s modulus, E, [35, 53] 

𝜋el ≅ −𝐺 = −𝐸/3.               (Equation S13) 

Here, 𝐺 is the shear modulus. 

𝜋mix is determined by using the Flory-Huggins lattice model. Assuming no volume 

change upon mixing of a polymer network, molecular stents, and solvent, the change in 

Helmholtz’s free energy through mixing 3 polymers and 1 solvent is written as follows;[54] 

∆𝐹mix

𝑛𝑘𝑇
=

𝜑1

𝑁1

ln𝜑1 +
𝜑2

𝑁2

ln𝜑2 +
𝜑3

𝑁3

ln𝜑3 + 𝜑𝑠ln𝜑𝑠 + 𝜒12𝜑1𝜑2 + 𝜒13𝜑1𝜑3 + 𝜒23𝜑2𝜑3 + 𝜒1𝑠𝜑1𝜑𝑠

+ 𝜒2𝑠𝜑2𝜑𝑠 + 𝜒3𝑠𝜑3𝜑𝑠.        (Equation S14) 

In the equation, 𝑛 is the total number of lattices in the system, which relates to the total volume 

of the system, V, as 𝑉 = 𝑛𝑣s. The volume of lattice, 𝑣s, was set to that of water molecule, 𝑣s ≈
3 × 10−29 m−3.[55] 𝑁i is the number of the lattice occupied by single molecule of 𝑖, 𝜑i is the 

volume fraction of 𝑖, 𝜒ij is Flory interaction parameter between 𝑖 and 𝑗 components, where 𝑖, 𝑗 =

1, 2, 3, and 𝑠 indicate Tetra-PEG, PNaAMPS, PAAm and water molecules, respectively. 

Assuming enough large polymerization degree of the polymers, 𝑁1,2,3 can be assumed to be 

infinite. Thus, the equation S14 can be simplified as 

∆𝐹𝑚𝑖𝑥

𝑛𝑘𝑇
≅ 𝜑𝑠ln𝜑𝑠 + 𝜒12𝜑1𝜑2 + 𝜒13𝜑1𝜑3 + 𝜒23𝜑2𝜑3 + 𝜒1𝑠𝜑1𝜑𝑠 + 𝜒2𝑠𝜑2𝜑𝑠

+ 𝜒3𝑠𝜑3𝜑𝑠.                                                             (Equation S15) 

𝜋mix can be calculated by differentiating ∆𝐹mix with respect to 𝑉. Volume change of the system 

occurs through migration of water molecules. Thus,  

𝑑𝑉 = 𝑣s𝑑𝑛s,                                                                 (Equation S16) 

𝑛s is the total number of lattices occupied by water molecules. 𝜋mix is given by 

𝜋mix = −
1

𝑣s

𝜕𝐹mix

𝜕𝑛s

≅ −
𝑘𝑇

𝑣s

{ln𝜑s + 𝜑1 + 𝜑2+𝜑3 − 𝜒12𝜑1𝜑2 − 𝜒13𝜑1𝜑3 − 𝜒23𝜑2𝜑3 + 𝜒1s𝜑1(1 − 𝜑s)

+ 𝜒2s𝜑2(1 − 𝜑s) + 𝜒3s𝜑3(1 − 𝜑s)}.   (Equation S17) 

For the estimation of 𝜋ion, we assume that only the concentration difference of mobile ions 

contributes to 𝜋ion and the other contributions such as the effect of repulsion of the fixed ions 

are ignorable.[56, 57] Under this assumption, 𝜋ion of the St gels immersed in pure water, 



 

 

6 

 

originating from the introduced PNaAMPS as the molecular stent, can be calculated by the 

following equation;[35] 

𝜋ion ≅ 𝑘𝑇
𝛼𝜑1

𝑣1

.                                                                (Equation S18) 

Here, 𝛼 is the ratio of mobile counterions to the total PNaAMPS concentration, and v1 is the 

volume of the monomer unit of PNaAMPS. The value of 𝛼 can be estimated from the Donnan 

potential measurement of the St1 gel immersed into the dilute salt aqueous solution with the 

following equation;[47, 48]  

𝛼 =
𝐶s

𝑒
𝑧𝐹Φ
𝑅𝑇 𝐶g

.                                                                     (Equation S19) 

Here, 𝑧, 𝐹, 𝑅, 𝑎𝑛𝑑 𝑇 are the valence of the mobile ion in consideration, the Faraday constant, the 

gas constant, and the absolute temperature, where the value are 𝑧 = 1, 𝐹 = 9.65 × 104 C/mol, 
𝑅 = 8.31 J/mol ∙ K, and 𝑇 = 298 K, respectively. 𝐶s is the monovalent salt concentration of 

outside solution of the gels, 𝛷 is the Donnan potential between the outside solution and the 

gels, and 𝐶g is the total counterion concentration inside the St1 gels. Under the experimental 

condition of 𝐶s = 10−4 M (NaCl) and  𝐶g = 0.0213 M, 𝛷 was measured as −96.5 mV with the 

microelectrode technique. From the above values, 𝛼 was estimated as 0.201. 

Finally, we obtained the following equation. 

𝜋os = 𝜋mix + 𝜋ion = −
𝐸

3

≅ −
𝑘𝑇

𝑣s

{ln𝜑s + 𝜑1 + 𝜑2+𝜑3 − 𝜒12𝜑1𝜑2 − 𝜒13𝜑1𝜑3 − 𝜒23𝜑2𝜑3 + 𝜒1s𝜑1(1 − 𝜑s)

+ 𝜒2s𝜑2(1 − 𝜑s) + 𝜒3s𝜑3(1 − 𝜑s)}

+ 𝑘𝑇
𝛼𝜑1

𝑣1

.                                                                   (Equation S20) 
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Figure S1 

 

Figure S1. Uniaxial swelling ratio of the swollen St2 gels with different molecular stents. The black circles 

correspond to the data of the swollen St2 gels with ionic PNaAMPS as the 1st and 2nd molecular stents, and the red circles 

correspond to those of the swollen St2 gels with ionic PNaAMPS as the 1st molecular stent and nonionic PAAm as the 2nd 

molecular stent. Prepolymers conditions of the Tetra-PEG gels in the fabrication process are 10 k, C*, 20 k, C* , 

respectively. 
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Figure S2 

 

Figure S2. Pictures of the stained St2 gels. (A) surface, (B) cross-section of the gels. Prepolymers conditions of the 

Tetra-PEG gels in the fabrication process are 10 k, C*, 20 k, C* , respectively. The gels were immersed in methylene blue 

aqueous solution to stain PNaAMPS inside the gels. Homogeneous staining suggests uniform distribution of PNaAMPS 

(molecular stent) throughout the gels. 
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Figure S3 

 

Figure S3. Swelling behavior of the Tetra-PEG gels and the corresponding St gels. (A–C) Mw:10 k, (A) 0.86 C*, (B) 

1,26 C*, (C) 1.4 C*, and (D–F) Mw:20 k, (D) 0.75 C*, (E) 1.5 C*, (F) 2.0 C*. From the left is as-prepared Tetra-PEG, 

swollen Tetra-PEG, St1, and St2 gels. Regardless of prepolymers conditions, the St gels showed excess swelling 

behavior. Also, 𝜆s of the St2 gels increased with the decrease of prepolymer concentration. 
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Figure S4 

 

Figure S4. Uniaxial swelling ratio 𝝀𝐬 of the Tetra-PEG gels and corresponding St1 and St2 gels with various 

prepolymer concentration. (A) Mw: 10 k and (B) Mw: 20 k, respectively. Black and red dotted lines show the theoretical 

uniaxial swelling limit for 10 k and 20 k, respectively. 
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Figure S5 

 

Figure S5. Relationship between elastic modulus of the as-prepared Tetra-PEG gels, 𝑬𝟎, and their prepolymer 

concentration. 𝐸0 of the as-prepared Tetra-PEG gels increased with increasing prepolymer concentration, regardless of 

Mw of prepolymers. 
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Figure S6 

 

Figure S6. Normalized elastic modulus, E/E0, of the Tetra-PEG and St gels as a function of each their uniaxial 

swelling ratio, 𝝀𝐬 with various prepolymer concentration. (A) Mw: 10 k and (B) Mw: 20 k, respectively. The error bar 

represents mean±SD (𝑁 = 3). 
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Figure S7 

 

Figure S7. Relationship between uniaxial swelling ratio and storage elastic energy per a PEG network strand. 

Storage elastic energy per a PEG network strand of the Tetra-PEG gels and corresponding St gels, U, are plotted; (A) 10 

k, (B) 20 k, respectively. Blue dotted line shows the line with a slope of 2, which is the ideal slope of gels whose end-to-

end distance distribution of the network strands obeys the Gaussian statistics. 
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Figure S8 

 

Figure S8. Pictures of the St3 gels before and after immersion in water. (A, B) Mw: 10k, (C, D) Mw: 20k and (A, C) 

before immersion, (B, D) 24 hours later. The picture of the swollen St3 gel (20k, C*) could not be taken because of the 

handling problem of the gel. The entanglement of oozed molecular stents suppresses the spontaneous fragmentation of 

the St3 gels. 
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Figure S9 

 

Figure S9. Microgels as the degradation products of the St3 gels. (A–D) Low magnification, (E–H) high magnification 

pictures, (A), (B), (E), (F) Mw: 10 k, and (C), (D), (G), (H) Mw: 20 k. Prepolymer concentration is noted at the top of each 

figure. 
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Figure S10 

 

Figure S10. Relationship between the estimated osmotic pressure and elastic pressure. Osmotic pressure (𝜋os =

𝜋mix + 𝜋ion) of the Tetra-PEG gels were theoretically estimated and plotted against their measured elastic pressure (𝜋el); 

(A) Mw: 10 k, (B) Mw: 20 k. The dotted line shows the ideal osmotic pressure of a gel at swelling equilibrium, derived from 

Eq.1 in the main text. For the estimation of 𝜋mix, the best fitting parameters for 𝜒12 and 𝜒13 are used to minimize the 

values of (𝜋mix + 𝜋ion + 𝜋el)
2. The estimated 𝜋os is almost consistent with the ideal value.  
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Movie S1 (separate file) 

Swelling and disintegration process of the St3 gels in water. The movie was made from pictures 

taken every 30 seconds. 
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Materials and Methods 

Fabrication of the Tetra-PEG gels: The tetra-PEG gels were synthesized by the 

cross-end coupling reaction of their prepolymers. Tetra amine-terminated PEG (NOF corporation) 

(PA-PEG) were dissolved into phosphate buffer (pH: 7.4), and Tetra-NHS-terminated PEG (NOF 

corporation) (HS-PEG) were dissolved into citrate phosphate buffer (pH: 5.8). Average molecular 

weight of each prepolymer is 10k: 10,000 g mol−1 or 20k: 20,000 g mol−1. In the case of Mw=10k, 

each prepolymer concentration relative to the overlapping concentration C* (75 g L-1) was set to 

0.86 C*, C*, 1.26 C*, or 1.4 C*. In the case of Mw=20k, the prepolymer concentration relative to 

C* (40 g L-1) was 0.75 C*, C* (40 g L-1), 1.5 C*, or 2 C*. The two prepolymer solutions were mixed 

and injected into the glass mold by a plastic syringe with a filter membrane, where the rectangular 

glass mold was made of two glass plates and a 0.5 or 3.0 mm-thick silicone rubber flame with 

80 × 80 mm2 inner area.  Glass molds filled with the mixed prepolymers solution were wrapped 

and left for 24 hours at room temperature to complete the reaction. Some of the obtained Tetra-

PEG gels were wrapped and stored at 5 ℃. The rest were immersed in water for 24 hours to 

prepare the equilibrium swollen Tetra-PEG gels. 

Fabrication of St gels: St gels were prepared by introduction of ionic or nonionic 

molecular stents. The ionic St precursor solution for the 1st and 3rd molecular stents was prepared 

by dissolving 2 M 2-Acrylamido-2-methylpropanesulfonic acid sodium salt (NaAMPS) (Toa Gosei 

Co., Ltd.) and 40 mM 2-oxoglutaric acid (α-keto) (Wako Pure Chemical Industries, Ltd.) as a 

radical initiator into water. The nonionic St precursor solution for the 2nd molecular stent was 

prepared by dissolving 3 M Acrylamide (AAm) (Wako Pure Chemical Industries, Ltd.) and 60 mM 

α-keto into water. For fabrication of St1 gels, equilibrium swollen Tetra-PEG gels were immersed 

into the ionic St precursor solution for 24 hours, taken out from the solution, sandwiched by a pair 

of glass plates, and then irradiated by UV light (peak wavelength 365 nm) for 6 hours in the glove 

box filled with Ar gas to synthesize linear PNaAMPS (1st molecular stent) inside the Tetra-PEG 

gels. For fabrication of St2 gels, as-prepared St1 gels were immersed into the nonionic precursor 

solution for 24 hours, and PAAm (2nd molecular stent) was synthesized inside the St1 gels with 

the same procedure. For St3 gels, as-prepared St2 gels were immersed into the ionic precursor 

solution again for 24 hours, and PNaAMPS (3rd molecular stent) was synthesized again inside the 

St2 gels with the same procedure. Obtained St1, St2, and St3 gels were stored at 5 ℃ inside 

sealed plastic bags to prevent drying. 

Measurement of uniaxial swelling ratio: As-prepared Tetra-PEG gels, St1 gels, and 

St2 gels were immersed in water for 24 hours to reach the swollen states, considered as the 

equilibrium swelling states. The thickness of the gels was measured by the thickness meter 

(SDA-25, KOBUNSHI KEIKI Co., Ltd.). The uniaxial swelling ratio of a swollen gel, 𝜆s, was 

defined as 

𝜆s =
𝑡

𝑡0

.                                                                                (Equation S21) 

Here, 𝑡 and 𝑡0 are the thickness of a swollen St gel and the corresponding as-prepared Tetra-

PEG gel, respectively. All measurements were performed 3 times at 25⁰C. 

Measurement of moisture content and density of gels: The weight of the wet gel, 

𝑤wet , was measured by the electronic balance (XPE204, Mettler-Toledo International Inc.). Then 

the gel was completely dried at 120 ℃ for 10 hours under the vacuum condition. Weight of the 

dried gel, 𝑤dry ,  was measured by the same equipment immediately after the drying. Moisture 

content,  𝑊 
water, and total polymer weight fraction, 𝑊 

polymer, of the gels were calculated based 

on weights of the gel at wet and dried states as follows; 
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𝑊 
polymer = 𝑤dry/ 𝑤wet,                                                                          (Equation S22)  

𝑊 
water = 1 − 𝑊 

polymer.                                                                         (Equation S23) 

For determination of the density of gels, 𝑤wet was measured in the air and in liquid paraffin 

(FUJIFILM Wako Pure Chemical Corporation Inc.) by using the SHIMADZU analysis balance 
(AUY220, Shimadzu Co.). The density of the wet gels denoted as 𝜌gel was calculated based on 

the Archimedes’ principle; 

𝜌gel = {wwet,air/(wwet,air − wwet,liquid paraffin)} × 𝜌liquid paraffin.    (Equation S24) 

Here, wwet,air and wwet,liquid paraffin are the weights of the gels in the air and in the liquid paraffin, 

respectively, and 𝜌liquid paraffin is the density of the liquid paraffin (0.98 g cm-3). All measurements 

were performed 3 times at 25°C . 

Indentation test: The indentation test was performed to determine Young’s modulus 

of the gels by the universal mechanical tester (Shimadzu Autograph AGX-V, Shimadzu Co.). 

Hemisphere steel indenter (diameter: 0.5 mm) attached to the 10 N load cell was indented with 

the velocity of 0.5 mm min−1 , which was sufficiently low to be able to neglect viscoelasticity but 

sufficiently high not to occur oozing of water from the gels around the dented area.[44] Young’s 

modulus, 𝐸, was calculated based on the following Hertz’s contact theory, which is applicable for 

soft materials at a quite small deformation regime;[45, 46] 

𝐸 =
3𝑓(1 − 𝑣p

2)

4𝑙
3
2𝑅

1
2

,                                                                             (Equation S25) 

where 𝑙 is displacement of indenter, 𝑅 is radius of indenter (0.5 mm), 𝑓 is force, and 𝑣p is 

Poisson’s ratio assumed to be 0.5. 𝐸 was determined based on the 𝑓- 𝑙 relationship at 0< 𝑙 <0.1 

mm. The thickness of the samples was set to more than 2 mm. Under these conditions, the 

modulus of the gels determined by the indentation test matches that determined by the uniaxial 

tensile test.[18] All measurements were performed 4 times at 25°C. 

Swelling test of the St3 gels: As-prepared St3 gels were cut into 10 × 10 mm2 square 

shape by a razor blade. The cut St3 gels were immersed into water at 25°C and left for 24 hours. 

Swelling behavior was captured by taking pictures every 30 seconds with a digital camera (EOS 

kiss X5, Canon Inc.). After 24 hours, the degraded St3 gels with water were gently shaken at ~1 

Hz by a shaker (PIC-100S, As One Co.) for 24 hours. The produced microgels were observed by 

using the stereomicroscopic mode of a polarized optical microscope (ECLIPSE LV 100 POL, 

Nikon Co.). The magnitude of the objective lens was 2 x and 5 x. Microgels in the field were 

captured by a digital camera (DS-Fi3, Nikon Co.).  

Measurement of the Donnan potential of St1 gels: The Donnan potential of the gel 

was measured with the microelectrode technique.[47, 48] The St1 gels were immersed into 10−4 M 

NaCl solution as the reference solution. A glass electrode (diameter: 150 nm) as the working 

electrode was inserted into the St1 gels by a micromanipulator (DMA-1511, NARISHIGE Group) 

at 2 µm/s. The reference carbon electrode was immersed in the reference solution. The 

difference in the electric potential between the working and reference electrodes was measured 

by an oscilloscope equipped with a preamplifier. All measurements were performed 3 times at 

25 ℃. 

 


