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Experimental: 

The potential of hydrogels to interact with water molecules was evaluated by water content 

measurement. So, the dried hydrogels were weighted (Wi), and after incubation of samples in 30 

ml of the PBS solution at 37±0.5 °C, the wet weight (Ww) was measured at a pre-determined time 

(6, 12, and 24 hours). Finally, the water content of hydrogels was then calculated using Eq. 1 [1]: 

Water content (%) = [swelling / (swelling+1)]*100     (1) 

 

Results: 

 Water content 

As indicated in Fig. S1, MS1 hydrogels show low storage modulus compared with other 

experimental groups. Herein, MS2 and MS3 gels indicated about 80 times higher stability than 

MS1. Although MS2 hydrogels indicated higher storage modulus in low strain than MS3, a larger 

linear viscoelastic region in MS3 hydrogels presented higher structural integrity. The stable 

performance of MS3 hydrogels with high storage modulus and stiffness may arise from binding 

energy, as was observed in other literature [2–5]. Besides, the higher potential of MS3 hydrogels 

to produce thermal energy (affected by the concentration of sodium humate and exposure time) 

and promoting cross-linking should not be ignored.  
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(Fig. S1) Water content of MS1, MS2, and MS3 hydrogels. 

 

Table S1: Physical properties of synthesized hydrogels. 

Sample code 

A 24-hour 

swelling ratio 

(%) 

A 24-hour 

PBS content 

(%) 

A 15-day 

biodegradation ratio 

(%) 

MS1 134.29±3.71 99.26±0.02 35.08±1.72 

MS2 128.08±2.82 99.22±0.01 30.31±1.26 

MS3 124.28±2.17 99.19±0.01 26.25±1.12 
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 Release  

The release data are fitted in mathematical models to indicate the release kinetics and 

mechanism. According to the correlation coefficient (R2) value, the best release model is selected 

for cisplatin release from MS1, MS2, and MS3 hydrogel. The mathematical kinetics models of 

zero-order, first-order [6], Weibull [7], Higuchi [8], Hixson–Crowell [9], and Korsmeyer–Peppas 

[10]. (Eqs. 1-6) are used for the release data fitting: 

Zero-order:    tkMM 00t                 (1) 

First-order:    
2.303
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MlogMlog 1

0t      (2) 

Weibull:    )taexp(1
M

M bt 


     (3) 

Higuchi:    tkM Ht        (4) 

Hixson-Crowell:   tk)(w-)(w HC

31

t
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0      (5) 
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n

KP
t tk

M

M




      (6) 

Where M0, Mt, and M∞ represent the drug released amount at time zero, t, and infinity, 

respectively; t represents release time. In the Hixson-Crowell model, w0 and wt represent the drug 

weight at time zero and t, respectively. The k0, k1, kH, kHC, and kKP are the release kinetic constants 

in zero-order, first-order, the Higuchi, Hixson–Crowell, and Korsmeyer-Peppas models, 

respectively. In the Weibull model, a and b variables are constants. In the Korsmeyer-Peppas, the 

n variable is the release exponent, indicating the drug's release mechanism. The results of the fitting 

are summarized in Table S2.  



5 
 

The results indicate that the relevant data are well fitted to the Korsmeyer-Peppas model. So, 

the release exponent in Korsmeyer–Peppas model is calculated. Accordingly, the value of release 

exponent explore the release mechanism since n = 0.5, 0.5 < n < 1, n = 1 and n > 1 representing 

Fickian diffusion, anomalous (non-Fickian) diffusion (i.e. by both diffusion and erosion [11]), case 

II transport (zero-order (time-independent) release) and super case II transport, respectively [10]. 

Accordingly, due to the values of release exponent in the Korsmeyer-Peppas model, which are 

obtained between 0.5 and 1, the anomalous (non-Fickian) diffusion is the mechanism of cisplatin 

release from MS1, MS2, and MS3 hydrogels. The results are summarized in Table S3. According 

to the cisplatin release mechanism from MS1, MS2, and MS3 hydrogels, which is accompanied 

by diffusion and erosion processes; the Kopcha release model is used to explore the exact 

contribution of diffusion and erosion using the Eq. 7 [12]: 

BttAM t            (7) 

Where t represents the release time; A and B represent the diffusion and erosion terms, 

respectively. The contribution of diffusion and erosion in the release mechanism is demonstrated 

by A to B ratio. The contribution ratio is shown in forms of A/B=1, A/B>1, and A/B<1, describing 

as equal contribution between diffusion and erosion, the diffusion predominates over erosion, and 

the erosion predominates over diffusion, respectively [9–11,13]. The obtained parameters of the 

Kopcha release model are summarized in Table S3. According to the results, the non-Fickian 

process occurred for the cisplatin release from MS1, MS2, and MS3 hydrogels. Also, the Kopcha 

release model parameters show no lag time and an explosion in the release mechanism since the 

values of the A parameter are not obtained significantly negative or positive. Moreover, the A/B 

parameter indicates that erosion is predominant over diffusion for cisplatin release from MS1 and 

MS2 hydrogels. In the case of MS3 hydrogel, diffusion is dominant over erosion.  
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Table S2: The mathematical kinetics models correlation coefficient for cisplatin release from 

MS1, MS2, and MS3 hydrogels. 

Sample 

code 

Zero-

order 

First-

order 

Higuch

i 

Hixson-

Crowell 

Weibull 

Korsmeyer-

Peppas 

R2 R2 R2 R2 R2 R2 

MS1 0.85 0.89 0.92 0.89 0.89 0.98 

MS2 0.84 0.91 0.94 0.88 0.91 0.98 

MS3 0.88 0.86 0.95 0.88 0.88 0.97 

 

Table S3: The release exponent parameter and Kopcha release model parameters for cisplatin 

release from MS1, MS2, and MS3 hydrogels. 

Sample code 

Korsmeyer-Peppas Kopcha 

n R2 A(µg hour-1/2) B(µg hour-1) A/B(hour1/2) 

MS1 0.72 0.97 0.07 0.12 0.58 

MS2 0.69 0.98 0.11 0.13 0.85 

MS3 0.75 0.98 0.18 0.16 1.13 

 

 

 

 

 



7 
 

 Protein interaction 

Herein, the interaction mechanism of the MS2 hydrogel with the model proteins is investigated 

using the intrinsic fluorescence changes. As shown in Fig S2, the intrinsic fluorescence intensities 

of HSA and HB are regularly decreased with each addition of MS2 hydrogel at 25°C and 37 °C. 

Hence, to indicate the mechanism of quenching, the Stern-Volmer equation (Eq. 8) is used as 

follows:  

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄] = 1 + 𝑘𝑞𝜏0[𝑄]        (8) 

Where F0, F, KSV, kq, τ0, and [Q] are the fluorescence intensity in the absence of quencher, the 

fluorescence intensity in the presence of quencher, the Stern-Volmer quenching constant, the 

biomolecular quenching rate constant, the average lifetime of the fluorophore (here Trp) in the 

absence of quencher, and concentration of quencher, respectively.  
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(Fig. S2) Fluorescence emission spectra changes of HB and HSA by MS2 hydrogel. A and B 

show the fluorescence quenching of HB (6 µM) in the presence of MS2 hydrogel (0-70 µM) at 

25 and 37 °C, respectively. C and D show the fluorescence quenching of HSA (6 µM) in the 

presence of MS2 hydrogel (0-70 µM) at 25 and 37 °C, respectively. 

 

The quenching mode is a combination of static and dynamic since the Stern-Volmer plot for 

both proteins is non-linear at 25 and 37 °C (Fig. S3 (A, B)). The graphs have upward curvature 

revealing that one quenching mechanism is dominated during complex formation [14]. Besides, it 

means rising temperature drives the quenching mechanism toward the dynamic. Nevertheless, it 

shows that the complex formation between the hydrogel and the model proteins is unstable with 
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increasing temperature. The slope deviation of graphs demonstrates that hydrogel interacts with 

the model proteins differently, which leads to the distinct complex stability for HSA and HB. It is 

caused by the chemical structure of the hydrogel and the model proteins' surface complementary 

properties with the hydrogel. There is an insight that the hydrogel has complementary features 

with the surface of the model proteins as the critical proteins of blood in terms of biocompatibility 

property and can make a favorable complex to boost the practical goal.  

However, to address the precise contribution of the quenching parameters in the combined 

quenching mechanism according to the positive deviation in the Stern-Volmer plot, the Modified 

Stern-Volmer equation (Eq. 9) is used as follows: 

𝐹0

Δ𝐹
=

𝐹0

𝐹0−𝐹
=

1

𝑓𝑎𝐾𝑆𝑉

1

[𝑄]
+

1

𝑓𝑎
      (9) 

In this regard, fa is the fraction of accessible fluorophores [15]. The results are shown in Fig. 

S3 (C, D) and Table S4. The fa is 0.97 and 0.59 for the HSA-hydrogel complex at 25 and 37 °C, 

respectively. It reveals that owing to HSA conformational changes, fewer Tryptophan residues are 

accessible for the hydrogel with increasing temperature. The hydrogel accessibility to β-Trp37 

rises from 0.91 to 0.98 for the HB-hydrogel complex at 25 and 37 °C, respectively. It demonstrates 

that more fluorophores are exposed to the hydrogel due to HB conformational changes. It suggests 

that the hydrogel chemical structure changes the tryptophan residue location in the model proteins 

structure. Thus, the findings are coherent with the Stern-Volmer plot according to the different 

complex formations due to the hydrogel chemical structure and the surface properties of the model 

proteins. 
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(Fig. S3) A and B indicate the Stern-Volmer plot of MS2 hydrogel interaction with HB and HSA 

at different temperatures, respectively. C and D show the modified Stern-Volmer plot of MS2 

hydrogel interaction with HB and HSA, respectively.  

 

The constant KSV in all cases increases with rising temperature. The obtained values rate 

changes are due to the model proteins' conformational alterations through complex formation with 

the hydrogel, leading to the compensating effects of dynamic quenching and static quenching on 

each other. The findings fully correspond with the Stern-Volmer plots, demonstrating that dynamic 

quenching contribution increases slightly with increasing temperature. Nonetheless, according to 

the compensatory behavior of the quenching mechanism and alterations in fa and KSV, the 

biomolecular quenching rate constant determines the interaction mechanism. The obtained values 

of constant kq are more than the maximum diffusion rate of molecules (2×1010 M-1s-1) in the 
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hydrogel interaction with the model proteins at 25 and 37 °C (Table S4). It elucidates that static 

quenching is dominant in the quenching mechanism. Therefore, a complex is formed between the 

hydrogel and the model proteins, which rising temperature causes complex instability. 

 

Table S4: Quenching parameters for the hydrogel interaction with the model proteins. 

Protein Temperature (°C) fa 

Ksv 

(×106 M-1) 

kq 

(×1012 M-1s-1) 

HSA 

25 0.97 0.031 3.1 

37 0.59 0.032 3.2 

Hb 

25 0.91 0.021 2.1 

37 0.98 0.027 2.7 
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