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Abstract 30 

 31 

Candidate materials towards soft tissue engineering require anti-fouling materials that 32 

are biocompatible, protein anti-fouling, and mechanically flexible. Conventional 33 

hydrogels having more than 70 wt% water are available to design with these criteria in 34 

mind. However, some of hydrogels are difficulty to apply hydrogels in internal body 35 

organs, because some undesirable proteins absorption on their surfaces. Previously, due 36 

to the lack of an effective method in observing the true charge densities of hydrogels, 37 

the reason why electrostatic interactions dominate protein absorption behavior is still 38 

unclear. In this work, we adopt the microelectrode technique (MET) to study the 39 

electrical potential of hydrogels that having negative, positive and neutral potentials, 40 

and demonstrate the protein absorption behavior on those hydrogels. The results show 41 

that the MET is an effective method to obtain the surface charge densities of various 42 

hydrogels.Furthermore, the amount of proteins absorbed to the gel is quantified by the 43 

charge density of hydrogels. These results indicate that the electrostatic absorption was 44 

quantitatively dominated by a combination of the charge density of hydrogels and the 45 

overall charges of proteins. With the knowledge obtained in this work, the effect of 46 

surface charges in a hydrogel on protein absorption could be well understood, and this 47 

result could be prospective to promote the application of hydrogel in tissue engineering. 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

1. Introduction 58 



Recently, many candidate materials are prepared for tissue engineering 59 

applications, such as fibers1,2, polymer brushes3 and so on. Among them, the studies on 60 

hydrogelsdraw much attention due to their excellent candidate biomaterials for soft 61 

tissue engineering, such as drug delivery4, biosensor platform application5, artificial 62 

skin6 and cartilage7. During the application of those hydrogels into tissue engineering, 63 

undesirable accumulation of proteins on hydrogel surfaces is a serious problem for 64 

neurological pathologies8, molecular symptom of aging9 and implanted device 65 

activities10. Previously, the preparation of anti-fouling materials and coatings have been 66 

conducted for many years in order to solve the proteins accumulation on the surface of 67 

materials. Traditionally, surface modification or coating the gel surface have been used 68 

to reduce protein absorption, such as polyethylene glycol (PEG) based coating11,12, 69 

polymer brush13, tuning surface roughness14, and zwitterionic poly(carboxybetaine 70 

methacrylate) (PCBMA) molecules modified silica hydrogels15. Instead of 71 

modification or coating, antifouling hydrogels has been made and found to prevent 72 

biofouling. The most widely investigated materials come from the PEG family of 73 

molecules16–18, poly(hydroxyethyl methacrylate) (PHEMA) hydrogel19 and poly(vinyl 74 

alcohol) (PVA) hydrogels20. More recently, much effort had gone into the development 75 

of novel protein antifouling materials, for example, charged but electrically neutral 76 

hydrogels, polyampholyte (PA) hydrogels21 and polyzwitterionic hydrogels22, to 77 

prevent the settlement of fouling proteins. In addition, some charged hydrogels, such 78 

as negatively charged hydrogels, also show antifouling behavior to negatively charged 79 

fibrinogen proteins23. 80 

To develop suitable biomaterials for the tissue engineering applications, the 81 

understanding of antifouling behaviors is required. Although it has been proposed that 82 

the general antifouling materials should be electrically neutral, hydrophilic, and possess 83 

hydrogen bond acceptors but not hydrogen bond donors24, antifouling materials having 84 

those three characters were very few. In order to develop absolutely antifouling 85 

materials, both fouling and antifouling behavior should be deeply understood. It is 86 

generally accepted that the surface electric repulsive forces prevent solute deposition 87 

and thus reduce the fouling14. By changing the molar ratios of two oppositely charged 88 



monomers, Liu and Han et al25 found that negatively charged copolymer hydrogels 89 

exhibited relatively low absorption of the negatively charged bovine serum albumin 90 

(BSA) proteins and algae in comparison to the positively charged and neutral double 91 

network (DN) hydrogels. Previously, Gong et al. 26 found that the electrostatic force 92 

dominates the protein diffusion process by accelerating or hindering proteins into the 93 

hydrogel. Meanwhile, John et al. 27 also pointed out that the contribution of electrostatic 94 

effect to protein absorption depends on protein charge, gel charge density, and solution 95 

ionic strength. Similarly, Lyon et al. 28 found that microgels containing high charged 96 

acrylic acid (AAc) groups are capable of loading extremely high concentrations of 97 

proteins, beyond the solubility limit of the protein in aqueous media. All of those studies 98 

infer that the electrostatic interaction dominates the protein diffusion and absorption on 99 

the hydrogel surface. 100 

Measurement of the electrostatic interaction between hydrogels and proteins is the 101 

major criteria to understand the protein absorption. Although the charge densities of 102 

polyelectrolyte gels could be calculated from in-feed monomer concentration, the true 103 

charge density is quite different from the calculation due to the decrease of counterions 104 

activity29. This effect is known as counterions condensation effect30, which describes 105 

that, when the charge density on polyelectrolyte chains is high, the counterions would 106 

be not only distributed in solution but also localized near polymer chain to give a 107 

decreased activity. In this case, the activity coefficient of counterions should be smaller 108 

than 1, which is the reason for being difficult to quantitatively realize the true surface 109 

charge densities of hydrogels by calculating with in-feed monomer concentration. 110 

Finding an experimental technique for the accurate measurement of true surface 111 

charge densities of a hydrogel in microscopic level is a challenge to be taken seriously. 112 

ζ-potential was often used to characterize the charge density of particles8; however, it 113 

is difficult with this method to detect the electric potential of polyelectrolyte hydrogels 114 

due to the leakage of current on the gel surface. For the confirmation our deduction, we 115 

studied the ζ-potential of a polyelectrolyte gel, the measured potential values of strong 116 

polyelectrolyte PAMPS gels were found to be almost zero (Supplementary information, 117 

Fig. S1). Previously, we proposed the microelectrode technique (MET) to quantitatively 118 



detect the electric potential of polyelectrolyte hydrogels31. Thus, by using this method, 119 

the number of true charge densities of hydrogels could be effectively detected and the 120 

role of electrostatic effect in controlling the proteins absorption or repulsion could be 121 

clarified. 122 

To understand the effect of potential or charge densities on protein absorption, 123 

other parameters should be considered at the same time. Even though the electrical 124 

potential of hydrogels could be tuned by varying monomer concentrations or cross-125 

linking densities, the mesh size of hydrogels was changed as well. Generally, the mesh 126 

size of hydrogels is much larger than the hydrodynamic diameter of proteins, so the 127 

absorbed proteins would be distributed not only on the gel surface but also inside the 128 

bulk gel. Technically, it is difficult to separate the effect of mesh size and potential 129 

values of the hydrogel at the same time, because both of them are relevant to the charge 130 

densities of hydrogels. To separate those two effects on protein absorption, the 131 

electrically neutral hydrogels with different mesh sizes were firstly adopted to clarify 132 

the pore size effect, and then the correlation between surface charge densities and the 133 

amount of fouling proteins was further declared. To clarifying the protein absorption 134 

behavior on a gel, the attached proteins, which are adsorbed not only on the surface of 135 

the gel but also inside the bulk gel in 24 hours, was considered in this study. 136 

In this study, the various hydrogels having different charges, such as positive, 137 

negative and neutral, were prepared by using free radical polymerization. Two types of 138 

commonly used proteins, BSA with an isoelectric point of 4.6~5.7 and lysozyme with 139 

an isoelectric point of 11, were also chosen. Firstly, the electrical potentials of 140 

polyelectrolyte gels were detected by the MET. To realize the mesh size of these 141 

hydrogels, Young’s modulus of those as-prepared hydrogels were measured by 142 

compression test, and swelling ratios were used for calculating mesh size at equilibrium. 143 

Secondly, the mesh size effect could be realized by preparing the neutral hydrogels with 144 

different mesh sizes and the polyelectrolyte hydrogels having almost the same electrical 145 

potentials and narrow mesh sizes distribution. Then, the fouling and antifouling 146 

behavior with both BSA and lysozyme proteins were characterized, and the number of 147 

fouling proteins was estimated by Ultraviolet-Visible (UV-Vis) spectroscopy. The 148 



location of absorbed proteins was further clarified by using attenuated total reflection 149 

–Fourier transform infrared spectroscopy (ATR-FTIR) and transmittance electron 150 

microscopy (TEM) observation. As a result, the amount of fouling proteins was was 151 

slightly increased with the enlarging of mesh size of hydrogels. After realizing the effect 152 

of mesh size on protein absorption, we studied the correlation between surface potential 153 

and the amount of fouling proteins. The results show that the charged hydrogels having 154 

oppositive charges of proteins showed better fouling behavior; while the charged 155 

hydrogels having the same charges of proteins showed antifouling performance. 156 

Meanwhile, the amount of absorbed proteins  quantitatively depended on the 157 

measured concentration of counterions. In spite of the distribution of proteins inside the 158 

hydrogels, the fouling properties were found to be dominated by electrostatic 159 

interaction for a 24 hours measurement. This work provides an electrostatic aspect to 160 

realize protein anti-fouling and fouling behavior on positive, negative and neutral 161 

hydrogels, which are crucial for the hydrogels to be utilized in artificial implants. 162 

 163 

2. Materials and methods 164 

2.1 Materials 165 

Anionic monomers, 2-acrylamido-2-methylpropane sulfonic acid sodium salt 166 

(NaAMPS) and sodium p-styrenesulfonate (NaSS) were purchased from Toagosei, Co. 167 

Ltd. and Wako Pure Chemical Industries, Ltd., respectively. Cationic monomer, 168 

acryloyloxyethyl trimethyl ammonium chloride (DMAEA-Q), was purchased from MT 169 

AquaPolymer. Neutral monomers, N,N’-dimethyl acrylamide (DMAAm) and 2-170 

hydroxyethylacrylamide (HEA), were purchased from Junsei Chemical and Toa Gosei, 171 

Co. Ltd., respectively. Zwitterionic monomer, N-(Carboxymethyl)-N,N’-dimethyl-2-172 

(methacryloyloxy)ethanaminium, inner salt (CDME), was a courtesy from Osaka 173 

Organic Chemical Industry, Ltd., Japan and used as received, 2-methacryloyloxyethyl 174 

phosphorylcholine (MPC) was purchased from Sigma Aldrich and used as received. 175 

N,N’-methylenebis(acrylamide) (MBAA, crosslinker), 2-oxoglutaric acid (OA, 176 

initiator), and sodium chloride (NaCl) were purchased from Wako Pure Chemical 177 



Industries, Ltd. All these chemicals were used as received. Albumin, from Bovine 178 

Serum Albumin Cohn Fraction (BSA, min.96%) and lysozyme from egg white were 179 

purchased from Wako Pure Chemical Industries, Ltd. Micro Bicinchoninic Acid (BCA) 180 

protein assay kit (containing Solution A, Solution B, and Solution C) was purchased 181 

from G-Biosciences, USA, and used as received. Phosphotungstic acid and acrylic resin 182 

were purchased from Alfa Aesar and London Resin White, respectively. Deionized 183 

water was obtained by using a Millipore water system, with a minimum resistivity of 184 

18.0 MΩ‧cm. 185 

2.2 Hydrogel preparation 186 

Three kinds of hydrogels, negative polyelectrolyte hydrogels, positive 187 

polyelectrolyte hydrogels, and neutral hydrogels, were synthesized by free radical 188 

polymerization initiated under UV irradiation. A precursor aqueous solution containing 189 

monomers, cross-linker (MBAA), and initiator (OA) was poured into a reaction cell 190 

consisting of two glasses spaced with 2.0 mm silicone rubber. Then, hydrogels were 191 

synthesized by UV irradiation for 8 h under argon atmosphere. 192 

(1) Negative polyelectrolyte gels: PNaAMPS hydrogels were prepared from a precursor 193 

aqueous solution containing monomer (NaAMPS: 1.0, 1.5, 2.0, 2.5, 3.0 M), cross-linker 194 

(MBAA: 4.0 mol% relative to NaAMPS concentration), and initiator (OA: 0.1mol% 195 

relative to NaAMPS concentration). Similar to PNaAMPS hydrogels preparation, the 196 

composition of PNaSS hydrogel was NaSS concentration of 1.0 M, MBAA 197 

concentration of 0.08 M and OA concentration of 0.001 M. 198 

(2) Positive polyelectrolyte gels: PDMAEA-Q hydrogels were prepared from a 199 

precursor aqueous solution containing monomer (DMAEA-Q: 2.0 M), cross-linker 200 

(MBAA: 5, 6, 7, 8, and 9 mol% relative to DMAEA-Q concentration), and initiator 201 

(OA: 0.1 mol% relative to DMAEA-Q concentration). 202 

(3) Neutral hydrogels: PDMAAm, PMPC, PCDME, and PHEA hydrogels were 203 

separately prepared from an aqueous solution containing monomer (2.0 M), cross-204 

linker (MBAA: 4 mol% relative to monomer concentration), initiator (0.1 mol% 205 

relative to monomer concentration). Similarly, polyampholyte hydrogel was prepared 206 

by one step polymerization. An optimized composition with a total monomer 207 



concentration CM of 2.5 M, a molar ratio of NaSS/DMAEA-Q = 0.52/0.48, and 0.1 mol% 208 

MBAA and OA relative to CM was used.32 209 

The chemical structures of polymers in those synthesized hydrogels were shown 210 

in Fig. 1. To completely remove the residual chemicals, all of those as-prepared 211 

hydrogels were immersed and rinsed twice a day with deionized water for more than 2 212 

weeks. It would take more than 2 weeks or 1 month for the complete removal of residual 213 

chemicals, which was confirmed by detecting the conductivity change of bath solution 214 

using a conductivity meter (FE30 KIT, Mettler Toledo). After that, the swollen 215 

hydrogels with the thickness of 2.0-5.0 mm were immersed in NaCl solutions of 216 

prescribed concentration for at least 2 days to reach equilibrium. The swelling ratios (Q) 217 

of hydrogels are defined as the volume ratio between the as-prepared and the swollen 218 

states, 𝑄𝑄 = 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑉𝑉𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = (𝑡𝑡 𝑡𝑡0⁄ )3⁄ , 𝑉𝑉𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are the gel 219 

volumes of the as-prepared and the swollen states, t and t0 are the gel thickness of the 220 

swollen and the as-prepared states respectively. 221 

 222 

 223 

Fig. 1 Various polymer structures for different hydrogels, such as positive (red color), negative (blue 224 

color) and neutral (gray color) hydrogels.  225 

 226 

The synthesized hydrogels were coded to CM-CMBAA-0.1, where CM and CMBAA 227 

represented the feed monomer concentration and molar percent of cross-linker relative 228 

to the concentration of in-feed monomers, respectively; 0.1 represented the 0.1 mol% 229 

molar percent initiator relative to the concentration of in-feed monomers. 230 

2.3 Donnan potential (Δϕ) of hydrogels measured by microelectrode technique (MET) 231 

Δϕ of hydrogels was measured by using microelectrode technique (MET), which 232 
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has been applied routinely to measure the electric potential of the living cells33. The 233 

microelectrodes were prepared with a reversible silver/silver chloride electrode 234 

(Ag/AgCl) placed into a glass micropipette with a tip diameter < 1 µm. Then, the glass 235 

micropipettes were filled with 3 M KCl solution and connected to the inputs of a high-236 

impedance intracellular preamplifier (Model 8700 Cell Explorer, Dagan). The carbon 237 

electrode was served as the reference electrode, which was placed in the bathing 238 

solution for 20 min before measurement. Hydrogel with the thickness of 2 ~ 5 mm was 239 

placed in 10-5 M NaCl solution. The glass microelectrode controlled by a 240 

micromanipulator (DMA-1511, Narishige) was penetrated into the hydrogel with a 241 

constant speed. The output signals were recorded with an oscilloscope in a real-time 242 

mode. All measurements were performed at 25 °C. 243 

2.4 Compression test 244 

Compression test, which was referenced to ASTM D575 Rubber Compression 245 

Testing, was performed with a universal mechanical test machine (Tensilon RTC-246 

1150A, Orientec Co.). The as-prepared hydrogels were cut into cylindrical-shaped 247 

specimens as standardized sizes (diameter 14.86 mm, thickness 2.0 mm) with a gel 248 

cutting knife. The as-prepared hydrogel specimens were compressed at a constant 249 

velocity of 0.05 mm/min to strain ~ 10 %. 250 

2.5 ATR-FTIR measurement  251 

Attenuated total reflectance FT-IR spectra were obtained with a Macro-ATR, 252 

Fourier Transform Infrared system (IRT-6600, Jasco) in the range of 4000-800 cm-1. 253 

Each spectrum was taken as the average of 128 scans at a resolution of 4 cm-1. Generally, 254 

the diamond prism (refractive index n=2.4 at 1000 cm-1) was used for a depth of 255 

penetration of 2.0 μm at 1000 cm-1, (angle of incidence is θ=45o, the refractive index of 256 

hydrogel is 1.5334) and a measured area of 2.5 mm2. Baseline correction was made 257 

automatically by Concave Rubberband method with 64 baseline points. In this 258 

experiment, PDMAEA-Q (2-9-0.1) and PNaAMPS (2.5-4-0.1) hydrogels were chosen 259 

for measurement. 260 

2.6 Protein absorption on gel 261 

2.6.1 Preparation of standards and working reagent 262 



(i) Preparation of diluted Albumin (BSA) and lysozyme standards 263 

Initially, 20 mL BSA or lysozyme stock solution at the concentration of 0.1 mg/mL 264 

were carefully prepared by dissolving BSA or lysozyme powders into 10-5 M NaCl 265 

solution. Then, five diluted BSA or lysozyme standard solution with the 266 

concentration of 0.005, 0.01, 0.02, 0.04 and 0.05 mg/mL were separately prepared 267 

by using the above stock solution of BSA or lysozyme. 268 

(ii) Preparation of BCA working reagent and making standard working curves 269 

BCA assay is commonly used to assess the determination of protein concentration. 270 

The principle of this method combines the well-known reduction of Cu2+ to Cu1+ by 271 

protein in an alkaline medium and a purple color formation by bicinchoninic acid. 272 

BCA working reagent is a mixture of 25 mL reagent A, 24 mL reagent B and 1 mL 273 

reagent C. Typically, 1 mL BSA solution and 1 mL BCA reagent were mixed and 274 

then kept it at a dark place for 1 hour. After that, the protein absorbance at the 275 

wavelength of 560 nm was measured by UV-Vis spectroscopy. Finally, the standard 276 

working curves of both BSA and lysozyme were made. Considering the 277 

reproducibility of this experiment, the absorbance of all samples was measured 278 

within 1 hour after the dark reaction. 279 

2.6.2 Measurement of protein absorption on gel 280 

In our experiment, the hydrogel was cut to disc shape with a diameter of 14.86 281 

mm. Then, the hydrogel was immersed into 5 mL protein solution with the 282 

concentration of 1mg/mL for 24 hours in fresh multiwell plastic plates (35 mm in 283 

diameter, 18 mm in depth, Corning, USA). Due to the thin thickness of gel samples (t<5 284 

mm), the gel samples are submerged easily with 5 mL protein solution. After 24 hours, 285 

proteins should be distributed in solution, surface, the bulk of gel, and substrate plates. 286 

Therefore, the amount of attached protein in a gel for 24 hours could be represented by: 287 

𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝                             (1) 288 

The proteins located in solution, bulk gel and plates were detected as follows: 289 

(1) msolution: Protein contents in solution were quantified using commercially available 290 

BCA assay kit according to the manufacturer’s instructions (G-Biosciences, USA). 291 

The amount of protein in bath solution was measured by UV absorption (UV-1800, 292 



Shimadzu). 5 mL of protein reagent containing BCA working reagent was added to 293 

the test tube. The concentration of protein was plotted against the corresponding 294 

absorbance resulting in a standard curve used to determine the protein concentration 295 

for all samples. 296 

(2) mplate: Similarly, the control experiments were also conducted by UV-Vis 297 

absorption method. 5 mL protein solution (1mg/mL) for 24 hours in fresh multiwell 298 

plastic plates. The absorption proteins on fresh plastic plates were studied 6 times, 299 

and the weight ratio of the proteins adsorbed on plates to total proteins, 300 

𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⁄ , was -2.0±2.6 wt%. This value was relatively small compared to the 301 

weight ratio of the attached proteins (adsorbed on the surface or diffused into the 302 

bulk gel) to total proteins, 𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⁄  <12.1wt%. Therefore, the attached proteins 303 

on gel could be calculated from Eq. (1). The attached proteins, mgel, contains the 304 

proteins both on the surface and inside the bulk gel. Additionally, the gel volume and 305 

surface area were considered as invariable because the volume change of hydrogels 306 

was less than 7 v/v% after immersing into protein solution. 307 

2.7 TEM observation of protein layers 308 

In order to characterize the distribution of the protein inside the hydrogel, 309 

transmission electron microscope (TEM) (H-7650, Hitachi) was used to observe the 310 

location of proteins along gel depth profile. Typically, the polyelectrolyte hydrogels 311 

were difficult to be prepared for TEM observation due to its fragile nature during cutting. 312 

In this study, a tough double network containing a polyelectrolyte network and a neutral 313 

network was prepared for observation. For example, after protein absorption, the first 314 

PDMAEA-Q (2-9-0.1) networks was immersed into a neutral PDMAAm (2-0.1-0.1) 315 

precursor solution to prepare a tough double network (DN) hydrogel. After that, the DN 316 

gel was cut into a cylinder shape and immersed into 1mg/mL BSA protein solution for 317 

24 hours. After that, samples were separately transferred into 50 mL phosphotungstic 318 

acid solution (1 wt%) for 3 days to stain the proteins. In order to solidify the bulk gel, 319 

the stained hydrogels were immersed into the acrylic resin in a chamber of automatic 320 

freeze substitution system (EM AFS2, Leica Microsystems, Germany). During this 321 

process, the volume expanded from the single hydrogel to the acrylic resin hydrogel 322 



was less than 20%. After 5 days, the blocks were cut with an ultra-microtome (EM 323 

UC7i, Leica Microsystems, Germany) and 100 nm-thick slices were placed on the 324 

membrane supported copper mesh grid for TEM observation. The acceleration voltage 325 

of the electron gun for observation was 100 kV. 326 

2.8 ζ-potential and hydrodynamic diameter measurement of protein solution 327 

ζ-potential of protein solution was conducted with a DelsaNano HC instrument 328 

(Beckman Coulter, Brea, CA). The flow cell was thoroughly flushed with DI water, and 329 

then a 10-5 M NaCl solution, containing a 1 mg/mL protein solution, was injected into 330 

the flow cell. The surface was allowed to stabilize for 15 min, and then the ζ-potential 331 

was measured at least 5 times for each sample. The potential values of lysozyme and 332 

BSA proteins are 34.81±4.16 mV and -22.13±4.26 mV, respectively (see 333 

Supplementary information Table. S1). 334 

The hydrodynamic diameter of the protein was measured by using ZETASIZER 335 

Nano-ZS (Malvern, U.K.). Firstly, BSA and lysozyme protein solution was prepared at 336 

the concentration from 0.1 mg/mL to 1.0 mg/mL. Corresponding quartz cells were filled 337 

with 50 μL sample solution. Each DLS measurement was run for five times using 338 

automated, optimal measurement times and laser attenuation settings. The 339 

hydrodynamic diameters of the proteins were shown in Fig. S2 (Supplementary 340 

information). The detail information of the proteins was summarized in Table 1. 341 

 342 

Table 1. Parameters of BSA and lysozyme proteins. 1ζ-potential of proteins were measured by 343 

DelsaNano HC equipment, as shown in Fig. S2; 2Hydrodynamic diameter of protein, d𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, was 344 

detected by DLS at 10-5 M NaCl solution, as shown in Fig. S6; 3Molecular weight, Mw, (Hirayama, K., 345 

Akashi, S., Furuya, M., & Fukuhara, K., Rapid confirmation and revision of the primary structure of 346 

bovine serum albumin by ESIMS and Frit-FAB LC/MS. Biochemical and Biophysical Research 347 

Communications, 1990, 173(2), 639-646. PMid:2260975.) 4isoelectric point, pH(I) and 348 

4characteristic sizes of protein, were referenced from paper (Dirceu Pereira dos Santos, Tito Lívio 349 

Moitinho Alves, José Carlos PintoAbsorption of BSA (Bovine Serum Albuminum) and lysozyme on 350 

poly(vinyl acetate) particles, Polímeros, 2016, 26 (4), 282-290); 5Number of residue, positive and 351 

negative residues are learned from protein Data Bank Japan (https://pdbj.org/).  352 



 353 

 354 

3. Results and discussion 355 

3.1 Synthesis and characterization of various hydrogels with different charges 356 

 357 

To study the electrostatic effect to the protein absorption, we synthesize three kinds 358 

of hydrogels, positive hydrogels (PDMAEA-Q gels), negative hydrogels (PNaAMPS 359 

gels) and neutral hydrogels (PDMAAm, PHA, PCDME, PMPC, and PA gels). By 360 

changing cross-linking density or monomer concentration, different hydrogels with 361 

various charge densities and swelling ratios could be prepared. For example, the 362 

swelling ratio of swollen PDMAEA-Q gels was increased with decreasing the cross-363 

linking density (see Supplementary information Table S2). This is because the cross-364 

linker is a bond that links one polymer chain to another, so a high concentration of 365 

cross-linkers could restrict chains separation and thus decrease the swelling ratio of 366 

hydrogels. Those swollen hydrogels, possessing different swelling ratios and charge 367 

densities or electrical potentials, could be effectively detected by using microelectrode 368 

technique (MET). As shown in Fig. 2 (a), the electrical potential of three typical 369 

hydrogels, PDMAEA-Q gel (2-8-0.1), PNaAMPS gel (2.5-4-0.1), and PDMAAm gel 370 

(2-4-0.1), were illustrated. As microelectrode was moved in the solution, the potential 371 

values of these three curves were almost 0. With inserting microelectrode from solution 372 

to bulk gel, the electrical potentials abruptly increase or drop to a stable positive and 373 

negative values for polyelectrolyte PDMAEA-Q gel and PNaAMPS gel, respectively. 374 

On the other hand, the electric potential of neutral gel, PDMAAm gel, was also shown 375 

with an average value of -7.2 ± 2.6 mV. Even though there are no certain charged groups 376 

on the PDMAAm polymer chain, a non-negligible negative potential of this gel was 377 

also shown. Why does this neutral gel show a small negative potential? Blyakhman et 378 

al35 considered this potential was introduced by the diffusion of KCl solution across the 379 

tip of the microelectrode. However, we thought the diffusion effect will not affect the 380 



gel potential value if the leakage KCl solution does not diffuse into the surface location 381 

of the reference electrode. Our results found that even though the concentration of 382 

filling KCl solution was decreased from 3 M to 1 M, the measured potential value of 383 

hydrogel was invariant to filling KCl solution. The possible explanation for this 384 

negative potential is that some polar groups in PDMAAm chains, such as amide groups, 385 

would induce different ions distribution within the hydrogel. This small difference of 386 

ions distribution between gel and reference solution would also introduce a weak 387 

Donnan potential. According to Donnan equation36, we can easily calculate the 388 

concentration of mobile ions in hydrogel (1.3×10-5 M), which is only a little higher 389 

than that concentration of the bulk solution (10-5 M NaCl). 390 

 391 

Fig. 2 Electrical potential of various hydrogels. (a) Typical potential-displacement curves for 392 

PDMAEA-Q, PNaAMPS and PDMAAm hydrogels. The potential was detected at bath solution of 10-393 

5 M NaCl solution; (b) Summary of electrical potential values at different in-feed ions concentration, 394 

Cions, z represents the charge number of counterions. (c) Comparison of measured counterions 395 

concentration to in-feed ions concentration. The measured concentration is much lower than that 396 

of in-feed counterions concentration. 397 

 398 

By using this microelectrode technique, we could measure electrical potentials of 399 

various negative gels, positive gels, and neutral hydrogels, as shown in Fig. 2 (b). After 400 

considering the charge valence of counterions, z, and swelling ratio of hydrogels, Q, the 401 

ideal ions concentration of polyelectrolyte hydrogels could be nominalized by 402 

𝑧𝑧𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑧𝑧𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0 𝑄𝑄⁄ , while 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0  is the in-feed monomer concentration. From Fig. 2 403 

(b), the absolute electric potential of PNaAMPS gels and PDMAEA-Q gels were 404 

gradually increased with the increase of charge density. This result is consistent with 405 

PNaAMPS

PDMAAm

PHEA

PDMAEA-Q

PA

PMPC
PCDME

(a) (b) (c)



our previous study31. From the electrochemical equilibrium condition, the Donnan 406 

potential, 𝛥𝛥𝛥𝛥, is expressed by: 407 

Δ𝜙𝜙 = 𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧
𝑙𝑙𝑙𝑙 �𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠

𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖
𝑔𝑔 �                                           (2) 408 

in which z is the valence of the mobile ion in consideration, R is the gas constant, 409 

T is the absolute temperature, F is the Faraday constant, 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠  and 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖
𝑔𝑔  are the activity 410 

of mobile ions in solution and gel. The activity of mobile ions 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 is related to the 411 

activity coefficient 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖  and the concentration 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖  as 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖  for each 412 

kind of ions. 413 

As the concentration of buffer salt solution is quite low, the activity coefficient of 414 

NaCl solution is considered as 1, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠 = 1 . Therefore, the true counterions 415 

concentration in bulk gel can be calculated from Eq. (2), as shown in Fig. 2 (c). 416 

Compared to in-feed counterions concentration, 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶0 𝑄𝑄⁄  , the measured 417 

counterions concentration of both PNaAMPS and PDMAEA-Q gels are much smaller 418 

than this value, indicating the effective counterions concentration is reduced due to the 419 

counterions condensation effect. 420 

3.2 Comparison of the gel mesh size with hydrodynamic diameter of protein 421 

The hydrogel is a kind of material consisting of 3D polymer networks as well as 422 

filled water. Inside the gel, the 3D networks were fixed by chemical or physical cross-423 

linking points, or entangled chains to support their solid structure. If the mesh size (ξ) 424 

corresponding to the distance between two adjacent cross-linked chains is much larger 425 

than hydrodynamic diameter of proteins, some proteins would be not only adsorbed on 426 

gel surface but also penetrated into the surface layer of the hydrogels. 427 

According to Affine network model37, the shear modulus G of the hydrogels, 428 

which the number density of strands inside the correlation volume is same as the overall 429 

number density of strands, can be roughly calculated by: 430 

𝐺𝐺 = 𝐸𝐸 3⁄ = 𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑒𝑒                                             (3) 431 

where 𝜈𝜈𝑒𝑒 and E are the number of network strands per unit volume and Young’s 432 

modulus of networks, respectively; 𝑘𝑘𝐵𝐵, Boltzmann constant; T, absolute temperature. 433 

The density of elastic strands can be given by 𝜈𝜈𝑒𝑒 = 1 𝜉𝜉03⁄ , here ξ0 is the mesh size of 434 



the Gaussian chain. And we get:  435 

𝜉𝜉0 ≅ (𝑘𝑘𝐵𝐵𝑇𝑇 𝐺𝐺⁄ )1 3⁄ = (3𝑘𝑘𝐵𝐵𝑇𝑇 𝐸𝐸⁄ )1 3⁄                                (4) 436 

If we assume the networks are uniformly deformed during swelling, the swollen 437 

mesh size ξswollen of a network can be approximately given by: 438 

𝜉𝜉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜉𝜉0 ∙ �𝑄𝑄
3                                             (5) 439 

From compression test, Young’s moduli, E, of as-prepared hydrogels are easily 440 

determined from the slope of the stress-strain curve at small deformation 441 

(Supplementary information Fig. S3 and summarized in Table S3). Therefore, the real 442 

ξreal of hydrogels could be calculated after measuring E and Q. On the other hand, the 443 

hydrodynamic diameters of BSA (𝑑𝑑𝐵𝐵𝐵𝐵𝐵𝐵) and lysozyme (𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) measured by DLS 444 

method at 10-5 M solution were 8.17 ± 0.85 nm and 1.23 ± 0.56 nm, respectively 445 

(Supplementary information Fig. S2). 446 

 447 

Fig. 3 (a) Calculation results of mesh size of three types of swollen hydrogels, negative hydrogel 448 

with different monomer concentration, positive hydrogel with different cross-linker concentration 449 

and neutral hydrogels. Compared to hydrodynamic diameter of BSA and lysozyme proteins, the 450 

mesh sizes of those gels are much larger than protein sizes. (b) The correlation between potentials 451 

and mesh sizes. For polyelectrolyte hydrogels, the mesh sizes and electrical potentials are changed 452 

at same time. Symbols at figures represent PDMAEA-Q (◆), PNaAMPS (●), PDMAAm (■), PHEA 453 

(▼), and PCDME (▲) hydrogels. 454 

 455 

Fig. 3 (a) shows mesh sizes of positive, negative and neutral hydrogels. By 456 

changing the concentration of cross-linkers or monomers, ξswollen of hydrogel could be 457 

effectively adjusted. ξswollen of PNaAMPS hydrogels is decreased with the increase of 458 

(a) (b)



crosslinking density; meanwhile, ξswollen of PDMAEA-Q hydrogels decreases when CM 459 

of hydrogel increases. Nevertheless, ξswollen of those charged hydrogels are much larger 460 

than hydrodynamic diameters of BSA and lysozyme proteins. Compared to dBSA and 461 

dlysozyme, ξswollen of two neutral hydrogels, PDMAAm, and PHEA hydrogels, are also 462 

large. This result indicates that some proteins may locate both surface and inside of bulk 463 

gels. In Fig. 3 (b), the dependency of the gel potential on mesh size was summarized, 464 

it could be found that the potential of neutral hydrogels was relative small, and there 465 

was no strong dependence between the potential and the mesh sizes. The absolute 466 

potentials of the polyelectrolyte hydrogels, however, were decreased with increasing of 467 

gel mesh size. Because the gel mesh size was corresponded to the charge density of the 468 

polyelectrolyte hydrogel, the small mesh size of a polyelectrolyte hydrogel indicated 469 

the high charge density and the large absolute potential value. From above analysis, it 470 

can be found that it is difficult to separate the electrical potential and the mesh size at 471 

the same time by changing monomer concentration or cross-linking densities. 472 

3.3 Evidence of protein distribution on gel surface and in bulk gel 473 

To clarify the location of proteins, some direct methods, such as ATR-FTIR 474 

spectroscopy and TEM observation, are necessary. IR technique had been used to study 475 

qualitative and quantitative information about adsorbed proteins on hydrophilic 476 

polymers38. In this study, hydrogels with absorbing oppositely charged proteins were 477 

adopted to analyze the surface structure of hydrogels. ATR spectra of PDMAEA-Q (2-478 

9-0.1) gel with BSA proteins absorption are shown in Fig. 4 (a). (IR spectra of lysozyme 479 

absorption on PNaAMPS (2.5-4-0.1) gel are shown in Fig. S4.) Those spectra focus 480 

solely on the C-N stretching trends and reflect what is occurring within the hydrogel 481 

surface as peak intensity undergoes a variation from absorption of proteins. After 482 

absorbing proteins on the gel surface, there is an increase in absorbance of the C-N peak 483 

(1396 and 1240 cm-1). In addition to the C-N absorbance changes, a slight shift in C=O 484 

stretching modes are also found, C=O stretching frequency of PDMAEA-Q gel is 485 

assigned at 1637 cm-1. When BSA proteins are absorbed, a blue shift of the C=O 486 

stretching mode has been found at a frequency of 1626 cm-1. As the detective zone of 487 

the sample by using ATR method is up to a depth of 2.0 μm, the peaks variation 488 



reflected from ATR-IR spectra indicates that proteins are located at least in the gel close 489 

to the surface. On the contrary, the spectra of hydrogels with the same charges as 490 

proteins show no obvious protein absorption on the gel surface, as shown in Fig. S4 (b) 491 

and (c). 492 

 493 

Fig. 4 (a) ATR-FTIR spectra of the BSA protein absorption on PDMAEA-Q (2-9-0.1) gel, 494 

𝜉𝜉 𝑑𝑑𝐵𝐵𝐵𝐵𝐵𝐵⁄ = 1.6; The locations of the C-N peaks at BSA proteins were recorded to be 1396 cm-1 and 495 

1240 cm-1, respectively from this spectrum. After absorbing proteins on gel surface, C=O stretching 496 

peak decreases from 1637 to 1626 cm-1. (b) Schematic image of four cross-section regions for 497 

PDMAEA-Q/PAAm gel (2-9-0.1/2-0-0.1). From gel surface to bulk gel, four regions, ①surface, 0 498 

~ 20 μm; ②bulk gel, 70 ~ 90 μm; ③bulk gel, 140 ~ 160 μm; and ④ bulk gel, 190 ~ 210 μm are 499 

illustrated. (c)TEM images showing proteins distributed at both surface and bulk gel. Observation 500 

at upward and bottom are magnified at 1 k and 10 k times with an applied accelerating voltage of 501 

100 kV, respectively. 502 

 503 

Further examination of protein location by TEM reveals insight into the behavior 504 

of protein absorption on gels. Since TEM imaging relies upon differences in electron 505 

density between the sample and the surrounding substrate, or presence of inorganic 506 

species that are concentrated. In our experiment, the proteins stained by 507 

phosphotungstic acid inside PDMAEA-Q gels could be easily detected. In Fig. 4 (c), 508 

TEM images of protein distribution are shown, the upper and the lower images are 509 

acquired at 1,000× and 10,000× magnifications, respectively. By choosing the four 510 

regions from the surface of PDMAEA-Q gel to the bulk gel at the cross-section, ①0 ~ 511 

(a)
①
②
③
④

2~5 mm
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20 μm,②70 ~ 90 μm, ③140 ~ 160 μm, and ④190 ~ 210 μm, both protein distribution 512 

and local density in bulk gel are obviously revealed. From those TEM images, proteins 513 

are randomly dispersed in both surface and bulk. Some minor aggregation is observed 514 

at region ③. With further penetrating to bulk gel, the density of absorbed proteins is 515 

decreased, such dark particles were very few at region ④. Apparently, some of the 516 

proteins are located inside the PDMAEA-Q gels. That means the protein absorption is 517 

also influenced by the mesh size of the hydrogel.  518 

3.4 Effect of the gel mesh size on the amount of potential absorption 519 

 520 

Fig. 5. (a) Effect of mesh size of neutral hydrogels on amount of protein absorption; (b) Amount of 521 

protein absorption on hydrogel with a narrow mesh sizes distribution from 10.6 to 15.1 nm; (c) 522 

comparison of protein absorption for different mesh size but same electrical potential value, 𝛥𝛥𝛥𝛥 =523 

−220 mV; (d) comparison of protein absorption for different hydrogel with same mesh size and 524 

same potential value. Symbols at figures represent PDMAEA-Q (◆), PNaAMPS (●), PDMAAm (■), 525 

PHEA (▼), PCDME (▲) , PMPC (□), and PA (○) hydrogels. 526 

 527 

From the above analysis, we know that the proteins would be located at both the 528 

(a) (b)

(c) (d)



surface and inside bulk gel if mesh size is much larger than hydrodynamic diameter of 529 

proteins. Namely, the amount of protein absorption on the gel are dominated by both 530 

electrical potentials and mesh size of the hydrogel. To further clarify which factor, ξ or 531 

Δϕ, determine the amount of protein absorption, those two factors should be separately 532 

discussed. 533 

(1) Neutral hydrogels, different mesh sizes ξ: 534 

The neutral hydrogels show a small potential value in the range of ± 50 mV, and 535 

the amount of protein absorption are relatively few for those neutral hydrogels. On the 536 

other hand, the amount of protein absorption is slightly dependency when the mesh size 537 

of those hydrogels is increased. On the other hand, with increasing the mesh sizes, the 538 

amount of protein absorption is gradually increased, as shown in Fig. 5 (a). In spite of 539 

little difference in electrical potentials, the protein absorption on neutral hydrogels is 540 

quite small and slightly dependent on the mesh size of networks. From this result, we 541 

know that the amount of protein absorption is dominated by osmotic pressure, and mesh 542 

size of neutral hydrogels is a crucial parameter to absorption behavior. However, the 543 

diffusion behavior of protein is beyond the scope of this work and will be presented 544 

elsewhere. In short, the mesh size of neutral hydrogels has little effect on protein 545 

absorption. 546 

(2) Narrow ξ distribution, different Δϕ: 547 

By choosing averaged ξreal from 10.6 to 15.1 nm, the hydrogels with different Δϕ 548 

are selected. The amount of protein absorption on those hydrogels is compared in Fig. 549 

5 (b), points with blue and red color are represented of BSA and lysozyme proteins 550 

respectively. In this figure, most of BSA proteins are largely absorbed to positive 551 

hydrogels rather than neutral or negative hydrogels. Similarly, lysozyme proteins tend 552 

to absorb to negative hydrogels and abominate to neutral and negative hydrogels. In 553 

spite of some proteins penetrating into the surface layer of the hydrogels, the electrical 554 

potential of hydrogels seems a crucial role in tuning protein absorption behavior. 555 

(3) Same Δϕ, different ξ: 556 

To further clarify the effect of gel mesh size on potential absorption, some 557 

polyelectrolyte gels with the same electrical potential value, i.e. the potential of 558 



PNaAMPS 2-10-0.1 gel and PNaAMPS 2.5-4-0.1 gel are -224.0 ± 11.3 mV and -228.0 559 

± 4.1 mV respectively, are selected. After analyzing mesh sizes of those two gels, 7.27 560 

nm of PNaAMPS 2-10-0.1 gel and 8.86 nm of PNaAMPS 2.5-4-0.1 gel are found 561 

respectively. That means the size ratio, which is defined as the ratio of mesh size to 562 

protein diameter, 𝜉𝜉 𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝⁄ , is quite different for PNaAMPS gels of 2-10-0.1 and 2.5-563 

4-0.1. In spite of different size ratio, the protein absorption of lysozyme and BSA 564 

proteins seems no significant difference, as shown in Fig. 5 (c). Large protein 565 

absorption was observed at oppositely charged hydrogels to protein, indicating an 566 

influence of opposite charges in tuning protein absorption. Similarly, other hydrogels 567 

with the same potential value also show the same influence in Fig. S5 (Supplementary 568 

information). Thus, the influence of mesh size of charged hydrogels has little effect on 569 

protein absorption. 570 

(4) Same Δϕ, same ξ: 571 

To demonstrate that the electrical potential of polyelectrolyte hydrogel is crucial 572 

to protein absorption, we prepare another anionic hydrogel, PNaSS gel (1-8-0.1), to 573 

learn the effect of macro-ions on protein absorption. The prepared PNaSS gels with 574 

almost the same mesh size and electrical potential value of PNaAMPS (1.5-4-0.1) gel 575 

are chosen to compare protein absorption, as shown in Fig. 5 (d). Even though the side 576 

functional groups of these two hydrogels are different, the amount of BSA or lysozyme 577 

protein absorption are almost same. That is, proteins preferably absorbed on oppositely 578 

charged hydrogels rather than likewise charged hydrogels. For negatively charged 579 

hydrogels, it seems that the macro-ion type has a little or no influence on protein 580 

absorption. 581 

3.5 Tunable protein absorption on hydrogel surface by electric potential 582 

To study how many the adsorbed proteins on the gel, we simply divide the amount 583 

of proteins into three parts, proteins distributed in gel, container wall, and solution. By 584 

determining the amount of the proteins in solution and container wall, the amount of 585 

attached proteins on hydrogel was easy to be calculated from Eq. 1. In our experiment, 586 

we found the number of adsorbed proteins on sample plates was very few (-2.0±2.6 wt% 587 

of overall protein), indicating that most of the proteins were distributed in both solution 588 



and gel. As shown in Fig. 6 (a), the amount of absorbed BSA and lysozyme proteins 589 

per area on different kinds of hydrogels are illustrated, and the amount of absorbed 590 

proteins per volume is also shown in Fig. S6.  591 

 592 

Fig. 6 (a) Amount of protein absorption per area for various hydrogels, such as PDMAEA-Q (◆), 593 

PNaAMPS (●), PDMAAm (■), PHEA (▼), PCDME (▲) , PMPC (□), and PA (○) gels. The amount 594 

of adsorbed proteins on gel surface were calculated according to the equation, 𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −595 

𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. The blue and red curves represent the protein absorption behavior of BSA and 596 

lysozyme on hydrogels, respectively. (b) The correlation between amount of protein absorption 597 

and measured charge concentration. The blue and red curves represent the absorption behavior 598 

of BSA proteins on PDMAEA-Q gels and the absorption behavior of lysozyme proteins on PNaAMPS 599 

gels, respectively. 600 

 601 

It seems that protein absorption on the gel surface is tunable by the electrical 602 

potential of hydrogels. In details, lysozyme proteins were likely absorbed on the 603 

negative PNaAMPS hydrogels, and the amount of protein absorption was decreased 604 

with the increase of electric potential. When the potential value was around or larger 605 

than 0 mV, few or none of the lysozyme proteins were absorbed on the gel surface. 606 

Similarly, the BSA proteins were tended to absorb to positive PDMAEA-Q hydrogels, 607 

and there was no obvious protein absorption on the same charged PNaAMPS hydrogels. 608 

Inoue et al. also found that the amount of protein absorption on the surfaces of brush 609 

layers was determined from the combination of the electrostatic interaction force and 610 

the charge properties of the proteins.39 By combining the results in Fig. 2 (c) and Fig. 611 

6 (a), the correlation between the amount of protein absorption and measured charge 612 

(a) (b)



concentration is re-analyzed and shown in Fig. 6 (b). The absorption of lysozyme and 613 

BSA proteins on PNaAMPS and PDMAEA-Q gels are linearly increased with the 614 

measured counterions concentration. According to ζ-potential results, ζ-potential values 615 

of lysozyme and BSA protein solution were 34.81±4.16 mV and -22.13±4.26 mV, 616 

respectively. That means that proteins are likely absorbed on the different charged 617 

surface, and the amount of protein absorption is largely depended on both macroions 618 

valences and densities. Here, we consider that the absorbed proteins only distributed on 619 

the gel surface and no proteins diffuse into the bulk gel. But there is another problem, 620 

how are the proteins accumulated on the gel surface? In other words, whether the 621 

absorbed proteins are randomly distributed in the surface networks or stacked on the 622 

gel surface?  623 

To answer this question, we calculated the thickness of protein layers, and then 624 

compare the mesh size, ξ, of the hydrogel with the hydrodynamic diameter of proteins, 625 

dprotein. Here, we assume the absorbed proteins are same as their crystal size, (1) All 626 

charged groups distribute in the bulk gel uniformly; and (2) all charges in bulk gel can 627 

absorb or repel proteins, and there are no counterions condensation behavior; (3) protein 628 

volume, v0, is calculated by its dimensions. As a result, the v0 of BSA and lysozyme 629 

proteins is 14×4×4 nm3 and 3×3×4.5 nm3, respectively. The thickness of the adsorbed 630 

protein layer, h, could be expressed by: 631 

𝐴𝐴ℎ = 𝑁𝑁𝐴𝐴𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 𝑣𝑣0                                        (6) 632 

Thus, the thickness of the adsorbed protein layer could be calculated 633 

(Supplementary information Fig. S7). From these results, the largest thickness of 634 

absorbed proteins is up to 4.4 μm, which is quite large compared to the Debye length 635 

scale (~ 100 nm in 10-5 M solution). According to the results of the TEM images, the 636 

absorbed proteins are located on both the gel surface and inside the bulk gel (up to a 637 

depth of 200 μm). Thus, this analysis gives us further evidence that the absorbed 638 

proteins are randomly distributed in the gel network, and the amount of protein 639 

absorption are probably correlated the density of the oppositive charges in a 640 

polyelectrolyte network.  641 

Additionally, we re-analyze the protein absorption against ξreal of those hydrogels 642 



in Fig. S8 (a) and (b). The results show that there is no obvious dependency between 643 

the amount of protein absorption and the mesh size.  644 

Above all, even though the protein absorption is affected by ξreal of hydrogels, 645 

proteins absorption on polyelectrolyte hydrogels is dominative to hydrogel potentials. 646 

In other words, the amount of protein absorption on hydrogels are largely affected by 647 

the surface charges of the hydrogel.  648 

5. Conclusion  649 

In this work, the correlation between the electrical potential of hydrogels and the 650 

amount of charged protein absorption was investigated. Polyelectrolyte hydrogels, 651 

including PNaAMPS gel with negative macro-ions and PDMAEA-Q gels with positive 652 

macro-ions, were prepared by changing monomer concentration or cross-linking 653 

density. Neutral hydrogels, including PHEA and PDMAAm gels without any macro-654 

ions groups, polyzwitterionic PCDME gel, and polyampholyte gels, were also chosen 655 

for protein absorption. By using the MET, electrical potentials of those polyelectrolyte 656 

and neutral hydrogels were systematically studied. Two charged proteins, BSA and 657 

lysozyme, exhibited the selective absorption on the charged hydrogels. That is, proteins 658 

preferably absorbed on oppositely charged hydrogels rather than likewise charged 659 

hydrogels. This selective absorption, dominated by electrostatic interaction, is a major 660 

issue in terms of the amount of protein absorption. 661 

Considering the precision during calculating the protein absorption, we assessed 662 

the diffused proteins inside the bulk gel. To clarify the distribution of protein, the mesh 663 

size of these hydrogels was introduced. The mesh sizes of hydrogels were quite large 664 

compared with the dynamic diameter of proteins. Thus, the proteins might be located 665 

inside of the bulk gel. This deduction was further verified by the observation of ATR-666 

FTIR spectra and TEM images.  667 

Despite the existence of diffused proteins in bulk gels, protein absorption on 668 

hydrogels was also dominated by the electrical potential. A comparison of potentials 669 

was considered in terms of the same mesh sizes, the amount of protein absorption was 670 

strongly dependent on potential values. On the other hand, hydrogels, which possess 671 



the same potential value but different mesh size, do not show an obvious difference in 672 

protein absorption. The protein absorption on neutral gels slightly increased with 673 

enlarging the mesh size, which further confirmed the weak dependence of protein 674 

absorption on the mesh size. Additionally, hydrogels with both same potential value and 675 

mesh size show undistinguished appearance in protein absorption although they have 676 

different macro-ions. 677 

Based on the above results, the protein absorption on the charged hydrogels is 678 

assessed successfully. With potential values and mesh sizes taken into account, protein 679 

absorption on charged hydrogels can be compared in terms of protein charges. This will 680 

shed light on the protein absorption of charged hydrogels. Hydrogen bonds and 681 

hydrophobic interaction of hydrogels are also needed in the future work of 682 

understanding and predicting the protein absorption on different kinds of hydrogels. 683 

Our findings should be relevant to understand the mechanism of protein aggregation in 684 

solution such as binding or drug delivery. 685 

 686 

Supplementary information 687 

ζ-potential of hydrogels and proteins, hydrodynamic diameter of proteins, swelling 688 

ratio and calculated counterions concentration, stress-strain curves of hydrogels, 689 

Young’s modulus of hydrogels, ATR-FTIR spectra of hydrogels and proteins, 690 

comparison of the amount of protein absorption at same potential value, the amount of 691 

protein absorption per volume, calculation of protein layer at gel surface, the 692 

dependence of the amount of adsorbed proteins on mesh size of hydrogels. 693 
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