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Abstract 1 
 To investigate the interactions between colloidal particles in the presence of oppositely charged 2 
proteins, the yield stress of a mixed suspension of silica particles and lysozymes was measured as a function 3 
of lysozyme dose and pH. Further, the corresponding surface properties of silica particles covered with 4 
lysozymes were determined by measuring the adsorbed lysozyme amount and zeta potential. The present 5 
results indicated that an increase in the adsorbed lysozyme amount increases the zeta potential of silica 6 
particles from negative to positive through an isoelectric point. As expected from the Derjaguin–Landau–7 
Verwey–Overbeek (DLVO) theory, the maximum value of yield stress is obtained around the isoelectric 8 
point and the yield stresses decrease with an increase in the zeta potential magnitude. However, the 9 
maximum yield stress depends on the pH, and yield stresses at the same zeta potential magnitude are 10 
different depending on the zeta potential sign even if the pH values are similar. That is, the relationship 11 
between yield stress and zeta potential is asymmetric with respect to the isoelectric point. These asymmetric 12 
results of the yield stress indicate the existence of non-DLVO forces, such as patch-bridging attraction and 13 
lateral repulsion between adsorbed lysozymes, affected by the adsorbed amount of lysozyme. Our analysis 14 
suggested that the relative adsorbed amount, defined as the ratio of the adsorbed amount to the maximum 15 
adsorbed amount, can be used as a parameter to explain the asymmetric feature of the yield stress with 16 
respect to the zeta potential. In addition to the zeta potential, the surface occupation of adsorbed substances 17 
is critical in controlling particle–particle interactions.   18 
 19 
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 22 
1. Introduction 23 
 Interactions between particles in a colloidal suspension govern the stability and rheological 24 
properties of the suspension. In a mixed suspension of colloidal particles and proteins, adsorbed proteins 25 
change particle–particle interactions by modifying the particle surface through adsorption. Hence, they are 26 
crucial in several industries, including pharmaceutical, cosmetic, food, and environmental industries, for 27 
understanding the mechanism of particle–particle interactions in the presence of proteins [1–3]. 28 
 Particle–particle interactions are often discussed based on the Derjaguin–Landau–Verwey–29 
Overbeek (DLVO) theory [4,5]. The DLVO theory suggests that the total interactions can be obtained by 30 
summing the electric double layer and the van der Waals forces. The validity of the DLVO theory is 31 
confirmed by direct force measurements [6,7] as well as indirect techniques, such as measuring the 32 
aggregation rate and yield stress [8–11]. Moreover, additional non-DLVO interactions, which are not 33 
included in the DLVO theory, are sometimes observed, especially in colloidal suspensions comprising more 34 
than two materials [12–21].  35 
 When one considers the interactions between colloidal particles in the presence of proteins, one 36 
can refer to studies on the mixtures of colloidal particles and other materials, such as polymers, 37 
polyelectrolytes, and surfactants. These materials are typically adsorbed on particles and cause non-DLVO 38 
interactions [12–21]. Well-known mechanisms of non-DLVO interactions include patch, bridging, steric, 39 
and hydrophobic interactions. Smellie and La Mer [22] introduced a simple consideration based on the 40 
bridging. They proposed that occupied and unoccupied surface fractions govern the probability of bridging 41 
formation. Thus, the probability of bridging is proportional to 𝜃𝜃(1 − 𝜃𝜃), where 𝜃𝜃 refers to the surface 42 
coverage. Zhao et al. [23] reported that the attraction between polystyrene microspheres coated with 43 
poly(N-isopropylacrylamide) microgels is the maximum when the ratio of the adsorbed amount to the 44 
maximum adsorbed amount under the same solution conditions was nearly 0.5. Although they did not 45 
examine the electric properties of the materials as they had focused on hydrophobic interactions, their 46 
results clearly indicated the dependence of particle–particle interactions on the adsorbed amount. According 47 
to the Smellie and La Mer concept, it is implicitly assumed that a surface can be completely covered by 48 
adsorbates. In the case of charged substances, however, the maximum surface coverage is often 49 
significantly less than the highest possible adsorption owing to electric repulsion between the adsorbed 50 
substances [24–27]. Thus, the applicability of Smellie and La Mer’s concept on charged substances may be 51 
limited. 52 

The effects of the electric properties of materials on particle–particle interactions are often 53 
studied in the presence of oppositely charged polyelectrolytes [12,17–20]. The adsorption of oppositely 54 
charged polyelectrolytes onto colloidal particles induces charge neutralization and overcharging. The net 55 
charge of a particle is reduced or reversed by the adsorption of opposite charges from polyelectrolytes. 56 
Additionally, patch, bridging, and steric interactions may occur. These interactions should depend on the 57 
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amount of adsorbed substances. However, systematic and quantitative studies on the effect of the adsorbed 58 
amount of charged substances on particle–particle interactions are scarce. 59 

The silica particle–lysozyme system is widely studied [28–32] because of the high degree of 60 
accessibility and usability of both materials for fundamental research and practical use. Lerche and Sobisch 61 
[30] used the sedimentation technique and demonstrated that suspensions are stabilized at a low pH 62 
although the absolute value of the zeta potential of lysozyme-coated silica nanoparticles is low. Meanwhile, 63 
suspensions at a higher pH were destabilized although the absolute values of the zeta potential were 64 
relatively high. Nevertheless, we demonstrated in our previous study [32] that a qualitative explanation for 65 
the aggregation rate of submicron silica particles in the presence of lysozymes can be partly achieved in 66 
terms of the DLVO theory by considering the heterogeneity of surface charges. However, further systematic 67 
and quantitative studies are necessary to understand the interactions between silica particles in the presence 68 
of lysozymes. 69 

Yield stress measurement is a useful method to investigate particle–particle interactions [10,33]. 70 
The yield stress of a suspension depends on the interparticle forces, solid volume fraction, particle size 71 
distribution, and particle networks [10,11,33–36]. By choosing and consolidating the sample conditions 72 
and preparation method, one can obtain information on interparticle forces directly from the yield stress. 73 

We herein present the measured yield stresses of mixed suspensions of lysozymes and silica 74 
particles. Furthermore, the yield stresses are compared with experimentally obtained zeta potentials and 75 
adsorbed lysozyme amounts. Interestingly, the yield stress exhibits a DLVO-like interaction regime and a 76 
non-DLVO-like regime. The mechanisms of both interaction regimes are discussed in terms of the adsorbed 77 
amounts. 78 
 79 
2. Materials and Methods 80 
2.1 Materials 81 
 Silica particles: In this study, we used commercially available colloidal silica particles (KE-P30, 82 
Lot No. 3A15, Nippon Shokubai). The particles were synthesized using a process similar to that reported 83 
by Stöber [37]. Silica powder was heated at 800 °C for 24 h before preparing suspensions and storing them 84 
in a drying desiccator. 85 
 The number average diameter < 𝑑𝑑 >  and the standard deviation of the silica particles were 86 
measured by transmission electron microscopy (TEM, H7650, Hitachi High-Technologies Corporation). To 87 
analyze the average diameter and standard deviation, areas of 800 projected circles of silica particles were 88 
measured from micrographs using the ImageJ software and converted into diameters. The average diameter 89 
was 302 nm, while the standard deviation was 20 nm. 90 
 The specific surface areas were obtained from nitrogen gas adsorption (BET) measurement 91 
performed on the SA 3100 instrument (Beckman Coulter) and from TEM micrographs using the 92 
relationship (6/ρ) < 𝑑𝑑2 >/< 𝑑𝑑3 >. Here, ρ is the density of the silica particles, which was reported to 93 
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be 2.2 × 103 kg/m3 [37]. The specific surface area, as calculated from TEM, was 9.0 × 103 m2/kg, while 94 
that obtained from BET measurements was 1.25 × 104 m2/kg. 95 
 Lysozymes: Hen egg-white lysozyme (L6876, Sigma Aldrich) was used without further 96 
purification. It has been previously reported that a lysozyme is an oval sphere with dimensions of 3 nm × 3 97 
nm × 4.5 nm [27,38,39]. In this study, we assumed the lysozymes to be spheres of 1.7 nm radius, as 98 
calculated from the cubic mean radius [31,40]. The molecular weight of the lysozyme was 14.3 kDa. All 99 
the lysozyme solutions were used within 2 weeks of preparation. The electrophoretic mobility of the 100 
lysozyme is reported elsewhere [39,40] and the isoelectric point (iep) of the lysozymes lies in the pH range 101 
of 9–11.  102 
 Chemicals and Water: The KCl (JIS special grade, Wako Pure Chemical Industries) solution 103 
was used as an ionic strength adjuster. KOH and HCl solutions were used to control the pH. Through the 104 
present study, deionized water (Elix Millipore) with an electrical conductivity of approximately 0.07 μS/cm 105 
was used to prepare all solutions and suspensions. 106 
 107 
2.2 Yield stress 108 
 The yield stresses of mixed suspensions of silica particles and lysozymes were measured by the 109 
vane method. In the vane method, a vane-type spindle is inserted into a sample and rotated at an extremely 110 
low rotational speed. The relation of torque vs. time exhibits the maximum torque when the material yields. 111 
As yield stress τy is the shear stress when a sample yields, τy can be calculated from the maximum torque 112 
𝑇𝑇𝑚𝑚 and spindle dimension by [41,42], 113 
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where D and H are the spindle diameter and height, respectively. 114 
The concentration of silica was 50 wt.% and the mass ratio of lysozyme to silica ranged from 0–115 

0.012 g/g. The KCl concentration was maintained at 10 mM. First, the silica particles were placed in the 116 
sample bottle after satisfying the requirements for the vane method, as detailed by Dzuy and Boger [41]. 117 
Deionized water was added to the sample, subsequently it was shaken vigorously and stored overnight to 118 
wet the silica particles. Next, the KCl solution, lysozyme solution, and HCl or KOH were added to the silica 119 
suspension after it was sonicated. The total ionic strength of the silica suspension was adjusted to 10 mM 120 
with KCl, HCl, and KOH solutions. The sample pH was measured with a combination electrode 121 
(6.0234.100, Metrohm). Small amounts of HCl and/or KOH solutions were added to the sample to adjust 122 
the pH within an error margin of ±0.1 with respect to the target pH. The sample was subsequently shaken 123 
gently for 24 h. 124 
 Yield stress measurements were performed with viscometers (LVDV-II+Pro, HADV-II+Pro, 125 
BROOKFIELD) with the V-74 vane spindle. To minimize the effect of the sample preparation process, the 126 
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following operations were performed before each measurement. The sample suspension was shaken 127 
vigorously for 20 s with a vortex mixer (MFG No.6087546, TAITEC) to maintain a uniform floc 128 
morphology [43] and left to stand for 2 min. Subsequently, the spindle was inserted into the sample. After 129 
3 min, the measurement was started. The rotational speed of the spindle was 0.1 rpm, and the torque was 130 
measured after every 1 s. The yield stress measurements were performed at least five times for each sample 131 
at intervals of 10 min. The measurements were performed at 20 °C. 132 
 133 
2.3 Zeta potential 134 
 The zeta potential of the silica particles covered with lysozymes was measured by the 135 
electroacoustic method (DT-1202, Dispersion Technology Inc.). Silica suspensions of 50 g/L (0–0.024 g/g 136 
mass ratio of lysozymes to silica particles) were prepared with 10 mM KCl. The pH of the suspensions was 137 
adjusted to 5 or 7 with KOH and/or HCl within an error margin of ±0.1. The suspensions were shaken 138 
gently for more than 24 h to equilibrate the adsorption of lysozymes. Each measurement was started 139 
immediately after gently mixing the suspension to prevent the sedimentation of silica particles. The 140 
measurements were performed thrice on each sample; the zeta potential measurements were performed at 141 
25 °C. It is noteworthy that we can compare the results of the zeta potential measurements with those of 142 
the yield stress measurements using the mass ratio of lysozymes to silica particles because the number of 143 
lysozymes to one silica particle is constant. 144 
 145 
2.4 Adsorbed amount 146 
 The adsorbed amounts of lysozymes on silica particles were taken from a previous study [32]. 147 
In our previous study, the mixed suspension of silica particles and lysozyme at pH 5 and 7 with 10 mM 148 
KCl was prepared similarly as that for the zeta potential measurements. The silica particles covered with 149 
lysozymes were removed by centrifugation with 20630 g for 5 min at room temperature (20 °C) using a 150 
centrifuge equipment (3520, Kubota). The lysozyme concentrations in the supernatants were determined 151 
by ultraviolet (UV) absorbance measurements at a wavelength of 280 nm using a spectrophotometer (UV-152 
1650PC, Shimadzu) and the standard calibration curve of absorbance as a function of lysozyme 153 
concentration. The adsorbed lysozyme amount was obtained as the difference between lysozyme dose and 154 
supernatant concentration. 155 
 The surface coverage was calculated from the adsorbed amount by the relation 𝜃𝜃 =156 
1000𝑁𝑁A 𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝛤𝛤/(𝑀𝑀𝑤𝑤 ∙ 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑇𝑇𝑇𝑇 ). Here, 𝑁𝑁A  is the Avogadro constant; 𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿  is the projected area of the 157 
lysozyme, i.e., 9.3 × 10−18 m2, when the lysozyme is regarded as a sphere with a radius of 1.7 nm; Γ is 158 
the adsorbed amount of lysozyme in g/g; 𝑀𝑀𝑤𝑤 is the molecular weight of lysozyme; 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑇𝑇𝑇𝑇  is the TEM 159 
specific surface area of the silica particle. It is noteworthy that 𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿 in this study is the value between 160 
projected areas at side-on and end-on adsorptions [27]. 161 
 162 
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3. Results and Discussion 163 
3.1 Surface properties of silica particles covered with lysozymes 164 
 The values of zeta potential of the lysozyme-coated silica particles in a 10 mM KCl solution at 165 
pH 5 and 7 are plotted against the adsorbed amount and the corresponding surface coverage in Figure 1. 166 
The symbols denote the experimental values. The adsorption of lysozyme is almost saturated in this 167 
experimental range. That is, a further increase in lysozyme dose does not change the zeta potential and the 168 
adsorbed amount significantly. Meanwhile, under both pH conditions, the lysozymes are completely 169 
adsorbed on the silica particles until the adsorbed amount reaches almost the maximum value.  170 
 Figure 1 shows that the bare silica particles possess negative zeta potentials at both pH values. 171 
An increase in the adsorbed lysozyme amount results in a reduced zeta potential magnitude. A further 172 
increase in the adsorbed amount results in charge reversal and the zeta potentials of the lysozyme-coated 173 
silica particles becoming positive. Finally, the zeta potentials become almost constant at adequately high 174 
lysozyme doses and the adsorbed lysozyme amount becomes saturated (see Figure S1 in Supporting 175 
Information). The iep at pH 5 is found at a lower lysozyme dose than that at pH 7 because silica particles 176 
have lower negative charge density, while lysozymes exhibit a strong positive charge at pH 5. 177 

The maximum adsorbed amount at pH 7 is 4.2 times larger than that at pH 5. These trends have 178 
been reported elsewhere as well [27–29,31]. We consider that the dependence of the adsorbed amount on 179 
pH can be understood in terms of the three-body random sequential adsorption (RSA) model that considers 180 
the electrostatic forces between lysozymes and those between a lysozyme and silica surface [24,25]. 181 
According to the three-body RSA model, at pH 5, the strong positive charge of the lysozymes and the weak 182 
negative charge of the silica particles result in a strong lateral repulsion between the lysozymes and, hence, 183 
decreases the maximum adsorbed amount. Further, at pH 7, the weak positive charges on the lysozymes 184 
and the strong negative charges on the silica particles result in a weak lateral repulsion between the 185 
lysozymes and in a large maximum adsorbed amount.  186 
 187 
3.2 Results of yield stress measurement 188 

The yield stress is plotted against the adsorbed amount and corresponding surface coverage in 189 
Figure 2. The symbols represent experimental values in 10 mM KCl at pH values of 5 and 7. The lines 190 
correspond to the yield stresses of silica suspensions without lysozyme in 0.5 M KCl, where electrostatic 191 
repulsions should be ineffective [32]. Here, the adsorbed amounts are interpolated from the experimental 192 
values. Under both pH conditions, an increase in the adsorbed amount results in an increase in the yield 193 
stress until it reaches the maximum value. Subsequently, the yield stresses decrease with an increase in the 194 
adsorbed amount. The maximum yield stress at pH 5 is located at a lower adsorbed amount of lysozymes 195 
than that at pH 7. These results agree well with the zeta potential measurements shown in Figure 1. 196 
 The yield stresses of the suspensions are plotted against the zeta potentials of silica particles 197 
covered with lysozymes, as shown in Figure 3. The horizontal line is the yield stress of the bare silica 198 
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particle suspension with 0.5 M KCl. The vertical line is the zeta potential, where the relative adsorbed 199 
amount (which is discussed in the fifth section at section 3.3) is equal to 0.5. The pictures above are a 200 
schematic representation of the gap between silica particles. Here, the zeta potentials are interpolated from 201 
the experimental values (see Figure S1). As expected from the DLVO theory and previous studies, a strong 202 
correlation exists between the experimental results of yield stress and zeta potential. In other words, Figure 203 
3 shows that, under both pH conditions, the maximum yield stresses are located around the iep, and 204 
increasing the magnitude of the zeta potential decreases the yield stress. These trends are explained in terms 205 
of the classical DLVO theory. In simple terms, large yield stresses around the iep are caused by the van der 206 
Waals attractive forces and a weak electric repulsion between silica particles. Moreover, increasing the 207 
magnitudes of the zeta potentials increase the electric repulsion between the silica particles, and a large 208 
electric repulsion results in a lower yield stress. 209 
 Some trends in Figure 3 can be explained in terms of the DLVO theory. Nevertheless, other trends 210 
cannot be explained unless non-DLVO forces are considered. First, the maximum yield stress depends on 211 
the pH. Next, under both pH conditions, the maximum yield stresses of the mixed suspensions of lysozymes 212 
and silica particles are larger than the yield stresses of bare silica suspensions in 0.5 M KCl, where electric 213 
repulsions do not come into play. Furthermore, the graph is not symmetrical with respect to the iep 214 
especially at pH 7. That is, the magnitude of the yield stress depends on the pH and zeta potential sign. The 215 
yield stresses are different even at the same magnitude of zeta potential if the sign is different. This indicates 216 
the importance of the surface coverage effects that are not reflected in the zeta potential. 217 
 218 
3.3 Discussion on the mechanisms of non-DLVO forces 219 

When one considers the mechanisms governing the maximum yield stress at each pH, the specific 220 
feature of the flocculation of silica particles must be considered. Figure 4 shows the yield stress of silica 221 
suspension without lysozymes in 0.5 M KCl. Low yield stresses are observed under conditions of low pH; 222 
this observation is similar to previously reported results [43]. The low yield stress at low pH values is 223 
considered to be due to repulsive forces between the hairy or gel-like structures on silica surfaces [37,44], 224 
or the reduction in additional attractions by ion–ion correlation [43]. This specific feature of silica particles 225 
should be the contributing factor to the pH dependence of the maximum yield stress of mixed suspensions 226 
of silica particles and lysozymes. Furthermore, large errors at pH 6 and 7 are observed. We infer that this is 227 
caused by the instability of the suspension. The specific hindering of aggregation of bare silica particles 228 
occurs at a low pH and the boundary between the aggregation and dispersion regimes is located at pH 6–7 229 
[44]. Therefore, we consider that the suspensions around pH 6–7 are unstable and affected easily by the 230 
small difference in pre-treatment prior to each measurement. 231 

Kobayashi et al. [37,44] demonstrated that the aggregation rate of silica particles decelerated at 232 
low pH values or when the particle size was small. Such specific hindering of aggregation can be suppressed 233 
by heating. Furthermore, in our previous study, we used the same particles with heating as those used in 234 
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this study, and demonstrated that the aggregation rate in the fast aggregation regime was independent of pH 235 
[32]. Additionally, in the present study, a decrease in the yield stress is observed at low pH values although 236 
the silica particles are heated before experimentation. We theorize that this contradiction between the yield 237 
stress and aggregation rate is owing to the difference in characteristic distances that affect each phenomenon. 238 
That is, the characteristic distance for aggregation may be larger than that for yielding because aggregation 239 
is an approaching process, while yielding is the broken retracting process of floc [15]. Thus, the aggregation 240 
rate may be less affected by surface structures. 241 

Another important feature of the maximum yield stress is that the maximum yield stresses of 242 
silica–lysozyme suspensions in 10 mM KCl are larger than the yield stresses of bare silica suspensions in 243 
0.5 M KCl, although the KCl concentration is low (see Figure 3). Needless to say, we could not detect the 244 
yield stress of suspensions of bare silica particles in 10 mM KCl at pH 5 and 7. According to the DLVO 245 
theory, electric repulsion between silica particles decreases with an increase in the ionic strength owing to 246 
the compression of the electric double layer. Previously, Franks [43] demonstrated that the yield stress of 247 
silica suspensions either increased or remained with ionic strength increase. Therefore, our observation of 248 
higher maximum yield stresses of mixed suspensions of lysozymes and silica particles compared to the 249 
yields stress of bare silica particle suspension with 0.5 M KCl cannot be explained in terms of the specific 250 
features of bare silica particles reported by Franks or the DLVO theory. Thus, additional attractive forces 251 
must exist, such as bridging and patch attraction. Furthermore, these additional attractive forces induce the 252 
pH dependence of the maximum yield stress as the surface properties of silica particles and lysozymes 253 
depend on pH. 254 

According to the DLVO theory, yield stress depends only on the van der Waals force and electric 255 
double layer force, and is characterized by the zeta potential. Thus, if one plots yield stresses against zeta 256 
potentials, the graphs become symmetrical with respect to the iep. However, in Figure 3, the graphs are 257 
asymmetrical with respect to the iep. At pH 5, the difference between the negative and positive zeta potential 258 
is insignificant. At pH 7, the range of the detected yield stresses is wider when the zeta potential is negative 259 
as compared to its counterpart when the zeta potential is positive. These results indicate the existence of 260 
additional forces that depend on the adsorbed amount of lysozymes and pH. We consider that these 261 
additional forces include patch attraction, bridging, and lateral repulsion between adsorbed lysozymes. 262 

To examine the effect of the adsorbed amount of lysozymes on particle–particle interactions, we 263 
introduce the relative adsorbed amount, 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟, which is the ratio of the adsorbed amount Γ to the maximum 264 
adsorbed amount Γ𝑚𝑚𝑚𝑚𝑚𝑚  under the same solution conditions. If a linear relation between the adsorbed 265 
amount and surface coverage is assumed, 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟  can be obtained by 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 = Γ/Γ𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜃𝜃/𝜃𝜃𝑚𝑚𝑎𝑎𝑎𝑎   with the 266 
maximum surface coverage 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚. Here, 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 may represent the fraction of occupied spaces, including the 267 
region where electrostatic repulsion occurs, and the probability of occurrence of patch–bridging attraction 268 
should be proportional to 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟(1 − 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟). In other words, at 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 = 0.5, the patch–bridging attraction can 269 
be considered maximal, and when 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 is far from 0.5, the attraction may decrease owing to the small 270 
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probability of patch–bridging attraction and/or overlap of adsorbed lysozymes. The consideration on 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 271 
is based on Smellie and La Mer’s concept of the probability of bridging formation. However, in the present 272 
study, 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 is based on Γ𝑚𝑚𝑚𝑚𝑚𝑚 to consider the electric repulsion between lysozymes. In Figure 5, the yield 273 
stresses are plotted against the relative adsorbed amount, 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟. The lines represent the relative adsorbed 274 
amounts corresponding to the iep. As shown in Figure 5, the maximum yield stresses at pH 5 and 7 are 275 
located around the isoelectric point instead of around 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 = 0.5. This implies that, in mixed suspensions 276 
of oppositely charged lysozymes and silica particles, the relative adsorbed amount exhibits a smaller 277 
correlation with the yield stress than the zeta potential. However, the concept of relative adsorbed amount 278 
may explain the asymmetry between the yield stresses and zeta potential by the following consideration. 279 

Figure 3 illustrates the relationship between yield stresses and zeta potentials at pH 5 and 7 and 280 
the schematic representations of the gap between silica particles under the corresponding conditions. The 281 
vertical lines represent the zeta potentials when the relative adsorbed amount 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 is 0.5. At pH 5 (Figure 282 
3 (a)), the zeta potential is +8 mV at 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 = 0.5. Thus, attractive forces occur between lysozyme-coated 283 
silica particles regardless of the zeta potential sign. Furthermore, the adsorbed amount of lysozyme is much 284 
smaller than that at pH 7. These adsorption profiles result in a symmetric DLVO-like or small asymmetric 285 
feature of yield stress with respect to the zeta potential at pH 5. 286 

At pH 7 (Figure 3 (b)), 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 = 0.5  is located near the iep. Thus, attractive forces between 287 
adsorbed lysozymes on a silica and the other silica surfaces exist when the zeta potential is negative. 288 
Meanwhile, when the zeta potential is positive, the adsorbed lysozymes may form a homogeneous layer on 289 
the silica surface. In this region, the adsorption density of lysozymes in the gap between silica particles 290 
reaches the maximum adsorbed amount. Therefore, repulsive forces exist between lysozymes on a particle 291 
and lysozymes on another particle. At pH 7, the additional attraction between silica particles covered with 292 
small amount of lysozymes (𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟  < 0.5) works in the range of negative zeta potential, while the repulsion 293 
between silica particles covered with larger amount of lysozymes (𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟   > 0.5) works at positive zeta 294 
potential regime. Therefore, the yield stresses are detectable in a wider zeta potential range when the zeta 295 
potential is negative. 296 

It is known that the magnitude of yield stress is proportional to the square of the zeta potential. 297 
This linearity was observed in theoretical models [45,46], in which interparticle forces are expressed in 298 
terms of the DLVO theory, and has been confirmed experimentally [11,17,33]. At low lysozyme doses and 299 
pH 7, the plots of yield stresses against the square of the zeta potential are curved (see supporting 300 
information Figure S2). This observation supports the existence of additional non-DLVO forces such as 301 
patch–bridging attraction. Meanwhile, the linear relationship between the yield stresses and the square of 302 
the zeta potential at a high dose of lysozyme at pH 7 implies that the interaction between silica particles is 303 
DLVO like because of a homogeneous lysozyme layer on the silica surface. 304 

 305 
4. Conclusions  306 
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 To investigate the interactions between colloidal particles in the presence of proteins, the yield 307 
stresses of mixed suspensions of lysozymes and silica particles were measured as a function of lysozyme 308 
dose under two different pH conditions. The measured yield stresses were compared to surface properties 309 
that were characterized by the adsorbed amounts and zeta potentials. Our results indicated that the zeta 310 
potential was an important parameter in estimating the interactions, as expected from the DLVO theory. 311 
However, the zeta potential alone could not explain the several trends followed by the yield stresses, such 312 
as the pH dependence of the maximum yield stress and the different yield stresses at the same magnitude 313 
of zeta potential. These results confirmed the existence of non-DLVO forces, such as the patch–bridging 314 
attraction and lateral repulsion between adsorbed lysozymes. The relative adsorbed amount of lysozymes 315 
could explain the asymmetric feature of yield stresses with respect to the iep. The relationship between 316 
yield stresses and squares of zeta potentials suggested that a transition between DLVO-like and non-DLVO-317 
like interactions occurred by the increase in adsorbed lysozyme amounts. Furthermore, the relative 318 
adsorbed amount could be used as a parameter to analyze the transition of interaction mechanisms and the 319 
existence of patch–bridging attraction and lateral repulsion between adsorbed lysozymes. 320 
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Figure 1 Zeta potential of lysozyme coated silica particles in 10 

mM KCl at pH 5 and 7 are plotted against adsorbed amount 

(bottom) and corresponding surface coverage (upper).  
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Figure 2 Yield stress of mixed suspension of lysozyme and silica 

particles at 10 mM KCl vs. adsorbed amount (bottom) and 

corresponding surface coverage (upper). The lines denote yield 

stress of silica suspension at 0.5 M KCl at pH 5 and at pH 7. 
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Figure 3 Yield stress of mixed suspension of silica and lysozyme at 10 mM KCl vs. zeta potential (a) 

at pH 5 and (b) at pH 7. The horizontal line is the yield stress of bare silica particle suspension with 

0.5 M KCl. The vertical line is the zeta potential where the relative adsorbed amount equals to 0.5. 

The above pictures are schematic representation of gap between silica particles. 
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