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This paper presents the microscopic dynamics of the concentrated suspensions of bovine serum albumin (BSA) proteins and their aggregates by dynamic light scattering (DLS) experiments. The effects of fatty acids binding to BSA, as well as the ionic strength and weak electric field, are discussed for affecting the stability of BSA suspensions against calcium-induced aggregation. By variation of the ionic strength, in the absence of an external electric field, DLS experiments show that monomer–BSA interactions (in the essentially fatty acid-free case) are overall repulsive but that, nevertheless, aggregation occurs to some extent. Also, the diffusive properties of different types of BSA are explored under an applied low-AC electric field by means of in situ electric small-angle depolarized DLS experiments, which reveal a significant decrease of the translational BSA–monomer diffusion coefficient with increasing frequency, while the aggregates indicate orientational motion via rotation on applying an electric field. These observations are interpreted in terms of (localized) orientation interactions obtained as oscillations in the intermediate scattering correlation function, as well as the anomalous slower relaxations as resulting in effective (collective) dynamics between monomeric BSA and their protein aggregates.
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1 INTRODUCTION
As one of the well-known basic functional proteins, serum albumin (SA) has a wide range of important biological functions as a transporter of metabolites, hormones, drugs, nutrients, and metals that play a role in cellular cross-talk [1, 2]. Of particular interest are the interactions of SAs with solvent and small solutes that can lead to variable protein conformation, deformation, and partial unfolding [3–6]. Bovine serum albumin (BSA), as derived (from cows), is a globular SA protein responsible for a variable oncotic pressure (similar to the colloidal osmotic pressure) of plasma (abundant in mammals) and an apparent viscosity [7], which shows reversible conformational changes in the pH and ionic strength [8]. It acts as a multi-functional allergenic transporter molecule in a wide range of biological solutes, such as metabolites, drugs, nutrients, and metals, by ligand binding with variable SA surface amino acids [2]. SAs also effectively bind halide ions by ion-selectivity, where electrostatic interactions also play an important role. A phase diagram of BSA for a monovalent salt, NaCl, with varying concentrations is reported in [9]. The methylene protons and warfarin in the bridging ligand change the conformation in binding sites [10, 11] for molecular docking, e.g., under a cleavage of DNA. Thus, the possible protein aggregation upon binding to a small molecule/ion is clearly important in biomedical applications.
Recently, BSA has been employed as a tracer contrast agent in brain functional MRI imaging analysis since water–protein interactions are immediately accessible in the proton exchange of hydrogen-NMR [12]. In particular, the water and hydrophilic groups on the protein surface can be determined by the MR frequency shift [13]. For example, the accumulation of albumin in solid tumors and binding of drugs, hormones (regulating the colloidal osmotic pressure of blood), and fatty acids to BSA are reported for regulating the osmotic pressure of blood [14–16] by mimicking the colloidal system. Electromagnetic-induced changes in secondary structures of BSA are also investigated by FTIR spectroscopy to explore bioprotective efficiency [17]. In the native globular BSA structure, the fluorescence of lysine-conjugated fluorescein moieties is quenched, while the proteolytic digestion of highly derivatized BSA enhances fluorescence [18–20]. Hence, maintaining the stability of protein conformation is crucial to prevent any harmful state of protein aggregates. Therefore, the gelation and aggregation of BSAs are often explored in the presence of calcium chloride [21]. Depending on the ionic strength, different interactions play a different role. (i) By lowering the ionic strength, the electrostatic repulsive interactions between charged groups on the BSA surface are enhanced due to an increase in the Debye screening length. In addition, the short-range attractive interactions between hydrophobic sites are reduced since the increased electrostatic repulsion keeps the proteins further apart. (ii) At higher ionic strengths, at elevated calcium chloride concentrations where hydrophobic interactions become dominant, the anisometric distribution of hydrophobic groups over the surface of BSA may give rise to the formation of fibrils and filamentous gels. In this work, the possibility of such local modulations by the external weak electric field is explored.
Here, we present experimental results on the relaxation behaviors for microscopic dynamics of concentrated suspensions of BSA and mixture (in the effect of fatty acids), probed by dynamic light scattering (DLS) in both without and with an electric field. In Section 2, the systems and experimental techniques are introduced. Section 3 discusses the stabilizing/de-stabilizing effect of fatty acids (which bind to BSA) on the calcium chloride-induced aggregation by choosing two different BSA suspensions: one containing no fatty acids (which we refer to as BSA1) and the other containing fatty acids but protease-free (referred to as BSApf). In Section 4, the effect of ionic strength on the aggregation behavior of fatty acid-free, non-protease BSA1 is discussed. In Section 5, the effects on the microscopic dynamics of BSA1 in externally applied electric fields are discussed. Finally, Section 6 presents the summary and conclusion.
2 SYSTEM AND EXPERIMENTS
It is known from the previous literature that the shape and size of BSA [22–24] are hydrated ellipsoid of BSA with (sub) nano–micro seconds in thermal motion [25]. The conformational changes of BSA are studied by a small-angle X-ray scattering study: albumin in solution exists as monomer, dimer, and higher-order aggregates. The share of dimer among the remaining forms is high and reaches 10% of all BSA forms, which is confirmed by the SAXS experiment [26]. The equilibrium monomer-to-dimer ratio could, in principle, be calculated from the amplitudes of the two modes, assuming that higher-order aggregates do not contribute to the scattered intensity. However, the values for the stretching parameter for the slow mode are between 0.75 and 0.90, indicating that there are also higher-order aggregates significantly contributing to the scattered intensity. At a low pH, the conformation transitions of BSA undergo two stages (in the variation of ionic strength): first, a sufficiently low-pH (of 4.1) BSA unfolds, and a second transition occurs by the orientation (at pH 3.6) [22]. Such a stabilization of protein unfolding is due to the presence of fatty acids, possibly forming small aggregates.
The turbidity (and heterogeneity) of BSA solutions has been also found to increase with increasing salt concentration, in which partial aggregation may occur as a result of the diminished screening of electrostatic interactions. In such a case, CaCl2 is reported to be more efficient in reducing electrostatic interactions than NaCl at the same ionic strength [27]. The stabilizing or de-stabilizing effect of fatty acids is then considered in the adsorption of BSA [28] with calcium-induced aggregation, expecting polyunsaturated fatty acids are vulnerable to the oxidation process from the free radical interacting with the carbon–hydrogen dissociation against the methylene position. This coincides with the interest of (de) stabilization of the fatty acid, not only limited to the BSA. The measured dynamic light scattering intensity correlation functions are shown in Figures 1, 2 for the fixed BSA concentration of 50 mg/mL and varying CaCl2 concentrations (at an ionic strength of 40 mM PBS). Since the protease is normally responsible for the cleavage (or breaking) of peptide bonds in proteins, causing the degradation of proteins, it is of interest whether this may lead to different surface treatments of BSA types: BSA1 (fatty acid-free) is considered as the locally asymmetric type and BSApf (protease-free) as the symmetric-shaped one. Experiments are performed over a wide range of concentrations. Scattered intensity correlation functions are fitted to extract the microscopic relaxation behaviors.
[image: Figure 1]FIGURE 1 | Scattered intensity auto-correlation functions of the protease-free BSApf mixture in 40 mM of PBS buffer for various CaCl2 concentrations: (A) 0.25 mg/mL, (B) 0.5 mg/mL, (C) 1.0 mg/mL, and (D) 3.0 mg/mL. The arrow indicates an increase in the scattering wavevector.
[image: Figure 2]FIGURE 2 | Intensity auto-correlation functions for fatty acid-free (non-protease) BSA1 (50 mg/mL) in 40 mM of PBS buffer for various CaCl2 concentrations: (A) 0.25 mg/mL, (B) 0.5 mg/mL, (C) 1.0 mg/mL, and (D) 3.0 mg/mL. The arrow indicates an increase in the scattering wavevector. The scattered field amplitudes of the fast and slow modes are shown for BSA1 with CaCl2 concentrations of 0.5 mg/mL (E) and 3.0 mg/mL (F).
We chose two different types of commercially available BSAs, which we refer to as BSA1 and BSApf, purchased from Sigma Aldrich: BSA1 is essentially fatty acid-free (product number A4612), specifically purified from fatty acids, while BSApf is protease-free (product number A4737), containing a small amount (less than 0.005 units/mg solid) of protease. BSA1, thus, contains essentially no fatty acids and no protease, while BSApf contains fatty acids with a negligible amount of protease. Both types are soluble in water up to 40 mg/mL and 50 mg/mL, respectively, within the pH range of 4.8–7.5 and the given PBS buffer solution. The effect of both CaCl2 concentration and the presence of electric fields on the microscopic dynamics of both types of BSA is investigated. Typically, the commercially available protease assay and the protease fluorescence (detective) kits are processed by azocasein protease substrates and casein fluorescence isothiocyanate, salt-free lyophilized powder form.
To measure and quantify the effect of electric fields on the microscopic dynamics, we perform dynamic light scattering (DLS) experiments using both a conventional ALV-DLS setup (without an electric field) and a home-built in situ electric field small-angle dynamic light scattering setup (with a weak AC sinusoidal electric field), which is the home-built SAeDLS setup [29]. We consider both types of BSA particles in suspensions for a wide range of concentrations (1–105 mg/mL), as well as in the non-protease BSA mixtures of CaCl2 (0.25–3.0 mg/mL). Within a linear response of alternating the orientations of BSA proteins, accessible traits of BSA protein–protein interaction are expected to occur by an additional gentle electric force. Then, the surface-charge density and the potential for arbitrary orientation of protein agates can be affected by localized activities (either an asymmetric or a symmetric conformation) experimentally measured in this work. The results of fittings for both the conventional ALV-DLS setup (without an electric field) and the home-built in situ electric field small-angle dynamic light scattering (with a weak AC sinusoidal electric field) are shown by two dynamical modes. In particular, the fitting function for oscillations in the intermediate scattered correlation function is further found to be interpreted as the localized activities relating to a slow dynamical mode in variations of the weak AC electric field frequencies (5 Hz, 50 Hz, 500 Hz, and 5 kHz) for the field amplitude of 5 V/mm. We have collected scattered intensity auto-correlation functions for both the unpolarized (VV) scheme, CVV (t), in the absence of an electric field, and the (VH)-crossed polarization, CVH (t), in the presence of an in situ electric field. A special note is the different ranges of the scattering wavevector between them: for the SAeDLS, the wavevector is quite smaller (q ∼ 1.8–2.8 μm−1) than that for the conventional ALV-DLS (q ∼ 6.8–25 μm−1).
3 THE EFFECT OF CACL2 ON THE MICROSCOPIC DYNAMICS OF PROTEASE-FREE VERSUS FATTY ACID-FREE BSA
In the interest of relative BSA interactions via the particle–particle interaction of BSA aggregates in mixtures for different access of salt concentrations, two types of BSA mixture with CaCl2 at an ionic strength of 40 mM PBS are measured by the scattered auto-correlation function, C(t), in the absence of an external field, by varying the CaCl2 concentration (0.25, 0.5, 1.0, and 3.0 mg/mL), as in Figure 1 and Figure 2, respectively: Figure 1 is for BSApf (in the presence of fatty acids), and Figure 2 is for BSA1 (essentially no fatty acids). The various correlation functions are for scattering wavevectors, as indicated in the figures.
This is analyzed by the fits of auto-correlation functions of light scattering, which is according to
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where [image: image] and [image: image] are the fast- and slow-mode decay rates and [image: image] and [image: image] are the corresponding amplitudes, respectively. Furthermore, the stretching parameter [image: image] accounts, to some extent, for the polydispersity of the protein aggregates giving rise to the slow mode. Here, interestingly, not only the absolute (scattering) amplitude changes but also the slow-mode relaxations for the BSA1 protein in solution are indeed increased with an increase in wavevectors. On the contrary, hardly any differences are noted in the auto-correlation functions of light scattering for the protease-free, BSApf-type suspension (in Figure 1).
The addition of CaCl2 causes a non-monotonic relaxation of the BSA1 type, which is reflected in terms of the scattering field amplitude for the slow relaxation time at the 0.5 mg/mL CaCl2 concentration, as shown in Figure 2B. This effect is most pronounced at the CaCl2 concentration of 1.0 mg/mL, as shown in Figure 2C. At an even higher (3.0 mg/mL) CaCl2 concentration, shown in Figure 2D, a faster relaxation appears, but then, it separates into the fast and slow modes. Actual fits of scattering auto-correlation functions are performed by the sum of the two abovementioned single-stretched exponential functions to extract the diffusion constants for those two modes. Nevertheless, fatty acid-free BSA1 shows a slow mode development, as seen from the fits of the correlation function with two exponentials. As can be seen, there is a slow mode by increasing the CaCl2 concentration for BSA1. The amplitude of the slow mode seems to be non-monotonic, shown in Figures 2E, F as crossing the fast and slow modes, at a higher CaCl2 concentration of 3.0 mg/mL. The overall relaxation rates for the fast and slow modes are plotted in Figure 3, as the dispersion relations at a larger wavevector range (for q ∼ 6.8–25 μm−1) obtained from the fits of the raw intensity auto-correlation functions of light scattering (see Figure 1; Figure 2) in the comparison of both types of BSAs. The fast mode appears to be rather unaffected by the variation of CaCl2 concentration for both BSA types, while the slow mode exhibits non-monotonic dispersion in the square of the wavevector ([image: image]), indicating an elastic deformation (see Figure 3B). Clearly, different traits of slow decay rates are observed between the two types of BSA proteins. The scattered intensity auto-correlation functions for BSA1 are a somewhat “heterogeneous” medium, shown in the lower panels of Figure 3, such that the local activities (or arrangements) of the BSA1 type are cooperatively detected, compared to the protease-free, BSApf mixtures with CaCl2. (i) It should be noted that there is not much difference between the two types of BSAs in the fast mode (upper panel of Figures 3A, B for BSApf and BSA1, respectively) and where a diffusive relaxation is evidenced by a linear q2-behavior of the relaxation rates (with q being the scattering wavevector). This fast mode is attributed to the motions of BSA monomers, and their diffusion constants are indicated as the inset in the range of 48–52 μm2/s for (symmetric) BSApf and slightly faster as 51−55 μm2/s for (asymmetric) BSA1.
[image: Figure 3]FIGURE 3 | Dispersion relations for the fast and slow modes of a middle BSA concentration of 50 mg/mL in 40 mM of PBS buffer with various CaCl2 concentrations (0.25 mg/mL, 0.5 mg/mL, 1.0 mg/mL, and 3.0 mg/mL): (A) for the protease-free BSApf and (B) the non-protease, fatty acid-free BSA1-type. It should be noted that pronounced quadratic dispersion curves are found in the slow mode of BSA1 (see the bottom right). Different colors of figure insets illustrate three distinguishable domains in the BSA structures, where the solid inner red line indicates the shape and the outer blue dotted line indicates an estimated hydrodynamic diameter (see Figure 6). The arrow points to the possible direction of the orientation in the solvent background.
(ii) However, for the slow modes (lower panels Figures 3A, B), the q2-dependence is clearly nonlinear, which may be due to the possible protein aggregation, leading to a very polydisperse suspension. In particular, at lower amounts of CaCl2, larger deviations of relaxations are observed (and pronounced more at the BSA1 type). The slow relaxation rates are a factor VIII smaller in magnitude than for the fast mode, and a far slower diffusion is obtained for the BSA1 type (see the lower panel of Figure 3B). Interestingly, BSApf (Figure 3C) has not much variation of diffusion constants by an increase of CaCl2, while non-protease, fatty acid-free BSA1 shows lower values of slope in Figure 3D. Furthermore, the diffusive motion of slow mode BSA1 is not linear but in a quadratic form, indicating that locally anisotropic symmetry affects the fatty acid-free BSA1 aggregates. It then implies that the degree of aggregation for the BSA1 is more pronounced than that of the BSApf (since the amplitudes are orders of magnitude larger for BSA1). This highly supports the fact that fatty acids stabilize BSA against calcium-induced aggregation by screening the attractive interaction between the proteins, adsorbing to the hydrophobic groups of BSA. The results are quite agreeable with other works in the light-scattering study of the structure of aggregates and gels formed by heat-denatured whey protein isolate and beta-lactoglobulin at neutral pH [30] and the salt-induced aggregation of the globular protein [31]. Therefore, not only the electrostatic interaction in the absence of an electric field [32] but also the degree of local specificity formed as “monodispersed” particle interactions affect the stability of bovine serum albumin by either the symmetric shape of the protease-free BSA protein or the fatty acid-free (asymmetric) BSA1 type.
4 THE EFFECT OF IONIC STRENGTH FOR A CONCENTRATED NON-PROTEASE FATTY ACID-FREE BSA1 SOLUTION
In the absence of an electric field, the non-protease fatty acid-free BSA1 protein concentration dependence on the microscopic dynamics is obtained at two different ionic strengths of PBS concentrations (115 and 20 mM): (i) First, at a high ionic strength (a PBS concentration of 115 mM), the diffusive behaviors of BSA1 protein are shown in Figure 4A for various BSA1 concentrations with scattering wavevectors that are indicated in the figure. There are again two modes, which are now both diffusive, as evidenced by the linear q2-dependence of the relaxations rates given in Figure 4B. The diffusion constants of the fast mode are increased in the range of 53–68 μm2/s, while the slow mode is decreased from 17 μm2/s to 12 μm2/s, in an increase of the BSA1 concentration for 10 mg/mL, 50 mg/mL, 75 mg/mL, and 100 mg/mL. Also, the relaxation rate for the slow mode is about twice as large as for the calcium-induced aggregates (see Figure 3B), indicating that the linear dimensions of BSA1 protein aggregates may be twice as small. The diffusion of a fast mode is then related to more or less BSA1 monomers, increasing with higher BSA1 concentration, which shows that the monomer–monomer interactions tend to be repulsive. However, the diffusion of the slow mode (of BSA1 aggregates) is obtained to be decreased with an increase in concentration. Despite the overall repulsive monomer interactions, BSA1 aggregation seems to occur as larger at the highest concentration compared to the lowest concentration. This qualitatively occurred as the concentration-dependent BSA aggregation relies on the specific orientations among the particles, such as how the hydrophobic groups face each other.
[image: Figure 4]FIGURE 4 | Scattered intensity auto-correlation functions of a few fatty acid-free BSA1 solutions at a high ionic strength of 115 mM PBS: (A) for BSA1 concentrations of 10 mg/mL, 50 mg/mL, 75 mg/mL, and 100 mg/mL and (B) the dispersion relations of the fast and slow modes, where the translational diffusion constants are shown in the insets. The arrows in (A) and (B) indicate the increase of the scattering wavevector and the increase/decrease with an increase in BSA1 concentration, respectively.
(ii) By lowering the ionic strength, much extensive BSA1 concentrations are measured for intensity correlation functions at a lower PBS concentration of 20 mM, provided in Figure 5. In particular, Figure 5A shows the scattered intensity correlation functions for BSA1 at a concentration of 24.0 mg/mL by variation of the wavevector. The corresponding monomer relaxation rates are given in Figure 5B, which show not only a much stronger increase but also a wider range in the relaxation rates with an increase in BSA1 concentration as compared to 115 mM of PBS. This is due to the larger Debye length, keeping a larger spatial range of the repulsive electrostatic interactions. The resulting stronger electrostatic repulsions lead to a more pronounced increase of the relaxation rates on increasing the BSA1 concentration. The slow mode shows much the same decrease by approximately 50% between the largest and smallest BSA1 concentrations as for the PBS concentration of 20 mM. The rough estimation of the size of aggregates for the lower PBS concentration of 20 mM is, however, about 40% smaller as compared to the higher PBS concentration of 115 mM (seen from the relaxation times in Figure 4B lower panel; Figure 5C). Thus, larger ranges of the electrostatic monomer–monomer interactions are found at a lower ionic strength, which screens the hydrophobic interactions that lead to the BSA1 aggregation. Figure 6A shows the resulting ratio of amplitude for the slow and fast modes as a function of the BSA1 concentration (at a low ionic strength and PBS concentration of 20 mM). This ratio increases with an increase in BSA1 concentration, which reflects the increasing tendency for aggregation as the protein concentration is increases. Since the relaxation rates are proportional to [image: image], the so-called apparent hydrodynamic radius Rh can be obtained from the Sutherland–Einstein–Stokes relation [image: image] (where [image: image] is Boltzmann’s constant, [image: image] is the temperature, and [image: image] is the shear viscosity of the solvent). The obtained hydrodynamic radii for the fast mode are given in Figure 6C and for the slow mode in Figure 6D. The decrease in Rh for the monomers may be due to their repulsive interactions; however, it is still left as a debatable mechanism for finding the proper ranges of both “repulsive” and “attractive” interactions [26]. Nevertheless, the radius of 4.0 nm for zero BSA1 concentration is in good agreement with the reported radii in [22, 23], where the increase in hydrodynamic radius for the slow mode has been attributed to forming an aggregate of size increasing with the BSA1 concentration. Figures 6B, C are the same datasets of the fast mode, fitted by the small and higher concentrations, respectively. Figure 6D is the estimation of the hydrodynamic radius for the slow mode at an overall extended BSA1 concentration.
[image: Figure 5]FIGURE 5 | Microscopic dynamics of BSA1 at a low ionic strength (of 20 mM PBS buffer): (A) The intensity auto-correlation functions for BSA1 at a concentration of 24 mg/mL with different scattering angles and (B) the dispersion relation of both fast and slow modes for various BSA1 concentrations as a function of squared scattering wavevector q. (C, D) The dispersion relations of the fast (C) and slow (D) modes, where the arrows in (C) and (D) indicate the increase/decrease with an increase in the BSA1 concentration, respectively.
[image: Figure 6]FIGURE 6 | (A) Ratio of the amplitudes [image: image] and [image: image] of the contributions of the slow and fast modes to the intensity auto-correlation function as a function of the BSA1 concentration at a low PBS buffer concentration of 20 mM. (B, C) The apparent hydrodynamic radius for the fast mode in the small (B) and the higher concentration (C). The hydrodynamic radius for the slow mode as a function of the concentration in (D). The red lines are guides to the eye.
5 NON-PROTEASE FATTY ACID-FREE BSA1 AND MIXTURE IN ELECTRIC FIELDS
This section is dedicated to the effect of an external electric field on the translational and rotational microscopic dynamics of non-protease BSA1 proteins, as measured by a small-angle in situ electric field depolarized dynamic light scattering (SAeDLS) process [29]. The depolarized intensity correlation functions are denoted here by CVH (t), where the subscript V stands for vertically polarized incident light and H for the horizontal component of the scattered light, effectively probing the dynamics of both translation and rotation. Rotational dynamics of the proteins can be gained by the depolarized scattered light depending on their instantaneous orientation motions. The normalized intensity auto-correlation functions of the BSA1 solution in the presence of a weak AC external electric field modulation are provided in Figure 7 and Figure 9, respectively. These auto-correlation functions for the BSA1 solution under a field are obtained by in situ electric field small-angle dynamic light scattering (SAeDLS) for a smaller wavevector of q ∼ 1.8–2.8 μm−1. By an increase of the AC electric field frequency, the modulations of scattered field amplitude of the slow mode are found with a proper fit function for the microscopic dynamics of the non-protease BSA1 and mixture with CaCl2.
[image: Figure 7]FIGURE 7 | Depolarized normalized intensity auto-correlation functions CVH (t) of a BSA1 solution, measured by SAeDLS, with a concentration of 50 mg/mL and at a higher PBS concentration of 115 mM, in the presence of an AC external electric field for various electric field amplitudes (5 V/mm) and frequencies: (A) 5 Hz, (B) 50 Hz, (C) 500 Hz, and (D) 5 kHz. The arrow indicates an increase in the scattering wavevector for the given electric field condition.
5.1 Field-induced dynamics of BSA1 at high ionic strength
Figure 7 shows the normalized intensity auto-correlation functions for different scattering wavevectors for a fixed electric field strength of 5 V/mm with an increasing sinusoidal frequency (as 5 Hz, 50 Hz, 500 Hz, and 5 kHz). The visible electric field responses are observed in normalized depolarized (VH) intensity auto-correlation functions of BSA1 solution (50 mg/mL) at a high (115 mM PBS) ionic strength by a lower range of scattering wavevector (than that previously measured in the ALVDLS). It should also be noted here that CVH (t) is the scattered intensity auto-correlation functions measured under crossed polarization. As it can be seen clearly (in Figure 7), for the case of BSA1 concentration 50 mg/mL and PBS concentration 115 mg/mL, the strong effect of a decrease for slow-mode thermal fluctuations is shown with an increase in the weak external AC electric field for a fixed field amplitude. The length of the arrow in Figure 7 represents the degree of variation in the depolarized correlation functions with an increase in the scattering wavevector for a given electric field condition. Although the electric torque exerted onto the proteins may apparently be too small to lead to additional field-induced rotational motion of the proteins, the slow mode clearly visible in Figure 7 may be mainly due to the presence of BSA1 aggregates.
The corresponding results of field-induced dynamics of BSA1 at high ionic strength are provided in Figure 8. The fast mode is to be decreased in the translation diffusion, while the rotational diffusion is increased (see the intercept values of the asymptotic relaxation rates for an infinitely small wavevector q ∼ 0, in Figure 8A) with an increase in frequency. The translational diffusion coefficient is decreased from 54 μm2/s to 32 μm2/s, while the rotational diffusion incremented slightly from 10 s−1−1 to 14 s−1, with an increase in applied frequency, from 5 Hz to 5 kHz, respectively (see the insets in Figure 8A). Within the experimental error, the dispersion of (slow) rotational motions is obtained from the intercepts of relaxation rate versus q2, interestingly non-monotonic depending on the frequency in Figure 8B. Furthermore, the slow mode turned out to be not a simple diffusion but to show a parabolic dispersion, as [image: image], where [image: image] is the leading slope of the parabola, [image: image] represents the minimum, and [image: image] is the background value, resembling the relaxation behavior of an elastic medium. The location of a global minimum is slowly shifted toward a shorter wavevector. This tendency is depicted with an increase in the frequency (see the (colored) star points) in Figure 8B for the possible elastic deformation in the slow-mode dispersion. Here, it should be noted that the minimum wavevector value, [image: image], decreases from [image: image] ∼ 2.41 μm−1 to 1.73 μm−1 with an increase in applied frequency (from 5 Hz to 5 kHz and a field amplitude of 5 V/mm), and their corresponding size of BSA aggregate increases from d ∼ 2.61 μm to 3.63 μm, which is illustrated in Figure 8C for larger BSA1 aggregates formed at a higher frequency response. The simple scenario of the possible driving mechanism is arranging an asymmetric type of BSA1 protein under an electric field illustrated in Figure 8C, featuring the locally “re-aligning” and somewhat forming coherence length of fatty acid-free globular proteins by the weakly oscillating external sinusoidal electric field.
[image: Figure 8]FIGURE 8 | Relaxation rates for the fast mode (A) and slow mode (B) of the depolarized intensity correlation functions given in Figure 7 as a function of q2 for four different frequencies, 5 Hz, 50 Hz, 500 Hz, and 5 kHz, at a field strength of 5 V/mm. The coherent wavevector value, [image: image], decreases from [image: image] ∼ 2.41 μm−1 to 1.73 μm−1, with an increase in applied frequency, and their corresponding size of BSA aggregate increases about from d ∼ 2.61 μm–3.63 μm. (C) A simple feature for locally “re-aligning” and forming coherence length of fatty acid-free (asymmetric) BSA1 proteins by the weakly oscillating external sinusoidal electric field applied in the vertical direction. The tentative BSA1 aggregates realign to form a somewhat coherent length scale that are detected in the slow-mode scattered intensity fluctuations surrounded by a localized electro-mobility μm.
As compared to the polarized correlation functions for the same suspension of BSA1 protein in the absence of an electric field (in Figure 4), the depolarized scattering correlation functions show stronger contribution related to the aggregates (in Figures 7, 8) mostly by field-induced rotational motion of the BSA1 aggregates. This indicates that the dipole–dipole interactions between the proteins are sufficiently strong, leading to an overall average alignment for the BSA1 proteins within the aggregates. Thus, the earlier discussed aggregation of proteins with relative orientations is indeed valid to form re-alignments for BSA1 proteins within aggregates and also to an accumulative electric dipole moment of the aggregates on the addition of monomers. The reason for a decrease (up to a higher frequency of 5 kHz) in rotational contribution measured in CVH (t) is expected to be the fact that orientational motions of the BSA1 aggregates become less deviated to an external field (beyond a few kHz).
5.2 Field-induced dynamics of BSA1 at low ionic strength
More exotic electric responses are obtained in the intermediate depolarized correlation functions, CVH (t), at a fixed lower ionic strength (20 mM PBS) for varying BSA1 concentrations of 25 mg/mL (low), 50 mg/mL (middle), and 100 mg/mL (high), without and with the electric field (of 5 V/mm and 50 Hz) in Figures 9A, B, respectively. The comparison of depolarized correlation functions without (the top panels) and with (the bottom panels) the electric field for a low PBS concentration of 20 mM is shown for three distinctive BSA concentrations that exhibited qualitatively different features in terms of scattered field amplitude for the localized oscillations in the intermediate correlation function. These oscillations are again attributed to the rotational motion of aggregates, and the proper fitting function for including such oscillations at intermediate scattering correlation function is found to be
[image: image]
where [image: image] and [image: image] are the fast- and slow-mode decay rates and [image: image] and [image: image] are the corresponding amplitudes, as well the local oscillation modulation that accounted for a slow-mode cosine term whose argument contains an amplitude [image: image] and a sine function with modulation frequency [image: image] and phase lag [image: image], respectively. The most pronounced apparent localized oscillations are obtained in the middle BSA1 protein concentration of 50 mg/mL, with [image: image] and [image: image] slightly decreased in the presence of the electric field. The phase lag [image: image] seems to be more consistent in the presence of the electric field compared to that without the electric field. The detailed discussion of the fits for localized oscillations in the intermediate scattering functions is left to reveal the field-driven microscopic dynamics of BSA-protein aggregates in a separate work. The lines in Figure 9 are the fits (by Eq. 2) shown with the data (symbols) for the electric field conditions applied (by varying the wavevector indicated in the inset).
[image: Figure 9]FIGURE 9 | Depolarized normalized intensity auto-correlation functions CVH (t) measured by SAeDLS for BSA1 concentrations of 25 mg/mL (left), 50 mg/mL (middle), and 100 mg/mL (right) at a low ionic strength (20 mM PBS): (A) without and (B) with an AC external electric field with a field strength of 5 V/mm and frequency 50 Hz. Lines are the fits by a novel fitting function of CVH(t) in the main text, Eq. 2, which includes the localized intermediate scattering correlation function.
It seemed that the electric field-induced localized oscillations slightly increased in amplitude, up to the middle concentration of BSA (of 50 mg/mL), but then diminished at an even higher concentration (of 100 mg/mL), as shown in Figure 9 (see the rightest panels), in the normalized intensity auto-correlation functions, in the presence of a weak AC external electric field modulation. Intriguingly, slight enhancements of oscillations are also shown when the electric field is applied, particularly in the middle BSA1 concentration. The result of non-monotonic dispersion relations for the comparison of dynamical modes of BSA1 protein (25 mg/mL, 50 mg/mL, and 100 mg/mL) at lower ionic strength (of 20 mM PBS), without and with the electric field, is also shown in Figure 10, where the data points are obtained from the aforestated correlation function. The outcome dispersion relation can be expressed by [image: image], where a characterizes the parabolic shape of the dispersion relations, shown in Figure 10, around a wavevector [image: image]. The parabolic dependence results due to the dispersion relation for the slow mode, as seen in Figure 10. Overall abnormal (non-trivial) diffusion properties are found in both the fast and slow modes for the three BSA1 protein concentrations, shown as the results of dispersion relations, for the field effect at a low ionic strength (20 mM PBS). The amplitude of scattered correlation functions is evidently enhanced by the external field. This confirms that the interaction of non-protease BSA1 solution (50 mg/mL) at a low ionic strength (20 mM PBS) is found to be much affected by the electric field for the middle concentration, which may be relevant to the degree of water solubility. However, at a higher concentration (100 mg/mL), slower relaxations occur cooperatively as the over-damped oscillations, both without and with an electric field, except the opposite responses of the field effect between the fast- and slow-mode relaxations, as shown in Figure 9B. It should be noted that the time scale of visible localized oscillations occurs in the range of 1–100 ms, shown in the intermediate scattering function of Figure 9. Also, much sharper peaks are observed at the time scale of 30 ms, in the middle BSA1 concentration (of 50 mg/mL), for the pronounced localized oscillations, both without and with the electric field (of 5 V/mm and 50 Hz), in the middle panels in Figure 9B.
[image: Figure 10]FIGURE 10 | Result of non-monotonic dispersion relations for the comparison of dynamical modes of BSA1 protein (25 mg/mL, 50 mg/mL, and 100 mg/mL, for the 20 mM PBS), without and with the electric field, obtained from the correlation functions (in Figure 9): (A) The fast-mode and (B) the slow-mode relaxation rate as a function of the squared scattering wavevector. The lines are the fits, and the numbers indicate the slope of a parabolic dispersion that the arrow points when the field is applied.
It is then clear that abnormal diffusion processes are pronounced at the lower ionic strength (20 mM PBS) for BSA1 protein suspensions (as around the water-soluble concentration, i.e., 50 mg/mL), measured in the fast and slow modes (see the Figure 10). Also, the electric field effects are visualized by the relaxation rates that are relatively broader at low wavevectors, at higher BSA1 concentration at 100 mg/mL up to [image: image] ∼ 3 kHz in the upper right of Figure 10A, compared to the lower BSA1 concentration (of 25 mg/mL). The most notable difference of an intermediate BSA1 concentration (of 50 mg/mL) for dynamical mode relaxations is that the fast mode is substantially reduced, while the slow mode is more pronounced, compared to lower/higher protein concentration (see the middle panels of Figures 10A, B). For instance, when the electric field (5 V/mm and 50 Hz) is on, the response of increased relaxation rates is shown as the inset of the middle panel in Figure 10A, where the slight sift of a (global) minimum is depicted by the characteristic correlation length [image: image]. The fitting function for the dispersion relation is chosen as [image: image], where [image: image] is the leading slope of the parabola and [image: image] is the background value. The leading slope of each fit function is indicated as the number inside in Figure 10, for without (red-number) and with (blue-number) the electric field, respectively.
Finally, to verify further electric effect of the localized activities for BSA1 proteins and aggregates for observing any existing size-dependent responses, the mixture of concentration as the BSA1 protein of 50 mg/mL, with CaCl2 of 3 mg/mL (at a high ionic strength of 115 mM PBS), is explored under external fields for the variations of few small scattering wavevectors. In the absence of a field, the auto-correlation functions and corresponding dispersion relations are as shown in Figure 2D and Figure 3B, respectively. The raw intensity auto-correlation functions of depolarized light scattering, CVH (t), are presented in Figure 11 in the presence of an external field, with a frequency of 10 Hz (left) and 100 Hz (right). The insets are shown for the corresponding intensity traces in the variation of the wavevector q. The uniqueness of depolarized light scattering, CVH (t), happens at a particular wavevector value of q ∼ 2.21 μm−1, and the corresponding size of the BSA aggregate is approximately d ∼ 2.84 μm, which may be coherence length (few tens of larger than the actual sizes of BSA1 protein aggregates) for the field-induced undulation of aggregates in mixture with localized oscillations present, by an increased signal to noise ratio at a higher frequency of 100 Hz. Therefore, the electric effect affecting dynamical modes is consistent at a lower ionic strength, such as the thick electric double-layer deformation and possibly by the electro-osmotic flow of BSA1 condensates. Also, the anomalous behavior of relaxation rates can be then attributed to a relatively large extent of the electric double layer accompanied by the electro-osmotic flow under an external electric field. However, in general, developing a theory including hydrodynamics still demands quite an effort.
[image: Figure 11]FIGURE 11 | Raw intensity auto-correlation functions of depolarized light scattering CVH (t) measured by SAeDLS, for the BSA1 protein (50 mg/mL) mixture with CaCl2 (3 mg/mL) at an ionic strength of 115 mM PBS in the presence of an external field with 10 Hz (left) and 100 Hz (right). The insets are scattered intensities in time for given small wavevectors. It should be noted that there is a unique increase of the signal-to-noise ratio at a particular wavevector, q ∼ 2.21 μm−1, and the corresponding aggregate size of d ∼ 2.84 μm, seen at higher frequency 100 Hz, as the most probable collective length scales at longer-time BSA1 protein aggregates.
6 SUMMARY AND CONCLUSION
Here, in this work, the cooperative microscopic dynamics of BSA-condensate (monomer) or protein aggregates are discussed in the absence and presence of a weak, low-AC electric field, measured by both conventional ALV dynamic light scattering (in equilibrium) and in situ external AC electric field small-angle dynamic light scattering (SAeDLS in non-equilibrium). The dynamic light scattering experiments are interpreted in terms of interactions between BSA monomers. Two relaxation modes have been observed in each of the dynamic light scattering (DLS) intensity correlation functions: a fast mode corresponding to the diffusive motion of BSA monomers and a slow mode due to the presence of aggregates.
Interestingly, the electric field-induced localized oscillations are observed in the intermediate scattering correlation function for the collective microscopic dynamics of BSA proteins and the protein aggregates, which are found to be fitted by a noble fitting function. The comparisons of relaxation behaviors in dynamical modes (of a fast and a slow mode) are presented for interacting BSAs in solution at a high and a low ionic strength by the localized interaction of two comparable types of BSAs (BSA1 and BSApf) in the mixture, with varying amounts of CaCl2.
To summarize the results, (i) first, the observed stabilizing effect of fatty acids against calcium-induced aggregation can be interpreted in terms of screening of the attractive hydrophobic surface groups of the BSA proteins. The fatty acids bind to the hydrophobic surface groups and, thus, partially screen their attractive interactions. As expected, the aggregate translational relaxation rate decreases with an increase in calcium concentration due to their increasing size. (ii) Second, by variation of the ionic strength, DLS experiments show that monomer–monomer BSA interactions (in the absence of fatty acids) are overall repulsive, as evidenced by the increasing relaxation rate of the DLS intensity correlation function with an increase in concentration. The overall repulsive interactions are pronounced at a lower ionic strength due to the larger spatial extent of the electric double layer. Nevertheless, a sizable fraction of the protein occurs in an aggregated form. We can conclude the attractive interactions mediated by the hydrophobic groups only occur for specific relative orientations of two interacting proteins. (iii) Third, the effect of diffusive properties of BSA1 (in the absence of fatty acids) on an applied low-AC electric field is investigated by means of depolarized DLS experiments, which probes the rotational dynamics of the BSA1 monomers and their aggregates. The translational monomer diffusion coefficient of the BSA1 monomers diminishes significantly with an increase in the frequency of an externally applied electric field. However, the effect of an electric field on the rotational diffusion of BSA1 aggregates is found to be visible (seen in the frequency-dependent slow-mode relaxations). Although the electric dipole moment of the monomers may be too small to induce additional orientational motion, the protein aggregates show a cooperatively enhanced “re-aligning” with locally asymmetric BSA1 aggregates, affected by applying an electric field. In line with the abovementioned conclusion, aggregation occurs for specific relative orientations of neighboring proteins, which may be attributed to the cumulatively increasing dipole moment on adding monomers to the aggregate under an external electric field.
In addition, the microscopic dynamics of localized oscillations occurred vividly for the non-protease and fatty acid-free BSA1-type suspension, in which the friction motion in the averaged thermal fluctuation of condensed ions seems to be “enhanced” in the electric field, than that of the protease-free BSApf-type mixture. The main reason for obtaining the resultant dynamical modes is that the fast mode results in faster relaxation while the slow mode is slower, which is due to an increase in the BSA1 protein concentration. This contrast then boosts the fast mode as more responsible for an increase of a “repulsive” interaction among the protein monomer–monomer and the slow mode for consequential protein aggregates that are cooperatively an “attractive” interaction. Since the surface conducting proteins and field-induced polarization of condensed ions are essential to the cooperative orientation in the external electric field, they both affect the force and torque acting on the field-induced spheroidal reorientation. This further leads to additional effects in the instantaneous BSA1 protein aggregates, depending on the concentration at a given ionic strength, varied by the spatial correlation, qc.0, as localized oscillations in the microscopic relaxation.
Therefore, the slow mode observed here by the electric field, with the variation in frequencies, is the resultant torque acting slightly developed polarization by charge redistribution (as the induced pole), which leads to realign orientations under an alternating AC electric field. Then, the polarization of the layer of BSA1 protein condensed ions by oscillatory external electric fields to within linear response (or slight drifts of protein aggregates) is responsible for exhibiting such oscillations from the localized activities in dynamics. Also, the layer of condensed ions is assumed to be covered by ions being mostly constrained to move over the surface of protein spheres and spheroids in the case of non-protease BSA1 protein and the mixture with CaCl2. This then concludes that fundamental differences in the types of the conformation of BSAs (as well as the protein aggregates) are distinguished by the advanced microscopic dynamics in the presence of a weak AC electric field. This finding can be then used to monitor possible localized activities of BSA monomers by either an “open” (asymmetric) or “closed” (symmetric) state in their interactions, which may further guide an estimate for the coverage of hydration layers as a whole particle size of a spheroidal shape.
Thus, the current work shows an interesting observation to realize the field-dependent response for the localized spatial correlation of BSA protein aggregates. This response on the system of spheroids is the resultant of protein–protein interaction and the non-uniform protein aggregates, balanced by locally non-uniform (shape) distribution of condensed ions and the electro-osmotic flow. It then demonstrates localized activities of interacting BSA proteins in suspensions are realized by the low-AC electric field modulations as the field-included deformation, which is not feasible at all in the absence of an electric field. Finally, we hope the findings are useful to facilitate other relevant subjects of topics: (i) the pair-interactions of BSA protein–protein and the protein aggregates, (ii) the apparent (or effective) measures for the osmotic pressure of BSA protein aggregates in the presence of an electro-osmotic flow, and ultimately, (iii) the equations of motion for interacting globular protein aggregates in the collective behavior without and with the electric field.
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