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Abstract

:

Physicochemical properties of immunolatex, prepared by incubation of negatively charged polystyrene microparticles with polyclonal rabbit IgGs, were determined by a variety of experimental techniques. These comprised dynamic light scattering (DLS), laser Doppler velocimetry (LDV) and atomic force microscopy (AFM). The particle diffusion coefficient, the hydrodynamic diameter, the electrophoretic mobility, the zeta potential and the suspension stability were determined as a function of pH for different ionic strengths. The deposition of the immunolatex on bare and polyallylamine (PAH) functionalized mica was investigated using the microfluidic oblique impinging-jet cell, with an in situ, real-time image analysis module. The particle deposition kinetics was acquired by a direct particle enumeration procedure. The measurements enabled us to determine the range of pH where the specific deposition of the immunolatex on these substrates was absent. We argue that the obtained results have practical significance for conducting efficient flow immunoassays governed by specific antigen/antibody interactions.






Keywords:


agglutination assays; deposition of immunolatex; electrophoretic mobility of immunolatex; flow cell; immunolatex; zeta potential of immunolatex












1. Introduction


Protein immobilization at carrier particles of various sizes plays an essential role in enzymatic catalysis, bioreactors, immunological assays, etc. In the case of metal nanoparticle carriers, a controlled protein attachment leads to the corona formation, which is widely studied for single molecule systems and for mixtures comprising the blood serum [1,2,3,4,5,6,7]. However, such systems exhibit a limited stability and low light scattering efficiency that prohibit their wider use for biosensing purposes.



In contrast, immobilization of protein molecules on particles of larger sizes—for example, polymer microspheres (often referred to as latexes)—is advantageous because such conjugates show considerably larger stability compared to the native protein solution [8,9,10]. Therefore, their physicochemical properties and stability can be well-characterized by conventional experimental techniques such as static and dynamic light scattering (DLS), electrophoresis, Laser Doppler Velocimetry (LDV), turbimetry, nephelometry, etc.



A particularly important role is played by polymer microparticles conjugated with appropriate immunoglobulins or antigens, referred to as immunolatexes. Beginning from the pioneering work of Plotz 1956 [11], who developed the first latex agglutination assay for rheumatoid arthritis, such particles are used in a plethora of other tests against various bacterial infections, most often E. coli, Salmonella [12,13,14,15,16], viral infections such as HIV and, recently, SARS-Cov 2 [17,18,19,20]. The extensive application range of such tests is the effect of their simplicity and short execution time, of the order of minutes [21], which is particularly important for points of care testing.



The tests are performed using micro-liter volumes of the immunolatex suspension, mixed with a similar volume of biological sample containing the targeted antigen. The specific reaction of the antigen with the antibody present in the polymer particles leads to a bulk aggregation of the suspension, which can be observed given the large light scattering efficiency of the microparticles. However, at the expense of simplicity and fast reaction time, most of the currently applied tests can only yield qualitative results. Another limitation stems from the fact that the tests are usually carried out on a glass slide or a similar substrate, inadequately characterized with respect to their surface properties. This may result in interference from the nonspecific deposition of the immunolatex on the substrates. Thus, elimination of this effect could considerably decrease the immunolatex volume needed per test, meaning a decrease in the consumption of immunoglobulins and protein antigens: for example, the receptor-binding domain (RBD) protein of the SARS-Cov2 virus.



However, despite the significance of the non-specific adsorption of immunolatex particles at solid substrates, no systematic studies of this issue have been reported in the literature. Therefore, considering the lack of adequate information, the goal of this work was to elucidate mechanisms of such particle deposition on mica, representing a model negatively charged substrate, and polyallylamine- (PAH) modified mica, representing a positively charged substrate. The experiments were performed in the oblique impinging-jet cell (OBJ) [22], enabling real-time and in situ observations of particle deposition/desorption under well-controlled laminar flow conditions. Using this technique, the non-specific particle attachment to these substrates was thoroughly investigated as a function of pH. It is expected that the acquired information about deposition mechanisms of immunolatex under dynamic conditions can be exploited for the purpose of devising more efficient and quantitative biosensing assays.




2. Results and Discussion


2.1. Physicochemical Characteristics of Particles


The size distributions of the bare polymer particles (referred to as L800) and the Salmonella immunolatex particles (referred to as SAL particles) were determined by atomic force microscopy (AFM) and by dynamic light scattering (DLS), which furnished the diffusion coefficient of the particles. Using the diffusion coefficient, the particle hydrodynamic diameters, corresponding to their sizes, were calculated using the Stokes–Einstein formula. Compared to AFM, the DLS measurements were more universal, enabling us to determine the dependence of the particle sizes on pH and ionic strength.



The particle layers imaged by AFM are shown in Figure 1a. The average particle sizes determined by the procedure described in Experimental Methods were equal to 820 ± 40 and 840 ± 30 nm for the L800 and the SAL samples, respectively. The increase in the immunolatex particle size was caused by the presence of the IgG molecule corona, whose characteristic dimension (hydrodynamic diameter) is equal to 12 nm [23].



The hydrodynamic diameter data, derived from DLS and shown in Figure 1b, indicate that the L800 particle size was independent of pH for the range of 3 to 10, with average values equal to 830 ± 20 nm, similar to that determined by AFM. On the other hand, the DLS size of the SAL particles was slightly larger, equal to 1030 ± 30 nm for the pH range 3 to 10. The increase in the particle size was the result of their reversible association, which led to the increase in the hydrodynamic resistance coefficient and, as a consequence, to the increase in the hydrodynamic diameter calculated by the Stokes equation. Hence, the results shown in Figure 1b confirm an adequate stability of the particles for this broad pH range.



Electrokinetic characteristics of the particles were acquired according to the procedure described in Experimental Methods. Primarily, the electrophoretic mobility was measured for different ionic strengths as a function of pH using the laser Doppler velocimetry (LDV) method. Next, the zeta potential was calculated using the Smoluchowski equation. The results obtained for 10 and 1 mM NaCl ionic strength are presented in Figure 2. As can be seen, the zeta potential of the bare L800 particles was equal to −97 ± 5 mV at pH 3.5, and slightly decreased to −110 ± 5 mV at pH 7.4 (for the 10 mM NaCl concentration). In contrast, the zeta potential of the immunolatex SAL particles was positive for a pH below 5.5, assuming the maximum value of 30 ± 3 mV at pH 3.5 (for the 10 mM NaCl). At a pH higher than 6, the zeta potential of the immunolatex assumed a negative value of −30 ± 3 mV, which was constant for a pH of up to 10. It is interesting to mention that the dependence of the SAL particle zeta potential on pH practically matched the previously determined dependence pertinent to the mouse monoclonal IgG functionalized latex particles [24].



Analogous results were obtained for the lower ionic strength of 1 mM NaCl; see Figure 3. In this case, the zeta potential of the SAL immunolatex particles was positive for a pH below 5, assuming the maximum value of 40 ± 4 mV at pH 3.5, became negative at a pH above 5 and then rapidly decreased to −45 ± 5 mV at pH 7.4.



Additional series of experiments were performed with the aim to determine the immunolatex particle stability over a prolonged storage time. Accordingly, the hydrodynamic diameter and the zeta potential of particles in the 100 mg L−1 suspension were determined for prescribed time intervals. It was established that these parameters did not change within a time period of up to 3 months. This was interpreted as adequate stability of the immunolatex suspension, and enabled us to perform reliable deposition kinetic experiments for bare and PAH-modified mica. The electrokinetic characteristics of these substrates were acquired by streaming potential measurements, as described in the Section 3.2. In Figure 4, the dependencies of the substrate zeta potential (calculated using the Smoluchowski formula) on pH are shown. In the case of bare mica, the zeta potential decreased from −50 mV at pH 3.5 to −100 mV at pH 7.4 (for 1 mM NaCl concentration). For the PAH-modified mica, the zeta potential remained positive for a pH up to 9, and was equal to 55 and 35 mV at pH 3.5 and 7.4, respectively.




2.2. Deposition Kinetics of the Immunolatex Particles


The deposition kinetic experiments were carried out in a microfluidic OBIJ cell (Experimental Methods), which facilitated both in situ and real-time observation of the deposited particles using optical microscopy. The aim of this series of experiments was to determine the pH ranges in which the non-specific SAL immunolatex particle deposition at bare or PAH modified mica due to electrostatic-type interactions was absent. Such results can serve as reliable controls for agglutination assays, where the particle deposition is driven by the specific antigen/antibody interactions.



Micrographs of the SAL immunolatex particles on mica, taken for various pHs after the deposition time of 120 min, are shown in Figure 5. One can observe that the particle density abruptly decreased with pH, becoming negligible for a pH of 5. The deposition kinetics can be quantified by introducing the surface concentration of particles (defined, for the sake of convenience, as the number of particles per unit area of the substrate, hereafter referred to as    N p   ), as was previously carried out for the investigation of microparticle deposition [24,26,27] and protein adsorption [28].



The SAL particle deposition kinetics of bare mica, acquired for the bulk suspension concentration of 100 mg L−1 (this corresponds to 0.01 % mass concentration), 1 mM NaCl, flow rate 2.5 × 10−3 cm3 s−1 and various pHs, is shown in Figure 6. One can observe that at a pH of 3.5, the particle surface concentration linearly increases with time, which can be described by the formula:


   N p  =  k c   c b  t  



(1)




where kc is the mass transfer rate constant in the cell,    c b    is the particle bulk concentration and t is the deposition time.



The experimental mass transfer rate constant at pH 3.5, denoted as kc0, was equal to 1.7 × 10−6 L (mg min)−1 µm−2. This maximum mass transfer constant is used as the reference value for calibration of the results obtained for other pHs.



For higher pHs, the SAL particle deposition rate in mica abruptly decreased (see Figure 6); accordingly, for pH 4, the mass transfer rate constant was equal to 5.0 × 10−7 L (mg min)−1 µm−2; and for pH 5.5 to 7.4, the particle deposition was negligible. It is interesting to note that this behavior correlates with the decrease in the zeta potential of the SAL particles (see Figure 3), which was equal to 40 and 25 mV at pH 3.5 and 4, respectively, whereas the zeta potential of the mica substrate varied between −50 and −60 mV for this pH range. At a pH higher than 5, the zeta potential of the particles was negative, i.e., of the same sign as the zeta potential of mica. The strict correlation of the particle deposition rate with the zeta potential indicates that it was governed by the electrostatic interactions, as is analogous with colloid particle behavior [27]. This is an important conclusion, suggesting that non-specific immunolatex interactions with surfaces can be predicted without performing tedious deposition kinetic investigations if the mean-field zeta potentials of the particles and the substrate are known.



In order to further test this hypothesis, the SAL particle deposition kinetics on PAH-modified mica exhibiting positive zeta potential for a pH of up to 9 (see Figure 4) was investigated. Representative results obtained for various pHs and 1 mM NaCl concentration are shown in Figure 7. As can be seen, at pH 7.4–9, the particle deposition rate was at its maximum, and was characterized by the mass transfer rate constant of 2.0 × 10−6 L (mg min)−1 µm−2, similar to that which was previously determined for bare mica. For lower pHs, the adsorption kinetics abruptly decreased, and were characterized by a mass transfer rate constant of 1.2 × 10−6 and 2.0 × 10−7 L (mg min)−1 µm−2 for pH 7 and 6, respectively. At a pH higher than 5, the deposition rate became negligible. Similarly as for bare mica, the decrease in the deposition efficiency correlated with the zeta potential of the SAL particles, which became positive at a pH lower than 5, i.e., of the same sign as the zeta potential of PAH-covered mica, equal to 55 mV.



Given that most of the assays were carried out at pH values ranging between 7.4 and 8 [13,14,29,30,31], these results indicate that a significant interference from the non-specific particle deposition can appear for substrates that exhibit a positive surface charge (zeta potential.)



The results obtained for negatively and positively charged substrates can be uniquely analyzed by introducing the scaled particle deposition efficiency, defined as follows:


   k ¯  =  k c  ( p H ) /  k  c 0    



(2)




where    k c  ( p H )   is the mass transfer rate, experimentally determined for a fixed pH as the slope of the linear dependence of Np on the deposition time.



Experimental results transformed using Equation (2) are shown in Figure 8. It can clearly be seen that the non-specific deposition of the SAL immunolatex particles in negatively charged mica vanishes at pH > 4, i.e., at a pH above their isoelectric point. On the other hand, for positively charged substrates, the non-specific deposition appears at a pH of above 6, i.e., the typical pH range occurring during the performance of latex agglutination tests.





3. Materials and Methods


3.1. Materials


The suspension of negatively charged sulfonate polystyrene microparticles used as colloid carriers for antibodies, hereafter referred to as L800, was our own product, synthesized according to the Goodwin procedure [32]. The stock suspension of the concentration, determined by densitometry and the dry mass method, was diluted to 100 mg L−1 in the DLS and LDV measurements.



Salmonella Immunlatex was a commercial product of Biomex ( Krakow, Poland) prepared by non-covalent coupling of the L800 latex particles (with the bulk concentration of 10,000 mg L−1) with the anti- rabbit polyclonal antibodies.



The SAL particle suspension was cleaned before each deposition experiment by a thorough membrane filtration.



Water was purified using a Milipore Elix 5 apparatus. Chemical reagents (sodium chloride, hydrochloric acid) and Polyallylimine PAH, were purchased from Sigma Aldrich Merck KGaA, Darmstadt, Germany. The average molar mass of the PAH sample of 70 kDa was more precisely determined by dynamic viscosity measurements [33].



Ruby muscovite mica, obtained from Continental Trade, was used as a model substrate. The solid pieces of mica were freshly cleaved into thin sheets prior to each particle deposition experiment, which were carried out in a diffusion cell under thermostated conditions.



The modification of the mica substrate by PAH was carried out according to the previously described procedure [22]. Briefly, a few freshly cleaved mica sheets were vertically immersed in the PAH solution of a controlled concentration, pH and ionic strength, typically equal to 10 mg L−1, 5.6 and 10−3 mol L−1, respectively. The adsorption was continued under pure diffusion conditions for 10 minutes in a thermostated cell. Afterward, modified mica was washed three times in water and placed on the flow cell.




3.2. Experimental Methods


The diffusion coefficient of bare and immunolatex particles (hereafter referred to as SAL particles) was determined by dynamic light scattering (DLS) using the Zetasizer Nano ZS instrument from Malvern (A.P. Instruments, Warsow, Poland). The hydrodynamic diameter was calculated using the Stokes–Einstein relationship. The electrophoretic mobility of bare and immunolatex was measured using the Laser Doppler Velocimetry (LDV) technique, using the same apparatus. The zeta potential was calculated using the Smoluchowski formula.



The zeta potential of bare and PAH-modified mica sheets was determined by the streaming potential method, using a microfluidic cell in the form of the parallel plate channel [22]. Initially, the streaming potential was measured using a pair of reversible electrodes as a function of the hydrostatic pressure difference ΔP. Subsequently, the streaming potential was converted to the zeta potential ζ using the Smoluchowski relationship [34].



Atomic force microscopy (AFM) measurements were carried out using the NT-MDT OLYMPUS IX71 device with the SMENA scanning head. The measurements were performed in semi-contact mode, using silicon probes and polysilicon cantilevers HA-NC ETALON, with resonance frequencies of 140 kHz +/−10% or 235 kHz +/−10%.



The deposition kinetics of the particles was investigated using the oblique impinging jet cell, according to the previously described procedure [22]. A steady laminar flow of the suspension was generated by the peristaltic pump, which enabled us to regulate the volumetric flow rate within broad limits. It should be mentioned that because of the under-pressure prevailing in the cell, the mica substrate, in the form of freshly cleaved sheets, was firmly attached to the cell wall without using any adhesive. This eliminated the possibility of contamination of the cell during the measurement.



Deposited particles were observed in situ using optical microscope equipped with long-distance objectives, camera and imaging processing software. The number of particles per unit area (typically one square micrometer, denoted hereafter by Np) was determined by a direct counting of over 10–20 equal sized areas randomly chosen over the mica surfaces. This provides a relative precision of these measurements of more than 2%. The temperature during the experiments was kept at a constant value, equal to 298 ± 0.1 K.





4. Conclusions


Despite the significance of the non-specific adsorption of immunolatex particles in solid substrates, especially in the convection controlled regime, no systematic studies of this issue have been carried out in the literature. Considering the lack of adequate information, thorough kinetic experiments were performed using the oblique impinging-jet cell, thus enabling real time and in situ observations of particle deposition/desorption events. Using this technique, the non-specific particle attachment was determined as a function of pH.



It was established that for the substrate exhibiting negative zeta potential (bare mica), the deposition kinetics of particles vanished at a pH above 5. This result has practical significance, confirming that at a pH range of 7.4–8, at which most tests are carried out, the non-specific deposition of the particles on negatively charged surfaces becomes negligible.



On the other hand, for the substrates exhibiting positive zeta potential (mica/PAH), a significant deposition of the immunolatex particles was observed at a pH above 6, which suggests that such substrates are not appropriate for performing latex agglutination assays.



These results are also significant for basic science, because they confirm that immunolatex particle deposition is governed by electrostatic interactions, depending on the zeta potential of the substrates and particles. Thus, determination of of physicochemical characteristics of immunolatex particles, comprising their electrophoretic mobility and the zeta potential as a function of pH, makes it possible to predict their interactions with abiotic surfaces when performing agglutination assays.



It is expected that the obtained results can be exploited to efficiently perform reliable, label-free immunological assays under flow conditions, creating the possibility of direct detection of deposited particles via optical imaging.
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Figure 1. (a) The AFM images of the bare polystyrene particles (L800), left hand side, and the salmonella immunolatex particles (SAL), right hand side (scale 30 µm × 30 µm). (b) Dependencies of the hydrodynamic diameter of the particles on pH determined by the Stokes–Einstein equation using the DLS diffusion coefficient data, 1 mM NaCl. 1. SAL particles, bulk concentration 100 mg L−1; 2. L800 particles, bulk concentration 100 mg L−1. The lines are guides for the eyes. 
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Figure 2. Dependencies of the zeta potential of the immunolatexes on pH, 10 mM NaCl; (●) results for the SAL immunolatex particles in this work; solid line 1 shows the interpolation of these results. (▲): Previous results for the mouse monoclonal IgG coated immunolatex without BSA blocking, Ref. [24]. Solid line 2 shows the interpolation of the bare latex results. 
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Figure 3. Dependence of the zeta potential of the SAL immunolatex particles on pH, 1 mM NaCl. (●): Experimental results derived from LDV (solid line 1 shows the interpolation of these results). Solid line 2 shows the interpolation of the bare latex results. 
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Figure 4. Dependence of the zeta potential of mica on pH, determined by the streaming potential method. 1—(●) mica/PAH [25]; 2—(▲) bare mica, 1 mM NaCl. The solid lines represent fits of experimental data. 
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Figure 5. Micrographs of the SAL immunolatex particles on mica acquired in situ by optical microscopy; 1 mM NaCl, deposition time 120 min, micrograph size: 135 µm × 100 µm. (a) pH = 3.5, (b) pH = 4, (c) pH = 5–7.4. 
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Figure 6. The kinetics of SAL immunolatex particle deposition in bare mica in the OBIJ microfluidic cell, shown as the dependence of the surface concentration on the deposition time. Particle bulk con-centration, 100 mg L−1, 1 mM NaCl; flow rate 2.5 × 10−3 cm3 s−1. The points show the results obtained for: 1. pH 3.5 (♦); 2. pH 4 (▲); 3. pH 5.5 (■) and 4. pH 7.4 (●). The solid lines are linear fits of the experimental data. 
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Figure 7. The kinetics of SAL immunolatex particle deposition at PAH-modified mica under convection conditions (OBIJ microfluidic cell ) shown as the dependence of the surface concentration on the deposition time; particle bulk concentration 100 mg L−1, 1 mM NaCl; flow rate 2.5 × 10−3 cm3 s−1. The points show the results obtained for: 1. (▲) pH 9–7.4; 2. (▼) pH 7; 3. (♦) pH 6; 4. (●) pH 5–3.5. The solid lines are linear fits of the experimental data. 






Figure 7. The kinetics of SAL immunolatex particle deposition at PAH-modified mica under convection conditions (OBIJ microfluidic cell ) shown as the dependence of the surface concentration on the deposition time; particle bulk concentration 100 mg L−1, 1 mM NaCl; flow rate 2.5 × 10−3 cm3 s−1. The points show the results obtained for: 1. (▲) pH 9–7.4; 2. (▼) pH 7; 3. (♦) pH 6; 4. (●) pH 5–3.5. The solid lines are linear fits of the experimental data.
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Figure 8. Normalized rate of SAL immunolatex particle deposition on bare mica (▲) and PAH-modified mica (●) as a function of pH, 1 mM NaCl. Solid lines 1 and 2 represent a fit of experimental data for bare and PAH-covered mica, respectively. 
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