

  colloids-06-00029




colloids-06-00029







Colloids Interfaces 2022, 6(2), 29; doi:10.3390/colloids6020029




Article



Synthesis and Application of Albumin Nanoparticles Loaded with Prussian Blue Nanozymes



Pavel Khramtsov 1,2,*[image: Orcid], Maria Kropaneva 1,2, Maria Bochkova 1,2, Valeria Timganova 2[image: Orcid], Dmitriy Kiselkov 3, Svetlana Zamorina 1,2 and Mikhail Rayev 1,2





1



Faculty of Biology, Perm State University, 614068 Perm, Russia






2



Institute of Ecology and Genetics of Microorganisms, 614081 Perm, Russia






3



Institute of Technical Chemistry, 614013 Perm, Russia









*



Correspondence: khramtsovpavel@yandex.ru; Tel.: +7-342-280-77-94







Academic Editor: Jaroslav Katona



Received: 9 April 2022 / Accepted: 5 May 2022 / Published: 8 May 2022



Abstract

:

Prussian blue nanozymes exhibit peroxidase-like catalytic activity and are therefore considered a stable and inexpensive alternative to natural peroxidases in the enzyme-linked immunosorbent assay (ELISA). In this work, we propose a robust method of Prussian blue nanozyme functionalization, which relies on the entrapment of nanozymes into albumin nanoparticles. The principle of the method is the addition of ethanol to a solution that contains albumin and nanozymes. At a high ethanol concentration solubility of albumin decreases, resulting in the formation of albumin nanoparticles loaded with nanozymes. The hydrodynamic diameter of nanoparticles was between 120 and 230 nm and depended on the nanozyme-to-BSA ratio. Encapsulation efficiency of nanozymes reached 96–99% and up to 190 μg of nanozymes were loaded per 1 mg of nanoparticles. Nanoparticles were stable at pH 5.5–7.5 and upon long-term storage in deionized water. Excellent reproducibility of the synthesis procedure was confirmed by the preparation of three individual batches of Prussian-blue-loaded BSA nanoparticles with almost identical properties. Nanoparticles were functionalized with monoclonal antibodies using glutaraldehyde cross-linking. The resulting conjugates were applied as labels in an ELISA-like assay of tumor marker prostate-specific antigen (PSA). The lower limit of detection was below 1 ng/mL, which enables measurement of PSA in the range of clinically relevant concentrations.
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1. Introduction


Nanozymes are nanomaterials exhibiting enzyme-like catalytic activity. The most attractive features of nanozymes are better physical-chemical stability, recyclability, and almost unlimited tunability of catalytic properties [1]. Nowadays, nanozymes are studied as alternatives to natural counterparts in various fields of biomedicine, including therapy [2] and diagnostics [3]. The development of immunoassays is a promising area of nanozyme application. In modern immunoassays, enzymes such as horseradish peroxidase generate a color signal by converting a colorless substrate to a colored product. This principle underlies the enzyme-linked immunosorbent assay (ELISA), one of the most popular types of clinical immunoassays. Nanozymes exhibiting peroxidase-like activity, such as Prussian blue nanoparticles, are considered more stable and cheap substitutes for the natural peroxidase in ELISA [4].



Prussian blue is a blue pigment with a chemical formula varying from AFeIII[FeII(CN)6]·xH2O (where A is K, Na, or NH4) to FeIII4[FeII(CN)6]3·xH2O [5]. Prussian blue nanoparticles exhibit peroxidase-like activity and have been utilized as catalytic labels in ELISA-like immunoassays [6] and rapid lateral-flow tests [7,8]. The application of nanozymes as diagnostic reagents requires them to be functionalized with molecules (e.g., monoclonal antibodies), which provide biospecific recognition of the analyte. Moreover, nanozyme preparations should have good colloidal stability in physiological conditions (neutral pH, relatively high concentration of salts) and stability under long-term storage conditions. To date, multiple approaches to the functionalization of Prussian blue nanozymes have been developed, including coating with low-molecular-weight stabilizers [9], artificial polymers, proteins, and so on [10]. Attachment of recognition molecules is mediated via both covalent and non-covalent interactions.



In the present work, we propose a straightforward method of Prussian blue nanozyme functionalization, which is based on albumin desolvation. The desolvation method relies on the addition of poor solvent (e.g., alcohol) to the albumin solution [11]. A decrease in protein solubility initiates the formation of monodisperse and stable albumin nanoparticles. In pharmaceutics, this method is extensively applied for the encapsulation of drugs and polymers into albumin nanoparticles. Recently, several research groups have reported successful desolvation-assisted preparation of protein-coated nanozymes including gold [12], iron [13,14], and cerium nanoparticles [15]. The desolvation method has not been reported for encapsulation of Prussian blue nanozymes. Prussian blue is prone to hydrolysis at alkaline pH [16], which is commonly used for albumin desolvation [17], therefore synthesis conditions need to be optimized.



From the real-world perspective, the functionalization process should be simple, reproducible, and include as few stages as possible [18]. Advantages of the desolvation technique are relatively cheap and widely available raw materials, a tunable procedure, multiple cross-linking options, straightforward purification, and potential scalability [19,20,21]. The resulting nanoparticles are supposed to contain multiple nanozymes coated with cross-linked albumin molecules providing colloidal stability at physiological pH and functional groups for the attachment of recognition molecules. The size of nanoparticles synthesized by desolvation methods can be controlled by varying synthesis conditions [22].



Herein, we synthesized albumin nanoparticles loaded with various amounts of Prussian blue nanozymes. Properties of the nanoparticles including size, zeta potential, and colloidal stability were characterized. Nanoparticles were functionalized with monoclonal antibodies against tumor marker prostate-specific antigen (PSA) and used as labels in an ELISA-like assay of PSA.




2. Materials and Methods


2.1. Reagents and Instrumentation


Bovine serum albumin (BSA) was from VWR (USA). Iron (III) chloride hexahydrate, imidazole, TRIS and 3,3′,5,5′-tetramethylbenzidine dihydrochloride (TMB) were from AppliChem (Illinois, IL, USA); potassium hexacyanoferrate (II) trihydrate, propionic acid, butyric acid, formic acid, and casein, were from Sigma-Aldrich (Saint Louis, MO, USA). Tween-20, glutaraldehyde, citric acid, oxalic acid, glycine, sodium phosphate, sodium bicarbonate, HEPES, and glycerol were from ITW (Glenview, IL, USA). Potassium hydroxide, isopropyl alcohol, sodium hydroxide, sulfuric acid, acetic acid, and hydrochloric acid were from Reakhim, (Moscow, Russia). Streptavidin was from ProspecBio, (Rehovot, Israel). Prostate-specific antigen (PSA) and anti-PSA monoclonal antibodies (MAbs, clones 3A6 and 1A6) were obtained from HyTest, (Turku, Finland). The 96-well polystyrene plates (maxi binding) were from SPL Life Sciences, (Pocheon, Korea). Dialysis tubing (cellulose membrane; 10,000 MWCO) was from Thermo Scientific (Waltham, MA, USA).



Instrumentation. The Stat Fax 2600 microplate washer was from Awareness Technology (Palm City, FL, USA). The Multiskan Sky UV-Vis Reader was from Thermo Scientific (Waltham, MA, USA). The ZetaSizer NanoZS particle analyzer was from Malvern, Malvern, UK. The Peristaltic pump P-1 was from Pharmacia, (Uppsala, Sweden). The VCX-130 ultrasonic processor was from Sonics & Materials (Newtown, CT, USA).




2.2. Synthesis of Prussian Blue Nanozymes


We prepared 100 mL solutions of 50 mM FeCl3 and 50 mM K4[Fe(CN)6]. Each solution was heated to +55 °C. The solutions were mixed by pouring K4[Fe(CN)6] into FeCl3 under stirring at 700 rpm on a magnetic stirrer. After mixing, the temperature was maintained at +55 °C for 10 min. Then, the solution was left to cool to room temperature. Isopropyl alcohol was added to the final concentrations of 30% (v/v). Centrifugation at 4000× g for 10 min was performed. The supernatant was removed and nanozymes were resuspended in water. The suspension (approximately 40 mL) was extensively dialyzed against water and sonicated for 20 min on ice (probe diameter—6 mm, amplification—60%, output power—18–25 W).




2.3. Preparation of Prussian Blue Nanozyme-Loaded BSA Nanoparticles (PB@BSA)


An amount of 4 mL of an aqueous solution containing 30 mg/mL BSA and a certain amount of Prussian blue nanozymes were added into glass vials. Concentrations of nanozymes were 0.375, 0.75, 1.5, 3, and 6 mg/mL. Solutions were kept under stirring (1000 RPM) across all the synthesis stages. Ethanol (95%; 16 mL) was added dropwise (4 mL/min) using a peristaltic pump. The addition of ethanol was carried out at room temperature. Next, the addition temperature of the solution was raised to +70 °C (temperature was controlled through a thermal sensor). After two hours of heating, stirring was stopped, and the nanoparticle suspension was cooled to room temperature. Nanoparticles were transferred into 2 mL centrifuge tubes and washed with deionized water three times by centrifugation at 20,000× g for 20–30 min (duration depended on the rate of nanoparticle sedimentation). Next, each centrifugation pellet was redispersed by sonication (3 mm probe; duration—15 s; power—approx. 8–9 W). The resulting nanoparticles were combined, sonicated on ice for 10 min (3 mm probe; power—approx. 8–9 W), and stored at +4 °C.



Control nanoparticles (BSA NPs) were prepared without the addition of nanozymes in the same way.




2.4. Characterization of PB@BSA Nanoparticles


Concentration. The concentration of nanoparticles was determined by gravimetric analysis. One milliliter of nanoparticle suspension was added to porcelain crucibles and dried to constant weight at +140 °C (water was evaporated by heating at +95 °C). Three technical replicates were measured for each sample.



Size. Hydrodynamic diameter (Dh) and polydispersity index (PdI) were measured by dynamic light scattering (DLS). Nanoparticles were diluted to 10 μg/mL in deionized water. Three technical replicates were measured for each sample.



Zeta potential. Zeta potential was measured by the M3-PALS (mixed mode measurement-phase analysis light scattering) technique. Samples were diluted to 50 μg/mL in 10 mM phosphate buffer, pH 7, and analyzed in auto mode. Three technical replicates were measured for each sample.



UV-Vis spectra. Nanoparticles were diluted to 400 μg/mL in deionized water and transferred to a quartz cuvette (1 cm path length). Absorbance at 200–1000 nm was measured.



Scanning electron microscopy (SEM) and elemental analysis. The nanoparticle aqueous solution (1–10 μg/mL) was dropped on a silicon wafer and dried at room temperature. Samples were analyzed by a field emission scanning electron microscope FEI Quanta 650FEG equipped with an energy-dispersive X-ray detector.




2.5. Loading Efficiency of Prussian Blue Nanozymes


Calibrators were prepared by the addition of 100 μL of nanozyme aqueous solution to 900 μL of 5 mg/mL BSA in H2O. Resulting solutions contained 5, 10, 20, 40, and 80 μg/mL of nanoparticles. PB@BSA nanoparticles were diluted 1:10 (BSA NP; PB@BSA1; and PB@BSA2), 1:20 (PB@BSA3 and PB@BSA4), or 1:40 (PB@BSA5) in 5 mg/mL BSA. Trypsin solution (10 mg/mL in 1 mM HCl) was added to each sample (10 μL per 1 mL). Samples were incubated at +37 °C on a rotator for 36 h, then absorbance at 700 nm was measured. Three technical replicates were prepared for each sample.



Linear regression was used to calculate the concentration of nanoparticles in digested samples from a calibration curve (Figure S1).



The synthesis yield, encapsulation efficiency and loading capacity of nanozymes were calculated as follows:


  Yield =   W e i g h t   o f   P B @ B S A   n a n o p a r t i c l e s   I n i t i a l   w e i g h t   o f   n a n o z y m e s + i n i t i a l   w e i g h t   o f   B S A   × 100 %  










   Encapsulation   efficiency  =   W e i g h t   o f   l o a d e d   n a n o z y m e s   I n i t i a l   w e i g h t   o f   n a n o z y m e s   × 100 %  










   Loading   capacity  =   W e i g h t   o f   l o a d e d   n a n o z y m e s   W e i g h t   o f   P B @ B S A   n a n o p a r t i c l e s    












2.6. Functionalization of PB@BSA Nanoparticles with Antibodies, BSA, and Streptavidin


PB@BSA nanoparticles were diluted in a 10 mM sodium phosphate buffer, pH 7 to 5 mg/mL. The resulting suspension was dropwise added to an equal volume of 1% glutaraldehyde solution in phosphate buffer (pH 7, adjusted with 1 M NaOH) under vigorous stirring. The mixture was incubated for 30 min at +37 °C on a rotator (10 rpm), then nanoparticles were washed by centrifugation at 20,000× g twice with water and once with phosphate buffer. Before and after washing, absorbance at 450 nm (A450) of glutaraldehyde-treated nanoparticles was measured to determine their concentration. To the washed nanoparticles MAbs, streptavidin, or BSA were added. The resulting suspensions were briefly vortexed and then incubated for 60 min at +37 °C on a rotator (10 rpm). Unreacted aldehyde groups were quenched by the addition of 1 M glycine-NaOH (pH 7) to 0.1 M followed by 60 min of incubation at +37 °C. Nanoparticles were washed with water three times as described above. The concentration of nanoparticles was determined by measuring A450.



Nanoparticles with attached MAbs, streptavidin, or BSA will be further referred to as BSA NP/MAb, PB@BSA1/MAb, BSA NP/Str, PB@BSA1/BSA, etc. “PB@BSA/MAb”, “PB@BSA/Str”, and “PB@BSA/BSA” will be used as generic terms for any type of PB@BSA conjugated with MAbs, streptavidin, or BSA, respectively.




2.7. PSA Immunoassay


The 96-well plates were filled with 100 μL of 10 μg/mL anti-PSA capture monoclonal antibodies (clone 3A6) diluted with 0.1 M carbonate buffer, pH 9.5. Plates were kept at +37 °C for 2 h, then washed three times with 300 μL of PBT (10 mM phosphate buffer, pH 7, containing 0.1% Tween-20). Blocking buffer (200 μL; PBT with 1% casein and 1% BSA) was added to the wells. After that, plates were incubated on a shaker (300 rpm) at +37 °C for 1 h and washed three times. PSA (100 μL) diluted in a blocking buffer was added and plates were incubated on a shaker (300 rpm) at +37 °C for 3 h. After washing, PB@BSA/MAb or PB@BSA/BSA (100 μL) diluted in the blocking buffer were added. Plates were incubated on a shaker (300 rpm) at +37 °C for 1 h, then washed and filled with 100 μL of substrate solution (9 mL of 5 mM phosphate-citrate buffer, pH 4 + 1 mL of 1 mg/mL TMB in DMSO + 100 μL of 30% H2O2). After the 30-min-long incubation on a shaker (300 rpm) at +37 °C, 100 μL of 2 M H2SO4 was added, and A450 was measured immediately.





3. Results and Discussion


3.1. Synthesis of Nanozyme-Loaded Albumin Nanoparticles: Properties and Reproducibility


Prussian blue nanozymes were synthesized by a traditional method relying on a quick mixing of FeCl3 and K4[Fe(CN)6] solutions. In our experiment, we used relatively concentrated solutions of iron salts and did not add any stabilizers such as citric acid. Almost 2 g of Prussian blue nanozymes with a mean hydrodynamic diameter of 44 nm and polydispersity index of 0.167 were prepared (Figure S2). Nanozymes form stable aqueous suspensions and keep their size after storage for several months.



Desolvation of albumin is usually performed in an alkaline medium [17]; however, hydrolysis of Prussian blue occurs at neutral and alkaline pH [16]. Desolvation in acidic pH facilitates the formation of large nanoparticles or even macroscopic aggregates [17]. Possible solutions include desolvation at pH lower than the isoelectric point of BSA (e.g., 2–3) or complete omission of the pH adjustment. We chose the second approach due to its simplicity. An aqueous solution of albumin has a pH between 7 and 7.5, which is appropriate for the formation of nanoparticles with a desirable size of 100–200 nm. Despite the neutral pH value, we did not observe hydrolysis of Prussian blue, probably due to extremely low ionic strength.



The first step of our study was the determination of optimal starting BSA concentration. We aimed to choose synthesis conditions favoring the preparation of nanozyme-loaded BSA nanoparticles (PB@BSA) with a size large enough to be sedimented with a reasonably low centrifugation force. Farka et al. have recently applied Prussian blue nanoparticles in immunoassay and reported difficulties with the purification of nanoparticles in the course of functionalization by centrifugation due to their small size (20–30 nm) [6]. Such small nanoparticles can be separated from molecules by gel chromatography or ultrafiltration; however, these methods are rather expensive and time-consuming. For these reasons, we prepared PB@BSA nanoparticles of 100, 160, and 230 nm by changing the starting concentration of BSA [17] (20, 30, and 40 mg/mL, respectively). The smallest nanoparticles were completely sedimented in 60 min at 20,000× g, whereas larger ones were sedimented in 10–20 min. A starting BSA concentration of 30 mg/mL was chosen for the further experiments.



The following step included the synthesis of BSA nanoparticles loaded with various amounts of Prussian blue nanozymes (Figure 1A–D). Ethanol was added to the solution containing BSA and nanozymes, which led to the formation of PB@BSA. The resulting nanoparticles were stabilized by heating. An initial mass ratio of BSA and nanozymes was from 5:1 (PB@BSA5) to 80:1 (PB@BSA1) (Table 1). Plain BSA nanoparticles (BSA NPs) were synthesized in the same conditions and used as a control. In the course of nanoparticle synthesis, aggregates were formed in the reaction vessel (Figure S3). After the washing accompanied by ultrasonication, these aggregates were destroyed. The resulting PB@BSA nanoparticles had a polydispersity index lower than 0.2, indicating their narrow size distribution (representative size distribution plots are presented in Figure 1E and Figure S4). Electron microscopy analysis found that nanoparticles have a spherical shape (Figure 2).



Successful nanozyme loading can be seen by eye: all nanoparticles prepared in the presence of Prussian blue nanozymes had a blue color, whose intensity was inversely proportional to the initial BSA to Prussian blue ratio (Figure 1E). Moreover, their absorbance spectra showed a broad peak at 700 nm, which is typical for Prussian blue (Figure 1F). These results are supported by the elemental analysis of BSA NP and PB@BSA5 samples (Figures S5 and S6). Encapsulation efficiency reached 96% at the highest starting concentration of Prussian blue, therefore almost all nanozymes were entrapped by albumin nanoparticles. Loading capacity also depended on the initial BSA to Prussian blue ratio. PB@BSA5 nanoparticles contained 186 μg of nanozymes per 1 mg of nanoparticles. A further increase of the starting concentration of Prussian blue had deleterious effects: nanoparticles became smaller whereas synthesis yield decreased. Therefore, nanozyme concentrations that are too high interfere with the desolvation process.



Reproducibility of nanoparticle synthesis is essential for its practical application. We synthesized 3 additional batches of PB@BSA5 nanoparticles, which were denoted as PB@BSA5-1, PB@BSA5-2, and PB@BSA5-3. Their properties are summarized in Table 2. Size distributions are presented in Figure S7. Batch-to-batch reproducibility was good in terms of size, yield, and nanozyme content; however, PB@BSA5 nanoparticles synthesized previously under the same conditions were almost 20 nm smaller. These differences indicate that day-to-day reproducibility needs to be further improved.




3.2. Functionalization of PB@BSA Nanoparticles


Nanozyme-loaded BSA nanoparticles were functionalized with streptavidin or monoclonal antibodies (MAbs) against prostate-specific antigen (PSA) using glutaraldehyde. Glutaraldehyde contains two aldehyde groups that cross-link primary amines of PB@BSA and recognition molecules. Nanoparticles were first treated with glutaraldehyde excess, then MAbs or streptavidin were incubated with glutaraldehyde-activated PB@BSA, resulting in the formation of PB@BSA/MAb or PB@BSA/Str. PB@BSA conjugated with BSA (PB@BSA/BSA) was used as a control. The decrease in nanoparticle zeta potential after glutaraldehyde cross-linking confirms its reaction with primary amines of BSA (Figure S8).



PB@BSA/MAb and PB@BSA/Str nanoparticles possess good colloidal stability at neutral pH (Figure 3), which is essential because immunoassays are carried out in physiological conditions. Aggregation of nanoparticles was observed at pH values close to the isoelectric point of BSA (3.5–5.0), which is typical for albumin nanoparticles [23]. The zeta potential of nanoparticles approaches zero in the mentioned pH range, indicating that electrostatic forces take part in the stabilization of PB@BSA suspensions. We need to emphasize, however, that the size of nanoparticles was measured in buffers with much higher ionic strength, therefore other forces, such as steric repulsion, also contribute to the stabilization of nanoparticle suspensions. The long-term stability of nanoparticles was assessed by measuring their size and polydispersity after several weeks of storage. Nanoparticles were kept in deionized water without any stabilizers, such as surfactants. We did not observe any change in size and polydispersity upon storage.



Conjugates of PB@BSA with MAbs and BSA were synthesized to compare their efficiency in immunoassay. The performance of conjugates was compared using a PSA sandwich immunoassay. The highest sensitivity of PSA detection and most intense color was produced by nanoparticles with the largest nanozyme content, PB/BSA5/Mab (Figure 4). The absence of a signal in wells in which control conjugate (PB@BSA5/BSA) was added confirmed that the signal was due to interaction between antibody and antigen. Oxidation of the substrate was promoted by the peroxidase-like activity of nanozymes, because nanoparticles without nanozymes (BSA NP/MAb) did not generate any signal.



Nanozyme-containing nanoparticles produced a rather weak color signal in terms of absorbance value in comparison with conventional ELISA. Higher signal intensity can both improve the reliability of absorbance measurement at lower absorbance values and increase the sensitivity of the immunoassay. Therefore, the next step of our work was to optimize the composition of the substrate solution.




3.3. Optimization of Substrate Buffer


The catalytic activity of nanozymes depends on environmental conditions including composition [24,25] and pH of the buffer solution as well as the concentration of specific electrolytes [26] and substrates (TMB and H2O2) [27].



First, we assessed the pH dependence of PB@BSA peroxidase-like activity. As we have shown before, aggregation of PB@BSA occurs at acidic pH, hampering direct measurement of their catalytic activity in solution. For this reason, we utilized a quick and simple direct assay of biotinylated BSA (Bi-BSA) to optimize the TMB substrate. Streptavidin-conjugated PB@BSA5 nanoparticles (PB@BSA5/Str) were used in this experiment. Plates were coated with Bi-BSA, blocked, treated with PB@BSA5/Str, and filled with substrate solutions.



Optimal pH was determined using TMB diluted in 0.1 M citrate/0.2 M phosphate (McIlvaine) buffer, which allows covering a wide range of pH values. The highest signal was attained at pH 4, whereas at pH 3 and 5 absorbance value was almost three times lower (Figure 5A). This result does not completely coincide with previously published data on the effect of pH on Prussian blue activity. Specifically, Prussian blue nanoparticles are active in a wider range of pH including physiological values [28,29]. Differences in synthesis conditions probably explain these discrepancies. Moreover, the method of catalytic activity measurement can also affect the results: in both mentioned papers peroxidatic activity was measured by direct addition of nanozymes into the substrate solution.



In further experiments, optimization of substrate buffer composition was performed. Buffers were prepared from six acids (acetic, oxalic, citric, butyric, propionic, and formic) and eight bases (KOH, NaOH, NH4OH, imidazole, TRIS, HEPES, Na2HPO4, and glycine). Spontaneous color development, which can be caused by traces of transition metals (e.g., iron), was prevented by the addition of sodium citrate solution (pH 4) to 1 mM in all tested buffers [30]. The highest signal was obtained with 0.1 M ammonium-citrate buffer (Figure 5B). There was no color development in samples without nanoparticles, confirming that the observed signal was caused by nanoparticles and not due to the spontaneous decomposition of substrates. Notably, color intensity significantly depends on buffer composition; for example, more than a two-fold difference was found between commonly used citrate-phosphate buffer and ammonium-citrate buffer. Retesting of buffers that produced the highest absorbance values yielded the same result: ammonium-citrate and potassium-citrate buffers performed best (Figure S9).



Next, the molarity of the ammonium-citrate buffer was optimized. An increase in buffer molarity from 10 to 100 mM provided significant growth of absorbance; larger ion concentrations had a negligible effect (Figure 5C). Importantly, enhancement of the color signal did not lead to higher signal variation, therefore buffer optimization can theoretically improve the limit of detection of the immunoassay.



Finally, we investigated the dependence between the concentration of H2O2 and the dynamics of color development. Nanozymes possess a lower affinity towards H2O2 [24] than horseradish peroxidase, therefore higher concentrations of H2O2 are usually utilized in nanozyme-based assays. Throughout previous experiments, concentration of hydrogen peroxide in the substrate solution was 0.3%. Herein, we tested substrates containing from 0.018% to 2.4% of H2O2. Absorbance at 652 nm (absorbance maximum of semi-oxidized TMB) was measured for 60 min at 5 min intervals. In general, higher peroxide concentrations resulted in more rapid absorbance growth (Figure S10). H2O2 concentrations of 0.15–0.3% provide both high and stable signals. Notably, even in optimized conditions, nanozymes react more slowly than horseradish peroxidase. The maximum signal is reached after 25–30 min of incubation (Figure 5D).



Optimization of substrate composition resulted in a significant increase in the intensity of the color signal generated by PB@BSA. Nevertheless, this improvement also had undesirable consequences: the background signal in the PSA assay dramatically increased. We identified that PB@BSA can non-specifically interact with both human and murine immunoglobulin G (IgG). As a rule, such issues can be solved by the application of a blocking solution, which contains substances (usually proteins, polymers, or animal sera) capable of suppressing the non-specific interactions. In previous experiments we used a blocking solution containing casein and albumin; however, they became ineffective after the application of an optimized substrate. An additional study was carried out to develop an appropriate blocking solution. A desirable effect was achieved by the adjustment of ionic strength to 0.5–1 M using NaCl and the addition of 0.5–1% glutaraldehyde-treated albumin resembling the structure of the PB@BSA/MAb surface.




3.4. PSA Assay: Optimization and Reproducibility


The final goal of our study was to achieve the performance of nanozyme-containing albumin nanoparticles as labels in the colorimetric assay of PSA. In all the previous experiments we used a fixed concentration of PB@BSA/MAb (0.1 mg/mL); the MAb:nanoparticle ratio was also the same: 50 μg per 1 mg. Herein, various concentrations of nanoparticles and antibody-to-nanoparticle ratios were tested (Figure S11). In general, a higher concentration of nanoparticles and antibodies did not provide significant improvement in the assay sensitivity. Based on the analysis of calibration curves, we chose the optimal assay conditions: concentration of PB@BSA/MAb—0.1 mg/mL; MAb to PB@BSA ratio—100 μg per 1 mg.



Nanoparticles PB@BSA5-1, PB@BSA5-2, and PB@BSA5-3 were conjugated with MAb and used as diagnostic reagents in the PSA immunoassay. Nanoparticles conjugated with BSA (PB@BSA5-1/BSA) were used as a negative control. Almost identical calibration curves were obtained for all tested conjugates (Figure 6). Lower limits of PSA detection were 0.064, 0.390, and 0.659 ng/mL (Figure S12). As one can see, LODs differed by an order of magnitude. The extremely low LOD value (0.064 ng/mL) obtained for PB@BSA5-1/MAb can be explained by the very low variation of a zero calibrator. Taking into account the very gentle slope of the calibration curve at PSA concentrations lower than 1 ng/mL, we conclude that 0.390 and 0.659 ng/mL are more realistic estimations of LOD. Therefore, the analytical sensitivity of the developed assay enables the determination of PSA in a clinically relevant range of concentrations (concentration of 4 ng/mL indicates increased risk of prostate cancer) [31], indicating the applicability of nanozyme-loaded BSA nanoparticles as labels in colorimetric immunoassays.





4. Conclusions


The desolvation technique was successfully applied to encapsulate Prussian blue nanozymes into BSA nanoparticles. The advantages of this approach are its simplicity and reproducibility. At a laboratory scale, more than one hundred milligrams of nanoparticles can be synthesized in 3–4 h. Nanozyme-loaded nanoparticles have good colloidal stability and can be stored for several months. The practical applicability of nanoparticles as reagents for colorimetric immunoassays was confirmed by the quantitative detection of a prostate-specific antigen.
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Figure 1. (A) Scheme of nanoparticle synthesis; (B–D) different stages of PB@BSA1 synthesis: a mixture of BSA and nanozymes before (B) and after the addition of 1 (C) or 4 (D) mL of ethanol; (E) nanoparticle suspensions: 1—BSA NPs, 2—PB@BSA1, 3—PB@BSA2, 4—PB@BSA3, 5—PB@BSA4, 6—PB@BSA5. (F) UV-Vis spectra of BSA NPs, PB@BSA5, nanozymes, and BSA. (G) Intensity-weighted size distribution of PB@BSA5, Dh—hydrodynamic diameter. 
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Figure 2. SEM images of PB@BSA5 (A) and BSA NP (B) nanoparticles. Scale bars—1 μm. 
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Figure 3. Colloidal stability of PB@BSA5/Str. (A) Mean hydrodynamic diameter (Dh) and polydispersity index (PdI) of nanoparticles (10 μg/mL) in McIlvaine buffers with various pH values. (B) Zeta potential of nanoparticles (50 μg/mL) in 5 mM citrate-phosphate buffer. Means ± SDs of 3 technical replicates are presented. 
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Figure 4. Calibration curves in PSA assay obtained for various PB@BSA nanoparticles conjugated with anti-PSA MAbs or BSA. Concentration of nanoparticles—0.1 mg/mL. Means ± SDs of 3 technical replicates are presented. Error bars are very small and hidden by the data points. 
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Figure 5. (A) Absorbance value produced by substrates with various pH values. Samples ‘Without PB@BSA5/Str’ represent signal intensity in wells that were filled with the blocking buffer instead of conjugate (control of spontaneous color development). Substrate: 0.1 M citrate/0.2 M phosphate buffers, TMB—1 mg/mL, H2O2—0.3%. n = 4, mean ± SD. (B) Absorbance value produced by various substrate buffers (pH 4), mean of 2 samples is given; (C) effect of buffer molarity on color signal, n = 3, mean ± SD; (D) calibration curves obtained in different time periods after the addition of substrate (H2O2-0.3%), n = 3, mean ± SD. 
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Figure 6. PSA calibration curve assay obtained for three batches of PB@BSA5 nanoparticles conjugated with anti-PSA MAbs or BSA. n = 3, mean ± SD. Error bars are very small and hidden by the data points. 
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Table 1. Properties of PB@BSA nanoparticles.
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	Nanoparticle Type
	Dh, nm
	PdI
	ZP, mV
	Loading Capacity, μg/mg
	Encapsulation Efficiency, %
	Yield, %





	BSA NP
	234 ± 3
	0.078 ± 0.006
	−19.1 ± 0.9
	0.0
	0.0
	79.8



	PB@BSA1
	237 ± 53
	0.166 ± 0.073
	−17.8 ± 1.4
	7.6
	40.6
	66.4



	PB@BSA2
	169 ± 5
	0.175 ± 0.007
	−16.8 ± 0.8
	24.7
	74.5
	73.6



	PB@BSA3
	123 ± 1
	0.176 ± 0.008
	−19.2 ± 1.7
	51.1
	84.3
	78.6



	PB@BSA4
	131 ± 18
	0.131 ± 0.090
	−17.9 ± 0.8
	101.7
	91.4
	81.8



	PB@BSA5
	140 ± 1
	0.040 ± 0.026
	−17.8 ± 0.4
	186.5
	96.3
	86.1







n = 3, mean ± SD.
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Table 2. Properties of three batches of PB@BSA5 nanoparticles.
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	Batch
	Dh, nm
	PdI
	ZP, mV
	Loading Capacity, μg/mg
	Encapsulation Efficiency, %
	Yield, %





	PB@BSA5-1
	168 ± 1
	0.104 ± 0.007
	−18.2 ± 1.6
	192
	99.7
	86.7



	PB@BSA5-2
	167 ± 1
	0.106 ± 0.011
	−21.0 ± 1.0
	191
	99.8
	90.6



	PB@BSA5-3
	161 ± 1
	0.178 ± 0.017
	−17.5 ± 0.9
	187
	99.6
	91.1







n = 3, mean ± SD.
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