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Abstract

:

The use of nanomaterials is becoming increasingly widespread, leading to substantial research focused on nanomedicine. Nevertheless, the lack of complete toxicity profiles limits nanomaterials’ uses, despite their remarkable diagnostic and therapeutic results on in vitro and in vivo models. Silver nanoparticles (AgNPs), particularly Argovit™, have shown microbicidal, virucidal, and antitumoral effects. Among the first-line toxicity tests is the hemolysis assay. Here, the hemolytic effect of Argovit™ AgNPs on erythrocytes from one healthy donor (HDE) and one diabetic donor (DDE) is evaluated by the hemolysis assay against AgNO3. The results showed that Argovit™, in concentrations ≤24 µg/mL of metallic silver, did not show a hemolytic effect on the HDE or DDE. On the contrary, AgNO3 at the same concentration of silver ions produces more than 10% hemolysis in both the erythrocyte types. In all the experimental conditions assessed, the DDE was shown to be more prone to hemolysis than the HDE elicited by Ag+ ions or AgNPs, but much more evident with Ag+ ions. The results show that Argovit™ is the least hemolytic compared with the other twenty-two AgNP formulations previously reported, probably due to the polymer mass used to stabilize the Argovit™ formulation. The results obtained provide relevant information that contributes to obtaining a comprehensive toxicological profile to design safe and effective AgNP formulations.
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1. Introduction


Nanomaterials for biological applications have been successfully developed in the last decades, e.g., theranostics, drug delivery, imaging, and sensors [1]. Their unique physicochemical properties, such as high surface-to-volume ratio, high porosity, and fine-tune modulation of properties at the atomic level, provide them with a reactivity enhancement compared with bulk materials. The aforementioned characteristics make nanoparticles and nanomaterials attractive for pharmaceutical, food, cosmetics, energy, and construction industries among others. Nevertheless, these unique properties could also produce adverse effects on human health and the environment, modifying the rate and ratio of the processes previously described for bulk materials. So, it is necessary to identify and evaluate the risks and factors associated with the use of any nanomaterial [2].



Silver nanoparticles (AgNPs) are among the most used nanomaterials in the biomedical field due to their microbicidal effect, despite the lack of evidence detailing a clear mechanism of action [3,4]. Most of the reports suggest the silver ion release as the main effector of the biological response [5,6,7]; however, some suggest that the complete nanoparticle, and not the released ions, is responsible for the observed effect [8,9]. Most of the publications report no selectivity on the cytotoxic and genotoxic damage produced by AgNPs formulations, mainly those uncoated or unstable coated AgNP formulations [10,11,12,13,14,15,16]. Nonetheless, including a coating agent that provides greater stability to the AgNPs formulation, such as polyvinylpyrrolidone (PVP), can improve cytotoxic selectivity [8,9].



One of these PVP–AgNPs formulations, known as Argovit™, has been studied in several in vitro and in vivo models [17,18,19,20,21], showing remarkable results without any cytotoxic/genotoxic effects [22,23] observed on the non-transformed or non-pathogenic cells. The effective concentrations employed attributed to the high stability provided by the high amount of PVP used to obtain this AgNP formulation. Besides, biodistribution studies on rats show that 98% of this formulation was excreted in the feces [24,25,26], a result that confirms its low toxicity. To better understand the toxicological profile, an evaluation of the hemolytic effect of this formulation on human erythrocytes is indispensable.



The Scientific Committee for Consumer Safety (SCCS) established the hemolysis test as a necessary test for human consumption product approval [27]. According to the American Society for Testing and Materials (ASTM), less than 5% hemolysis is considered null [28]. Above this limit and up to 10% is assumed as low, and beyond 10% is perceived as marked hemolysis. Hemolysis represents the rupture or alteration of the integrity of the red blood cell membrane, causing the release of hemoglobin [29]. Figure 1 shows the basic mechanism of hemolysis.



In the physiological environment, the red cell membrane rupture allows the cell contents to escape into the plasma. The most abundant cytosolic content of red blood cells is hemoglobin, which comprises 97% of the red blood cells. Hemoglobin is specialized in the transport of blood gases in animals; therefore, significant hemolysis compromises all tissue functionality [30]. Numerous studies describe the hemolysis produced by AgNP formulations in erythrocytes from healthy donors (HDE) [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Many AgNPs have been used to treat diabetic foot ulcers and other diabetic-related wounds [47,48,49], including Argovit™ [50]. However, no studies have been found based on experiments with erythrocytes from diabetic donors (DDE). DDE and HDE show different susceptibilities to hemolysis due to the structural changes related to osmotic stress and greater membrane fragility that hyperglycemia induces in red blood cells [51,52]. Therefore, this work aims to identify the hemolytic capacity of Argovit™ and compare it with the hemolysis produced by Ag+ from AgNO3 to improve our knowledge about both agents toxicological response in DDE and HDE. Among the published works on hemolysis by AgNPs, the results are expressed in concentrations of complete AgNPs without indicating the content of metallic silver. This makes the results interpretation difficult because cytotoxicity (e.g., hemolysis) has been attributed mainly to the release of silver ions, which is why in this work both the concentration of AgNPs, and their Ag content are presented.




2. Materials and Methods


2.1. Characterization of AgNPs Formulation Argovit™


Argovit™ was provided by Dr. Vasily Burmistrov from Vector-Vita Scientific and Production Center (Novosibirsk, Russia). Argovit™ is a stable water suspension with final concentration of 200 mg/mL of AgNPs (20% w/w). The metallic silver content (1.2% w/w) is stabilized with polyvinylpyrrolidone (PVP 12.6 ± 2.7 kDa), which represents 18.8% of the formulation’s total weight. The other 80% of the weight corresponds to distilled water. AgNPs have a spherical shape with a size distribution from 1 to 90 nm in diameter, with an average of 35 ± 12 nm. The hydrodynamic diameter is 70 nm, the ζ potential is −15 mV, and it has a plasmonic resonance at 420 nm [53]. Argovit™ AgNPs have been widely used in medical, veterinary, and industrial applications and have the corresponding certificates of use [21,50].




2.2. Preparation of Solutions


ArgovitTM AgNPs: at 12, 24 and 48 µg/mL of Ag content at which the erythrocytes were exposed, corresponding to 200, 400 and 800 µg/mL of AgNPs (Table 1).



AgNO3: Sigma-Aldrich 2091-39-25G (St. Louis, MO, USA), selected as a source of Ag+ ions due to its high water solubility at 12, 24 and 48 µg/mL of Ag content at which the erythrocytes were exposed (Table 1).



Positive control: Triton X-100 at 20% v/v solution was prepared as a positive control.



Negative control: A standard PBS solution adjusted to pH = 7.4.




2.3. Preparation of Erythrocyte Suspensions


Venous blood (25 mL) was drawn by vacuum phlebotomy followed by centrifugation at 500× g for five minutes. Plasma was discarded and red blood cells were washed three times with sterile NaCl 150 mM physiological solution. A final wash was carried out with PBS buffer solution at pH = 7.4 under the same conditions. The supernatant was replaced with new PBS solution pH = 7.4. For the preparation of the experiments, 1 mL of the erythrocyte pack from the before obtained suspension was diluted in 49 mL of PBS at pH 7.4 achieving a 1:50 erythrocyte stock suspension.




2.4. Hemolysis Test


Three independent hemolysis experiments were performed, each in triplicate (n = 3) in 1.5 mL conical bottom tubes, with AgNPs Argovit™ and AgNO3 at concentrations of 12, 24 and 48 µg/mL of silver. Additionally, negative control (PBS) and positive control (TritonX-100,) (Thermo Fisher Scientific Inc., Rockford, IL, USA) were used. The assay was set up to achieve a final volume of 1000 µL in each trial. This was accomplished by adding 50 µL of the test agent to 950 µL of the 1:50 red cell stock dilution. All tubes were incubated simultaneously at 37 °C for 2 h shaking them by gentle inversion once every half hour. Then the tubes were centrifuged at 500× g for 5 min and 100 µL of the supernatant was transferred to 96-well plates to obtain absorbance readings at 450 nm in a 96-well ControLab EliRead spectrophotometer (RT-21007) (EliRead, KontroLab, Italy). The hemolysis percentages were calculated using the following formula:


  %    H  = 100 ∗ [    Ap  −  Ac     ( − )     ind       Ac   ( + )  −  Ac   ( − )     








where,



% H = percentage of hemolysis



Ap = absorbance of sample



Ac(−)ind = absorbance of negative control with erythrocytes in each sample



Ac(+) = absorbance of positive control



Ac(−) = absorbance of negative control with erythrocytes




2.5. Donors


Healthy donor erythrocytes were obtained from a 36-year-old male normocytic individual weighing 70 kg, a body mass index of 23.7 with hematocrit of 47.4%, and a fasting glucose of 90 mg/dL. No apparent pathological data in the past 10 years is referred by this individual.



Diabetic donor erythrocytes were obtained from a 35-year-old male normocytic individual weighing 139 kg, a body mass index of 38.5, with hematocrit of 45.1%, a fasting glucose of 140 mg/dL and glycosylated hemoglobin (Hb A1c) of 10%. The individual was diagnosed in 2016 with type 2 diabetes (T2D). Subcutaneous insulin Tresiba™ at 30 units per day and Humalog™ 10 units per day were prescribed and administered ever since T2D was diagnosed. Other than obesity, no comorbidities nor complications are referred by this individual.




2.6. Statistical Analysis


After verifying homoscedasticity with the Bartlett test, a multifactor analysis of variance was performed to detect statistical differences in hemolysis data with n = 9 in three independent experiments with three replicates. A Tukey’s post-hoc test was made with Statistica V.13.3 1984–2017, (TIBCO Software Inc., Palo Alto, CA, USA) (see Supplementary Materials Table S1), and graphs generated with GraphPad Prism 8.1.0.





3. Results and Discussion


Figure 2a shows the hemolysis caused by the AgNPs and Ag+ from AgNO3 on the HDE and DDE. The percentages of hemolysis produced in the HDE by the AgNPs at 12 and 24 µg/mL were 1.96 ± 0.23% and −0.24 ± 0.13%, respectively. Significant differences were found compared with the negative control (p ≤ 0.05), but always beneath the limit 5% hemolysis. Regardless of the type of erythrocyte (HDE or DDE), neither of the two hemolytic agents tested seem to trigger any hemolytic mechanism at 12 µg/mL of AgNPs. With 12 µg/mL of silver ions, hemolysis shows no differences from that produced by AgNPs at the same concentration. On the contrary, 24 µg/mL of Ag+ has marked hemolysis on the DDE and HDE, with 17.78 ± 3.81 and 13.6 ± 1.9% hemolysis, respectively. Clearly, for both the HDE and DDE the hemolysis caused by AgNPs is much lower than that caused by Ag+, with a silver concentration of 24 µg/mL. Comparing the hemolytic effect of AgNPs and Ag+ in DDE, we find that the former produces four times less hemolysis (4.2 ± 1.1%) than the latter (17.8 ± 3.8%) at this concentration. Performing the same comparison with the hemolysis values found in the HDE, the sensitivity observed is 68 times greater to Ag+ than to the AgNPs, presenting hemolysis values of 13.6 ± 1.9% and −0.24% ± 0.13, respectively. It is important to note that, although the sensitivity of the DDE is higher than for the HDE for AgNPs at 24 µg/mL in relation to hemolysis, in neither case could it be said that the damage is significant since the values are less than the established limit value of 5% (Figure 2a). Thus, AgNPs concentrations of 12 and 24 µg/mL could be considered non-hemolytic.



The concentration of 48 µg/mL from either AgNPs or Ag+ produce marked hemolysis, similar to the positive control Triton. Even with marked hemolysis, lower damage by AgNPs is done compared with Ag+. AgNPs at 48 µg/mL produce 74.6 ± 5.6% (*** p ≤ 0.001) hemolysis, meanwhile Ag+ produces 100.3 ± 3.0% (*** p ≤ 0.001) on the HDE, a difference that represents 25% of susceptibility for Ag+. On the DDE, the difference is close, with 91.8 ± 2.8% (*** p ≤ 0.001) hemolysis by AgNPs and 100.3 ± 3% (*** p ≤ 0.001) produced by Ag+.



Silver ions produce an energy imbalance of erythrocytes even at low concentrations, which in turn leads to eryptosis, a programmed cell death on cells devoid of mitochondria [54]. Thus, the capacity of Ag+ release for any AgNPs with a potential biomedical application is a fundamental parameter to be taken into consideration. Only 0.2% of the silver contained in the Argovit™ formulation is released as ions. From a sample of 10 μg/mL AgNPs left under stirring for 24 h, 0.024 μg/mL of Ag+ was quantified in solution by inductively coupled plasma atomic emission spectroscopy (ICP-OES) [55]. The larger stability of this formulation that avoids silver ion release is associated with the high amount of polyvinylpyrrolidone (PVP) used as a coating agent [22]. The results presented in this work for hemolysis in HDE (Figure 2a) agree with those reported by Kim [40], who found 4.5, 17.9, and 35.7% hemolysis on erythrocytes exposed to Ag+ concentrations of 19, 31.7 and 63.5 µg/mL, respectively. These results confirm that Ag+ released from the nanoparticle is much lower than that from dissolved AgNO3; thus, Ag+ produces greater cytotoxic damage than AgNPs, as other authors have shown with other biomarkers and biological models [2,22,23,56].



The structural changes that hyperglycemia induces in red blood cells, causing osmotic stress and greater fragility in the membrane, as explained in [51,52], contribute to the susceptibility observed. The DDE have a decrease in deformability and are therefore more susceptible to rupture compared to the HDE [40,57]. The difference in structural functionality between the DDE and HDE membranes implies that the former may have a higher percentage of hemolysis than the latter. In summary, for the silver agents studied, hemolysis presents the following sequence:


AgNO3 DDE > AgNO3 HDE > AgNPs DDE > AgNPs HDE.











Considering the above results of higher fragility of the DDE compared to the HDE, we strongly recommend including not only erythrocytes from healthy donors but also from diabetic donors in future hemolysis studies.



The obtained results of hemolysis in human erythrocytes caused by Argovit™ established a non-hemolytic limit concentration of <24 µg/mL of silver content for both the DDE and HDE. This concentration limit is above the upper concentration of Argovit™, 12 µg/mL, which shows neither cytotoxic nor genotoxic damage on human peripheral blood lymphocytes [22]. The effective antimicrobial and antiviral concentrations are below the non-hemolytic concentrations found in this work [18,58]. The non-hemolytic range found in this work also suggests that concentrations used for biomedical applications, such as the activation of the immunological system [59] or application on the treatment of diabetic foot ulcers [21,50], are far from hemolytic damage.



Physicochemical Properties and Hemolysis (HDE) by Argovit™ and Other AgNPs Formulations


Due to the lack of data on the silver content for various formulations of AgNPs shown in the Supplementary Material as Table S2, in this section the comparison of our hemolysis results with those reported in the literature is expressed considering the concentration of the complete AgNPs formulation and not that of the Ag content.



Hemolysis produced by the AgNP formulations is closely related to the stability provided by the coating agent. Biosynthesized formulations and those coated with citrate present the higher levels of hemolysis, meanwhile starch–AgNPs and PVP formulations produce the lower levels of hemolysis (Table S2 and Figure 3).



Table S2 compiles the physicochemical properties and the hemolytic effects produced by Argovit™ and several AgNP formulations previously reported. For previously reported results, the concentrations were taken as reported in the original source. For Argovit™ AgNPs, both the metallic Ag and PVP contents are provided by the manufacturer. All the AgNP concentrations in Table S2 and Figure 3 correspond to the sum of metallic silver concentration and stabilizer concentration.



The graphical representation of the hemolytic effects, grouped by coating agent, is presented in Figure 3 to facilitate the comparison of data compiled in Table S2. Four groups were formed as follows: nanoparticles stabilized with polyvinylpyrrolidone (PVP), citrate (CIT), biosynthesis coating (BIO), and starch (starch), labeled in Figure 3 with a, b, c, and d, respectively.



The AgNP formulations coated with PVP (Figure 3a) were NP-0 (Argovit™), NP-6, NP-8, NP-11, NP-12, NP-20, and NP-21. As shown in Table S2, these formulations have a spherical shape, with the exception of formulation NP-11, which is a nanowire. The diameters found for these formulations are in the range of 20–100 nm. Figure 3a shows that only NP-0, NP-11 and NP-12 PVP–AgNP formulations with concentrations equal or below 200 µg/mL have no hemolytic effects on the HDE. With concentrations between 200 and 350 µg/mL, the formulations NP-11 and NP-12 show 5–10% hemolysis. With concentrations close to 400 µg/mL, marked hemolysis was observed. On the contrary, NP-0 remains with no hemolytic damage even with concentrations of 400 µg/mL; however, with higher concentrations, marked hemolysis is rapidly produced. The rest of the PVP–AgNP formulations compiled in Table S2 showed more than 5% hemolysis with concentrations lower than 150 µg/mL (Figure 3a). For these AgNPs, 5% hemolysis occurred at concentrations of 15, 100, and 120 µg/mL, respectively.



Comparing the hemolytic effects of spherical PVP–AgNPs, it is found that the formulations NP-12, NP-20, and NP-21 produce more than 5% hemolysis with concentrations equal to or lower than 300 µg/mL; meanwhile, NP-0 requires more than 400 µg/mL. For NP-0, the Ag:PVP ratio is 6:94, while for the other PVP–AgNP formulations (NP-12, NP-20, and NP-21), the reported ratios are 94:6, 99.5:0.2, and 36:64, respectively. Since these formulations are all PVP-based, the only reason we found for the observed difference is the amount of polymer employed to stabilize the AgNPs formulation. The greater the amount of polymer, the greater the stabilization and the lower the release of silver ions, which induces a lower level of observed hemolysis.



A similar argument regarding AgNP stability can be applied to explain the hemolytic damage produced by the other AgNPs with different coating agents, compiled in Table S2. The most unstable citrate–AgNP formulations, compared with PVP–AgNPs, produce more than 5% hemolysis with concentrations lower than 80 µg/mL (NP-1, NP2, and NP-17, Figure 3b). These formulations show diameters between 20 and30 nm by TEM, quite similar to the size of NP-0 (PVP-AgNP, 35 nm); however, their hemolytic potencies are substantially different (Figure 3a,b). NP-1 shows more than 10% hemolysis with a 40 µg/mL concentration, being at least ten times more potent than NP-0. NP-0 produces less than 5% hemolysis at 400 µg/mL. The most dramatic change can be observed with NP-2 (Figure 3b), which produces more than 10% hemolysis with only 15 µg/mL. The hemolytic behavior of NP-2 is practically the same as that observed for silver ions, supporting the proposal that AgNPs stability plays an essential role in their hemolytic potency.



The biogenically produced AgNP formulations show a wide range of hemolysis potency. However, most of the formulations reported have more than 5% hemolysis with concentrations lower than 100 µg/mL, as shown in Figure 3c for NP-3, NP-4, NP-5, NP-13, NP-14, and NP-15. NP-9 was evaluated at a low concentration range but presented a hemolytic tendency similar to that found for NP-3. NP-10 and NP-16 exhibited a lower potency to produce hemolysis among the biogenically produced AgNPs, but concentrations of 250 µg/mL produced more than 5% hemolysis (Figure 3c). The lack of information regarding the molecules that stabilize the formulation limits the possibility to propose a further hypothesis about their hemolytic capacity.



In general, smaller AgNPs produce much more hemolysis than bigger nanoparticles. Figure 3d shows that the starch-stabilized AgNPs have a similar pattern to that observed for the citrated AgNPs; smaller nanoparticles are more hemolytic since NP-18 (≈6 nm) is more hemolytic than NP-19 (17 nm), exceeding 5% hemolysis at 70 and 145 µg/mL, respectively. In the same study, NP-22 coated with polyvinyl alcohol (PVA) (not shown in Figure 3), shows hemolysis higher than 5% at 160 µg/mL, in proximity to NP-19 coated with starch.



NP-0 and NP-21 were specifically compared because these two formulations have the most similar physicochemical properties (Table S2). Both formulations having PVP as stabilizing agent show a similar size (30 and 35 nm). The differences that could be helpful to explain different hemolytic capacities rely on the Ag:PVP ratio and the nature of PVP employed. Besides the stabilization provided by the higher amount of PVP used to produce the AgNP formulations, as discussed on the paragraphs above, the nature of the PVP could contribute to the hemolytic capacity. The molecular mass of PVP in NP-21 is 40 kDa, while in NP-0 it is 12 ± 2.7 kDa. Kyrychenko reported that the higher the molecular mass of PVP, the smaller the surface of the AgNP is covered [60]. When this occurs, the metallic silver surface in the AgNP is more exposed to its surroundings, is more reactive, and can be oxidized faster, making AgNPs less stable. This finding is consistent with the stability reported by the producers of these two formulations of AgNPs. The NanoComposix™ company recommends using its NP-21 formulation in less than 30 days, while the producer Vector-Vita guarantees a stability of its NP-0 for 2 years according to the product label. If the higher molecular mass of PVP in NP-21 leads to faster silver oxidation and higher Ag+ production, these properties could be associated with the much more hemolytic potency of NP-21 compared with NP-0. Therefore, it is not surprising that the 100 nm AgNPs (NP-7) without a coating agent produce 5% hemolysis at approximately 20 µg/mL (Table S2), showing that not stabilized AgNPs are very hemolytic, practically as much as Ag+ ions. Thus, the nature and amount of coating agent could play an important role in the hemolytic potency of the AgNP formulations.



According to Shumakova [61], significant symptoms at sub-acute oral toxicity manifested on rats administered with Argovit™, starting from a dose of 1 mg/kg body weight of Ag, and the maximum not observed adverse effect dose (NOAEL) can be estimated as 0.1 mg/kg body weight. In this context, the topical applications of Argovit™ in patients with type II diabetes, which have shown effectiveness against diabetic foot ulcers, resulting in a decrease in edema along with the differentiation of cell lines that promote closure and re-epithelialization of the ulcer [21,50], could be considered within a safe scenario regarding hemolysis. The obtained results of hemolysis produced by Argovit™, in erythrocytes from healthy and diabetic donors, contributes to a deeper understanding of the differential damage elicited by the AgNP formulations related with their toxicological and biocompatibility profiles. Furthermore, these results provide relevant information about the nature and amount of coating agent employed to produce AgNP formulations, factors that must be considered for the design and obtention of safe and effective nanomaterials to be used in the biomedical field.





4. Conclusions


The obtained results showed that Argovit™ nanoparticles did not show hemolytic effect at concentrations equal to or lower than 400 µg/mL, in both diabetic and healthy donor erythrocytes. The non-hemolytic concentration range found here is superior to the effective concentration to develop its microbicide, anticancer, and immunostimulating effects. The hemolytic potency of this AgNP formulation is three- to four-times lower compared with the silver ions from AgNO3. Therefore, these results let us conclude that the hemolysis observed with more than 400 µg/mL of Argovit™ is not caused by Ag+ releasing, but is due to the interaction with the AgNPs as a whole. The maximum non-hemolytic concentration for Argovit™ determined on erythrocytes from healthy and diabetic donors was identified as 400 µg/mL. Argovit™ was found as the least hemolytic formulation for healthy donor erythrocytes compared to 22 other AgNP formulations previously published. The low hemolytic effect was associated with the formulation’s stability, which is finely modulated by the nature and amount of the coating agent employed. Therefore, not only the nature but also the amount of coating agent must be considered in the design and obtention of safe and effective nanomaterials. Finally, this work’s results also show the urgent need to evaluate the hemolytic capacity, among other toxicological parameters, on samples from diabetic donors due to the AgNPs’ widespread use in the treatment of diabetes complications, such as diabetic foot ulcers.
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Figure 1. Basic mechanism of hemolysis. 
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Figure 2. (a) Hemolysis in diabetic donor erythrocytes (DDE) and healthy donor erythrocytes (HDE) induced by AgNPs and Ag+, PBS negative controls C(−) and Triton X-100 C(+). Dotted horizontal lines separate the limits of no hemolysis (<5%), low hemolysis (5–10%), and marked hemolysis (>10%). The average of PBS negative controls C(−) and Triton X-100 positive controls C(+) are presented. The standard error of the mean (SEM) is shown in each bar. p-value is indicated on the top of each bar, * (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001) compared with the negative control. § p ≤ 0.01 compared to positive control. a p ≤ 0.01 comparing DDE vs. HDE, b significant difference comparing AgNPs vs. Ag+ in AgNO3. Values in parenthesis indicate complete formulation concentrations; 96-well plate layouts and supernatant appearance of (b) HDE and (c) DDE exposed to AgNPs and AgNO3 at various concentrations of Ag content. 
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Figure 3. Hemolysis produced by different AgNPs formulations in HDE. AgNP formulations were grouped as follows, considering the coating agents: (a) PVP, (b) citrate, (c) biogenic coating, and (d) starch. Label for each AgNPs formulation correspond to label employed in Table S2. For comparative purposes, the limits of no hemolysis (5%) and low hemolysis (10%) are shown with dotted blue horizontal lines. 
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Table 1. Concentrations in assay for Ag contained in Argovit™ AgNPs and AgNO3.
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Tested Substance

	
(Ag Agent), µg/mL

	
Silver Content (Ag), µg/mL






	
AgNPs

	
200

	
12




	
400

	
24




	
800

	
48




	
AgNO3

	
18.86

	
12




	
37.71

	
24




	
75.42

	
48

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
- ms AgNPs in EDD
| =22 AgNPs in EDS
100*;
90 AQ+ in EDD
Ag’ in EDS
)
"IT) So_.
§ |
70 -
T 307
B L
; 295 g
20— I
154 | Marked hemolysis
10_1 ................................. e ==
 Low hemolysis
Nohemolysis 2 . & x e
0 | R il e
| | 1 J L ) | ] l ]
C(-) 12 24 48 C(+)
EDD, HDE (200) (400) (8O0 EDD, HDE
[Ag], pg/mL
([AgNPs], pg/mL)
€] U
~ > > <
b ng/mL of Ag & = C ug/mL of Ag + s
o0 R = o QK ==
AJBRRKRITr B SRR =

%

%

2o o e e e

HDE + AgNPs

|

}‘PBS DDE + AgNPs

&

&
@
e
e¢
ee
e
e

oo en
[s)
@
®
®

AgNPs ¢(-)ind AgNPs c(—)ind

i

HDE + AgNOs DDE + AgNO:s

PVP

"'FEX X L XX R
Sdoo0o00eee
]

2]

[5¢]

@
!1.....0

(W)
e
4
(o
()
(M
' .
"

I L 1 I 1 1 X

apces
cArPeOOONN

"800
YL

6
&
)
L]
=
@
L]
a

’
'’
‘e

L
(9

AgNOs ¢(-)ina AgNOs ¢(-)ind

f






nav.xhtml


  materials-14-02792


  
    		
      materials-14-02792
    


  




  





media/file0.png





media/file2.png
hemolytic agent

o
'Y ) ® hemolysis
€ s
— &
erythrocyte
released

damaged ervthrocyte membrane
5 B & hemoglobin






media/file5.jpg





media/file6.png
10
aE =
w
= &
g 5 ,z ..................
.
0_4
0
Concentration of AgNPs, pg/mL
C |
10

+ NP-3
© NP-4

= I T T T T
100 200
Concentration of AgNPs, pg/mL

& NP-5 & NP-13 ¥ NP-16
T . o | T T T T T T T T T 1

| & Ag'ref
* Ag*this work

500

600

O R

& Ag'this work @ Ag'ref
¥ NP-9 = NP-14
< NP-10 @ NP-15

300

Hemolysis, %

W e n o m m  m r o w m h ko w w w mm h wm(t wm d mm n mmon wm r ot o o om e

. & NP-1
2 NP-2
o NP-17

-4 Ag*this work

- Agtref

|

|
250

L |

40 60

230

T L] ¢ I
80 210

Concentration of AgNPs, pg/mL

o M L.: .....................................................................
5 .,;*‘-...- Ny A S A
- = Ag'this work © NP-18
|
I - Ag'ref = NP-19
c | " A - Al T ] T L} T T | T L} L L3 *
0 100 200 270

Concentration of AgNPs, pug/mL





media/file3.jpg
| =8 AGNPs in EDD
AgPs inEDS

100

Ag*inEDD
9" inEDS

0

s

% of Hemolysis

i
I S
N S

)
E0D, HOE

[Ag), ng/mL

AP pim)

e .{ ],m,, ooe- agurs

AgNPs =) {

90000000
ss000css
ssseecee
easee
cosec00n
coreecce





media/file1.jpg
‘hemolytic agent

—

\ﬁ s — @

damaged enthvocyte membrane

leased
hemoglobin





