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Abstract

:

The study, synthesis, and application of nanomaterials in medicine have grown exponentially in recent years. An example of this is the understanding of how nanomaterials activate or regulate the immune system, particularly macrophages. In this work, nanoparticles were synthesized using Rumex hymenosepalus as a reducing agent (AgRhNPs). According to thermogravimetric analysis, the metal content of nanoparticles is 55.5% by weight. The size of the particles ranges from 5–26 nm, with an average of 11 nm, and they possess an fcc crystalline structure. The presence of extract molecules on the nanomaterial was confirmed by UV-Vis and FTIR. It was found by UPLC-qTOF that the most abundant compounds in Rh extract are flavonols, flavones, isoflavones, chalcones, and anthocyanidins. The viability and apoptosis of the THP-1 cell line were evaluated for AgRhNPs, commercial nanoparticles (AgCNPs), and Rh extract. The results indicate a minimal cytotoxic and apoptotic effect at a concentration of 12.5 μg/mL for both nanoparticles and 25 μg/mL for Rh extract. The interaction of the THP-1 cell line and treatments was used to evaluate the polarization of monocyte subsets in conjunction with an evaluation of CCR2, Tie-2, and Arg-1 expression. The AgRhNPs nanoparticles and Rh extract neither exhibited cytotoxicity in the THP-1 monocyte cell line. Additionally, the treatments mentioned above exhibited anti-inflammatory effects by maintaining the classical monocyte phenotype CD14++CD16, reducing pro-inflammatory interleukin IL-6 production, and increasing IL-4 production.
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1. Introduction


Nanotechnology is concerned with the design, fabrication, and study of the properties of materials, structures, or devices in the size range of 1 to 100 nm [1,2]. At this scale, some materials exhibit physicochemical properties that differ significantly from their bulk counterparts due to confinement effects and the large area-to-volume ratio that characterizes them [3]. Some properties of nanomaterials, such as their versatile plasmonic response, their microbicidal activity, or their great catalytic response, have been very attractive for various technological sectors, including textiles, electronics, automotive, and food, in addition to the cosmetic and biomedical industries [4,5,6,7]. The production of nanomaterials has grown tremendously in recent years, and it is predicted that the production of nanomaterials will exceed 2.3 megatons by 2028 [8]. In the case of metallic nanoparticles (oxides and non-oxides), the global market grew from $22.2 billion in 2022 to $25.76 billion in 2023, representing a growth of 16%, and it is estimated that by 2027 the market growth will be 14% per year [9]. Among the different metallic nanoparticles produced industrially, the production of silver nanoparticles stands out, mainly because of their microbicidal effects. We can find these nanoparticles incorporated in cosmetic products [10,11,12,13], embedded in different matrices such as plastics, natural and synthetic fibers, gels or colloidal dispersions [14,15], food additives [16] and even directly incorporated in food.



This means that individuals in developed countries are currently exposed to significant doses of these nanomaterials. Regardless of the route of exposure (inhalation, dermal contact, ingestion, or ocular uptake), the immune system, which is the first line of defense against foreign bodies in organisms, will react to the presence of these particles by generating inflammatory processes, a factor of greater incidence in human health [17,18]. For this reason, it is important to know the response of biological systems to exposure to different nanomaterials and also to develop nanoparticles that, in addition to the desired biological effect, have the least adverse impact on human health. In this sense, the “green synthesis” of nanoparticles is an ecological and cost-effective route that exploits the potential of biological materials for the synthesis of metallic nanoparticles. Green synthesis involves the reduction of metal ions using biomass or plant extracts as sources of reducing agents and stabilizers in a one-step synthesis. The nanomaterial obtained consists of a metallic particle surrounded by an organic matrix corresponding to the residual molecules of the extract adsorbed on the metallic surface. These materials have been used in biomedicine for the treatment of diabetes, hypolipidemia, and diseases involving inflammatory processes [19,20,21,22,23,24]. In addition to being cost-effective and environmentally friendly, the biological approach offers several advantages over traditional physical and chemical methods. In particular, the process is highly efficient in catalyzing reactions in aqueous media at standard temperature and pressure. In addition, the process is flexible and can be implemented in almost any environment and at any scale. Biological constituents initiate the reduction, often triggered by various compounds including polyphenols, carbonyls, amines, amide groups, proteins, pigments, flavanones, terpenoids, alkaloids, and other reducing agents [25,26]. The genus Rumex L. of the Polygonaceae Juss family includes more than 200 species that grow mainly in temperate climates. It has been reported that extracts from different species of Rumex present antioxidant, anti-inflammatory, anti-cancer, and antibacterial activity, among others, of clinical interest [27]. Rumex hymenosepalus is a species that is native to the southern region of the USA and northern Mexico. Its root is tuber-shaped and contains a high concentration of antioxidant compounds [28]. As a result, extracts from this plant’s root are excellent candidates for the production of metal nanoparticles in the context of green synthesis. The molecules of plant extracts are determined by mass spectroscopy. This allows for the determination of the functional groups present in the extract and the most likely mechanisms for reducing metal precursors and functionalizing metal nanoparticles. When a nanoparticle is introduced into an organism, it encounters monocytes—blood cells that are differentiated by signals triggered by the organism or situation. These cells use surface proteins to perform various activities, and their widely recognized subsets are distinguished by the number of glycoproteins, membrane receptors, displayed on their surface. CD14 and CD16 proteins are used to classify monocytes into subsets based on their expression levels. These subsets include classical monocytes (CD14++CD16−), intermediate CD14+CD16+, and non-classical CD14+CD16++. These proteins help track the response of monocytes in the presence of a foreign agent. The polarization of monocytes leads to the development of a macrophage, which has different effects on the organism. The two main polarized states are M1, which is associated with inflammation and IL-6 expression, and M2, which secretes cytokines such as IL-4 and IL-6 associated with protective and anti-inflammatory functions, including IL10 [29]. In this work, we synthesized silver nanoparticles with Rumex hymenosepalus extract and evaluated the immunomodulatory capacity of these particles in THP-1 cells by assessing monocyte polarization through the production of pro-inflammatory (IL-6) and anti-inflammatory (IL-4, IL-10) cytokines. A comparison is made with Rh extract and commercial nanoparticles synthesized by reduction with citrate and stabilized with PVP.




2. Materials and Methods


2.1. Obtaining Rumex hymenosepalus Extract


Commercially sourced dried slices of Rumex hymenosepalus root were macerated in 1L of an ethanol/water mixture (70:30 vol/vol) at room temperature in the dark. A quantity of 150 g of the product was used. Daily measurements of the extract’s absorbance were taken. After ten days, the extraction process was complete, as no significant changes in the absorbance were observed. The resulting liquid was filtered using a vacuum pump-coupled filtration unit with a pore size of 0.2 µm. Half of the filtered extract was reserved for producing silver nanoparticles. Next, the other half of the filtered extract was subjected to a rotary evaporator process to eliminate the ethanol. Then, the aqueous concentrate of the extract was frozen at −80 °C for subsequent lyophilization. The obtained lyophilized powder was stored in vials at 4 °C until use.




2.2. Rumex hymenosepalus Sample Preparation for Mass Spectroscopy


To prepare the samples, 100 mg of lyophilized extract was weighed in triplicate, and 2.5 mL of methanol (80% vol) was added. They were mixed in a vortex and centrifuged at 1000× g for 25 min at 4 °C. The supernatants were filtered (0.22 µm pore) and placed in a miVac centrifugal concentrator to evaporate the solvent. The pellet was reconstituted in an 80:20 ultrapure water/acetonitrile solution. Samples were kept in amber vials for the study.




2.3. Rumex hymenosepalus Metabolites Global Profile by UPLC-MS-QTOF-SYNAPT


A Waters ACQUITY Ultra Performance Liquid Chromatography (UPLC) Class 1, coupled with a quadrupole-time of flight mass spectrometer (Waters Synapt G1 Q-TOF, Markham, ON, Canada) and an electrospray ionization system, was used for compound identification. An ACQUITY CSH C18 column (2.1 mm × 150 mm, 1.7 µm) was used for the chromatographic separation of compounds with a constant flow of 0.2 mL/min and keeping the column temperature constant (40 °C). As mobile phase, 0.1% formic acid in water (A) and acetonitrile (B) were used. Percent A (% A) was used to describe the gradients used for the mobile phase as follows: it started at 90% for 0.5 min, then for 16.5 min, it decreased linearly to 20%. It was held at 20% for 1 min, then rapidly decreased for 0.1 min until reaching 0%. It was maintained for 2 min at 0%, and later, it was increased for 0.1 min up to 90%, keeping it until reaching 25 min. The mass spectrometric data were collected in the negative ion mode. The capillary voltage was 2.3 kV, the sampling cone voltage was 35 V, and the extraction cone voltage was 3.5 The source temperature, desolvation temperature, and desolvation gas flow were 120 °C, 300 °C, and 500 L/h.




2.4. Silver Nanoparticle Synthesis and Their Characterization


For the synthesis of nanoparticles, AgNO3 solution 0.1 M (Sigma-Aldrich, San Luis, MO, USA) with 99.9% purity and Rumex hymenosepalus extract, obtained with modifications to the protocol reported in previous works [20], were used. The extract of Rumex hymenosepalus, measuring 60 mL, was mixed with a 0.1 M solution of AgNO3, measuring 30 mL. The mixture was placed in a glass container at room temperature (25 °C) and indoor light conditions while being stirred magnetically. The silver nanoparticles (AgRhNPs) obtained after this process were then centrifuged at 6000 rpm for 1 h. The supernatant was removed, and the nanoparticles were dried in an oven at 45 °C for 24 h. The synthesized silver nanoparticles were weighed and added to ultrapure water with 18.2 MΩ resistivity as a solvent. To get an AgRhNPs stable colloidal dispersion, the nanoparticles in ultrapure water were sonicated for one hour with a final concentration of 1 mg/mL for experiments. In this study, we obtained commercial silver nanoparticles from Sigma-Aldrich (AgCNPs) that were synthesized through chemical means and stabilized using polyvinylpyrrolidone (PVP). We compared their immunomodulatory capacity with those synthesized with Rumex hym. extract. The commercial nanoparticles were selected with a morphology and size similar to those produced in our synthesis with Rumex hymenosepalus.




2.5. UV-Vis Spectroscopy


Spectroscopy was performed in a PerkinElmer Lambda 40 double beam spectrophotometer using the following parameters: Lecture at a range of 900 to 200 nm, at a step speed of 480 nm per min at 25 °C, and a beam aperture width of 0.5 nm. Ultrapure water was used as a blank reference for AgRhNPs and a mixture of ethanol and water (70:30) for Rh extract.




2.6. FTIR


Fourier transform IR spectroscopy experiments were performed on a FTIR, System Spectrum GX (PerkinElmer, Shelton, CT, USA). Spectra were obtained in transmittance mode in the region comprised between 4000 and 500 cm−1, at a resolution of 0.3 cm−1.




2.7. TGA


Thermogravimetric analysis was performed on a TGA 7 Thermogravimetric Analyzer (PerkinElmer, Shelton, CT, USA), and samples were carried out at a heating rate of 10° C/min nitrogen atmosphere.




2.8. Transmission Electron Microscopy


To analyze the shapes and sizes of AgRhNPs, a 20 µL sample drop was placed on a 300-mesh carbon grid and left to dry at room temperature. The grid was then transferred to a vacuum chamber for 24 h before examination using a JEOL 2010F TEM apparatus (Peabody, MA, USA) with a Gatan CCD camera (Las Positas, CA, USA) attached to the microscope. HRTEM analysis was conducted using Digital Micrograph software (Version 3.7), and size determination of the nanoparticles was performed with ImageJ software (version 1.52a).




2.9. Cells Assays


THP-1 cells (ATCC-TIB 202) were cultured in RPMI-1640 complete medium with 2.05 mM L-glutamine, supplemented with 10% heat-inactivated FBS at 37 °C in a 5% CO2 atmosphere. For cell assays, THP-1 cells were seeded in 0.5 mL tubes (Eppendorf) at a density of 1 × 105 cells/tube containing RPMI-1640 medium. Once the cell concentration was adjusted briefly for the assay, we added 10 µL of AgRhNPs, Rh extract, AgCNPs, and vehicle (H2O miliq). The final concentrations in our AgRhNP system were 6.25 and 12.5 µg/mL, while the concentrations for Rh extract were 25 µg/mL, and for AgCNP, it was 6.875 µg/mL. The vehicle control was H2O, and the kill control was THP-1 treated at 70 °C for 45 min. After 6 and 12 h, for the viability assay, we added a dilute calcein-acetoxymethyl (calcein-AM) solution at 5 µM, then incubated for 30 min at 37 °C and read fluorescence at Ex/Em 485/530 nm. For the Anexxin V-FITC Apoptosis Assay, THP-1 were cultured in DMEM with 10% FBS until confluence, after which the cells were serum-starved for 6 and 12 h with the same treatments as the viability assay. After treatments, the cells were collected and washed once in 1X phosphate buffered saline (PBS), then once in Annexin V 1X binding buffer (eBioscience, Inc., San Diego, CA, USA), and resuspended in 100 μL of binding buffer 1X (1 × 106/mL), and 1 μL of FITC-conjugated Annexin V (Biolegend, San Diego, CA, USA) was added to the cell suspension and incubated for 10 min in the dark. Cells were washed in 1X binding buffer and resuspended in 200 μL of 1X binding buffer, and 1 × 104 events from region 3 (R3) were analyzed by flow cytometry using a BD FACS Verse flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For CD14, CD16, CCR2, Tie-2, and Arg-1 analysis, we used antibodies (ThermoFisher, Waltham, MA, USA) and flow cytometry using a BD FACS Verse flow cytometer (BD Biosciences). Treatments with interleukins were performed, and IL-4, IL-6, and IL-10 markers were used for this assay.




2.10. Statistical Analysis


All analysis was performed with the Origin Pro 2018 software, followed by Tukey HSD (Honestly-significant-difference); significant differences are expressed (p < 0.05).





3. Results and Discussion


3.1. Synthesis and Characterization


3.1.1. The Global Profile of Metabolites of Hydroethanolic Rh Extract


Analysis of the global metabolite profile of the Rumex hymenosepalus root extract by UPLC-qTOF in negative ionization mode yielded 332 pre-identified compounds, of which 89 met the established identification criteria. These identified compounds are shown in Table S1, ordered according to retention times. Among the compounds, amino acids and peptides, polyphenols (phenolic acids, flavonoids, stilbenes, coumarins, and lignans), organic acids, lipids, and phospholipids, among others, are identified. Flavonoids (flavonols, flavones, isoflavone, chalcones, and anthocyanidin) are the most abundant polyphenols identified in the extract, and several of these compounds are present as Flavonoid Glycosides [30]. Unlike other reports for the genus Rumex, where the presence of anthranoids is abundant [27,31], in our study, only the compound 3,8-Dihydroxy-1-methylanthraquinone-2-carboxylic acid is identified. Table 1 shows the 25 compounds with the highest relative abundance in the extract. The numbers in the first column correspond to the classification of the compound according to the retention time (refer to Table S1). According to the experimental conditions of the UPLC-qTOF assay, compounds with greater polarity correspond to lower numbers, while those with the longest retention time are the least polar. The polyphenolic compounds stand out among the identified compounds, being the flavonoids’ most abundant. Among the flavonoids highlighted by their relative abundance, we have Eriodictyol 7-(6-trans-p-coumaroylglucoside), which is a molecule abundantly found in various medicinal plants, citrus fruits, and vegetables [32] and has a broad spectrum of pharmacological activities. Zhang et al. reported that eriodictyol shows anticancer activity in A549 human lung cancer cells by inducing apoptosis and G2/M cell cycle arrest [33]. Liu and Yan showed that eriodictyol modulates pro-inflammatory cytokines such as tumor necrosis factor (TNF-α), interleukin-6 (IL-6), IL-8, and IL-1β in arthritis fibroblast-like synoviocytes (RA-FLS). Therefore, eriodictyol might be a potential therapeutic agent for the treatment of rheumatoid arthritis [34]. Eriodictyol has a protective effect on various health conditions related to oxidative stress produced by ROS. Oxidative stress-mediated inflammation decreases by either inhibiting PI3K/Akt, FOXO1 signaling, or activating MAPKs, Sirt1 signaling, thus blocking the downstream nuclear translocation of NF-κB [35]. Epiafzelechin 3-O-gallate-(4beta->6)-epigallocatechin 3-O-gallate (EGCG) (Figure 1) is a biflavonoid found in some plants. There are few reports on this compound, and they do not mention any biological activity on human metabolism [36,37,38]. On the contrary, the EGCG therapeutic effects in anticancer treatments are widely known for promoting apoptosis and stopping metastatic processes through the downregulation of nuclear factor κB (NFκB) [39]. EGCG also shows important activity in heart diseases, neurodegenerative diseases such as Parkinson’s and Alzheimer’s, and metabolic disorders such as diabetes mellitus and obesity [40]. The compound (-)-Epicatechin 3-O-gallate (ECG) has marked biological activity due to its anti-inflammatory capacity as an antioxidant agent and anticancer capacity in the stages of angiogenesis and metastasis by regulating cell proliferation and apoptosis. ECG has shown effects on cancer cell lines, mainly in arresting the cell cycle in the G1 phase by modulating the proliferative gene and growth factor and promoting apoptosis by activating the proapoptotic protein [41]. Similarly, studies on HepG2 cell lines showed that ECG could reduce IL-6, which might further modulate acute-phase protein defense against the inflammatory state and enhance host defense against inflammation [42]. It has recently been demonstrated by molecular dynamics studies that the phyto-compound Pavetannin C1 has a high affinity for the spike protein on the surface of the SARS-COV2 virus and can block the binding of this protein to the cell surface [43]. In silico studies by Ksouri et al. indicate that Pavetannin C1 interacts strongly with the amino acid residue Cys145 of the coronavirus protease, favoring this enzyme inhibition and, thus, the replication of the virus [44]. LisoPA phospholipid is enormously essential in various cellular processes. Still, it has also stood out as the phospholipid molecule that increases significantly with diseases such as cancer, Alzheimer’s, etc. It is important to note that efforts are aimed at blocking the receptors for this phospholipid. Resveratrol is one of the molecules proposed as an efficient blocker [45,46]. This molecule is also reported in this extract but not as one of the most abundant; however, we must point out that the concentration is determined based on the interaction with fungi and microorganisms in general since it is a response of the plant’s immune system.




3.1.2. FTIR


FTIR indicated that the R. hymenosepalus extract utilized as a reducing agent in the process of nanoparticle synthesis was bound to the surface of AgRhNPs through the formation of phenolic ring bonds. These findings support previous reports of its function as a stabilizer by Rodriguez et al. in 2017 [47]. This analysis, together with TGA, verifies the permanence of post-synthesis compounds; the percentage of organic matter in silver nanoparticles synthesized with R. hymenosepalus of 44.5% is also reasonable compared to another synthesis of silver nanoparticles using different extracts of the plant, where they obtained between 30–80% of the organic part [48,49,50]. Figure 2 shows the FTIR spectra of AgCNPs, Rh extract, and AgRhNPs. It showed similar peaks of stretching and deformation from extract molecules. In 2974, 1650, 1603, and 1384, 1351 cm−1 correspond respectively to the stretching of bonds of C-H, C=O, and C-O, associated with aromatic rings; also, 1049, 1021, and 799 cm−1 are related to the stretching of phenolic rings. The Rumex hymensosepalus extract shows a characteristic peak of condensed tannins, which were found in majority form by UHPLC-MS/MS (epicatechin, EGCG, and resveratrol in minor concentrations). By comparison, AgRhNPs preserve the polyphenol peaks and shift the peaks for 1021 cm−1 presumably the interaction site between molecules and surface nanoparticles. Figure 2 determines the interaction between biomolecules and nanoparticles, which means that reductor (polyphenolic molecules) maintains the interaction with AgRhNPs. The functionalization of AgRhNPs occurs with modified molecules by the reaction of oxide-reduction oxidized molecules (broadened peak around 1610 cm−1), indicating that OH hydroxyl promotes the response [51] and interaction through the C-O group. The AgCNPs stabilized with PVP do not show signals in 1519, 1454, and 1208 cm−1 related to functional groups of polyphenols and show a prominent peak in 1044 and 879 cm−1 that corresponds with stretching vibration peaks of C-N related to the complexation with PVP [52].




3.1.3. UV-Visible


The silver nanoparticle UV–Vis absorption spectra are shown in Figure 3a. For AgRhNPs, a well-defined band is observed with a maximum at 435 nm corresponding to the nanoparticles’ localized surface plasmon resonance (LSPR). A small shoulder is also observed in the absorption spectrum at 275 nm associated with the Rumex hymenosepalus extract. The inset in Figure 3a corresponds to the absorption spectrum of a Rumex extract aqueous solution with a maximum at 278 nm. This signal is associated with the polyphenolic compounds described in the mass spectroscopy analysis. The above provides further evidence that the final product obtained is a metal-organic material with silver nanoparticles functionalized by extract molecules adsorbed on its surface. It is known that reducing the size of nanoparticles shifts the absorption maximum to higher energies and that the size dispersion is reflected in the half-width of the LSPR [53]. The plasmonic response of AgNPs is also influenced by their morphology. Structures with axial growth exhibit two absorption bands [54,55,56]. In the context of nanoparticle synthesis using plant extracts, some authors have also related this behavior of the absorption bands to an increase in the layers of organic molecules that act as functionalizing agents of the nanoparticles [57]. The present work applied a cleaning process consisting of sonication and centrifugation cycles to the nanoparticle system produced. This cleaning process aims to eliminate the extract from the nanoparticle surface and reduce size polydispersity. The obtained results indicate that the half-width of the resonance plasmon was reduced, but the toxicity of the nanoparticles increased compared to the functionalized nanoparticles. Therefore, for the biological studies, it was chosen to work with the uncleaned nanoparticle system characterized by the absorption spectrum of Figure 3a.




3.1.4. UV-Vis Spectroscopy and Thermogravimetric Analysis


It is necessary to know the metal-organic relationship of our nanoparticle. Thermogravimetric analysis reveals weight variation during the thermic process. Rh extract was vaporized totally at 600 °C (Figure 3b); on the other hand, AgRhNPs lost its organic part at 800 °C, showing us a 55.5% metal and 44.5% organic composition (Figure 3b).



To evaluate the stability of AgRhNP, we compared the UV-Vis spectra and zeta potential of the newly synthesized nanoparticles and the same nanoparticles six months after being stored at room temperature (25 °C). Figure S1 displays the UV-Vis spectra normalized to the resonance plasmon maximum. In both cases, the absorbance maximum is located at 435 nm. However, the absorption at 278 nm, corresponding to the extract, experiences a decrease in intensity from 1.2 to 0.9. The observed variation can be attributed to the removal of extract molecules that were complexed with the particles. This is supported by the data presented in Table S2, which shows changes in the Z-potential of the nanoparticles after being stored at room temperature for six months. The negative surface charge of AgRhNPs is attributed to polyphenolic compounds that are abundant in hydroxyl groups (Figure S2). A reduction in the negative charge indicates the gradual loss of these compounds over time. Despite this, the colloidal dispersion of AgRhNPs remains stable and does not precipitate even after 6 months, as evidenced by its zeta potential value of -26 mV (Figure S3). For therapeutic purposes, it is desirable to have polyphenolic compounds on the surface of the nanoparticle. Therefore, clinical use is recommended immediately after obtaining the synthesis of AgRhNPs [58].




3.1.5. Transmission Electronic Microscopy


Figure 4a corresponds to the HRTEM of two silver nanoparticles. In Figure 4b, FFT plots from the red square region and their corresponding integrated image from the FFT (Inverse) have interplanar spacing of 2.1 and 2.3    Å   (Figure 4c). The crystalline nature of the silver nanoparticles synthesized with R. hymenosepalus (Figure 4d) was evaluated by SAED. The corresponding electron diffraction pattern in Figure 4e is associated with the face-centered cubic (fcc) crystal structure of silver [51], with indexes Miller (311), (220), (200), and (111) according to the silver card of the Joint Committee on Powder Diffraction Standards (JCPDS card no. 04-0783) [59].



Figure 5a TEM analysis confirmed a spherical morphology in AgRhNPs, as well as a polydisperse size with a range of 5 to 26 nm and a mean size of 11 ± 0.3 nm. The size distribution with 500 particles counted (Figure 5b,c) shows characteristics peaking at silver.





3.2. Cell Assays


3.2.1. Viability


In Figure 6a, the cell viability assay using calcein-AM for 6 h is about 95% of the viability for all treatments (except Death Control), and similar results were obtained for Figure 6b, the cell viability assay using calcein-AM for 12 h. Corresponding flow cytometry dot plots are shown in Figures S4 and S5. The use of nanomaterials for the benefit of human health from their interaction with monocytes ranges from monocyte inhibition and production to modulation of mobilization, depletion of hyperactive macrophages, modulation of macrophage polarization, biomimetic techniques of nanoparticles, and causing anti-inflammatory effects [60,61,62,63]. By entering nanomaterials in vivo, we will find the immune system, which involves organs, In different works with concentrations of silver nanoparticles similar to ours, a low viability was observed, close to 40%, with ours being greater than 98% viability in all treatments except the death control. The fact that calcein shows that the cell is alive does not indicate whether it is in the process of apoptosis.




3.2.2. Annexin V-FITC Apoptosis Assay


In Figure 7a,b, all treatments except Death Control gave an apoptotic rate of less than 10% with no significant difference at 6 and 12 h, respectively. Various authors state that silver nanoparticles affect the integrity of the membrane in THP-1 [64], causing a series of molecular events and leading to cell death, so we performed the Annexin V-FITC apoptosis assay, where it can be seen that none of the treatments caused an apoptotic event with a significant difference from the control at 6 and 12 h of interaction, except for the death control.




3.2.3. Monocytes Subsets


Due to the fact that the membrane glycoprotein CD14 is greatly expressed on the surface of human monocytes, it serves as a label when working with human monocytes, in turn being able to catalog monocytes depending on protein expression, such as CD14++CD16− classic, CD14+CD16+ intermediate, and CD14+CD16++ non-classic [65]. The contrast between the treatments when expressing the monocyte subset can be noted in Figure 8. On the one hand, the untreated vehicle, Rumex, and concentration of 12.5 µg/mL of AgRhNPs present a normal expression of classic monocytes that can differentiate into macrophages in tissue [66], sharing the expression of intermediate monocytes, which are associated with an interface between classic and non-classical [67]. The discussion continues regarding its anti-inflammatory and phagocytic properties. In treatments, the expression trend is the same in non-classical monocytes, as various authors speak of its anti-inflammatory capacity [68].



According to Figure 9, monocytes treated with AgRhNPs (12.5 µg/mL) and Rh extract (25 µg/mL) exhibit significantly reduced levels of the CC chemokine receptor type 2 (CCR2), which is accompanied by the classical monocytes CD14++ CD16−, compared to the other treatments. CCR2, having high expression, has been involved in pathologies such as atherosclerosis and myocardial infarction [69,70,71] and has become the target of therapy to prevent systemic inflammation [72]. Tie-2, despite being currently a target of study, is expressed in monocytes and, when inhibited, thereby causes a decrease in angiogenesis, which prevents tumor growth [73,74,75]. There is no information on studies of nanoparticles with this receptor, and in our investigation, no significant difference was observed between the treatments. Arg-1 is involved in hydrolyzing L-arginine into urea and L-ornithine [76,77]. It was observed that the concentration of 6.25 µg/mL of AgRhNPs obtained a significantly high expression, unlike the other treatments. Arg-1 deficiency affects the urea cycle of the liver, causing, among other things, neurological damage accompanied by progressive intellectual loss as well as regulating nitric oxide in the body [78,79].




3.2.4. Interleukins Production of THP1 Cells


Silver nanoparticles represent an innovative proposal in the biomedical field. However, their proven cytotoxicity can be a difficulty if we use these particles as drug carriers or diagnostic tools due to the immunocompatibility and immunotoxicity evidenced by various authors [80,81]. Interleukins are responsible for controlling the differentiation and proliferation of some cell subpopulations [61], activating the endothelium and increasing vascular permeability, facilitating the migration of immune cells from the bloodstream to the tissue, promoting the secretion of antibodies, and controlling the T lymphocyte response [61,82].



Parnsamut & Brimson, 2015, evidenced the inhibitory effect of AgNPs on the production of pro-inflammatory cytokines IL-2, IL6, and TNF-α in human leukemia cell lines, both in pro-monocytes U937 and T lymphocytes Jurkat [83]; on the other hand, Murphy et al. (2016), using cultures of THP-1 monocytes and human monocytes isolated from the peripheral blood of healthy donors, observed that AgNPs induce an innate immune response through the up-regulation of these inflammatory cytokines IL-1, IL-6, and TNF-α [84].



In the present study, we observed that both AgCNPs and AgRhNPs significantly inhibit the production of IL-6 in THP-1 cells at concentrations of 6.25 and 12.5 µg/mL (Figure 10). A similar effect is also observed in THP-1 stimulated with nanoparticles encapsulated in liposomes by Yusuf & Casey (2019), who demonstrated that the encapsulation of AgNPs suppresses the inflammatory response of THP-1 [81]. With encapsulation, it is possible to use these without adverse effects. This suppressive effect of IL-6 given by the encapsulation of the NPs could be comparable to that shown here when carrying out a green synthesis process. The final product obtained is a metallic particle coated with bioactive molecules from Rh extract. Thus, in the first instance, the cell interacts with these compounds instead of the metallic part, reducing its pro-inflammatory effect. Similarly, flow cytometry showed that both AgRhNPs and Rumex extract independently induce higher production of the anti-inflammatory cytokine IL-4 compared to basal state cells. In contrast, AgCNPs exhibit lower values than the cell control without stimulation (Figure 10). Notably, treatment with AgRhNPs at 12.5 µg/mL and Rh extract at 25 µg/mL elicits the same IL-4 production. According to TGA analysis, AgRhNPs possess a metallic content of 55% (6.875 µg/mL) and an organic content of 45% (5.625 µg/mL). This indicates that the identical outcome is attainable with only one-fifth of the Rh extract treatment content (25 µg/mL). This synergy between the metallic and organic components in the AgRhNPs system may be associated with their efficient internalization into cells compared to a freely administered extract. Other investigations with the THP-1 monocytic cell line showed no induction of IL-4 production by AgNPs obtained through the reduction of silver nitrate with sodium borohydride [85]. Furthermore, it was observed that IL-4 production decreased in the lungs of mice that were chronically exposed to AgNPs and had metabolic syndrome [86].



Galbiati et al. (2018) observed that in THP-1 monocytes stimulated with AgNPs, there is no variation in the expression of IL-10 with or without treatment with Lipopolysaccharide (LPS) [80]. In our study, there was a decrease in the production of the anti-inflammatory cytokine IL-10 in monocytes stimulated with AgRhNPs compared to those not stimulated (Figure 10). IL-10 and IL-4 are essential anti-inflammatory cytokines with the ability to regulate macrophages and dendritic cells and also act as responsible for the proliferation and differentiation of Th2 cells [61,87]; However, by stimulating THP-1 monocytes with AgRhNPs obtained by green synthesis, we can observe that they could be modulating an anti-inflammatory effect by decreasing the production of IL-6 and increasing the production of IL-4 exclusively, evidencing that the presence of these NPs confers anti-inflammatory properties.



Some of the principal compounds from Rumex hymenosepalus (Table 1), like gallic acid, carthamin, procyanidin 1, and galangin, have reports about their effects on decreasing the expression of IL-6 [88,89,90,91]. It is also reported that Procyanidin 1, eriodictyol, and galangin induce the release of cytokines that reduce inflammation, such as IL-4 and IL-10 [91,92,93].






4. Conclusions


The UPLC-qTOF analysis of the global metabolite profile of Rumex hymenosepalus root extract reveals a substantial presence of antioxidant compounds, particularly flavonoids. These compounds enable the efficient synthesis of silver nanoparticles by functioning as reducing agents of Ag+ ions and subsequently acting as stabilizing agents adsorbed on the surface of the formed particles. The AgRhNPs nanoparticles and Rh extract neither exhibited cytotoxicity in the THP-1 monocyte cell line. Additionally, the treatments mentioned above exhibited anti-inflammatory effects by maintaining the classical monocyte phenotype CD14++CD16, reducing pro-inflammatory interleukin IL-6 production, and increasing IL-4 production. Conversely, silver nanoparticles produced with citrate and stabilized with PVP did not exhibit these immunomodulatory effects, implying that the extract’s compounds are necessary for this response. The TGA analysis results and IL production suggest that there could be synergistic effects between the particle’s metallic content and its organic content on the surface. Based on all the evidence, AgRhNPs and Rh extract may be beneficial in chronic inflammatory processes due to their biocompatibility and immunostimulatory capabilities, so it is necessary to carry out in vivo studies to support this proposal.
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Figure 1. Rumex hymenosepalus base peak intensity (BPI) chromatogram in the negative ionization mode. Compounds that could not be identified are marked with *. 






Figure 1. Rumex hymenosepalus base peak intensity (BPI) chromatogram in the negative ionization mode. Compounds that could not be identified are marked with *.



[image: Nanomaterials 14 00106 g001]







[image: Nanomaterials 14 00106 g002] 





Figure 2. Rh extract, AgRhNPs and AgCNPs FTIR spectra. 
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Figure 3. (a) UV-Vis of AgRhNPs (gray), AgCNPs (black), and UV-Vis of Rh extract (inset), (b) TGA of AgRhNPs (gray) and TGA of Rh extract (red). 
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Figure 4. (a) AgRhNPs HRTEM micrograph. (b) FFT pattern of the selected region. (c) The image corresponds to the theoretical reconstruction by inverse FFT of the (b) pattern. (d) AgRhNPs group and (e) their selected area electron diffraction (SAED). 
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Figure 5. (a) Micrograph obtained by TEM. (b) Size distribution of AgRhNPs nanoparticles; and (c) EDS spectrum corresponding to the nanoparticles shown in (a). 
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Figure 6. Cell viability assay using calcein-AM. Different treatments were administered to THP-1 and quantified (a) at 6 h and (b) at 12 h. Both One-way ANOVA and the Tukey test. p < 0.05. a denotes no differences between treatments; b denotes differences vs. untreated cells. 
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Figure 7. (a) Apoptotic rates of THP-1 with treatments for 6 h and (b) 12 h determined by an annexin V assay using a flow cytometer. One-way ANOVA with the Tukey test Different superscript letters indicate significant differences between groups (p value, p ≤ 0.05), a denotes no differences between treatments, and b denotes differences from Death Control vs. treatments. 
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Figure 8. Polarization of monocyte subsets after interaction with treatments (a–g) Dots of treatments (h) Representative density plots for classical, intermediate, and non-classical monocyte polarization after 12 h of challenge One-way ANOVA with the Tukey test Different superscript letters indicate significant differences between groups (p value, p ≤ 0.05). 
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Figure 9. Polarization of monocyte subsets after extracting stimuli with treatments (a) Representative density plots for CCR2, (b) Tie-2, and (c) Arg-1 expression after 12 hours of challenge with treatments. (d) Representative histograms of CCR2, (e) Tie-2, and (f) Arg-1 expression in monocytes measured as mean fluorescence intensity units (MFI) after 12 h of challenge with treatments. One-way ANOVA with the Tukey test Different superscript letters indicate significant differences between groups (p value, p ≤ 0.05). 
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Figure 10. Determination of Cytokines levels and relative expression of IL4, IL6, and IL10 after 12 h of challenge with treatment One-way ANOVA with the Tukey test Different superscript letters indicate significant differences between groups (p value, p ≤ 0.05). 
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Table 1. Most abundant compounds in negative ionization mode.
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	No.
	Accepted Description
	Neutral Mass (Da)
	m/z
	Adducts
	Retention Time (min)
	Formula





	34
	Eriodictyol 7-(6-trans-p-coumaroylglucoside)
	596.15
	577.13
	M-H2O-H
	3.96
	C30H28O13



	61
	Epiafzelechin 3-O-gallate-(4beta->6)-epigallocatechin 3-O-gallate
	882.16
	881.15
	M-H
	6.56
	C44H34O20



	53
	(-)-Epicatechin 3-O-gallate
	442.09
	441.08
	M-H
	5.56
	C22H18O10



	23
	Pavetannin C1
	1152.25
	1151.23
	M-H
	3.34
	C60H48O24



	88
	LysoPA(0:0/18:2(9Z,12Z))
	434.24
	433.24
	M-H
	18.06
	C21H39O7P



	58
	6-{4-[(1E)-3-{3-[6-carboxy-5-(2,4-dihydroxyphenyl)-3-methylcyclohex-2-en-1-yl]-2,4-dihydroxyphenyl}-3-oxoprop-1-en-1-yl]-3-hydroxyphenoxy}-3,4,5-trihydroxyoxane-2-carboxylic acid
	694.18
	729.15
	M+Cl
	6.18
	C35H34O15



	82
	Galangin
	270.05
	269.05
	M-H
	13.91
	C15H10O5



	47
	Rutarin
	424.14
	405.12
	M-H2O-H
	4.63
	C20H24O10



	46
	9,10-dihydroxy-8,8-dimethyl-2H,8H,9H,10H-pyrano[2,3-h]chromen-2-one
	262.08
	243.07
	M-H2O-H
	4.63
	C14H14O5



	14
	3-(4-hydroxy-3-methoxyphenyl)oxirane-2-carboxylic acid
	210.05
	255.05
	M+FA-H
	2.47
	C10H10O5



	20
	6-[4-(2-carboxyeth-1-en-1-yl)-5-hydroxy-2-methoxyphenoxy]-3,4,5-trihydroxyoxane-2-carboxylic acid
	386.09
	407.07
	M+Na-2H
	3.26
	C16H18O11



	40
	Marshrin
	290.08
	289.07
	M-H
	4.40
	C15H14O6



	32
	Procyanidin C1
	866.21
	865.20
	M-H
	3.88
	C45H38O18



	19
	2-{[5,7-dihydroxy-2-(4-hydroxyphenyl)-4-oxo-4H-chromen-3-yl]oxy}-4,5-dihydroxy-6-methyloxan-3-yl (2E)-3-(4-hydroxyphenyl)prop-2-enoate
	578.14
	577.14
	M-H
	3.21
	C30H26O12



	7
	2-Galloylglucose
	332.07
	331.07
	M-H
	1.67
	C13H16O10



	49
	Aegelinol
	246.09
	227.07
	M-H2O-H
	4.81
	C14H14O4



	29
	6-[(E)-2-(2H-1,3-benzodioxol-5-yl)ethenyl]-5-hydroxy-4-methoxy-5,6-dihydro-2H-pyran-2-one
	290.08
	289.07
	M-H
	3.78
	C15H14O6



	43
	Epicatechin 3-O-gallate-(4beta->6)-epicatechin 3-O-gallate-(4beta->8)-catechin
	1170.23
	1169.21
	M-H
	4.50
	C59H46O26



	5
	2,5-Dioxopentanoate
	130.03
	111.01
	M-H2O-H
	1.41
	C5H6O4



	31
	Carthamin
	910.22
	891.20
	M-H2O-H
	3.78
	C43H42O22



	10
	Gallic acid
	170.02
	169.02
	M-H
	1.98
	C7H6O5



	65
	5,6-Dihydro-5-hydroxy-6-methyl-2H-pyran-2-one (5,6-dehydrokawain)
	228.08
	227.07
	M-H
	7.49
	C14H12O3



	9
	3-Methylglutaconic acid
	144.04
	125.03
	M-H2O-H
	1.98
	C6H8O4



	69
	Quercetin
	302.05
	301.04
	M-H
	8.21
	C15H10O7



	68
	5-(3-methoxyphenyl)-4-(sulfooxy)pentanoic acid
	304.06
	285.04
	M-H2O-H
	8.21
	C12H16O7S



	67
	Aloesol 7-glucoside
	378.14
	377.13
	M-H
	7.72
	C19H24O9
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