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A novel nano-formulation (NF) that sensitizes Acinetobacter baumannii (AB) to otherwise ineffective colistin is described in the present study. Infections due to multidrug resistant (MDR) AB represent a major therapeutic challenge, especially in situations of pre-existing colistin resistance (colR). Subsequently, boosting the effectiveness of colistin would be a better alternative tactic to treat AB infections rather than discovering a new class of antibiotics. We have previously demonstrated an NF comprising self-assembled guanidinium and ionic silver nanoparticles [AD-L@Ag(0)] to have anti-biofilm and bactericidal activity. We report NF AD-L@Ag(0) for the very first time for the potentiation of colistin in Gram-negative colistin-resistant bacteria. Our results implied that a combination of clinically relevant concentrations of colistin and AD-L@Ag(0) significantly decreased colistin-resistant AB bacterial growth and viability, which otherwise was elevated in the presence of only colistin. In this study, we have described various combinations of minimum inhibitory concentration (MIC) of colistin (MICcol, 1/2 MICcol, and 1/4 MICcol) and that of AD-L@Ag(0) [MICAD-L@Ag(0), 1/2 MICAD-L@Ag(0), and 1/4 MICAD-L@Ag(0)] and tested them against MDR AB culture. The results (in broth as well as in solid media) signified that AD-L@Ag(0) was able to potentiate the anti-microbial activity of colistin at sub-MIC concentrations. Furthermore, the viability and metabolic activity of bacterial cells were also measured by CTC fluorescence assay and ATP bioluminescence assay. The results of these assays were in perfect concordance with the scores of cultures (colony forming unit and culture turbidity). In addition, quantitative real-time PCR (qRT-PCR) was performed to unveil the expression of selected genes, DNAgyrA, DNAgyrB, and dac. These genes introduce negative supercoiling in the DNA, and hence are important for basic cellular processes. These genes, due to mutation, modified the Lipid A of bacteria, further resisting the uptake of colistin. Therefore, the expression of these genes was upregulated when AB was treated with only colistin, substantiating that AB is resistant to colistin, whereas the combinations of MICcol + MICAD-L@Ag(0) downregulated the expression of these genes, implying that the developed formulation can potentiate the efficiency of colistin. In conclusion, AD-L@Ag(0) can potentiate the proficiency of colistin, further enhancing colistin-mediated death of AB by putatively disrupting the outer membrane (OM) and facilitating bacterial death.
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Introduction

Acinetobacter baumannii (AB) is an opportunistic Gram-negative bacillus responsible for causing drug-resistant nosocomial infections, including surgical wound infections, pneumonia, meningitis, and urinary tract infections (Moffatt et al., 2010). This notorious bacterium is resistant to many disinfectants and could form biofilms on abiotic surfaces. This ability thereby allows the bacteria to subvert innate immune defenses (Papathanakos et al., 2020). It has been ranked as the most critical target by the World Health Organization (WHO) (Tacconelli et al., 2018); the Food and Drug Administration (FDA) (Moffatt et al., 2010), and the Centers for Disease Control (CDC) (Centers for Disease Control and Prevention [CDC], 2019) for the development of anti-microbial agents (Geisinger et al., 2020). This is because, recently, isolated strains of AB are resistant to almost all antibiotics, such as, β-lactams, fluoroquinolones, tetracyclines, or aminoglycosides (Peleg et al., 2008), and this multidrug resistance has been on a continuous rise since last two decades (Munoz-Price et al., 2013; Qureshi et al., 2015). Carbapenems were thought to be the most appropriate agents to treat these multidrug resistant (MDR) AB strains (Dinc et al., 2013; Qureshi et al., 2015). However, resistance to carbapenems has been reported in AB worldwide, primarily due to the spread of international clones (Kim et al., 2014). Currently, this MDR/carbapenem-resistant bacteria is only treated with colistin methanesulfonate (CMS), which is an inactive prodrug that is converted to active drug colistin sulfate in blood (Velkov et al., 2013). Colistin (akin to polymyxin B) is a positively charged polypeptide antibiotic that targets multiple Gram-negative bacteria (GNB) (Evans et al., 1999; Li et al., 2006; Moffatt et al., 2010). These cationic antimicrobials target the negatively charged lipid A, which is the endotoxic component of lipopolysaccharide (LPS) of bacteria, and further destabilize the cytoplasmic membrane (Wiese et al., 2003; Moffatt et al., 2010). This strong binding is anticipated not to drive resistant mutants against this antibiotic (Clausell et al., 2007; Moffatt et al., 2010). However, there are reports wherein resistance to these peptides has been developed by bacteria through modifications in lipid A, mainly by the addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) and/or phosphoethanolamine (PEtn) (Raetz et al., 2007; Moffatt et al., 2010). This modification promotes the reduction in the net negative charge on LPS, thereby escalating the resistance against antimicrobial agents. Though the precise mechanism of colistin resistance in AB is not known, there are several reports asserting diverse causes of colistin-resistant strains (colR). For instance, it has been reported that mutations in PmrA/PmrB genes (responsible for the expression of L-Ara4N and PEtn transferases) might instigate colR (Adams et al., 2009; Moffatt et al., 2010). However, another study discloses that mutations within the genes essential for lipid A biosynthesis (either lpxA, lpxC, or lpxD) lead to strains losing the ability to produce LPS (Moffatt et al., 2010), which further triggers colR in AB. In addition, as per other reports, mutations in Gyrase subunit A (gyrA), Gyrase subunit B (gyrB), parC, and D-alanyl-D-alanine carboxypeptidase (DacC) genes are expected to play a major role in antimicrobial resistance (AMR) (Park et al., 2011; Ardebili et al., 2015; Mustikaningtyas et al., 2021).

Having explained this, colistin is still the major choice of antibiotic for treating MDR AB infections. This calls for a solution that can breathe new life into this health challenge. One most reasonable and effective alternative tactic to this issue would be by boosting the effectiveness of colistin as the chances of discovering a new class of antibiotics against MDR AB is grim. This can be done by means of potentiators/adjuvant compounds or combination therapy. Combination therapies can reduce the toxicity that might occur in antibiotic monotherapies by sparing the dosage of both antibiotic and the potentiator (MacNair and Brown, 2020). The potentiators could enhance the activity of existing antibiotics against multiple Gram-negative MDR pathogens, anti-biofilm activity, minimal resistance development, and in vivo activity (Klobucar and Brown, 2022). The potentiation mechanism might be either membrane permeabilization, inhibition of bacterial efflux pumps, remodeling of cell walls, or stress response (Melander and Melander, 2017; Blankson et al., 2019; Martin et al., 2019; Klobucar and Brown, 2022). Since the outer membrane (OM) of GNB prevents the entry of antibiotics that are otherwise targeted against them, discovering molecules that can increase the permeability of the OM and sensitize bacteria to ineffective antibiotics might be an appreciated move to treat MDR bacterial infections.

In this study, we describe a potentiator developed by our group (Dey et al., 2022) that specifically targets the OM of the bacterial cell. Based on a report (Mitra et al., 2016), wherein certain synthetic guanidinium derivatives have a bactericidal effect against Gram-negative and Gram-positive bacteria, we have developed a formulation based on a cationic guanidinium derivative with a pyridine moiety (AD-L). This AD-L can form hydrogels, which have high water content and can be widely used for the controlled release of materials (Aswathy et al., 2020). Guanidine-based derivatives (GBDs) are reported to be non-toxic, have broad-spectrum antimicrobial activity, and have the excellent biocidal ability (Aleshina et al., 2001; Lee et al., 2006; Qian et al., 2011b). These GBDs exert their antimicrobial mechanism through electrostatic interactions between the cationic guanidine group and the anionic group on the surface of the microbial cell, thereby imposing a charge imbalance and further triggering the breakdown of the OM and finally oozing of the intracellular components (Qian et al., 2011b; Yim et al., 2013). GBDs are highly biocompatible and thus have been widely used in various health applications such as medical (Buxbaum et al., 2006), cosmetic (Kaehn, 2010), water decontamination (Aviv et al., 2016), textile (Qian et al., 2011a), plastic (Lin et al., 2005; Thomassin et al., 2007), food (Yim et al., 2013), and other industries. Guanidine is also reported as a versatile ligand that can form stable complexes with various metal ions. Exploiting this property, we have used AD-L for in situ reduction of Ag(I) to nano-particulate Ag(0) and to stabilize such silver nanoparticles (AgNPs) within the gel matrix of AD-L (Santos et al., 2019). Silver has been used since the 19th century to treat microbial infections. However, after the discovery of antibiotics, its usage was reduced (Klasen, 2000). Nonetheless, due to the rise in biocide-resistant strains, the use of silver to treat infections is gaining importance (Kalishwaralal et al., 2010; Narang et al., 2017). However, since ionic silver (Ag +) is easily inactivated by complexation and precipitation, its use is limited (Atiyeh et al., 2007). Thus, zerovalent silver nanoparticles [Ag (0)] have served as a valuable alternative for ionic silver (Sintubin et al., 2009). Exploiting these advantages, in this study, we have reported highly efficient dual functions of AD-L@Ag(0) nano-formulation (NF). The cationic AD-L reduced silver ions to metallic silver in situ and also coordinated with the silver nanoparticle via its abundant electron donating atoms thereby acting as both a reducing and a stabilizing agent. The hydrogel could be used for the sustained release of AgNPs to induce bactericidal influence on AB with a prolonged inhibition time. The proof-of-concept and characterization of this AD-L@Ag(0) NF has already been communicated in our previous study (Dey et al., 2022). We investigate the potentiating proficiency of this novel NF against colistin in our current study. To the best of our knowledge, the use of guanidine derived NF of Ag(0) has never been documented for potentiation activity.



Experimental methods


Strains and growth medium

The bacterial strain used in the present study was AB (ATCC-BAA-2800). The stock solutions of AB strain were prepared in 10% glycerol stock stored at −80°C. Prior to use, the bacterial cells were revived by inoculating in a 1:100 ratio of inoculum, 2× YT (Yeast Extract Tryptone), and kept overnight (ON) at 37°C at 250 rpm. Furthermore, the bacteria were sub-cultured in 2× YT broth (obtained from HiMedia) in a 1:100 ratio and grown to mid-log phase (OD600 of 0.6–0.8) for ON with shaking at 37°C at 250 rpm. The original clinical characteristics of the stock were maintained by preparing fresh cultures from the glycerol stocks for each experiment.



Synthesis of AD-L@Ag(0) nano-formulation and characterization

AD-L@Ag(0) was synthesized in the same way as in our previous study (Dey et al., 2022). Briefly, 4-pyridine-carboxaldehyde (0.675 ml, 7.17 mmol) dissolved in ethanol was added to a solution of Triamino-guanidinium chloride (0.25 g, 2.38 mmol). This mixture was stirred for 6 h at 85°C and then kept at an ambient temperature to yield a yellow precipitate. Furthermore, the precipitate was washed with ethanol-water (1:1, v/v) and dried under a vacuum. The batch was characterized for its physio-chemical properties by XPS, FT-IR, and TEM, as previously reported (Dey et al., 2022).



Drug-susceptibility assays

The minimum inhibitory concentration (MIC) of colistin against AB was determined using the broth microdilution assay according to Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2022). Initially, 96-well assay plates were prepared with serial half dilutions of colistin, and furthermore, a fresh culture of AB (103 CFU/ml) was added to each well. The plates were incubated ON at 37°C at 250 rpm. The last columns of the plates served as “no antibiotic” and “full growth” controls. MIC of AD-L@Ag(0) formulation was determined from our previous study (Dey et al., 2022).



Two-dimensional synergy testing

The potential synergistic interactions between the colistin and the NF AD-L@Ag(0) were assessed by performing a checkerboard assay (CBA) (Garcia, 2010), which quantifies pairwise drug interactions. For the CBA (Figure 1A), the test NF AD-L@Ag(0) was twofold serially diluted along the rows, while the colistin was twofold serially diluted along the columns to create a matrix in which each well contains a combination of both agents at different concentrations. Different combinations (Table 1) of MIC of colistin and MIC of AD-L@Ag(0) formulation were used to determine whether there is an interaction between colistin and AD-L@Ag(0) formulation or not.
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FIGURE 1
Minimum inhibitory concentration (MIC) calculation: The MIC, 1/2 MIC and 1/4 MIC of colistin (MICcol), of AD-L@Ag(0) nano-formulation [MICADL@Ag(0)] and that of combination [MICCol + MICADL@Ag(0)] against Acinetobacter baumannii (AB) was checked using spot assay, CFU count, and by optical density (OD) analysis. The growth of ABin the presence of all the concentrations of colistin confirms resistance. (A) Schematic representation of the checkerboard assay at various MICs of colistin and AD-L@Ag(0) to test their synergy or additive effect. (B) Spot assays for calculation of MICs: (i) Plate showing growth of ABin the presence of all the MICs of colistin with controls; AB-C, AB control; MC, media control (ii) plate showing effect of the combination of all the MICs of colistin (MICcol, 1/2 MICcol, 1/4 MICcol) + MIC of AD-L@Ag(0) on the growth of AB (iii) plate showing effect of the combination of all the MICs of colistin (MICcol, 1/2 MICcol, 1/4 MICcol) + 1/2 MIC of AD-L@Ag(0) on the growth of AB (iv) plate showing effect of the combination of all the MICs of colistin (MICcol, 1/2 MICcol, 1/4 MICcol) + 1/4 MIC of AD-L@Ag(0) on the growth of Acinetobacter baumannii. (C) Culture Biomass Growth measured from absorbance (OD600) at various combinations of MICs of colistin and AD-L@Ag(0). The X-axis of the histogram represents MIC, 1/2 MIC, and 1/4 MIC of AD-L@Ag(0), whereas the Y-axis shows the culture biomass growth at these MICs. The color bars represent different concentrations of colistin (MIC, 1/2 MIC, and 1/4 MIC) with controls: CC, colistin control; NF-C, nano-formulation control [AD-L@Ag(0)]; AB-C, Acinetobacter baumannii control. (D) This figure shows the log reduction in CFU count of AB after treatment with different combinations of colistin and AD-L@Ag(0). The Y-axis shows the log reduction of CFU/ml. X-axis shows different colors representing various combinations of colistin (MIC, 1/2 MIC, and 1/4 MIC) with multiple concentrations (MIC, 1/2 MIC, and 1/4 MIC) of AD-L@Ag(0), along with controls: CC, colistin control; NF-C, nano-formulation control [AD-L@Ag(0)]; AB-C, Acinetobacter baumannii control.



TABLE 1    Presence/absence of growth of AB in various combinations of MICs of Colistin + AD-L@Ag(0).

[image: Table 1]

Furthermore, the fractional inhibitory concentration index (FICI) for each AD-L@Ag(0) and colistin combination was measured to analyze the presence or absence of synergism between the two antimicrobial agents. FICI was calculated using the concentrations of the non-turbid wells (indicating low/no growth) in each row and column of the plate, representing the AD-L@Ag(0) and colistin combinations, respectively, at the lowest concentrations that inhibited the growth of AB. This equation used to determine FICI (Berenbaum, 1978) is as follows:

FICI = (MICAB/MICA) + (MICBA/MICB), where,

MICAB: MIC of colistin in combination with AD-L@Ag(0),

MICBA: MIC of AD-L@Ag(0) in combination with colistin together,

MICA: MIC concentrations of colistin alone and,

MICB: MIC concentrations AD-L@Ag(0) alone.

When the FICI mean value was less than or equal to 0.5, it was thought to be synergistic; when it was larger than 0.5 but less than 4, it was thought to be additive or non-interactive; and when it was greater than or equal to 4, it was thought to be antagonistic (Meletiadis et al., 2010).



Quantification of AB growth

Colony forming unit analysis was done using spot assay (Wang et al., 2017) to quantify bacterial growth (Figure 1). Freshly prepared suspensions of AB containing 1 × 103 CFU/ml were used as an inoculum (100 μl) to be added to wells containing all possible combinations of MICs colistin + AD-L@Ag(0). After 24 h incubation, a spot assay was performed by diluting the wells which showed turbidity (i.e., wells showing growth of bacteria in presence of colistin and AD-L@Ag(0) combination). A small volume (5 μl) of the diluted culture was spotted 5 times on a 2× YT agar plate. The wells with no visible turbidity were not diluted and were directly spotted onto the 2× YT agar plate. All the plates were incubated ON, and the number of colonies, i.e., colony forming units (CFU), were counted directly from spot assay plates using the formula (Whitmire and Merrell, 2012) as follows:
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Then, the log reduction of CFU count was calculated by using the formula (Bankier et al., 2018):
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Or
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where,

A = the number of viable cells in control (AB Only).

B = the number of viable cells after treatment with all the possible combinations of colistin and AL-D@Ag(0), along with NF and CC treatment.

Also, Culture Biomass Growth (CBG) was calculated by determining the optical density (OD600) of the cultures. This was done by subtracting the OD of the culture with the OD of the media. Then, the value obtained was multiplied by 2.0 × 108 (Dong-Ju et al., 2012).




Cell viability assay


Determination of cellular ATP levels

The effect of the colistin + AD-L@Ag(0) combination on the cellular ATP levels of AB was determined using BacTiter-Glo microbial cell viability assay kit from Promega following the instructions from the manufacturer. Freshly prepared suspensions of AB containing 1 × 103 CFU/ml were added to the 96-well U-bottom plate containing combinations of MICs colistin + AD-L@Ag(0) and kept for 24 h incubation. Next, 25 μl of bacterial suspension from each well was mixed with an equal volume of BacTiter-Glo reagent in a white color 96-well plate and incubated for 5 min at room temperature (RT). Bioluminescence was recorded on Biotek Synergy HT Microplate Reader. Signals represent the mean of duplicates for each measurement. The concentration of cellular ATP was estimated from the ATP standard curve.



Flow cytometry for estimation of cellular respiration

Overnight cultures of AB were further sub-cultured until we obtained 106 CFU/ml cells. All possible combinations of both drugs were used to treat AB cultures, and these were further used for sample preparation for flow cytometry. One culture treated with colistin only was used as a reference. A culture without treatment with any drug was used as a growth control. Five groups were prepared for Flow cytometry (fluorescence-activated single cell sorting): one was control without any staining, the second was CTC (5-cyano-2,3-ditolyl tetrazolium chloride) stained, the third was DAPI (4′,6-diamidino-2-phenylindole) stained, the fourth one was stained with both dyes, and the fifth was stained with CTC but after fixation with a fixative (4% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M phosphate buffer having pH 7.2) for 30 min. The fifth group was a negative control for CTC staining. For DAPI staining, cells were first fixed, and for CTC, cells were directly stained.



Confocal microscopy for viability assessment

Samples prepared for flow cytometry in the fourth group were also used for confocal microscopy. The image was captured in the confocal microscope FV300 Olympus Version 2.4.1.198. CTC and DAPI stained samples were used for confocal imaging. Images were taken at 60X magnification, zoom 4X, and NA 1.35. Channel I DAPI for this PMT voltage is 520 [v], laser transmissivity is 0.8%, and laser ND filter is 10%. Channel II CTC for this PMT Voltage is 490 [v], laser transmissivity is 0.2%, and laser ND filter is 10%. Channel III TD for this PMT Voltage is 350 [v], laser transmissivity is 0.2%, and laser ND filter is 10%. All the images were captured with the same settings.



Quantitative real-time PCR (qRT-PCR) analysis for mechanistic insight

After incubation at 37°C for 24 h with the treatment of colistin and AD-L@Ag(0) with different MIC concentrations, total RNA was extracted from cells using an RNA extraction Kit (Macherey-Nagel, Germany). After incubation, the culture was homogenized by adding β-mercaptoethanol contacting lysis buffer and mixed by vigorous vortexing. The cell lysate was filtered to remove cell clumps followed by RNA binding to the column. The RNA-bound membrane was further desalted and DNA was digested by rDNase treatment. The membrane was then washed and RNA was eluted in the RNase-free water. All the reagents were provided by the manufacturers in the kit. RNA was quantified by using nanodrop (Thermo, Waltham, MA, United States). cDNA was synthesized by using the iScript cDNA Synthesis kit (Bio-rad, Mumbai), and gene expression was quantified by real-time PCR. RT PCR was performed by using iTaq UniverSYBR Green SMX (Bio-rad, Mumbai) RT-qPCR Kit. Colistin-resistance-related gene expression at the transcript level was checked. GyrA, GyrB, and DacB were utilized in this study. AB-specific 16SrRNA was used as a housekeeping gene control for the expression of normalization.



Cell cytotoxicity assay

Cytotoxicity of all possible combination MICs of AD-L@Ag(0) formulation + colistin were evaluated against the commonly used epithelial cell line (Vero, E6) using the methyl thiazolyl tetrazolium (MTT) method. The MTT method was performed as per standard protocols by ATCC and as optimized in our previous studies (Dey et al., 2022). MTT assay detects the reduction of yellow tetrazolium (MTT) by metabolically active cells. The resultant purple formazan was measured by using spectrophotometry. Cells were seeded into a 96-well plate in Dulbecco’s Modified Eagle’s medium (D-MEM) with 10% fetal bovine serum (FBS) and 1% penstrep (penicillin 5,000 U/ml + streptomycin 5,000 U/ml). A total of 200 μl of cell suspension at a density of 4 × 104 cells/ml were seeded in the flat bottom 96-well plates with a viability percentage of 97.53. Cells were incubated at 37°C in 5% CO2, and the confluency in each well of the 96-well plate was found to be more than 70% after 24 h. Cells were incubated at 37°C in 5% CO2 with all possible combinations of AD-L@Ag(0) + colistin. Colistin, AD-L@Ag, one growing control (untreated Vero E6 cells) devoid of antibiotics, and a cytotoxic drug (Docetaxel 44.12 μM) (Altamimi et al., 2021) were kept for controls. Untreated Vero E6 cells were considered as the negative control. After that, 25 μl of MTT reagent (5 mg/ml) was added to each well, and further incubation in a CO2 incubator at 37°C for 2 h was done, which resulted in a purple precipitate of Formazan crystals. Formazan crystals were dissolved by using 100 μl DMSO, and then the plates were placed on the shaker at RT for 1 h. Absorbance at 570 nm (reference filter setting was 630 nm) was recorded on the xMark™ Microplate Spectrophotometer (Bio-rad). The experiment was performed in quadruplicate. The cytotoxic effect was checked by comparing growth control, i.e., untreated Vero E6 Cells, with Vero E6 cells treated with different combinations of AD-L@Ag(0) and colistin using analysis by GraphPad Prism version 8.4.3 for Windows, GraphPad Software, San Diego, CA, USA.



Statistical analysis

All the experiments were performed independently two times with 3–4 replicates in each, and the results are shown as mean with standard error of mean (SEM) as the error bar. Statistical significance (significance level of p; 0.05) was calculated by GraphPad Prism software (version 8.0, GraphPad Software, San Diego, CA, USA) using one-way ANOVA, and cytotoxicity data were analyzed using ordinary one-way ANOVA and Dunnett’s multiple Comparisons as a post-test.




Results


Characterization of the synthesized formulation

X-ray photoelectron spectroscopic (XPS) results (Figure 2A) confirm the synthesis of AD-L@Ag(0) by providing the chemical composition and valence state of Ag, C, and N-atoms. The wide energy survey spectrum (wess) of pure ligand AD-L (A) exhibited four peaks which were ascribed to Cl 2p (196.99 eV), C 1 s (284.85 eV), N 1 s (399.13 eV), and O 1 s (532.01 eV) elements, respectively (Figure 2Aa). It is expected that the presence of O 1 s might be due to the presence of a small amount of carbonate counter anion. The wess of silver metal-containing AD-L@Ag(0) gel is shown in Figure 2Ab. The peaks of Cl2p, N 1 s, C 1 s, and O 1 s (present in AD-L) along with Ag 3d confirm the synthesis of AD-L@Ag(0) gel. Furthermore, the deconvoluted spectra of Ag 3d spectrum (Figure 2Ac) are found to split into 3d 5/2 and 3d 3/2 with a spin-orbit splitting of ∼6 eV, which corresponds to unperturbed metallic silver and is typically anticipated for Ag(0) atoms in the nanoparticle core. The XPS results finally confirm the synthesis of the NF. The transmission electron microscopy (TEM) images in Figure 2B shows the synthesized nanoparticles at different magnifications (20 nm and 0.1 μm). The images represent the entangled fibril morphology of the formulation with uniformly distributed Ag nanoparticles on the fibril network. FT-IR analysis that aids in exact structure elucidation and spectra of the compound AD-L@Ag(0) is presented in Figure 2. The presence of the imine linkages (-C = N str.) peak at ∼1,380 and 1,595 cm–1, indicating a successful reaction between the tri-amino-guanidinium and the 4-pyridinecarboxaldehyde moieties. Additionally, the broad peak at 3,200 cm–1 is attributed to the amine functionalities (-N-H str.).
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FIGURE 2
Batch characterization of AD-L@Ag(0): (A) XPS analysis: (a,b) XPS survey spectra of AD-L (blue trace), and AD-L@Ag (red trace) respectively. (c) Represents high-resolution deconvoluted spectra collected in the Ag 3d region for AD-L@Ag. (B) TEM analysis: TEM images of metallogel from AD-L@Ag(0) showing the gel fibers with in situ formed silver nanoparticle at 20 nm and 0.1 μm. (C) FT-IR analysis: FT-IR analysis of AD-L@Ag(0) in powder (blue line) and the gel phase (green line).




AB surviving colistin

We first checked the MIC value of colistin, which was 2 μg/ml as reported by CLSI. The MIC can be understood as the lowest concentration of the antibiotic that does not yield any visible growth of the bacteria after 18 h of incubation. However, AB showed persistent growth at this MIC, which is shown in Figure 1Bi. The current scenario of increasing resistance to antibiotics due to mutations indicates the need for substances that can potentiate the activity of the antibiotics. The MIC of AD-L@Ag(0) formulation against AB was calculated to be 25 μg/ml.



Evaluating AD-L@Ag(0)–colistin treatment combinations on AB growth

We next determined the MIC values for various combinations of colistin with AD-L@Ag(0) formulation and calculated FICI values to establish whether there was evidence of the additive effect of synergy in the combination treatment. The MIC values of colistin with AD-L@Ag(0) combinations were 1.0 and 6.25 μg/ml, respectively (Table 1). These results concluded that only one-fourth of the MIC of the NF in combination with only half MIC of colistin is favorable enough to show a bactericidal effect on AB.

The combination of MICs colistin with AD-L@Ag(0) produced FICI values of 0.5–2 (indicating an additive effect, as described in materials and methods). The results further confirm that at one-fourth MIC of AD-L@Ag(0), the MICcol reduced twofold (reduced to 1 μg/ml, well below the MICcol of 2 μg/ml). These results provide convincing evidence that the AD-L@Ag(0) NF could potentiate the killing effect of colistin for AB at substantially lower concentrations than the individual treatments.



CFU count for establishing growth inhibition of AB with the combination of colistin and AD-L@Ag(0)

Figures 1Bii, iii show that various combinations of MICs (MIC, 1/2 MIC, 1/4 MIC) of colistin ranging from 2, 1, and 0.5 μg/ml with the MIC and 1/2 MIC of AD-L@Ag(0), i.e., 25 and 12.5 μg/ml, respectively, did not show any growth. Furthermore, it is evident from Figure 1Biv that 1/4 MIC (6.25 μg/ml) of AD-L@Ag(0) can potentiate the activity of colistin up to half of its MIC (1 μg/ml). However, it could not show the bactericidal effect when the MIC of colistin was further reduced to one-fourth (0.5 μg/ml). This confirms that AD-L@Ag(0) can potentiate the effect of colistin to which AB became resistant (Figure 1Bi). Out of all combinations, 1.0 μg/ml, i.e., 1/2 MIC of colistin, and 6.25 μg/ml, i.e., 1/4 MIC of AD-L@Ag(0), were demonstrated as the best potentiation concentrations. Figure 1C shows the histogram view of the calculated CBG confirming the potentiating ability of the developed NF. Similarly, Figure 1D shows the histogram view of the calculated log reduction of CFU confirming the potentiating ability of the developed NF.



Adenosine triphosphate (ATP) assay for estimation of viability reduction

Adenosine triphosphate is an energy-transporting molecule that is generally conserved and drives a variety of biological activities essential for the survival of organisms. As a result, ATP is continuously used up since it promotes cell contractile activities, aids membrane transportation, and catalyzes unfavorable reaction dynamics. ATP production mechanisms connected to aerobic respiration and glycolytic activities quickly regenerate ATP to sustain these necessary activities. Since intracellular ATP generation and consumption rates are strictly controlled and consistent during homeostasis, ATP can be used as a substitute for cell viability and vitality (Riss et al., 2016). Hence, to check the viability of bacterial cells in different MIC concentrations, an ATP assay was performed. ATP assay (Figure 3A) shows similar results to those obtained from CFU analysis. The relative fluorescence unit (RLU) of ATP was found to be zero for colistin 1/2 MIC + AD-L@Ag(0) 1/4 MIC (Figure 3A), which shows that the combined effect of colistin and AD-L@Ag(0) shows a bactericidal effect on resistant AB strain.
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FIGURE 3
Determination of potentiating ability of AD-L@Ag(0) by estimation of cell viability: The viability of ABin the presence of various combinations of MICs of colistin and AD-L@Ag(0) was analyzed using ATP assay, flow cytometry, and by confocal laser scanning microscopy (CLSM). (A) ATP assay: The graph represents presence/absence of ATP production at various combinations of colistin + AD-L@Ag(0). The x-axis in the graph represents various concentrations of MICs (MIC, 1/2 MIC, 1/4 MIC) of AD-L@Ag(0); whereas the y-axis represents viability by ATP in terms of RLU (relative light unit). The color bars represent different concentrations of colistin (MIC, 1/2 MIC, and 1/4 MIC) with controls: CC, colistin control; NF-C, nano-formulation control [AD-L@Ag(0)]; AB-C, Acinetobacter baumannii control; MC, media control. The graph suggested similar results as those obtained from CFU and OD calculation. The RLU of ATP at colistin 1/2 MIC + AD-L@Ag(0) 1/4 MIC was found to be zero indicating bactericidal effect on resistant AB strain. (B) Flow cytometry: The viability percentage of ABin various combinations of colistin and AD-L@Ag(0) was analyzed by flow cytometry using DAPI and CTC staining. The x-axis represents the treatment of ABat various combinations and the y-axis represents the percentage of viable cells among total cells. A1: Acinetobacter baumannii control (AB-C), A2: Colistin control (CC), A3: Nano-formulation control [AD-L@Ag(0)] (NF–C), A4: 1/2 MICcol + 1/4 MICAD–L@Ag(0), A5: 1/4 MICcol + 1/2 MICAD–L@Ag(0), and A6: 1/4 MICcol + MICAD–L@Ag(0). Flow cytometry analysis indicated that at colistin 1/2 MIC + AD-L@Ag(0) 1/4 MIC (A4), the difference between viable cells (CTC stained) to total cells (DAPI stained) was very huge. This means that the percentage of viable cells was very low when compared to total cells; indicating bactericidal effect at this combination. (C) Pseudo-color plot (Flow cytometry): The graph represents four quadrant images with the percentage of cells in each quadrant observed by flow cytometric analysis. Q1: Shows AB cells stained with CTC only, Q2: Shows AB cells stained with both CTC and DAPI, Q3: Shows AB cells stained with DAPI only, Q4: Shows AB cell debris. A1: Acinetobacter baumannii control (AB-C), A2: Colistin control (CC), A3: Nano-formulation control [AD-L@Ag(0)] (NF–C), A4: 1/2 MICcol + 1/4 MICAD–L@Ag(0), A5: 1/4 MICcol + 1/2 MICAD–L@Ag(0), and A6: 1/4 MICcol + MICAD–L@Ag(0). ** (0.0081) Shows the significant difference between AB–C and 1/2 MICcol + 1/4 MICAD–L@Ag(0) (TOTAL CELLS). **** (<0.0001) Shows the significant difference between AB–C and 1/2 MICcol + 1/4 MICAD–L@Ag(0) (VIABLE CELLS).




Flow cytometry to assess viability reduction

Flow cytometry was done using CTC and DAPI staining. CTC stain is used for counting and staining actively respiring bacteria. Live bacteria take up CTC and reduce CTC to insoluble formazan (CTC Formazan) (Kobayashi et al., 2012), while dead or inactive bacteria will not be able to do the same. The DAPI has the ability to stain all (live and dead) bacteria by binding to the AT regions in the minor groove of DNA (Tanious et al., 1992). The results (Figure 3B) show that there is a very less number of viable bacteria in the case of colistin 1/2 MIC + AD-L@Ag(0) 1/4 MIC treated sample compared to the total number of bacteria present in the control. The MICcol shows that the number of viable cells was similar to that of the total cell number present. In the case of MICAD–L@Ag(0), the total cell number as well as the number of viable cells, both were low, and this shows the bactericidal effect of novel NF [AD-L@Ag(0)]. Pseudo-color plot shows the percentage total cell population of AB in all 4 quadrants and viable cell population in Q1 and Q2 quadrants (Figure 3C).



Microscopic analysis for morphology and viability analysis

Confocal microscopy was done for validating the effect of colistin and AD-L@Ag(0) in different combinations. Consistent with our previous data, in Figure 4, the growing control (A1) shows clear growth of bacteria, while in the case of colistin (A2), the bacterial periphery shows a high amount of CTC, which shows their higher respiring rate to ensure resistance against colistin. At MIC concentration of AD-L@Ag(0) (A3), the absence of bacteria was observed, indicating the bactericidal effect of the NF at MIC. Similarly, in cases A4, A5, and A6, there are no bacteria visible under the microscope after looking at different locations on the same slide, which clearly shows the bactericidal effect of colistin and AD-L@Ag(0) in these combinations. Out of these combinations, A4 (colistin 1/2 MIC + AD-L@Ag(0) 1/4 MIC) was considered to be a better combination. This is because, at such lower MICs, the additive effect of the potentiator and antibiotic would show low cytotoxicity.
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FIGURE 4
Confocal laser scanning microscopy (CLSM): Morphological changes when using the combination of AD-L@Ag(0) + colistin were observed using CLSM and compared with the controls. Here, (A1): Acinetobacter baumannii control (AB-C), (A2): Colistin control (CC), (A3): Nano-formulation control [AD-L@Ag(0)] (NF–C), (A4): 1/2 MICcol + 1/4 MICAD–L@Ag(0), (A5): 1/4 MICcol + 1/2 MICAD–L@Ag(0), and (A6): 1/4 MICcol + MICAD–L@Ag(0). The results were consistent with our previous observations. Colistin MIC concentration showed visible growth of AB (A2) and MIC of AD-L@Ag(0) shows no visible bacteria due to bactericidal effect (A3). Whereas, the combination of two at 1/2 MICcol + 1/4 MICAD–L@Ag(0) (A4) bacterial growth was inhibited. That is why there is negligible number of bacteria visible under confocal microscope.




qPCR analysis

Quantitative real-time PCR was performed to measure the expression levels of gyrA, gyrB (introduce negative supercoiling), and DacC (Cell wall biogenesis; peptidoglycan biosynthesis) genes (Table 2). In the case of AB-C (Acinetobacter baumannii control, without treatment), the expressions of these genes were found to be at a normal level (A1). While in the case of colistin, we found increased expressions of GyrA, GyrB, and dacB (A2). Furthermore, in the case of AD-L@Ag(0), the expressions of GyrA and dacB were decreased (A3), whereas, in the case of the GyrB gene, the expression was found to be somewhat similar to that of colistin. In the case of 1/2 MICcol + 1/4 MICAD–L@Ag(0) treated sample (A4), the expressions of these genes show similar patterns as that of colistin, but at comparatively lower levels. This shows that the AD-L@Ag(0) acts on the genes that are involved in the cell wall biogenesis (i.e., dacB) and the ones involved in the negative supercoiling (i.e., GyrA). This concludes that increased expression of these genes is responsible for rendering resistance to colistin in AB. However, in the case of the 1/2 MICcol + 1/4 MICAD–L@Ag(0) combination, an intermediate expression level of these genes shows that the combination can reduce the resistance efficiency of AB to colistin (Figure 5).


TABLE 2    Gene name, function, and antibiotic which target respected genes.
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FIGURE 5
Quantitative Real-time PCR (qRT–PCR) analysis: The graph shows gene expression of GyrA, GyrB, and dacB (presented in y-axis) upon different treatments (presented in x-axis). Here, A1: Acinetobacter baumannii control A–C, A2: Colistin control (CC), A3: Nano-formulation control [AD-L@Ag(0)] (NF–C), A4: 1/2 MICcol + 1/4 MICAD–L@Ag(0), A5: 1/4 MICcol + 1/2 MICAD–L@Ag(0), and A6: 1/4 MICcol + MICAD–L@Ag(0). A decrease in gene expression when colistin and AD-L@Ag(0) were used in combination was observed in comparison to when only colistin was used.




Cytotoxicity

Cytotoxicity assay was performed on mammalian cell lines, i.e., Vero E6 cells. In our previous study, we showed that AD-L@Ag(0) did not have significant toxicity to Vero E6 (Dey et al., 2022). Here, we used different combinations of colistin and AD-L@Ag(0) to assess whether the combination of colistin and AD-L@Ag(0) shows any cytotoxicity toward the mammalian cell line. After performing the MTT assay for cytotoxicity, we found that the colistin 1/2 MIC (1.0 μg/ml) + AD-L@Ag(0) 1/4 MIC (6.25 μg/ml) combination shows non-significant cytotoxicity to the cells (Figure 6). Hence, this will serve as an ideal combination of colistin and AD-L@Ag(0), which is non-toxic to mammalian cells as well as serve as a good potentiator showing a bactericidal effect on AB.
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FIGURE 6
Cytotoxicity assay: A comparison between untreated Vero E6 Cells against treatment with different combinations of AD-L@Ag(0) and colistin is shown here. The X-axis represents various combinations of colistin and AD-L@Ag(0), along with colistin control (CC), AD-L@Ag(0) control (NF–C), untreated Vero E6 cells, positive control (Docetaxel),and the Y-axis represents the OD values at 570 nm. Results show that there is no significant cytotoxicity found in the case of colistin 1/2 MIC and AD-L@Ag(0) 1/4 MIC concentration. This is the best combination for potentiation because, at this concentration, it shows less or negligible cytotoxicity to mammalian cells and also demonstrates significant bactericidal effect on colistin-resistant Acinetobacter baumannii. **** Shows the significant difference between Live Vero E6 Control and Cytotoxic Drug treated Vero E6 cells (Cytotoxicity Control).





Discussion

Antimicrobial resistance is an increasing threat to global healthcare, especially, in the case of the GNB, which has evolved multiple strategies to paralyze antibiotic treatments (Song et al., 2020). Colistin (Polymyxin E), for instance, is considered the “last line of defense” against MDR GNB (Xu et al., 2022). It interacts electrostatically with the OM of GNB and displaces Mg2+ and Ca2+ ions from their binding sites, thus disrupting the integrity of the membrane and thereby causing cell damage and finally uptake of the antibiotics (Landman et al., 2008; Chawla et al., 2022). Unfortunately, the GNB has developed resistance to this last resort antibiotic colistin. It is reported that in most of the members of the gram-negative Enterobacteriaceae family, the colR results from a modification of lipid A component of the LPS (basically plasmid-mediated; MCR; mobile colR) (Dortet et al., 2018), thereby increasing the net charge on LPS. However, in the case of AB, colistin resistance is restricted to chromosome-encoded resistance (Dortet et al., 2018; Partridge et al., 2018). Unfortunately, this colR in AB has emerged due to its increased use (in the case of carbapenem-resistant AB infections), leading to the appearance of pan drug resistance isolates (Brennan-Krohn et al., 2022). Also, the clinical efficacy of colistin is hampered by a low therapeutic index even in susceptible isolates (Brennan-Krohn et al., 2022). Therefore, there is an urgent need for solutions by which the activity of colistin can be restored against resistant AB and also its toxicity can be reduced while retaining the antimicrobial activity. One approach could be the identification of novel molecules, which can increase the permeability of the OM of the GNB, thereby, potentiating the bactericidal activity of colistin against AB. This combination therapy of using novel potentiators along with colistin will not only spare the dose of both the colistin and the potentiator but also will reduce the toxicity associated with colistin (Stokes et al., 2017). There are reports wherein the mechanisms of action of various potentiators have been discussed. An insightful review by Chawla et al. describes the detailed mechanisms by which bacterial resistance can be reversed using various antibiotic potentiators. Some of the strategies include the following: inhibition of conjugative plasmids, plasmid curing, inhibiting efflux pumps, and inhibiting antibiotic resistance enzymes and membrane permeabilizers. Among these approaches, inhibition of conjugating plasmids is responsible for disseminating antimicrobial resistance genes (ARGs) (Chawla et al., 2022). Plasmid curing by agents majorly extracted from plants can remove the ARGs from the bacterial population, thereby reversing plasmid-mediated AMR (Blagden, 1937; Latha et al., 2009; Chandra et al., 2017; Vemuri et al., 2019). The inhibition of the AMR enzymes by using natural inhibitors of enzymes has been used as another alternative approach (Chawla et al., 2022) in combating AMR (Toda et al., 1991; Zhao et al., 2001; Shiota et al., 2004; Schaenzer and Wright, 2020). Another approach for breaking the resistance is by inhibiting efflux pumps, which are mainly responsible for AMR (Chawla et al., 2022). The efflux pumps act by pumping the antibiotics out of the cell, thereby decreasing the concentration of antibiotic inside the cell. A series of natural inhibitors that inhibit the efflux pumps are very much available in literature (Cock, 2012; Chitemerere and Mukanganyama, 2014; He et al., 2019; Mozirandi et al., 2019). Most importantly, compounds acting as membrane permeabilizers in conjunction with antibiotics can play an important role in overcoming resistance. The membrane permeabilizers are generally cationic and amphiphilic in nature targeting OM by interacting with the outer layer ions, lipids, and outer membrane proteins (OMPs). Colistin is one such example of membrane permeabilizer (Burt, 2004; Kwon and Lu, 2006; Landman et al., 2008; Farrag et al., 2019; Klobucar and Brown, 2022). Furthermore, the developed NF is expected to work in the similar way by membrane permeabilization, although the exact mechanism by which AD-L@Ag(0) potentiates the activity of colistin has not been studied. We hypothesize that GBDs exert their antimicrobial mechanism through electrostatic interactions between the cationic guanidine group and the anionic group on the surface of the microbial cell, thereby imposing a charge imbalance and further triggering the breakdown of the OM and finally oozing of the intracellular components (Qian et al., 2011b; Yim et al., 2013). Furthermore, the NF is the combination of guanidinium derivative with pyridine moiety (AD-L) and silver (Ag), where AD-L reduces the silver ion to metallic silver in situ. Since it is well-known that nano-silver possesses antimicrobial activity, we proposed that the NF in its hydrogel form releases AgNPs sustainably and induces the bactericidal influence on AB with a prolonged inhibition time.

In the results presented here, we have observed that colistin alone could not show a bactericidal effect against AB at its MIC (2 μg/ml). However, when used in combination with our novel NF [AD-L@Ag(0)], the MIC of colistin is reduced by up to twofold (0.5 μg/ml). This novel potentiator [AD-L@Ag(0)] in combination with colistin produced an FICI value of 0.75 (Table 1), indicating an additive effect (Meletiadis et al., 2010) of both the antimicrobial agents against AB (Figures 1C, D). There are reports in the literature where the additive effects of potentiators with antibiotics have shown tremendous results with drug-resistant isolates (Bezerra dos Santos et al., 2015; Courtney et al., 2017; Puño-Sarmiento et al., 2020).

In the case of colistin, the resistance is attributed to the modifications in LPS. This is done by adaptations in Lipid A via biosynthesis of PEtn or L-Ara4N. PmrA/B are the transcription factors that control the expression of pmrHIJKLM operon (Figure 7), which ultimately synthesizes PEtn or L-Ara4N on its expression (Falagas et al., 2010; Needham and Trent, 2013; Olaitan et al., 2014). GyraseA/B are the topoisomerases that introduce negative supercoiling in the DNA and are hence important for cellular processes such as replication, transcription, and translation (Reece and Maxwell, 1991). In the case of AD-L@Ag(0) treatment, we observed that the expression of GyraseA decreased to a negligible value, while in the case of colistin, we found a very high expression of GyraseA and B (Figure 5). When the combinations of colistin and AD-L@Ag(0) were analyzed, we found that there is a decrease in the expression of GyraseA and B as compared to the colistin-treated sample. With these observations, it can be hypothesized that during combination treatment, AD-L@Ag(0) affects the GyraseA activity of the cell, which ultimately will not allow the transcription machinery to go forward to transcribe and translate pmrHIJKLM operon and there is no PEtn or L-Ara4N present on the surface of OM of bacteria. This means there are no modifications on Lipid A when the bacterium is treated with colistin and AD-L@Ag(0) combinations (Figure 7). Therefore, colistin works efficiently and disrupts GNB’s cell membrane, due to which cellular component comes out of the cell and ultimately leads to bacterial death.
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FIGURE 7
Schematic representation of the induction of colistin resistance as well as reversal of colistin resistance on Acinetobacter baumanni. (A) Representation of the gene expression in colistin resistant cell: Here green color shows the upregulation of genes, e.g., GyraseA/B and pmrHIJKLM operon. pmrHIJKLM operon codes for phosphoethanolamine (PEtn) or 4-amino-4-deoxy-L-arabinose (L-Ara4N). PEtn gets deposited in the Lipid A layer, and this leads to a decrease in net negative charge, which ultimately leads to colistin resistance. (B) Representation of the gene expression in the reversal of colistin resistance when colistin + AD-L@Ag(0) combination is used: Here, it is shown how AD-L@Ag(0) affects GyraseA/B activity, which leads to inhibition of pmrHIJKLM operon. Red color shows the downregulation of genes GyraseA/b genes when the combination was used. GyraseA/B are important for negative supercoiling during processes like DNA replication, transcription, and translation. Hence, its downregulation ultimately hinders the expression of pmrHIJKLM operon. So, there is no PEtn or L-Ara4N production and there is no change in Lipid A composition and net charge present on OM. This leads colistin and AD-L@Ag(0) to exert their bactericidal effect by disrupting the cell membrane, which leads to cell death.


The Increasing incidence of Colistin Resistance in AB, which ultimately burdens the healthcare service providers. In this study, we have introduced a novel antibiotic adjuvant that can potentiate an antimicrobial agent against resistant bacteria. We posit that AD-L@Ag(0) and analogs thereof represent attractive leads as adjuvants to address the emerging threat of pan-resistant Gram-Negative infections and subsequently the inevitable AMR.



Conclusion

We showed that guanidinium and silver [AD-L@Ag(0)] based NF, used in combination with colistin, exhibited antibacterial activity against MDR AB, even at a sub-MIC level of AD-L@Ag. Therefore, it acts as an additive potentiator and can enable effective lower dosing of colistin against colistin-resistant AB.
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