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Abstract

Mycobacterium tuberculosis (M.tb) has the extraordinary ability to adapt to the administration of antibiotics through the development of resistance mechanisms. By rapidly exporting drugs from within the cytosol, these pathogenic bacteria diminish antibiotic potency and drive the presentation of drug tolerant tuberculosis (TB). The membrane integrity of M.tb is pivotal in retaining these drug-resistant traits. Silver (Ag) and zinc oxide (ZnO) nanoparticles (NPs) are established antimicrobial agents that effectively compromise membrane stability, giving rise to increased bacterial permeability to antibiotics. In this work, biodegradable multi-metallic microparticles (MMPs), containing Ag NPs and ZnO NPs, were developed for use in pulmonary delivery of antituberculous drugs to the endosomal system of M.tb-infected macrophages. Efficient uptake of MMPs by M.tb-infected THP1 cells was demonstrated using an in vitro macrophage infection model, with direct interaction between MMPs and M.tb visualised with the use of electron FIB-SEM tomography. The release of Ag NPs and ZnO NPs within the macrophage endosomal system increased the potency of the model antibiotic rifampicin by as much as 76%, realised through an increase in membrane disorder of intracellular M.tb. MMPs were effective at independently driving membrane destruction of extracellular bacilli located at the exterior face of THP1 macrophages. This MMP system presents as an effective drug delivery vehicle that could be used for the transport of antituberculous drugs such as rifampicin to infected alveolar macrophages, whilst increasing drug potency. By increasing M.tb membrane permeability, such a system may prove effectual in improving treatment of drug-susceptible TB in addition to M.tb strains considered drug-resistant.

Keywords: tuberculosis, antibiotic resistance, drug delivery, Ag nanoparticle, ZnO nanoparticle, polymer

The global issue of antibiotic resistance is now very much in the public spotlight.1,2 Antibiotics that have been used to treat a multitude of bacterial diseases are now failing worldwide due to the development of bacterial drug resistance. Drug resistance exhibited by M.tb is no exception, with an estimated 480,000 cases of drug-resistant TB presenting in 2015 alone.3 With TB incidence rates now increasing beyond 10 million cases per annum,4 there is a desperate need to diversify approaches to treatment.

Ensuring that current antibiotic regiments are as potent as possible is critical in effectively treating patients with TB and in controlling airborne transmission of M.tb. To ensure that antibiotics retain their potency for prolonged treatment periods, it is important to address two issues: (1) the percentage mass of an antibiotic that currently reaches pulmonary M.tb populations following oral administration is very low5 due to limited gastro-intestinal absorption, hepatic clearance and poor drug penetration through the cellular envelope of M.tb6, and (2) M.tb exhibits high levels of drug tolerance by utilising ATP-binding cassette (ABC) transporters and major facilitator superfamily (MFS) proteins to export antibiotics from the cytosol.7 Drug tolerance enables non-replicating M.tb to persist as antibiotic export from within the bacterial cytosol reduces drug association to an intracellular binding site within the bacteria (Table. 1). Antibiotic tolerance is a core issue for TB patients during treatment and also for patients in remission who harbour non-replicating M.tb persister populations. There is pressing need for an antibiotic delivery system that can target antituberculous drugs to M.tb within the lung whilst negating the effect of bacterial drug efflux that gives rise to antibiotic tolerance. In addition to increasing drug potency, such a system would enable clinicians to reduce pools of persister bacilli that give rise to genetic bacterial resistance whilst minimising treatment time, a critical consideration for patient compliance and successful remission.


Table 1. The antibacterial effects of front-line TB antibiotics, Ag and Zn, upon cellular sites within M.tb.
	Antimicrobial Factor
	Bactericidal Mechanism
	M.tb Cellular 
Site of Action

	Rifampicin 
	DNA-dependent RNA polymerase inhibitor, acting at the β-subunit8
	Cytosol

	Pyrazinamide
	Disrupts bacterial membrane potential, leading to a cytosolic pH decrease8
	Cell Membrane

	Isoniazid
	Inhibition of fatty acid synthesis, required in cell wall biosynthesis8
	Cellular Envelope

	Ethambutol
	Arabinosyl transferase inhibitor, stalling cell wall biosynthesis8
	Cellular Envelope

	Ag Nanoparticle
	Association and disruption of the mycolic acid capsule9
Drives the formation of hydroxyl radicals that hydrolyze bacterial macromolecules10
	Cellular Envelope
Proteome/Nucleic Acid

	Ag+ Ions
	Thiol adhesion within nascent polypeptides leads to periplasmic protein aggregation9 
Drives the formation of hydroxyl radicals that hydrolyze bacterial macromolecules10
	Periplasmic Space
Proteome/Nucleic Acid

	ZnO Nanoparticle
	Association and disruption of bacterial membranes, increasing nucleotide release11
Drives the formation of hydroxyl radicals that hydrolyze bacterial macromolecules12
	Cellular Envelope
Proteome/Nucleic Acid 

	Zn2+ Ions
	Out-competes biologically functional metal ions within the bacterial proteome13
Drives the formation of hydroxyl radicals that hydrolyze bacterial macromolecules12
	Proteome
Proteome/Nucleic Acid





Ag NPs and ZnO NPs are established antibacterial agents that compromise the integrity of bacterial membranes.14,15 The antimicrobial mechanisms of these NPs derive from the bacterial interaction of the NP and the bio-reactive properties of their dissolved ionic fraction (Table 1).16–20 Ag NPs have been shown to increase bacterial cell permeability by driving the aggregation of proteins in the periplasmic space, forming nano-sized pores in the bacterial membrane.9 This increase in bacterial membrane permeability may facilitate increased penetration of an intracellular antibiotic, demonstrated by a previous study that restored wild-type drug sensitivity to a tetracycline-resistant strain of Escherichia coli following sub-lethal silver nitrate exposure.9 Zinc is an endogenous metal utilised naturally by alveolar macrophages13 to exert bactericidal pressure against internalised M.tb within the endosome.21 ZnO NPs have also been shown to interact with the membrane of bacteria, leading to the formation of surface pores and the release of intracellular nucleotides.11 In this study, a pulmonary drug delivery system was developed, combining complementary Ag and ZnO NPs, together with a model antibiotic, to enable simultaneous delivery to M.tb within alveolar macrophages. This is hypothesised to effectively deliver antituberculous drugs to M.tb within the lungs, whilst increasing antibiotic penetration and potency upon arrival.

Results and Discussion

THP1 macrophages readily endocytose M.tb and MMPs

The direct pulmonary delivery of both antituberculous drugs and membrane-compromising metallic NPs was realised through the fabrication of polymeric metallic microparticles with a diameter of <4 m, facilitating inspiration to the deep lung.22 A major replication niche of M.tb is the phagosomal system of infected alveolar macrophages.23 By encapsulating Ag NPs and ZnO NPs into poly(D,L-lactide-co-glycolide) (PLGA), a biodegradable and biocompatible polymer, a multi-metallic microparticle (MMP(Ag+Zn)) vehicle was formulated to transport relevant antibiotics via aerosol into the M.tb-infected endosomal network of alveolar macrophages (Fig. 1). Despite the potent antimicrobial properties of Cu2O NPs,24,25 copper was not utilised in this work due to the associated high pulmonary toxicity in vivo.26 Loading NPs into a larger micron-sized carrier was expected to facilitate (1) selective MMP uptake by specialised macrophages through passive targeting, (2) initial burst release followed by sustained release of Ag+ and Zn2+ ions from the encapsulated metallic/metal oxide NPs and (3) a reduction in metal-attributable toxicity. 

Figure 1. Schematic of multi-metallic microparticles (MMP) embedded with Ag NPs and ZnO NPs within the endosome of a M.tb-infected alveolar macrophage. (A) 20 nm Ag NPs with a primary citrate cap and a secondary cap of DPPC are encapsulated within PLGA polymer. DPPC was used to reduce silver-attributable toxicity and to shield the negative surface charge of Ag NP-citrate, stabilising the Ag NPs within the hydrophobic PLGA polymer. (B) 5 nm zinc oxide nanoparticles capped with stearate may be encapsulated directly into PLGA polymer. (C) dimensions of desired MMPs that will facilitate delivery to the deep lung, fabricated using acid terminated PLGA, in relation to M.tb-infected alveolar macrophages (D). Schematic not to scale.



An in vitro macrophage infection model, using differentiated THP1 cells and the model drug rifampicin, was used to assess the effect of this MMP system upon antibiotic potency. Upon successfully confirming effective encapsulation of 14.6 ± 1.4 nm Ag NPs (Fig. 2A, Supplementary S1) and 4 nm ZnO NPs (Fig. 2B,C, Supplementary S2) within spherical MMPs of 1.5 ± 0.62 m (Fig. 2D,E, Supplementary Fig. S3, Supplementary Table 1), this work sought to investigate MMP and M.tb uptake by THP1 cells and their respective cellular localisation. Slice and view focussed ion beam scanning electron microscopy (FIB-SEM) was employed to build a 3D tomographic dataset of M.tb-exposed macrophages (multiplicity of infection (MOI) 1) that had been simultaneously exposed to MMP(Ag+Zn), with a final micrograph z-stack reconstructed using Avizo (FEI) (Supplementary Movie 1). Data from back-scattered SEM micrographs (Fig. 2F) demonstrate that M.tb (green arrows) and MMP(Ag+Zn) (purple arrows) are taken up readily by THP1 macrophages in <2 hours. This observation is reflected by previous animal in vivo studies demonstrating effective alveolar macrophage uptake of 1.5 m Ag nanowires following intratracheal instillation of Sprague−Dawley rats.27 Clinical studies also show that alveolar macrophages of healthy volunteers rapidly internalise particulate matter of >0.5 m in diameter following inhalation.28 The cellular morphology of exposed THP1 macrophages in this current work remained healthy after 24 hours, having a well-defined plasma membrane and no evidence of condensed chromatin within the nucleus. Segmentation of M.tb (green) and MMP(Ag+Zn) (purple) identifies direct interaction (Fig. 2G,H,J) within the macrophage (Fig. 2i). The Quetol-based EM resin used in this study maintains cell organelle ultrastructure providing high definition SEM micrographs; however, due to its hydrophobic composition, this resin dissolves hydrophobic polymeric MMPs during sample preparation. This process is evident in figure 2F where extracellular MMP ghosts are present. To visualise the MMP structure within THP1 macrophages, cells were embedded in the hydrophilic EM resin Unicryl which allowed the identification of porous MMPs (Fig. 2K) that had been endocytosed individually (1) or collectively (2). Comparison of features in samples prepared using two different resins, enabled the preservation of both cellular THP1 ultrastructure and fabricated MMPs in parallel EM studies.
Efficient encapsulation of Ag NPs and ZnO NPs within PLGA MMPs was preliminarily confirmed by SEM energy dispersive X-ray (EDX) spectroscopy, with Ag/Zn release over time at endosomal pH 5 and at extracellular pH 7, being characterised by inductively coupled plasma optical emission spectroscopy (ICP-OES), as a function of total Ag/Zn mass (Supplementary Fig. S5). To demonstrate effective transportation and release of Ag NPs and ZnO NPs into the M.tb-infected endosomal system of THP1 macrophages, high-resolution scanning transmission electron microscopy (STEM) EDX was utilised to provide quantitative information regarding the nanoparticulate content of internalised MMPs within the phagosomal system. Figure 2L,M identifies a cluster of NPs within an intracellular endosome, containing an endocytosed MMP(Ag+Zn). STEM-EDX mapping identifies the NP cluster as silver (Fig. 2n) with an exterior corona of sulfur (Fig. 2O). Quantitative analysis following Cliff-Lorimer EDX normalisation indicates that regions 1 and 3 in figure 2P have an atomic ratio of 2:1 of Ag:S, confirming that these regions consist of crystalline Ag2S (Supplementary Fig. S7 and S9). Region 2 in figure 2P contains greater than 95% Ag (Supplementary Fig. S8), suggesting that this region is elemental Ag with a low mass of peripheral sulphur. Previous work29 has shown that human alveolar epithelial cells utilise cellular detoxification mechanisms to sulfide toxic Ag+ ions, forming biologically inert Ag2S that may then be cleared by macrophages to the lymph nodes.30 Data obtained through STEM-EDX analysis (Fig. 3) not only confirms that this MMP system can effectively deliver metal NPs such as Ag NPs into the macrophage endosomal system where M.tb reside, but that monocyte-derived phagocytes are able to mediate the entry of Ag NPs and utilise natural cellular mechanisms to control toxicity following MMP administration.
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Figure 2. MMPs containing Ag NPs and ZnO NPs are efficiently taken up by THP1 macrophages, facilitating direct intracellular interaction with co-endocytosed M.tb. Bright field (BF) transmission electron microscopy (TEM) micrographs of (A) Ag NPs which were capped with DPPC (1.6 nm thick coating) to reduce cytotoxicity and increase encapsulation stability, (B,C) stearate-capped ZnO NPs. These metallic NPs can be encapsulated within larger polymeric PLGA microparticles forming MMPs (D) with an average diameter of 1.5 m (+/- 0.62) (E). MMPs containing Ag NPs and ZnO NPs were then applied to an in vitro macrophage infection model. F, Backscattered electron (BSE) SEM micrograph of two M.tb-infected THP1 macrophages treated with MMP(Ag+Zn) following 24 hours incubation. Internalised M.tb (green arrows) and MMP(Ag+Zn) (purple arrows) are internalised by THP1 macrophages. Extracellular MMPs were also visualised (labelled), with the red dotted line indicating the boundary between both THP1 macrophage cells. Tomographic Z-stack SEM micrographs obtained through SEM-FIB slice and view were reconstructed (G-J) using Avizo (FEI) with M.tb (green) and MMPs (purple) and segmented accordingly (milling volume of 17.5 mm3). Direct contact between internal M.tb  and MMPs was visualised following uptake (J, representing boxed region within I). Hydrophobic Quetol-based EM resin dissolved polymeric MMPs following uptake (F-H,L,M) whilst preserving cellular ultrastructure of a high quality. Hydrophilic Unicryl EM resin was used in parallel (K) to visualise MMP ultrastructure following individual (1) and collective (2) phagocytosis (N, nucleus). Clusters of Ag NPs within an intracellular MMP-containing endosome (L-P) were characterised using STEM-EDX spectroscopic mapping. A sulfur and silver rich shell was observed around the fringes of a Ag NP cluster (n) following 24 hour incubation within the THP1 macrophage (O,P). Regions 1 and 3 (P) were found to consist of a 2:1 atomic ratio of Ag:S, confirming evolution of crystalline Ag2S NPs. Region 2 consists of greater that 95% Ag. 

MMPs increase the potency of rifampicin in vitro
Having confirmed that MMPs facilitate uptake of Ag NPs and ZnO NPs into infected macrophages, this work sought to understand the effect of MMPs upon macrophage viability and intracellular M.tb frequency. The local MMP concentration at the macrophage monolayer is likely to be higher than the rest of the MMP suspension due to active sequestration of colloidal MMPs, in addition to progressive settling. Associated cytotoxicity of MMP-treated THP1 cells at 60 g ml-1 without M.tb was less than 5% after 24 hours (Fig. 3A), with less than 15% cytotoxicity presenting upon simultaneous infection with M.tb (MOI 1). Data are expressed as percentage cytotoxicity, calculated by LDH release when compared to a lysed LDH positive control. These data demonstrate that MMP(Ag+Zn)-attributable toxicity is minimal and MMPs with no encapsulated metal NPs (MMP(Blank)), used as a negative control, are non-toxic. Previous studies by our group (Supplementary Section S8) also demonstrate that ionic Zn2+ ions and surfactant-capped 20 nm diameter Ag nanoparticles31 are non-toxic to alveolar epithelial type 1-like cells at concentrations less than 4.5 and 25 g/ml, respectively. As epithelial type-1 cells do not readily internalise polymeric particles of greater than 100 nm in diameter,32,33 uptake of 1.5 m MMPs by this cell type in vivo is also expected to occur very infrequently. Epithelial viability data in Section S8 of the Supplementary Information confirm that MMPs instigate no overt toxicity or inflammation to TT1 cells or primary AT2 in vitro following exposure for 72 hours, supporting potential safe use of this MMP system in vivo.
An initial screen was conducted to explore independent MMP-specific killing potential by assessing the change in M.tb colony forming unit (CFU) number following a 24-hour incubation period. Intracellular CFU number relative to the MMP(Blank) negative control is displayed in figure 3B, expressed as percentage change following a 60 g ml-1 dose. A small reduction in CFU was observed on application of MMP(Ag), with a larger 16% reduction in CFU upon the application of MMP(Zn). Interestingly, a similar reduction was observed upon the application of MMP(Ag+Zn). The mass of Ag mg-1 of MMP(Ag+Zn) is 40% lower than the mass of Ag within MMPs containing Ag alone (Supplementary Table 1), likely arising due to NP competition during encapsulation. A key biocidal mechanism of Zn2+ is the capacity to catalyse the formation of reactive oxygen species in biological systems, increasing oxidative hydrolysis of biological macromolecules.12 It is hypothesised that the initial burst release of soluble Zn2+ ions from MMP(Ag+Zn) may indirectly increase hydrolysis of the short-chain biodegradable PLGA making up polymeric MMPs. Increased MMP hydrolysis would result in augmented presentation of carboxylate groups in contact with encapsulated NPs, amplifying the release of further biocidal ions from Ag NPs and ZnO NPs. A high degree of osmium tetroxide staining of many internalised MMP(Ag+Zn) supports this hypothesis (Supplementary Fig. S10), as exposed carboxylate groups facilitates osmium tetroxide association and fixation to the otherwise stain-resisting PLGA polymer.
Having elucidated the independent effect of MMPs upon intracellular M.tb CFU levels, changes in antibiotic potency were investigated using the model drug rifampicin following 24 hours co-incubation with MMPs. Figure 3C displays data from a CFU M.tb killing study in which each MMP sample was co-incubated with 1 g ml-1 of rifampicin for 24 hours. Incubation with MMP(Blank) negative control microparticles + 1 g ml-1 rifampicin was used to normalise experimental MMP data, with changes in CFU expressed as a percentage of this MMP(Blank) control. The addition of MMP(Ag) and MMP(Zn), together with the co-administration of sub-therapeutic rifampicin, led to a CFU reduction of 68% and 69%, respectively. Upon incubation with MMP(Ag+Zn), CFU number was reduced by 76% despite a lower mass of metal present per unit of MMP(Ag+Zn) product (Supplementary Table S1). This reduction in internalised M.tb following co-administration of sub-lethal rifampicin was highly significant (p < 0.001). As this reduction in CFU load is much greater than the MMP-specific M.tb killing potential observed in figure 3B, the application of MMPs together with the model antibiotic rifampicin is shown to synergistically reduce the viability of M.tb in vitro. 
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Figure 3. MMPs significantly increases the potency of rifampicin by as much as 76% when applied to M.tb-infected THP1 macrophages. (A) The application of MMPs to THP1 macrophages at 60 g ml-1 resulted in <5% cytotoxicity after 24 hours. When THP1 macrophages were simultaneously infected with M.tb (MOI 1) and challenged with MMPs at 60 g ml-1, cytotoxicity was <15% within all conditions. Data was expressed as percentage cytotoxicity, calculated by the total release of LDH after 24 hours compared to a lysed THP1 control. B) The MMP-specific M.tb killing potential, when applied to infected THP1 macrophages (MOI 1), was assessed by the reduction in CFU number after 24 hours. This is expressed as relative percentage to a MMP(Blank) negative control of 100%. Application of 60 g ml-1 MMP(Ag), MMP(Zn) and MMP(Ag+Zn) led to 4.5%, 15.9% and 16.4% reduction in CFU, respectively, demonstrating a limited independent antitubercular effect that is specific to MMPs. C) Co-incubation of sub-therapeutic rifampicin (1 g ml-1) with MMPs (60 g ml-1), applied together with M.tb (MOI 1) to THP1 macrophages, led to a significant increase in rifampicin potency. Increased MMP-instigated rifampicin potency and statistical significance was compared against a MMP(Blank) + 1 g/ml rifampicin control (C). Relative to this control, application of MMP(Zn), MMP(Ag) and MMP(Ag+Zn) led to a 68%, 69% and 76% increase in rifampicin potency, respectively. All data sets were conducted in triplicate to an n=3 before being averaged. Standard deviation and significance to control (*** for p < 0.001; ** for p < 0.01 and * for p < 0.05) are displayed accordingly. Rifampicin is abbreviated as ‘RIF’ throughout.




MMPs decrease cellular envelope integrity of intracellular M.tb
To understand how MMP(Ag+Zn) increase rifampicin potency, STEM was conducted to identify changes in the ultrastructure of the cellular envelope of internalised bacilli. STEM micrographs display internalised M.tb within THP1 macrophages, following the application of MMP(Ag+Zn) (Fig. 4A-G) and a MMP(Blank) negative control (Fig. 4H-K). MMPs and M.tb were shown to be in direct contact and existing remotely from one another within common THP1 macrophages, as indicated in Figure 4.B by numbers 1 and 2, respectively. Incubation with MMP(Ag+Zn) for 24 hours led to a visible increase in ultrastructure disorder, primarily presenting as (1) an increase in membrane corrugation (Fig. 4D-F), (2) a reduction in membrane definition (Fig. 4C) and (3) partial to complete bacterial lysis of internalised M.tb (Fig. 4G). In comparison, the MMP(Blank) (Fig. 4.H,I) negative control shows highly defined M.tb membrane ultrastructure consisting of the: plasma membrane, periplasmic space, peptidoglycan layer, mycolic acid and the mycobacterial outer membrane (MOM) capsular proteins.34–36 Staining of the cellular envelope of M.tb in this control condition was also notably higher than MMP(Ag+Zn) exposed bacilli (Fig. 4K), suggesting a higher mass of peptidoglycan due to lower rates of biological degradation occurring in the absence of Ag NPs and ZnO NPs.
Bacterial membrane disruption incurred by Ag NPs and ZnO NPs displays similarities to innate immunological mechanisms such as exposure to antimicrobial peptides (AMP) that increase membrane permeability of respiratory pathogens.37 The release of AMPs (e.g. -defensins) within the alveolus is upregulated in patients following M.tb infection,38 resulting in increased membrane permeability and osmotic stress within M.tb bacilli.39 Mechanistic studies in the literature have investigated the effect of AMPs upon the membrane of E. coli using atomic-force microscopy; membrane corrugation was correlated with LIVE/DEAD florescence microscopy, confirming a reduction in cellular viability as membrane corrugation increases.40 The mechanism of action of AMPs and Ag NPs/ZnO NPs are highly similar, with both antimicrobial classes functioning to disrupt membrane integrity, promoting hypertonic lysis.39 The decrease in M.tb cellular envelope integrity observed within this study, as a result of MMP interactions with the mycobacterial envelope, is consistent with increased permeability of this biological barrier. This mechanism is likely to facilitate increased penetration of rifampicin into the bacterial cytosol resulting in increased drug potency.

[image: ]Figure 4. Application of MMP(Ag+Zn) increases the membrane disorder of intracellular M.tb, potentially facilitating increased rifampicin penetration. A HAADF-STEM study was conducted to assess the effect of MMP(Ag+Zn) application (A-G) to M.tb-infected THP1 macrophages compared to the application of control MMP(Blank) microparticles (H-K). Direct (1) and indirect (2) interaction of MMPs with intracellular M.tb was observed (B). An increase in membrane disorder was observed within the ultrastructure of internalised M.tb following the application of MMP(Ag+Zn) after 24 hours incubation, which presented as an increase in membrane corrugation (D-F) and with a loss of membrane definition (C). The degree of disruption to membrane ultrastructure varied from bacillus to bacillus, with some M.tb bacteria undergoing partial lysis (G). Maintained regions of M.tb cell membrane layers are highlighted in micrograph C (1, plasma membrane; 2, periplasmic space; 3, peptidoglycan layer; 4, mycolic acid layer; 5, mycobacterial outer membrane capsular proteins)34–36. Control samples (H-K) show conserved membrane order and high levels of osmium tetroxide staining of the peptidoglycan layer (K). Line profile of the cellular envelope of M.tb in this control condition (J) indicate domains of the mycobacterial cellular envelope (previously labelled, C), corresponding with the boxed region highlighted in micrograph I. 





MMPs facilitate extracellular M.tb lysis

When characterising the effects of MMPs upon the integrity of intracellular M.tb, antimicrobial effects specific to extracellular M.tb at the plasma membrane of THP1 macrophages were also observed. Following 24 hours exposure of M.tb and MMP(Ag+Zn) to THP1 cells, many of the M.tb bacilli located at the extracellular face of the macrophage monolayer showed a high degree of damage to bacterial ultrastructure. Extracellular bacilli positioned at the macrophage plasma membrane (Fig. 5A-F) exhibited partial to full break down of the bacterial cellular envelope. High resolution FIB-SEM tomography was used to image M.tb (Fig. 5F) undergoing extracellular lysis, with the intracellular contents of the ruptured bacterium highlighted in blue (Fig. 5G-K). The cell morphology of the neighbouring THP1 macrophage displays features of high viability having a well-defined plasma membrane with pseudopodia extending around rupturing M.tb bacilli (Fig. 5I). STEM-EDX analysis of lysed extracellular M.tb did not identify associated Ag and M.tb-infected THP1 cells which were exposed to a MMP(Blank) control showed no visible extracellular antimicrobial potential prior to phagocytosis of the bacilli (Supplementary Fig. S11A-D). These data suggest that the initial antimicrobial effect of MMP(Ag+Zn) against extracellular M.tb is Zn specific, supported by STEM analysis of M.tb-infected THP1 cells exposed to MMPs containing ZnO NPs alone (Supplementary Fig. S11E,F).

Considering the subsequent interaction of MMPs with the plasma membrane of M.tb-infected macrophages, dissolution of Zn2+ ions from encapsulated 4 nm ZnO NPs was shown to occur rapidly, even at pH 7, due to the small diameter of these nanoparticles (Supplementary Fig. S5C), exhibiting an initial burst release profile. Due to MMP settling over time, a higher concentration of MMPs at the macrophage monolayer will result in a higher localised concentration of soluble Zn2+ ions following dissolution from delivered ZnO NPs. A higher concentration of soluble Zn2+ ions may have been responsible in driving extracellular lysis of some M.tb individuals in this study prior to endocytosis of M.tb and MMPs by macrophages. This mechanism would perhaps be augmented in vivo, as Zn2+ ions are likely to evolve more rapidly from ZnO NPs within lung lining fluid, with an approximate pH of 6.6, which has a slightly lower pH than the in vitro cell culture medium.42 Following the endocytosis of MMPs and viable M.tb bacilli, remaining Ag NPs and ZnO NPs within MMPs drive the intracellular effects previously discussed, resulting in an increase in rifampicin potency. As Zn is an endogenous metal of the human proteome, natural homeostatic mechanisms13 exist to cope with this influx of Zn2+, namely through Zn2+ export via ZnT121 and lactoferrin chelation in the lung lining fluid.41  This system, illustrated in figure 6, presents as a powerful dual-phase antimicrobial system driven by membrane interaction and disruption.


[image: ]Figure 5. Ag NP/ZnO NP and Zn2+ release at the macrophage plasma membrane facilitates lysis of extracellular M.tb, visualised using SEM-FIB tomography. Following the application of MMP(Ag+Zn) and M.tb to THP1 macrophages, many M.tb at the extracellular face of the THP1 plasma membrane had undergone cellular lysis following 24 hours incubation. STEM micrographs (A-F) show partial to full break down of M.tb membrane ultrastructure. Tomographic Z-stack SEM images (F) obtained through SEM-FIB slice and view were reconstructed (G-K) using Avizo (FEI) from a milling volume of 60 m3. Colour was incorporated into the tomographic dataset by contrast thresholding, with red regions indicating cellular structures of an extracellular M.tb bacillus near a neighbouring THP1 macrophage. Blue colouring was used to highlight the intracellular material of the lysed M.tb.
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Figure 6. Proposed mechanism by which MMPs instigate an increase in disorder and permeabilisation of the cellular envelope of M.tb. This mechanism drives lysis of some extracellular M.tb and increases rifampicin penetration of intracellular M.tb. (A) Following in vitro application, MMPs settle from a colloid suspension to the macrophage monolayer due to colloid instability and active sequestration by THP1 cells. (B) Partial Ag NP and ZnO NP release from polymeric MMPs, together with the dissolved Zn2+ ionic fraction of ZnO NPs, form a higher relative metallic concentration at the macrophage monolayer. (C) This process facilitates independent bacilli lysis prior to MMP phagocytosis. Following partial extracellular metallic release, MMPs are phagocytosed by THP1 macrophages delivering encapsulated Ag NPs and ZnO NPs to the endosomal system. NPs, together with soluble Zn2+ ions, interact with intracellular M.tb, increasing disorder of the bacterial cellular envelope. d, A reduction in membrane integrity of internalised M.tb leads to increased penetration and potency of co-administered rifampicin. 



The ability to enhance antibiotic potency, by compromising the integrity of bacterial membranes, has great promise in antimicrobial research. The potential to disrupt the plasma membrane of M.tb which controls the passage of antibiotics into the bacillus has been demonstrated pharmacologically using the drug efflux inhibitor verapamil.42–44 Following entry of rifampicin through membrane porins into the bacterial cytosol, M.tb utilises ABC transporters (e.g. Rv1218c) and MFS proteins (e.g. Rv1258c) to export rifampicin out of the cytosol to minimise association to its bactericidal target.7,45 Verapamil is able to inhibit the efflux pump Rv1258c,46 enabling cytosolic rifampicin to accumulate within the bacillus, leading to an increase in associated drug potency during administration.47 Further studies sequencing clinical M.tb isolates obtained from patients classified with multidrug-resistant TB (MDR-TB) have shown that resistance-associated genes often do not carry any identifiable mutations, supporting a non-genetic basis to drug resistance.48 In addition to this, rifampicin has also been shown to upregulate the expression of the efflux pump Rv1258c, demonstrating that many TB patients classified as drug-resistant may in fact be drug tolerant, remaining phenotypically susceptible to antibiotic drugs.49,50 Murine studies confirm that the administration of verapamil is able to significantly restore rifampicin sensitivity in rifampicin-resistant M.tb clinical isolates in vivo.51 These studies not only demonstrate that negating the effect of M.tb efflux pumps can increase antibiotic potency in drug susceptible M.tb, but restoring drug sensitivity in some patients currently classified with MDR-TB could also be realised.

Establishing a metallic microparticulate platform to negate drug efflux in M.tb offers numerous advantages over pharmaceutical alternatives, such as the co-administration of verapamil. As the application of small molecule efflux inhibitors are transporter specific, M.tb are thought to rapidly develop resistance and compensate over time by utilising other families of drug efflux pumps that can export antibiotics non-specifically. M.tb resistance strategies may stem from the chemical inactivation of an efflux inhibitor, pump mutation and efflux of the inhibitor itself.47 Conversely, the use of Ag NPs and ZnO NPs results in global disruption to the membrane of M.tb facilitating entry of antibiotics through membrane pores in a transporter-independent manner. Studies have demonstrated that the application of rifampicin to rifampicin-resistant M.tb actually reduces the potency of second-line antibiotics as the upregulation of efflux pumps leads to the export of multiple antibiotics non-specifically.48 Ag and ZnO NPs that drive the formation of nano-sized pores in bacterial membranes could address this issue, focal to the effective treatment of M.tb persister populations, whilst making it difficult for resistance strategies to emerge. 

HAADF-STEM provides additional insight into the mechanism by which Ag and ZnO NPs increase the potency of the rifampicin. The images show that the MMP-encapsulated metal particulates are successfully delivered to the phagosomal system of M.tb-infected macrophages (Figure 2.I-P). Here, the Ag NPs, ZnO NPs and soluble Zn2+ ions, released from these internalised MMPs, can interact directly with intracellular M.tb, leading to an overall decrease in intracellular bacilli number (demonstrated in Figure 3). It is hypothesized that within the phagosomes, the ZnO NPs dissolve and release Zn2+ ions into the cytosol, functioning to exert indirect global pressure against M.tb within the cytosol of the infected macrophage. In our previous work, using confocal microscopy to image live human monocyte macrophages exposed to ZnO nanowires (NWs), we showed that the ZnO NWs were internalised within the phagosomes of these cells, where they dissolved and released Zn2+ ions into the cytosol.52  Indeed, this mechanism is expected as the macrophage maintains resident populations of ZIP Zn importers53,54 within the endosomal membrane. As the ZnO NPs are able to disrupt phospholipid bilayers,11 the ZnO NPs may also instigate independent NP entry into the macrophage cytosol, leading to ZnO NP interaction with the cytosolic M.tb bacilli. Alternatively, exogenous Zn2+ may join the endogenous Zn pool utilised by the macrophage as part of natural bactericidal processes55; on a related note, metallothionine chelators (e.g. MT1) exist within the cytosol to adsorb free Zn2+ ions and restrict Zn-induced ROS damage.13  These chelators are an important mediating factor during endogenous Zn pressure against M.tb. 

The present data suggest that Ag NPs interact with M.tb directly within common phagosomes. Figure 2.N-P confirms that DPPC coated Ag NPs are effectively delivered into the phagosome where they remain stable at pH 5 and 7 (Supplementary Figure S5). The fact that Ag NPs and Ag2S were only seen within THP1 phagosomes in HAADF-STEM surveys, supports our contention, suggesting that Ag NPs did not diffuse into the cytosol following internalisation, after 24 hours. This direct interaction is then thought to reduce the integrity of the mycobacterial cellular envelope, facilitating increased penetration of rifampicin into the bacterial cytosol (Figure 3). Taken together, our findings suggest that Ag and Zn species may interact with internalised M.tb, both directly and indirectly, within the infected macrophage, driving disruption to the bacterial cellular envelope and enhancing the entry of co-administered rifampicin.

Conclusions

MMPs presents as a viable drug delivery system that increases the potency of the model drug rifampicin through metal-mediated disruption of the cellular envelope of M.tb. This system could improve the treatment of drug-susceptible TB and may reinstate rifampicin sensitivity in some patients considered rifampicin-resistant. By increasing antibiotic potency, the duration of antituberculous treatment could be reduced and lower drug concentrations could be administered to patients, resulting in improved patient compliance and reduced systemic toxicity.4 In addition to efficient encapsulation of metal NPs, the FDA-approved PLGA polymer used in MMP fabrication is effective at encapsulating a myriad of antituberculous drugs,56 individually57,58 or in combination,59 before being drained through the pleural space to the lymph30 or metabolised and exhaled from the airways as CO2. The development of this metal-organic drug delivery system may allow the encapsulation of multiple front-line antibiotics that currently fall victim to M.tb-mediated efflux (e.g. rifampicin and isoniazid), in addition to future drug candidates leaving the pharmaceutical pipeline. In tuning encapsulated metal NPs and antituberculous drugs, such a platform may prove adaptable following the inevitable development of new resistance strategies of M.tb, acting as a powerful tool in our arsenal against antibiotic resistance.



Methods

Synthesis of stearate-capped zinc oxide nanoparticles 

Surface modified ZnO NPs were prepared using an established organometallic route60,61. Under inert atmosphere, diethyl zinc (6 mmol, Sigma-Aldrich) and zinc stearate (0.66 mmol, Sigma-Aldrich) were added to dry toluene (25.8 mL, distilled from sodium and degassed by performing three freeze-pump-thaw cycles). Diethyl zinc was handled with care due to the highly pyrophoric nature of this compound. The mixture was left to stir overnight before heating gently until turning to a colourless solution. A solution of water (12 mmol) in acetone (14.1 mL) was then added dropwise over 15 minutes. The resulting mixture changed to a yellow colour before forming a gel, with a final cloudy suspension evolving. The mixture was left stirring for 1 hour and then precipitated with acetone. The product was separated by centrifugation (20 min, 3900 rpm) and then washed with toluene and acetone three times. White powder was air-dried and stored in a dehumidified environment. Powder X-ray diffraction (XRD) was carried out using an X’pert Pro MPD diffractometer (PANalytical BV) operating at 40 kV and 40 mA, using nickel-filtered Cu Kα radiation (λ = 0.1542 nm). The average size of the resulting ZnO particles was determined by applying the Scherrer equation (shape factor 0.9) to the most intense and not overlapped reflections at 47.7° (102) and 56.7° (110). Fourier transform infrared (FTIR) spectroscopy was performed with a PerkinElmer Spectrum 100 Fourier Transformed IR spectrometer, using an attenuated total reflection (ATR) accessory. Thermogravimetric analysis (TGA) was carried out (PerkinElmer Pyris 1) under air flow through a temperature range of 100 C to 700 °C, at a heating rate of 10 °C.min-1. 

Synthesis of citrate/DPPC-capped silver nanoparticles

Ag NPs were synthesized through chemical bath reduction using sodium borohydride (Sigma-Aldrich) as previously described62. Briefly, 1 mM silver nitrate (Sigma-Aldrich) and 1 mM sodium citrate (Sigma-Aldrich) were added to boiling deionised water. NaBH4 was added dropwise before continued heating for 30 minutes, which led to the formation of NPs. The suspension was then washed three times with deionised water before being characterised by transmission electron microscopy (TEM) (JEOL 2100 Plus) and ICP-OES (ThermoScientific iCAPTM 7400). DPPC (Sigma-Aldrich) was used as a secondary capping agent to the charged citrate-capped Ag NPs in order to reduce toxicity62 and to stabilise the NPs in the hydrophobic environment of the PLGA polymer. 100 g DPPC was dissolved into 10 ml DI H2O before sonicating for 2 minutes. Aqueous Ag NP-citrate suspension of 100 g ml-1 was added dropwise into the solubilised DPPC during continued sonication to reduce nanoparticle aggregation. DPPC-Ag NP suspension was then frozen at -20 C and lyophilised (Labconco FreeZone 4.5). DPPC-Ag NP dry mass was then resuspended in dichloromethane (DCM) and washed 3 times in fresh DCM with intermediate centrifugation (13,000 rpm, 15 minutes) to remove excess DPPC. The stock suspension was sealed and stored at -20 C until required. DPPC-capped Ag NPs were characterised by TEM (FEI Titan) and ICP-OES. 
MMP fabrication and characterisation
MMP microparticles were fabricated using the solvent evaporation method, utilising high speed homogenisation following the formation of an oil/water emulsion. Acid-terminated poly(D,L-lactide-co-glycolide) MW 7,000-17,000 with a 50:50 lactide:glycolide ratio (Sigma-Aldrich) was selected due to its more rapid degradation profile. Briefly, (a) Ag NP, (b) ZnO NP, (c) Ag NP and ZnO NP and (d) no NPs (negative control) were added separately to 2 mL DCM (Sigma-Aldrich). The four separate suspensions were sonicated for 15 minutes to reduce aggregation. 100 mg PLGA was then added to each NP suspension and sonicated for a further 5 minutes. 4 ml aqueous 3% polyvinyl alcohol (PVA, Sigma-Aldrich) was added to each vial before vortexing for 30 seconds, followed by 5 minutes of high speed homogenisation at 10,000 rpm (IKA T25 Ultra Turrax). The final suspension was left stirring on ice for 6 hours before being centrifuged at 2,000 rpm for 10 minutes at 4 C. The pelleted microparticles were resuspended in cold deionised water, sonicated for 10 minutes and recentrifuged. This wash sequence was repeated three time to remove PVA and non-encapsulated metal NPs from the final product prior to lyophilisation (Labconco FreeZone 4.5). A 10 l droplet of MMP(Ag+Zn) in ultrapure water was loaded onto a silicon wafer, dried under nitrogen and characterised by SEM at an accelerating voltage of 10 kV (JSM 6010, JEOL USA) following 5 nm chromium coating. MMP size distribution was ascertained using ImageJ freeware (n=1,000) in addition to the MMP morphology. Correlative SEM-EDX spectroscopy was utilised to provide elemental information within fabricated MMP(Ag+Zn) at an accelerating voltage of 5 kV (JSM 6010, JEOL USA), following 10 nm carbon coating (PECSII, Gatan). ICP-OES was used to identify the total encapsulated mass of Zn and Ag per mg of product following overnight digestion in 69% HNO3 (Sigma-Aldrich). The zeta potential of each MMP variant was characterised in ultrapure water (pH 7) using the Zetasizer Nano ZS, Malvern Instruments UK (n=300). 
Intracellular M.tb killing assay
The human THP1 monocytic cell line (Sigma-Aldrich, Saint Louis, MO, USA) was selected in this study to reflect the surface antigen profile of alveolar macrophages. THP1 monocytes were grown in suspension to a cell density between 105 cells ml-1 and 106 cells ml-1 in RPMI(10% endotoxin-free FBS, 1% Penicillin/Streptomycin/L-Glutamine) (Gibco, Life Technologies) at 37 C, 5% CO2. 1 x105 cells/well were seeded into 96-well culture plates (Falcon) in RMPI(10% pooled human serum, 1% L-Glutamine, no antibiotic) with phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) at a final concentration of 100 nM. Following 3 days of PMA exposure, THP1 cells became plastic adherent, exhibiting macrophage-like morphology (Supplementary Figure S12). Phase contrast images obtained using transmission optical microscopy are displaced in Supplementary Figure S.12. RPMI culture medium (BioWhittaker, Walkersville, MD, USA) supplemented with 5% PHS (Valley Biomedical, Inc.) with 1% L-Glutamine was used to replenish spent media, with a final MMP concentration of 60 g ml-1, H37Ra M.tb (ATCC 25177, Manassas, VA, USA) at a MOI of 1. Cell cultures were incubated at 37 C, 5% CO2 for 2 hours before washing twice with warm RPMI and replacing with RPMI (5% PHS, 1% L-Glutamine), with or without 1 g ml-1 rifampicin (>97% purity, Sigma-Aldrich). Following a further 24 hours of incubation, culture media were removed and replaced with 7H9 Middlebrook M.tb culture medium containing 0.1% sodium dodecyl sulphate (SDS) for 10 minutes in order to lyse THP1 cells. The SDS component was then neutralised through the application of 20% PHS, before the M.tb suspensions were serially diluted in 7H9 media and plated in triplicate onto 7H10 Middlebrook agar plates supplemented with bovine albumin, dextrose, beef catalase (ADC). 7H10 Middlebrook agar plates were freshly prepared to facilitate RIF and Zn2+ diffusion from plated M.tb bacilli following carry over. Number of CFU were determined following incubation at 37 C for 21 days.
LDH cytotoxicity assay
THP1 cytotoxicity, as a function of membrane permeability, was assessed following MMP treatment (+/-M.tb) using a LDH assay (Promega, USA) following the manufacturer’s instructions. LDH release data is presented as percentage cytotoxicity, 24 hours post-exposure. Exposure of MMPs containing a low mass of zinc to THP1 cells resulted in a dose-dependent increase in cellular metabolism, making the MTT/MTS assay inappropriate for this study.
Electron microscopy
PMA-treated THP1 cells were cultured in 6-well tissue culture plates (Falcon) and exposed to 60 g ml-1 MMP and infected with M.tb (MOI 1) for 2 hours, before replenishing with RPMI (5% PHS, 1% L-glutamine) and incubating for 24 hours. THP1 cells were then fixed with 2.5% glutaraldehyde (Sigma-Aldrich) in 0.1 M HEPES buffer and transferred to Eppendorf tubes using sterile scrapers to remove cells from culture plates. Following applicable osmium tetroxide staining discussed below, cells were serially dehydrated in a graded ethanol series (50%, 70%, 95% ethanol to ultrapure water) and 100% dried ethanol for 5 minutes at each respective stage. Cells were either embedded in Quetol-based resin (8.75 g Quetol, 13.75 g nonenyl succinic anhydride, 2.5 g methyl acid anhydride, 0.62 g benzyl dimethylamine, supplied by TAAB) as previously described63 or Unicryl resin (TAAB) to preserved the cellular ultrastructure or the MMP morphology, respectively. Cell samples were progressively infiltrated with one component Unicryl resin for 3 days at 50%, 75% and 100%, respectively, using dried ethanol (VWR) as diluent. Fresh Unicryl resin was added to samples before incubating under vacuum at 4 C overnight, before curing at 4 C for 3 days with a 365 nm UV lamp (Spectroline ENF-280C). 
THP1 cells for STEM analysis were single stained with 1% osmium tetroxide (TAAB) within 0.2 M aqueous PIPES containing 1.5% potassium ferricyanide (Sigma-Aldrich) and 1% calcium chloride (Sigma-Aldrich) for 1 hour following embedding. TEM sections of 70 nm were collected using an ultramicrotome (Leica Microsystems) with a diamond knife set at a wedge angle of 35. Sections were immediately collected from an aqueous reservoir and loaded onto 300 mesh copper TEM grids (Agar Scientific). The TEM sections on TEM grids were carbon coated at a thickness of 5 nm (PECSII, Gatan) prior to imaging on a FEI Titan 80-300 scanning/transmission electron microscope (S/TEM) operated at 80 kV, fitted with Cs image corrector and windowless EDX detector (Bruker QUANTAX 400-STEM). Inner and outer dark field (DF) collection angles of 8 mrad and 45 mrad, respectively, were used. STEM-EDX maps were obtained over an area of 40 m2 using a pixel size of 500 pm and a dwell time of 128 s, with EDX data being processed using ESPRIT software (Bruker) using Cliff-Lorimer normalisation. All statistical analyses and imaging were performed on three different cell exposures. Over 100 THP1 cell profiles were surveyed from different exposures in each experimental condition.
THP1 cells for FIB-SEM tomography were double stained with 1% osmium tetroxide (TAAB) within 0.2 M aqueous PIPES containing 1.5% potassium ferricyanide (Sigma-Aldrich) and 1% calcium chloride (Sigma-Aldrich) for 1 hour, with intermediate application of saturated aqueous tetrahydrocannabinol (Sigma-Aldrich) solution for 1 hour. Samples were embedded in Quetol-based resin and prepared for FIB-SEM tomography by loading samples onto SEM stubs using conductive epoxy (TAAB) and coating with 40 nm chromium immediately before imaging. The Zeiss Auriga SEM, fitted with a gallium focussed ion beam, was utilised to obtain micrographs at slice thicknesses of 30 – 100 nm with an SEM probe of 1.49 keV. Images were obtained using a back scattered electron (BSE) detector at a working distance of 5 mm, with a grid voltage of 661 V. FIB-SEM milling volume between 60 m3 and 17.5 mm3 was surveyed within three separate cell exposures. Z-stack BSE SEM micrographs were cropped and elongated in the y plane by a factor of 1.24 using ImageJ freeware. Noise reduction using non-local mean filtering (5 pixel threshold) was applied using Avizo (FEI) tomographic software, prior to z-stack reconstruction and segmentation.
Statistical analysis
Significant differences between groups were determined using the two-tailed, unpaired Student’s t-test. Where applicable, mean averages of conditions were normalised to a PLGA(blank) control. Significance was indicated as *** for p < 0.001; ** for p < 0.01 and * for p < 0.05.
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