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Abstract

:

Antimicrobial resistance is one of the greatest threats to global health. Although the efforts in antibiotic drug discovery continue to play a pivotal role, this solution alone probably will not be enough to ensure the required level of infection control in the future. New strategies and innovative modes of action are desperately needed to preserve the effectiveness of antimicrobials. Accordingly, antibiotic delivery based on polymeric nanoparticles is one of the possible methods that has been recently explored to improve their pharmacokinetic profile. Through optimized access of antibiotics to their sites of action, nanocarriers can unlock the full potential of the antibiotic cargoes, extend the antimicrobial spectrum, and reduce the required dose of antibiotic while preserving efficacy. Additionally, the use of an antibiotic-loaded nanocarrier is also considered a steady solution as novel molecules can be continuously developed and incorporated into the delivery platform. This review describes the present state of polymeric nanocarriers in enhancing antibiotic treatment, including improved pharmacokinetic properties and restored antibiotic efficacy against drug-resistant bacteria. Additionally, the current challenges and the future direction of this field are discussed.
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1. Introduction


Antibiotic resistance is one of the greatest threats to human health today. Although efforts have been made to ensure a sustainable flow of new antibacterial drugs, especially those with novel mechanisms of action, the emergence and spread of antibiotic resistance seems inevitable. Through mutation and selection, most pathogenic microorganisms can be adapted and develop defenses against antibiotic attacks. As the threat of antibiotic resistance spreads, the need for more advanced approaches and overcoming the mechanisms behind antibiotic resistance become essential [1].



Instead of entering into the typical cycle of new antimicrobial resistance, another proposed strategy to overcome resistance is to optimize the delivery or otherwise enhance the accessibility of antibiotics to their sites of action. In fact, the ability of antibiotics to reach the target sites, namely, local or bacterial bioavailability, is a key determinant of clinical outcome [2]. A sufficient exposure level of antibiotics kills pathogenic bacteria before they have the chance to evolve drug resistance. However, the current administration of antibiotics still faces a series of complex transport barriers, from the tissue level to the intra-bacterial level, that significantly compromises this therapeutic purpose [3].



For example, most infections do not occur in the bloodstream (other than sepsis) but, rather, in a specific tissue site. Thus, even though the required plasma concentrations of antibiotics are achieved, the indiscriminate diffusion of systemic antibiotics causes off-target drug loss, limiting the effective dosage at the infectious tissues. Moreover, most bacteria grow in matrix-enclosed biofilms, representing a physical barrier that can delay the penetration of the antimicrobial agent [4]. Additionally, various bacteria can take shelter and persist in mammalian cells, causing persistent or recurrent infections. However, the current treatment of intracellular infections remains challenged mainly due to the poor intracellular penetration of most antibiotics [5].



Ultimately, bacteria possess diverse defense systems (intrinsic or adaptive) against the penetration of toxic xenobiotics or render them ineffective [6]. For instance, some bacterial enzymes can modify or destroy the active compound, rendering the antibiotic unable to interact with its site of action (e.g., AmpC β-lactamases). For antibiotic compounds with targets located in the cytoplasm, the membrane barriers, particularly the outer membrane of Gram-negative bacteria, can inhibit their penetration (e.g., reductions in antibiotic transport porin expression). Once an antibiotic has successfully entered the cell, it will then face bacterial efflux pumps (membrane proteins) that extrude these xenobiotics back outside the cell before reaching their target (e.g., NorA, LmrS in Staphylococcus aureus, AcrB in Escherichia coli, MexB in Pseudomonas aeruginosa). All of these mechanisms create a concentration gradient of antibiotics dwindling from the outside environment to the interior of the bacterial cell. Notably, the spatiotemporal heterogeneity in the antibiotic exposure has been shown to facilitate the antibiotic resistance evolution and enable pathogenic populations to obtain a higher level of resistance than in homogeneous antibiotic concentrations [7].



Collectively, all these obstacles highlight the need for research to find effective antibiotic delivery platforms. A suitable dosage form of antibiotics improves not only therapeutic efficacy but also reduces off-target effects, systemic toxicity, and the development of resistance, thereby extending the lifespan of current antibiotics. This is crucial, at least in the short term, as novel antibiotics are not likely to enter widespread clinical practice in the immediate future [8,9].



In this context, polymeric nanoparticles (NPs) are attractive as an effective antibiotic delivery vehicle for obtaining desirable drug-like pharmacokinetic properties [10]. Driven by breakthroughs in biotechnologies and polymer synthesis, developed polymeric nanocarriers can currently address most of the above-cited challenges related to free-form antibiotic delivery. Various nanocarrier platforms have been explored to improve the physicochemical properties of antimicrobials (dissolution and stability), precisely release them at the infectious sites in a controlled manner, and co-deliver the antibiotic combinations (Figure 1). Besides the potential therapeutic benefits, polymer nanocarriers are commonly synthesized from biodegradable and biocompatible materials, facilitating the transfer of these novel antibiotic dosage forms to clinical practice.



In this review, we will describe the essential aspects in which polymeric nanocarriers can be engineered to offer better local bioavailability and maximize antibiotic-therapeutic efficacy. The intrinsic antibacterial mechanisms of nanomaterials have been summarized in several recent reviews [8,9,11] and, thus, will not be reiterated in detail here. The engineering approaches discussed will include dissolution and stability enhancement of antimicrobial compounds, Controlled antibiotic delivery, Targeting delivery of antibiotics to sites of infection, and Co-delivery platforms for combination antibiotic therapy. The current challenge and future direction of nanocarrier-based drug delivery systems for antimicrobial therapy are also discussed.




2. Dissolution and Stability Enhancement of Antimicrobial Compounds


The formulation of poorly soluble and unstable drugs is a major challenge for pharmaceutical scientists. The poor water solubility of many antibiotics (Classes II and IV, according to the biopharmaceutical classification system) are associated with several serious problems, such as poor absorption, aggregation, or precipitation during the administration, which may reduce their bioavailability and produce undesirable side effects [12,13]. In addition, the removal of antibiotics from the blood before reaching the infected tissue causes a prolonged exposure of bacteria to low levels of antibiotics, raising the risk for antibiotic resistance emergence. In this context, polymeric nanocarriers with unique physicochemical properties, especially a high surface-to-volume ratio, constitute a promising platform for overcoming these drug delivery limitations.



By packaging the antimicrobials in a polymeric matrix, many nano-formulations have been used to increase efficacy and reduce adverse reactions by altering the physicochemical properties of the original drugs. For example, Durairaj et al. described a guanidinylated dendrimeric vehicle for gatifloxacin, a zwitterionic antibiotic with a pH-dependent solubility profile [14]. The resulting dendrimer complex increased gatifloxacin solubility by up to four fold and presented a greater rate of drug transport into the intraocular tissues during the short precorneal residence of drop formulation. In addition, the nano-formulation exhibited a 2 to 4 times faster killing rate in comparison to antibiotic solution against the resistant strain of methicillin-resistant S. aureus (MRSA), which is commonly found in the conjunctiva. Likewise, Liu et al. recently developed supramolecular hydrogel nano-antibiotics by conjugating small-molecule antibacterial triclosan to self-assembling peptides [15]. The resultant nano-antibiotics presented increased triclosan solubility by 850 fold. Furthermore, the nano-antibiotics smoothly accumulated at the bacterial infection site after intravenous injection and exhibited enhanced antibacterial activities with low side effects. Similarly, nano-encapsulation has also been applied to rescue various antimicrobials with disfavorable pharmacokinetic profiles such as ciprofloxacin [16], chloramphenicol [17], roxithromycin [18], essential oils [19,20], and curcumin [21].



In addition to solubility limitations, poor stability may also limit the bioavailability of many drugs. Antimicrobial peptides (AMPs) have emerged in recent years as a promising substitute for conventional antibiotics. However, due to low stability in the ionic strength environment, efficient delivery of AMPs to their action sites remains a major obstacle, which significantly hampers their clinical application [22]. In this regard, polymeric nano-platforms may serve as a protective layer to antibiotics against environmental degradation, protect them from body clearance, and maintain sustainable therapeutic concentrations to achieve efficient treatments [23,24]. For instance, in an attempt to overcome the peptide degradation by the harsh gut environment and ensure its bioavailability on oral administration, Rishi et al. developed an encapsulated system based on chitosan NPs for cryptdin-2 (a Paneth cell AMP) [24]. A developed nanocarrier system provided optimal stability of the active ingredient in gastrointestinal conditions and successful delivery of cryptdin-2 across the gut wall. In a mouse model of Salmonella infection, the treatment of encapsulated peptide enhanced survival rates up to 83% versus 100% mortality observed with the free peptide. Alternatively, the inclusion of AMPs into polymeric NPs can also minimize undesirable interactions between their cationic residues with host cells, thereby reducing the required AMP dose and its systemic toxicity. For example, to reduce Colistin-induced nephrotoxicity and neurotoxicity, Yang et al. designed antibiotic cross-linked micelles based on the Pluronic F127 block copolymers [25]. The authors showed that Colistin-encapsulated micelles exhibited an improved safety profile, with a maximum tolerated dose in mice (100 mg/kg) at least 16 times higher than the free drug, while preserving bactericidal activity.



Similarly, antimicrobial gene therapies, such as antisense strategy [26], transcription factor decoys [27], or CRISPR-Cas systems [28], have recently attracted enormous attention and opened new avenues to overcome multidrug resistance and restore antibiotic susceptibility. However, their therapeutic potential requires an efficient mechanism of entry of the gene agents into the bacterial cell, which is inherently a hurdle because of their poor stability, rapid clearance in blood circulation, and lack of targeting ability. In the same way, to overcome these drawbacks, many types of NPs’ platforms have been developed as carriers that afford efficient oligonucleotide protection against nucleases and deliver them to the target site [29,30].



Apart from improving physicochemical properties, nanocarriers have also been explored to protect antibiotics from the inactivation effects of bacterial enzymes, thereby circumventing antibiotic resistance mechanism. For example, in a study by Turos et al., coating penicillin G in polyacrylate NPs not only enhanced water solubility but also rejuvenated the in vivo antibacterial activity of penicillin against β-lactamase producing microbes such as MRSA [31]. Likewise, the incorporation of imipenem into poly ε-caprolactone (PCL) and polylactide-co-glycolide (PLGA) nanocapsules protected the loaded antibiotic from extracellular carbapenemases and lowered the mutation prevention concentration of free imipenem [32].



In another example mentioned above, the extracellular polymeric substances (EPS) in biofilms, such as polysaccharides and extracellular DNA, can delay the penetration of several charged antibiotics through the biofilm (temporal heterogeneity). Through these barriers, bacteria may initially be exposed to a low antibiotic concentration, which gradually increases over time, allowing them to sense and develop defensive responses. To address this limitation, the encapsulation of antimicrobial agents in nanocarriers can protect them from binding to matrix material and enzymatic inactivation (Figure 2). As a result, a total dose of antimicrobial agents can be rapidly delivered to all cells inside the biofilm [33]. This approach has been widely reported in several studies and summarized in a recent review [4].




3. Controlled Antibiotic Delivery


3.1. Sustained Antibiotic Delivery


The concept of a sustained-release formulation is a crucial aspect of antibiotic delivery [34]. In chronic infection treatment, a long course of sufficient antibiotic exposure is essential to ensure the eradication of the microorganism. However, maintaining the antibiotic concentrations within a therapeutic window (between the drug’s maximum tolerated and lowest effective doses) is often difficult to achieve in conventional dosage forms. In addition, due to limited bioavailability, many antibiotics have a short half-life and need to be administered frequently, resulting in poor patient compliance.



In this regard, polymeric nanocarriers may serve as reservoirs to provide sustained antibiotic release profiles with a lower dosing frequency [35]. The sustainable antibiotic release from a polymeric matrix occurs via three main mechanisms: solute diffusion, polymeric matrix swelling or erosion/degradation, and loss of the antibiotic–polymer bond. These mechanisms may act simultaneously or independently at different stages of a delivery process, depending on the composition (polymer, drug, excipient), the ratio, physical or chemical interaction among components, particle size, and manufacturing methods [36,37]. This allows antibiotic concentrations at the site of infection to be maintained at the required effective levels for a prolonged period of time, maximizing the therapeutic effect while minimizing the adverse effects of antibiotics. Another undoubted advantage of the sustained-release nano-formulation is the improvement in patient compliance, as frequent administration can be reduced.



For example, in an attempt to overcome bacterial infections that occur at sites with high shear forces, such as infective endocarditis, corneal infection, and urinary tract infections, challenging effective antibiotic retention, Zhang et al. developed a bioadhesive NP–hydrogel hybrid to enhance localized antimicrobial drug delivery (Figure 3A) [38]. The combination of two distinct delivery platforms, PLGA NPs and hydrogel, allows the hydrogel network properties to be independently tailored for adhesion while maintaining sustained drug release kinetics from the NPs. The nanocarrier-based system showed superior antibiotic retention under high shear stress on biological surfaces, including a bacterial film, a mammalian cell monolayer, and mouse skin tissue. Similarly, another application of PLGA nano-formulations prolonged the concentration of antibiotics available in the precorneal area, providing a better curative effect than conventional antibiotic eye drops [39].



In order to improve patient compliance in tuberculosis chemotherapy, Sharma et al. developed an extended-release antibiotic delivery system based on PLGA NPs that allowed co-loading three first-line anti-tuberculosis (TB) drugs (isoniazid, rifampicin, and pyrazinamide) [41]. In vivo investigations revealed that three doses of oral/nebulized nano-formulation (fortnightly) could yield undetectable mycobacterial colony-forming units, an excellent preclinical outcome comparable to 45 doses of conventional oral drugs. In the same approach, by using a sustained-release nano-formulation for the treatment of intracellular Brucella infection, Lueth et al. demonstrated a seven-fold dose-sparing benefit when comparing the bacterial counts in the spleen and liver from mice treated with a weekly dose of antibiotic-loaded polyanhydride NPs and with the daily dose of the free drug [42].



Surprisingly, slow-release nano-formulations have also been widely used for unstable antimicrobials or those with many side effects to ensure therapeutic efficacy and minimize side effects. For example, loading of lysozyme in chitosan NPs effectively preserved the antibacterial activity of the loaded enzyme and showed a sustained drug release profile for 3 weeks in vitro [43]. In a study by Zhang et al., silver cation-loaded polyphosphoester NPs were developed as an effective and safe treatment for lung infections (Figure 3B) [40]. This dosage form maintained a continuous delivery of silver in a sustained manner over 5 days, which enhanced in vitro antibacterial activities against cystic fibrosis-associated pathogens (e.g., P. aeruginosa, S. aureus, Burkholderia sp.) and decreased cytotoxicity to human bronchial epithelial cells compared to silver acetate.



An important consideration with new antibiotic dosage forms is the pharmacokinetic–pharmacodynamic relationship. Intriguingly, the sustained-release formulations potentially improve the therapeutic index of time-dependent antibiotics. For these agents, the time that therapeutic concentrations are above the minimum inhibitory concentration (T > MIC) is the primary parameter and should be kept for a minimum standard to achieve the desired clinical outcomes. By maintaining a constant plasma drug concentration over MIC for a prolonged period, extended-release dosage forms maximize the therapeutic effect of antibiotics while minimizing antibiotic resistance [34,44].



On the contrary, in cases of concentration-dependent antibiotics (depending on the peak concentration Cmax/MIC) or those with high toxicity, the administration of the sustained-release dosage form may not show a beneficial clinical outcome and perhaps even may show a risk of harm [45]. Indeed, premature antibiotic release from the nanocarrier before reaching the site of infection may lead to many adverse effects on normal tissues and on the microbiome. On the other hand, declining amounts of antibiotics released during the final stage of the release process result in the potential for prolonged sub-MIC concentrations at the site of action, thereby compromising the therapeutic efficacy of the system. To overcome these limitations, current nanocarrier-based delivery systems have been upgraded to a “smart” level, enabling a controlled drug release via specific stimuli in the infectious site. The triggers can involve physiological conditions in the target tissue (e.g., changes in pH, the activity of certain enzymes, redox condition) or can also be external (e.g., light irradiation, ultrasound, magnetic field). Selecting the proper stimuli in different situations is the key to designing an effective antibiotic delivery system. However, it should be noted that this approach is complex, requiring biocompatible and highly flexible materials that can undergo structural or chemical modifications in response to these stimuli.



The following subsections will focus on recent developments in the design of stimuli-responsive nanocarrier systems for antibiotic delivery, including endogenous stimuli and exogenous stimuli.




3.2. Endogenous Stimuli-Responsive Antibiotic Delivery


Variations in microenvironment characteristics are the important marker for bacterial infections, making them attractive targets for designing stimuli-response delivery systems (summarized in Table 1). In this respect, antibiotic-loaded NPs can be synthesized or modified via various polymers or labile chemical bonds that respond to the specific stimuli to release the therapeutic cargo selectively.



One of the most exploited stimuli in controlled-release antibiotic applications is pH. Indeed, the pH value of pathological tissues subjected to inflammation is significantly different from healthy tissue. The anaerobic fermentation in some bacteria, in which the products are organic acids such as lactic and acetic acids, and the inflammation response cause the pH of the site of infection to be significantly lower (pH 5–7) than the healthy tissue (pH 7.4). Based on this characteristic, many pH-sensitive nano-antibiotic systems have been widely designed by incorporating the ionizable groups or acid-labile bonds (hydrazine, amide, and ester linkages) in their polymer matrix [46,47]. These systems retain their stability during the systemic circulation under normal physiological pH conditions (pH 7.4) while collapsing in an acidic microenvironment, resulting in the release of the loaded antibiotic at the desired locations.



For instance, polymyxin B is an old antibiotic with excellent bactericidal activity against gram-negative “superbugs”. Unfortunately, the high nephrotoxicity and neurotoxicity occurring during systemic polymyxin therapy strongly limited its clinical applications. To address this issue, Chai et al. reported a charge switchable polyion nanocomplex with a pH-sensitive property to improve polymyxin’s biosafety while retaining its excellent antibacterial activity (Figure 4A) [48]. The nanocomplex was prepared through electrostatic interaction of positively charged polymyxin B and negatively charged 2,3-dimethyl maleic anhydride-grafted chitoligosaccharide. Upon arriving in infectious sites, the negative charge of the graft polymer will convert to positive due to the hydrolysis of amide bonds in the acidic environment, leading to the disassembly of the nanocomplex and release of polymyxin B. As a result, the toxicity of the nanocomplex dramatically decreased compared to free polymyxin B while exhibiting superior bactericidal activity against P. aeruginosa in an acute lung infection mouse model.



Likewise, in attempts to control cariogenic dental biofilms, a pH-sensitive diblock copolymer composed of 2-(dimethylamino)ethyl methacrylate (DMAEMA), butyl methacrylate (BMA), and 2-propylacrylic acid (PA) was synthesized to form cationic micellar drug carriers, capable of binding to the biofilm matrix (Figure 4B) [19]. Owing to hydrophobic cores, the micelle system allows the loading of hydrophobic antimicrobials and their release on demand at acidic pH, characteristic of cariogenic biofilm microenvironments (through core destabilization). Topical treatment (twice daily) of the antibiotic-loaded micelles effectively attenuated biofilm virulence in a rodent dental caries disease model, while free antibiotic had no effect.



Alternatively, pH-responsive behavior has also been used in the treatment of resistant intracellular infections, where bacteria are found in acidic intracellular compartments (endosomes pH 5–6 or lysosomes pH 4–5). For instance, by encapsulating the hydrophilic antibiotic drug ceftazidime in a pH-responsive polymersome system, Lane et al. demonstrated that antibiotics were effectively retained within the polymersomes until endosomal acidification caused spontaneous disassembly resulting in burst drug release as well as endosomal disruption [50]. Treatment with the ceftazidime-loaded polymersomes significantly reduced the number of intracellular Burkholderia thailandensis bacteria in RAW 264.7 cells compared to the free antibiotics (undetectable levels at 0.2 mg mL−1 loaded ceftazidime). Similarly, Lunn et al. recently described a novel formulation based on the mannosylated polymeric NPs, in which antibiotics were covalently linked via a pH-responsive hydrazone bond (poly(diacetone acrylamide-hydrazone-isoniazid)) [51]. This drug delivery agent exhibited an increased macrophage uptake and enabled the on-demand release of antibiotics upon exposure to the acidic phagolysosome. The in vitro treatment of these antibiotic-loaded NPs was shown to effectively kill intracellular mycobacteria, whose resistance mechanisms arise from the poor intracellular delivery of a range of antibiotics.



In contrast to the examples above, treatment of Helicobacter pylori gastric infections is a special case, which requires a dosage form with pH-stimulated release in the opposite direction. H. pylori is a spiral microorganism and mainly resides in the gastric mucosa or at the interface with the mucus layer. It can secrete urease enzymes, hydrolyzing urea to ammonia and bicarbonate to neutralize the acidic pH around them. To successfully eliminate H. pylori infections, the oral antibiotic must have good stability in the gastric acid (pH 1 to 3) before reaching its target site, where the pH is close to 7.4 [52,53]. By taking advantage of this limitation, Lin et al. developed stable chitosan/heparin nanocarriers, allowing them to protect active compounds from destructive gastric acids (Figure 4C) [49]. In addition, the nanosystem could adhere to the gastric mucosa (thanks to the excellent mucoadhesive properties of chitosan), increasing the gastric residence time and infiltrating the mucus layer. However, upon contact with H. pylori in the gastric mucosa at neutral pH, chitosan (pKa 6.5) is deprotonated, causing the collapse of the NPs and the release of antibiotics. Although no animal studies have yet been conducted to examine this hypothesis, the transformable biomaterials-based nanocarriers were expected to enable specific accumulation of antibiotics in the infectious site, resulting in an enhanced binding capability and killing efficacy toward H. pylori.



Likewise, the high expression level of microbial enzymes in the infectious site is another powerful trigger for antibiotic release. Most bacteria secrete specific enzymes into the environment to digest macromolecules as nutrients for growth and maintenance. In some cases, bacteria produce specific extracellular enzymes as a defense mechanism to break down toxic compounds in their surrounding environment, including antibiotics. By taking advantage of this property, many enzymes and their respective stimuli-responsive nanosystems for antibiotic delivery have been developed, as shown in Table 2. Broadly, the technical point of this design is based on the insertion of sensitive polymers or enzyme-cleavable chemical bonds into the nanocarrier matrix.



For example, Lipase is one of the most widely targeted enzymes in enzyme-responsive systems due to its particularly abundant presence at infection sites. By designing NPs based on polyphosphoester or phosphoester bonds, which can be readily degraded by bacterial lipases, many reported drug delivery nanosystems allowed for a precise release of antibiotics at the site of inflammation, eliminating undesirable side effects caused by premature antibiotic leakage [54,55,56,57,58,59].



In another example, Qi et al. developed an “on-site transformation” strategy to precisely deliver antibacterial agents in the presence of gelatinase secreted by bacteria (Figure 5A) [60]. The design is based on transformable polymer–peptide conjugates consisting of three elements, a chitosan backbone, an enzyme-cleavable peptide with a polyethylene glycol (PEG) terminal, and an antibacterial peptide. The conjugates were self-assembled into NPs and morphologically transformed into nanofibers in the presence of gelatinase, leading to the high exposure of antimicrobial peptide residues with bacterial membranes. Taking advantage of the in situ morphological transformation, this strategy offered various merits in terms of increasing binding, effective accumulation, prolonged retention at the bacterial infection environment, and enhanced antibacterial activity.



In the same design, the development of nanocarriers responsive to antibiotic-resistant enzymes is another innovative application in which the killing activity is only activated within antibiotic-resistant bacterial infections and by their enzymes. Liu et al. reported self-assembled polymeric vesicles from amphiphilic diblock copolymers that were susceptible to degradation by penicillin G amidase (PGA) and β-lactamase (Bla) (Figure 5B) [61]. During NPs’ formation, different antimicrobial agents (with hydrophilic or lipophilic properties) could be loaded into either hydrophobic bilayers or aqueous interiors. These formulations showed selective antibiotic delivery to MRSA strain in vitro and enhanced wound healing in a murine model.



Similarly, considerable research has also focused on constructing systems in response to reduced glutathione in intracellular pathogen sites, nitric oxide, or reactive oxygen species (ROS) in inflammatory environments. These studies have highlighted the potential of antibiotic delivery triggered by endogenous factors (Table 2). The response of the drug delivery systems to these internal stimuli allows specific release of the antibiotic payload in the infected site. In this sense, antibiotics are able to reach bacterial cells without drug leakage in normal tissues, thus decreasing the development of resistance. However, the success of these systems is still limited under optimal laboratory conditions where pathological parameters are often not correlated with those found in humans (high variation in environmental factors).
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Table 2. Examples of stimuli-responsive nanocarriers for antibiotic delivery.
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Stimulus

	
Nanocarrier

	
Stimuli-Responsive Compound

	
Ref.






	
Endogenous stimuli

	
pH

	
Acid pH in infection site

	
Nanocomplex

	
2,3-dimethyl maleic anhydride grafted chitoligosaccharide

	
[48]




	
Polymeric NPs

	
Poly(β-amino ester)

	
[62]




	
Acid pH in biofilm

	
Nanocomplex

	
2,3-dimethyl maleic anhydride modified PEG

	
[63]




	
Micelle

	
Poly(2-(dimethylamino)ethyl methacrylate)

	
[19]




	
Acidic intracellular pH of the host cell

	
Polymeric NPs

	
Poly(diacetone acrylamide-hydrazone-isoniazid)

	
[51]




	
Neutral pH in H. Pylori site

	
Nanocomplex

	
Chitosan

	
[49]




	
Enzymes

	
Lipase: Phosphatase and phospholipase

(S. aureus, E. coli,

P. aeruginosa)

	
Micelle, NPs

	
Poly(ε-caprolactone) (PCL)

	
[54,56,59]




	
Micelle

	
Poly (ß-amino ester) (ester bonds) PEG-DSPE (phosphoester bonds)

	
[55]




	
Nanogel

	
Polyphosphoester

	
[57]




	
Nanogel

	
PCL and polyphosphoester

	
[58]




	
Hyaluronidase

	
Nanocapsule,

Hybrid NPs

	
Hyaluronic acid

	
[64,65,66]




	
Protease: Esterase,

Proteinase K,

P. aeruginosa’s elastase (LasB), Gelatinase

	
Polymeric NPs

	
Poly(L-lactide)

	
[67]




	
Nanocomplex

	
LasB responsive peptide

	
[68]




	
Peptide-grafted chitosan NPs

	
Gelatinase-cleavable peptide (GPLGVRGC)

	
[60]




	
β-lactamase and penicillin G amidase

	
Polymeric vesicles

	
Copolymers with enzyme-cleavable self-immolative side linkages

	
[61]




	
S. aureus nuclease

	
Silica nanocapsule

	
Engineered oligonucleotide

(Gatekeeper with specific degradation by S. aureus nuclease)

	
[69]




	
α-toxin

	
Liposome-based nanoreactors

	
Liposome (Gatekeeper with toxin pore-formation activity)

	
[70]




	
Reactive oxygen species (ROS)

	
Polymeric NPs

	
Copolymer containing arylboronic ester moieties

	
[71,72]




	
Reduced glutathione

(GSH)

	
Nanogel

	
Hydrogel with disulfide crosslinker (cystine dimethacrylate)

	
[73]




	
Micelle

	
Polyprodrug

	
[74]




	
Nitric oxide (NO)

	
Micelle

	
o-phenylenediamine moieties

(NO-cleavable linker)

	
[75]




	
Exogenous stimuli

	
Light: Ultraviolet (UV), visible light, and near-infrared (NIR)

	
Dendrimer

	
Polymer–antibiotic conjugate via photocleavable ortho-nitrobenzyl

	
[76]




	
Polymeric NPs

	
Polydopamine, Polypyrrole

	
[77,78]




	
Ultrasound

	
Polymeric NPs/MPs

	
Polymer matrix

(alginate, PLGA)

	
[79]




	
Hybrid NPs

	
Complex Vancomycin-peptide target sequence (-D-Ala-D-Ala)

	
[80]




	
Magnetic field

	
Polymeric NPs/MPs

	
Iron oxide NPs

	
[81,82,83]










3.3. Exogenous Stimuli-Responsive Antibiotic Delivery


Although endogenous stimuli enable the efficient triggering of antibiotic release, their low sensitivity and high biological variability from one individual to another may affect the clinical efficacy of these dosage forms. Hence, external stimuli can be recruited for additional specificity and sensitivity of the antibiotic delivery systems (Table 2). In the ideal case, there will be almost zero drug release until stimuli are applied. Further, compared to endogenous stimuli, the exogenous stimuli-responsive systems are much easier to spatially and temporally control. However, minimal damage to the surrounding healthy tissues and depth penetration of the treatment stimuli are two key factors determining this dosage form’s success.



The light is among the most popular exogenous triggers for smart drug delivery systems due to its high biocompatibility, practicability, and precise control. Various light-responsive nano-systems utilizing ultraviolet (UV), visible light, and near-infrared (NIR) have been intensively applied for on-demand antibiotic release [76,77,78,84]. In addition, light therapies such as photothermal and photodynamic therapy are currently used clinically as alternative treatment strategies to antibiotics [85]. Light-triggerable delivery systems can be achieved through different mechanisms, such as light-induced isomerization, bond cleavage, and disaggregation of carrier materials. The tissue penetration depth is the major obstacle of light-triggered delivery systems. While UV or visible light-trigger can only be applied to regions directly illuminated (penetration depth through the tissue less than 1 mm), such as the skin and the eye, NIR lasers offer deeper tissue penetration (1–3 mm), lower scattering properties and with minimal photodamage. For example, Gao et al. recently reported an injectable hydrogel composed of glycol chitosan and ciprofloxacin-loaded polydopamine NPs (Gel-Cip) as an on-demand antibiotic delivery platform under NIR light irradiation (Figure 6A) [77]. On the one hand, polydopamine NPs could efficiently convert NIR light into heat, indicating their excellent photothermal. On the other hand, the aromatic rings on the surface of polydopamine NPs enabled the adsorption of ciprofloxacin via π-π stacking interactions, which could then be released upon NIR light irradiation. Taken together, these two effects acted in a synergistic way to eliminate bacteria more effectively and inhibited persistent S. aureus-induced infections in a mouse model and mouse skin defect model.



Similar to light, the ultrasound-triggered drug delivery system is also of particular interest for local on-demand delivery of antimicrobials. One main advantage of ultrasound is that it allows depositing high levels of energy on a small region of diseased tissue without harming the surrounding tissue [86]. Concurrently, ultrasound is well known as a potential combination therapy with antibiotics to increase antimicrobial efficacy (e.g., synergistic effects, biofilm degradation) [87].



By modulating the frequency and duty cycles, ultrasound can destroy the structure of nanocarriers and cause drug leakage through the thermal effects (high-frequency), radiation forces, and mechanical effects (low frequency). In a study by the Gu group, laser-generated focused ultrasound (LGFU) was effectively used to promote antibiotic release from a formulation comprised of alginate sphere microgels integrated with ciprofloxacin-loaded PLGA NPs [79]. Once the LGFU excites the microgels, cavitation effects at the microgels and oscillation of the microgels’ shells promote the release of the drug from PLGA NPs and temporarily storing it in the microgels. Using a standard disk diffusion test, the resulting formulation exhibited superior antibacterial activities against E. coli after LGFU treatment, with significantly larger inhibition zone sizes than that without LGFU treatment.



In another approach, ultrasound can be employed to destroy the non-covalent interactions (such as hydrogen bonds), leading to the activation of drugs from inactive macromolecules (Figure 6B) [80]. Inspired by the weak supramolecular binding between vancomycin with its H-bond complementary peptide target sequence (peptide-D-Ala-D-Ala), an ultrasound-triggered drug delivery system was fabricated by incorporating this supramolecular motif between polymer chains and gold NPs. Ultrasound applied in situ in the presence of S. aureus successfully lowered the MIC values of the formulations, highlighting the efficient supramolecular bond scission and activation of polymer-terminated vancomycin.



In the same way, magnetic fields have also recently been exploited as a trigger for cargo molecule delivery. A wide range of on-demand drug delivery systems has been developed by encapsulating magnetic NPs and antibiotics into the polymer nanocarrier matrix [81,82,83]. Antibiotics can be released from the system through two main mechanisms, mechanical force and thermal effect under a magnetic field. These organic/inorganic hybrid nanosystems appear to be a promising new weapon for eradicating persistent bacteria in biofilms. However, challenges related to the potential toxicity and the metabolic fate of magnetic NPs need to be addressed to induce active development and applications of the antibiotic delivery formulation.





4. Targeted Delivery of Antibiotics to Sites of Infection


Compared with controlled drug delivery, the selective delivery of the antimicrobials to the infected site is an equally important function of an effective nanocarrier. Indeed, systemic administration of antibiotics is the preferred regimen in the treatment of most infectious diseases. However, the uniform distribution throughout the entire body results in only a small fraction of the antibiotic reaching the site of infection, especially in poorly irrigated areas. The subtherapeutic antibiotic concentration is known to exacerbate infectious complications further and promote antibiotic resistance. Indeed, resistance is mainly acquired by the stepwise accumulation of mostly low-effect mutations that occur in low-antibiotic concentrations.



In this context, the administration of targeting drug-loaded nanocarriers is one of the promising solutions to alter the tissue distribution and plasma pharmacokinetics of the antibiotics. After administration into the systemic circulation, nanocarriers will reach the infected sites through passive and/or active targeting mechanisms (Figure 7). In passive targeting, the nanocarriers use their intrinsic properties to achieve better accumulation at the site of infection, known as the enhanced permeability and retention effect (EPR effect) [88]. Subsequently, active targeting is applied based on the affinity of the ligand on the nanocarrier surface toward the receptors that are highly expressed on bacterial cells or infected tissue. Broadly, by adjusting the characteristics, such as size, shape, and surface coating, targeting nanocarriers could provide a higher concentration of antibiotics at the site of infection while maintaining standard dosing frequency [89]. The high-dose exposure of antibiotics to bacterial cells could overload the defenses of drug-resistant bacteria. At the same time, the lower dose at normal tissues minimizes off-target effects such as toxicity or the emergence of reservoirs of microbial resistance genes in commensal bacteria.



4.1. Passive Targeting: Enhanced Permeability and Retention Effect


The enhanced permeability and retention (EPR) effect is the property through which macromolecules can extravasate and accumulate in injured areas such as inflammation, infection, infarcts, and especially in the tumor-vascularized area (angiogenic switch) [89,90,91]. The common feature of these lesions is frequently associated with abnormalities of the blood vasculatures, including the formation of an inter-endothelial cell gap (increasing vascular permeability) and dysfunctional lymphatic drainage (decreasing the efflux of macromolecules). In addition, bacterial components are also known to activate various inflammatory mediators that directly stimulate vascular permeability in the infection site [88]. Through this “passive” targeting mechanism, nanocarriers with prolonged blood circulation time have a better chance to accumulate at the infectious site, thereby enhancing antibiotic bioavailability (Figure 7). As a result, a higher antibiotic concentration to the site of interest would be obtained while reducing damage to surrounding tissues, which cannot be achieved by systemic administration of the free-form antibiotic.



Although this is not a new concept, the clinical application of the EPR effect in drug nanocarrier delivery systems is still challenged, and there is always room for improvement. Indeed, besides the EPR effect, NPs are subjected to opsonization processes (protein corona formation) and rapid uptake by the mononuclear phagocyte system (MPS) or reticuloendothelial system (RES) in the liver and the spleen, resulting in their rapid elimination from the bloodstream. These undesirable interactions are closely related to the physicochemical properties of the nano-systems, such as particle size, shape (chemical structure), surface charge, and surface coating. Subtle changes in these parameters may significantly affect the transport behavior of nanocarriers in the human body. In this regard, the main focus of the researchers is to develop strategies that allow limiting the opsonization and sequestration by the MPS/RES, thereby prolonging the circulation time of the nanocarriers in blood vessels.



It must be noted that the accumulation of NPs in macrophages makes them potentially useful for the treatment of intracellular infections [92]. As a result, these targeting systems do not necessarily possess a prolonged circulation time in blood flow to ensure the efficient uptake of infected macrophages. In contrast, in the treatment of bacterial infections located outside the MPS, passive targeting requires nanocarrier systems exhibiting a longer circulation half-life to allow a sufficient amount of antibiotic cargos to reach the target area.



Several strategies have been used to protect NPs from the natural defense system of the body via manipulating the physicochemical characteristics of NPs. Among them, modifying the NPs’ surface is the most frequently used method since surface properties play a crucial role in protein adsorption and interaction with host defense. For example, grafting of PEG to the surface provided a hydrating layer that hindered the formation of a protein corona [93], while the coating of NPs with host cell membranes (e.g., red blood cells) or ‘self’ peptide (mimicking the process of recognition of host cells in vivo, e.g., CD47) provided a biomimetic surface as active stealth strategy to the host’s defenses (Figure 7) [94].



However, like other drug dosage forms, any substantial adjustments in their properties may cause undesirable changes in their stability or interaction with biological systems. Therefore, to ensure maximal targeting efficiency, NPs’ characteristics should be optimized for each drug delivery purpose. For example, NP-surface PEGylation with a neutral charge is widely used to reduce nonspecific interactions, leading to prolonged circulation. However, the neutral surface lacks the significant bacterial binding ability, limiting the antibiotic delivery efficacy of these systems [95]. To address this issue, Chu et al. developed a charge-adaptive nanocarrier, based on triblock polymers PEG, PCL, and poly(β-amino ester) (PAE), which can quickly realize acidity-sensitive charge alterations and extend antibiotic delivery (Figure 8) [62]. Basically, given the pH-dependent charge conversion characteristic of PAE (pKa 6.7), a nanocarrier holds a negative charge and a hydrophilic PEG shell at physiologic pH 7.4, which are helpful for prolonged circulation. However, under acidic conditions at the infectious site, the nanocarrier gradually became positively charged due to the protonation of PAE, facilitating interactions with the negatively charged elements of the bacterial cell wall. In addition, the hydrophilic conversion of PAE also allowed a higher antibiotic release at the infectious site (endogenous-stimuli release), contributing to effective antibacterial therapy, as demonstrated in an infected subcutaneous model.




4.2. Active Targeting


In order to maximize the potential for infection-specific targeting, nanocarriers are conjugated to targeting agents, namely, ligands, that specifically bind to overexpressed receptors on the target site. These receptors are poorly or not even expressed on normal cells (healthy tissue or microbiome) but homogeneously present on bacterial pathogens or infectious tissues. These bindings allow antibiotic-loaded nanocarriers to be retained longer close to the infection site, overcoming fast clearance issues through the lymphatic drainages associated with small-molecule antibiotic treatment.



In this regard, identifying target molecules and designing nanocarriers are the key factors in applying active targeting drug delivery systems. Several ligands that target bacterial cells and infectious tissues are described in the following section and summarized in Table 3.



It is worth noting that nanocarriers must first reach the target area via the EPR effect (passive targeting) before ligand–receptor interaction with target cells (active targeting) occurs. Therefore, the design of actively targeting nanocarriers should always be accompanied by optimizing the factors associated with passive targeting.



4.2.1. Active Targeting to Bacterial Cells


There are huge differences between pathogenic and host cells, especially their surfaces, providing an “Achilles’ heel” to recognize bacterial pathogens. Several ligands have been employed to functionalize NPs in active-targeting strategies, including antibiotic molecules, carbohydrates, aptamers, peptides, antibodies, and cell membranes (Table 3).



By linking these ligands to the surface of NPs, the antibiotic delivery systems can selectively bind to pathogenic microorganisms and release antimicrobials to kill or inhibit their growth, significantly improving the therapeutic efficacy of existing antimicrobial treatments.



Many types of antibiotics exert their effects by targeting the cell wall or cell membrane of bacteria. By taking these available facilities, the antimicrobial agents can be used at low doses as target molecules, offering great potential for applying targeted antibiotic delivery. For example, vancomycin acts by binding to the D-Ala-D-Ala fractions of the peptide subunits on the cell wall of Gram-positive bacteria, and, in a few cases, to the inner membrane of Gram-negative bacteria having an abnormal outer membrane. Therefore, the conjugation of vancomycin on the surface of NPs was proposed in various types of antibiotic-loaded nanoplatforms to target pathogenic bacteria. Figure 9A is an illustrative example of a targeting micellar nanocarrier strategy via the antibiotic moieties [54]. The micelles could target bacterial walls using a vancomycin shell, which was then removed from the micelles via cleavage of hydrazone bonds under the acidic conditions surrounding the bacteria. Subsequently, the poly(ε-caprolactone) core was degraded by lipase overexpressed at the site of infection, releasing the encapsulated ciprofloxacin. The potential synergy between three ‘‘smart’’ concepts (active targeting, pH, and enzyme-triggered drug release) and the antibiotic combination (ciprofloxacin and vancomycin) resulted significantly in increased antibacterial efficacy of the system. The micelle administration significantly improved the survival of P. aeruginosa-infected mice, reduced the bacterial burdens, and promoted the recovery of alveolar lesions in the lungs, compared with free drugs and micelles without ligand moieties.



Likewise, antibodies are one of the other potential ligands used in the active-targeting strategy. Antibodies play an important role in the immune system through multiple mechanisms. For bacterial infections, the Fab region (antigen-binding fragment) of the antibody can bind specifically to antigens of the bacterium, resulting in neutralization of the pathogen and prevention of infection. Due to their high selectivity, antibodies have been used in several diagnostic or therapeutic applications for infections. For example, recently exploited antibody–antibiotic conjugates (AACs) have shown to be more effective than conventional antibiotics in treating some infections [120]. In a similar approach, our group has also developed an antibody-conjugated nanocarrier system that effectively delivers antimicrobial drugs to bacterial biofilm (Figure 9B) [33]. The targeting nanocarriers were prepared by the nanoprecipitation method using biocompatible polymers that allowed for the encapsulation of a variety of antimicrobial molecules. This is an important advantage because constantly developed antibacterial agents can easily be administrated in the targeting dosage form. A single intravenous administration of the antibiotic-loaded targeted NPs significantly enhanced bactericidal activity against S. aureus biofilm compared to the free-form antibiotic and non-targeting NPs, as demonstrated in a mouse infection model.



In another approach, the host cell membrane is also employed to decorate the surface of nanocarriers as active targeting. Indeed, as one of the most fundamental biological units, cells are responsible for performing many functions necessary for life. Each cell type can be adapted and fully specialized for its own features. For example, while red blood cells are responsible for circulating and supplying oxygen, platelets play a central role in maintaining hemostasis and adhering to many foreign substrates, such as infectious diseases. By exploiting these available features and their natural functions, researchers have used different derivatives or entire cell membranes to target specific cells and tissues (Table 3) [108].



For example, H. pylori is shown to bind with integrin β1 (CD29) and a group of carbohydrate receptors (such as mannose or fucose) in gastric epithelial cells (AGS cells). Inspired by this natural pathogen–host interaction, whole membranes of AGS cells were coated onto antibiotic-loaded polymeric cores, in a study by Angsantikul et al. [110]. The resulting biomimetic NPs bore the same surface antigens as the source AGS cells and, thus, had inherent adhesion to H. pylori (Figure 9C). Superior therapeutic efficacy of the antibiotic-loaded NPs has been demonstrated both in vitro and in a mouse model infection when compared with the free antibiotic as well as the non-targeted counterparts. Similarly, macrophage or platelet-coated nanocarrier systems are typical examples of this potential dosage form [108,109].




4.2.2. Active Targeting to Infectious Microenvironments


The infectious microenvironments are characterized by the overexpression of several factors such as bacterial toxins, inflammatory mediators, and recruited immune cells for bacterial clearance. Similar to the idea of endogenous drug delivery systems, many interesting targeting ligands of infectious microenvironments have been designed for coating nanocarriers.



For example, inflammatory activation of the endothelium triggers the production or upregulation of several molecules, promoting leukocyte recruitment. Among them, intercellular adhesion molecules (CAMs) play a significant role in leukocyte adhesion and infiltration from the peripheral blood into the inflamed tissues. As a result, various targeting ligands of CAMs have been exploited for selective delivery of active agents to specific inflamed tissues (e.g., neutrophil-membrane, γ3 peptide, anti-ICAM-1 antibody) (Table 3) [111,112,113]. As an example, by coating anti-CAM antibodies on bioresponsive NPs, Zhang et al. developed a nanocarrier system able to co-deliver antibiotic and anti-inflammatory drugs to target infectious microenvironments (Figure 10A) [55]. This strategy has simultaneously enabled bacteria elimination and alleviated host inflammatory response in both acute lung bacterial infection and the sepsis mouse model.



In the case of intracellular bacterial infections, instead of targeting the bacteria, nanosystems were developed to target infected host cells through various types of specific receptors present on their surfaces. Additionally, the ideal ligands could promote intracellular delivery of NPs, then effectively deliver antibiotics to subcellular compartments containing bacteria. Various ligands have been exploited to functionalize the nanocarrier’s surface for targeting infected host cells, such as mannose [57,121], dextran [103], folic acid [119], lectins [41], peptides [122,123], and bacterial membrane or its derivatives (mimicking bacterial phagocytosis) [116,117,118] (Table 3).



For example, immune cells including Kupffer cells, alveolar, peritoneal, splenic macrophages, dendritic cells, and a subset of vascular endothelial cells have been shown to express high levels of mannose receptors [124]. Therefore, mannosylated NPs have been used to deliver antibiotics more specifically to infected macrophages, as well as to infection sites through macrophage transport (macrophage hitchhiking). In this respect, Xiong et al. showed that the targeting efficiency of a mannosylated nanogel to macrophages was significantly higher than that of an unmodified nanogel in a zebrafish embryo model (Figure 10B) [57]. In addition, upon entering macrophages, the polyphosphoester crosslinked core of NPs was degraded by the phosphatase and phospholipase (secreted by MRSA during macrophage infection), resulting in the fast release of the antibiotic payload and the superior inhibition of intracellular bacterial growth.



In an innovative idea, Yang et al. proposed a strategy, namely, “Kill the Real with the Fake”, using the membrane of extracellular vesicle (EV) secreted by bacteria as an active-targeting ligand for an antibiotic carrier (Figure 10C) [116]. Macrophages, after exposure to the bacterium, showed enhanced expression of various recognition receptors, allowing the greater innate immune response upon reinfection with the same type of pathogen. As a result, EV membrane coating of PLGA NPs endowed the particle with an active targeting capacity both in vitro and in vivo. Intravenous administration of antibiotic-loaded NPs coated with the EV membrane proved to be more efficient than free antibiotics and bare NPs in the kidney and lung, which bear the highest metastatic bacterial burden. The extended application of bacterial EVs has also been explored in several other studies, in which nanocarriers based on EVs (e.g., A. baumannii, E. coli) could protect antibiotics and increase their bacterial uptake [125,126]. However, potential toxicity induced by the EVs’ surface antigen and incorporated DNA components might concern the future translation of these biomimetic NP delivery systems.






5. Codelivery Platforms for Combination Antibiotic Therapy


Drug combinations are the mainstay of antibiotic-resistant infection treatments by generating synergistic effects of two or more antimicrobial drugs. However, owing to different pharmacokinetics, the most current combination regimens do not guarantee that all antimicrobials arrive at the site of infection at the predetermined concentration range for maximum synergy.



In this regard, nanocarrier systems offer several advantages for multidrug delivery over the combination of free antibiotics. Co-encapsulation of the synergistic drug combination in the same carrier allows normalizing the pharmacokinetics of drugs with dissimilar physicochemical properties and stability. By using a targeting nanocarrier system, a precise drug-to-drug ratio can be directly delivered at the infectious site. In addition, the controlled release from nanocarriers also allows independent tuning of release rates of each drug optimally. This approach enables minimizing the amount of drug administered to achieve the desired synergistic effect, thereby reducing the side effects commonly encountered in drug combinations.



Depending on the physicochemical properties, combined drugs can be covalently linked to the polymer backbone or physically co-encapsulated into the polymeric cores through drug–polymer association to ensure the drug release rate and ratio in a controlled manner. Several polymeric nanocarrier systems have been reported for delivering drug combinations, including antibiotic–antibiotic combinations and the pairing of an antibiotic with a non-antibiotic adjuvant molecule, as summarized in Table 4.



For example, the benefit of antibiotic combination therapies using polymeric nanocarriers has been reported for the treatment of infections caused by intracellular pathogens with combinations of up to four drugs such as M. tuberculosis (rifampicin, isoniazid, pyrazinamide, ethambutol) [127], Brucella melitensis (streptomycin, doxycycline) [128], and Chlamydia trachomatis (rifampin, azithromycin) [129]. Treatment of H. pylori infection requires a complex regimen including two antibiotics (clarithromycin, metronidazole, or amoxicillin) and one proton pump inhibitor. These drugs could be combined in a single nanocarrier formulation, improving patient compliance and reducing the time and dose required for the complete eradication of infection [130]. In another example described above, co-encapsulation of colistin and rifampicin in the micelles not only reduced systemic toxicity of colistin but also provided a synergistic antimicrobial effect against antibiotic-resistant strains of E. coli, P. aeruginosa, and A. baumannii [25].



In addition, nanocarrier systems have also been exploited to combine antibiotics with adjuvants (active molecules do not kill bacteria but instead enhance the effect of an antibiotic) (Table 4). A classic example of a commercial antibiotic–adjuvant combination is Augmentin, which combines a β-lactam antibiotic (amoxicillin) with a β-lactamase inhibitor (clavulanic acid). In this regard, Sun et al. recently developed a polymeric nanocarrier system based on benzoxaborole-conjugated dextran (a β-lactamase inhibitor macromolecule) for precise transport of β-lactam antibiotics to strains overexpressing β-lactamases (Figure 11A) [135]. Thanks to the high affinity of benzoxaborole with cis-diol structures on bacterial cell walls, the nanocarriers enabled specific recognition and rapid internalization toward bacteria and distinctly inhibited the catalytic activity of bacterially secreted β-lactamase. Using a wound infection model, the cefoxitin-loaded nanocarrier system significantly enhanced the ability to kill drug-resistant E. coli compared to the free-form drug by specifically overcoming the membrane barrier and acquired resistance mechanism of β-lactamase overproduction.



In another approach, the nanocarrier-based drug combination therapy has been widely applied for the treatment of biofilm infections by co-delivering antibiotics and biofilm-dispersing enzymes, which are capable of degrading EPS components, such as proteins, eDNA, polysaccharides, or quorum-sensing molecules (Table 4) [136,137,138,139]. The dispersing compounds could revert the biofilm bacteria back to their planktonic growth mode, rendering bacteria susceptible to conventional antibiotics. On the other hand, the reduction in viscosity by enzyme activity potentially increased the penetration of antibiotics-loaded NPs into the deeper layers of the biofilm where persister cells reside. As a result, these dual-purpose nanocarriers could degrade the biofilm effectively, reduce biofilm biomass, and simultaneously enhance the antibiotic’s effect.



Similarly, Gong et al. developed a multifunctional NP system that displays the synergistic activity of antimicrobial cationic polymer and antibiotics against antimicrobial-resistant pathogens (Figure 11B) [103]. Besides the drug co-delivery purpose, the system possessed most nanocarrier-based strategies for localized antibiotic delivery, as mentioned in this review. Indeed, using dextran as a hydrophilic shell and poly(β-amino ester)-guanidine-phenylboronic acid (PBAE-G-B) as hydrophobic core, the resulting NPs could encapsulate hydrophobic antibiotics (e.g., rifampicin) in a physiological environment. On the one side, the dextran shell possessed a strong affinity with lectins expressed by bacteria and macrophages, thereby enhancing the bioavailability of the NPs. On the other side, the PBAE-G-B could be responsive to both low pH and high ROS of the inflammatory microenvironment and converted to hydrophilic cationic polymers (PBAE-G) with potent antimicrobial activity. Subsequently, this hydrophobic/hydrophilic transition combined with the disruption of the phenylboronic ester bonds (second pH/ROS-responsive) between PBAE-G-B polymer and dextran destabilized the NPs, causing the simultaneous release of the cationic polymers and the antibiotic, thereby effectively killing the pathogens. As a result, the complex system effectively eliminated the biofilm and intracellular infections and exhibited efficacy against antibiotic-resistant bacteria (E. coli, P. aeruginosa, M. smegmatis, MRSA) in both in vitro and in vivo models.




6. Discussions and Conclusions


In this review, we reported advances in antibiotic delivery strategies based on polymer nanocarriers. A wide range of nano-platforms has been designed to overcome unfavorable physicochemical properties and the poor local bioavailability of several existing antibiotics, thereby ultimately improving their therapeutic features as well as slowing the emergence of drug resistance. Further, overcoming antibiotic resistance has also been accomplished by co-encapsulating therapeutic combinations in a single nanocarrier formulation, in which a synergistic antimicrobial effect has enhanced therapeutic efficacy.



However, despite these promising preclinical results, several challenges remain for clinical exploitation of nanocarriers-based antibiotic delivery strategies. The safety of nanomaterials in the human body is among the major barriers to the clinical use of these dosage forms.



Firstly, the safety of NPs depends on the administration route and their exposure (dose and duration) [141]. For instance, pulmonary administration minimizes systemic exposure to the nanocarrier formulation, thus bypassing the hepatic first-pass metabolism and increasing the delivery of the antibiotic cargo to the infected lung tissue. However, extensive exposure to nanomaterials through the lungs can induce excessive inflammatory responses and tissue necrosis [142].



For systemic administration, NPs can be distributed via the blood circulation to multiple organs, including the target site, and are simultaneously cleared by these organs [143]. Generally, during delivery of the antibiotic cargo, nanocarriers can simultaneously be metabolized (e.g., in the liver and spleen) or eliminated gradually (e.g., via renal filtration or biliary excretion) [144]. The fate of nanoparticles in the body depends on their physical and chemical properties, such as size, shape, and surface characteristics, which have been described in previous reviews [145,146]. Through these parameters, the blood circulation half-life of NPs can be tunable to achieve favorable outcomes. For example, the long circulation time of nano-formulations in the bloodstream can be positively correlated with clinical effectiveness like enhanced nanocarrier deposition in the infected site (passive targeting) or bactericidal activities of time-dependent antibiotics. However, the prolonged circulatory residence time of the NPs can also relate to long-term toxicity and other side effects in the body [147]. Therefore, the balance between circulation time and in vivo clearance after treatment is critical in designing antibiotic-loaded nanocarriers.



Although current animal models allow determining most of the pharmacokinetic profile of NPs to better understand their fate and behavior [143], several potential toxicities and long-term effects of nanomaterials may not be observed in preclinical trials. For instance, even where nanocarriers are derived from biodegradable polymers, the distribution and toxicity of their degradation products are challenging to determine experimentally [148]. Additionally, while the antimicrobial properties of nanomaterial and their degradation products on pathogenic bacteria are extensively reported, negative impacts on the human microbiota are not fully characterized. Therefore, a complete evaluation of both acute and long-term health risks of the polymer carrier materials (biopolymers and synthetic polymers) should be considered before designing novel drug delivery systems. In an ideal case, a nanocarrier formulation should degrade to uniform fragments that are considered of low toxicity and prone to rapid clearance out of the body.



In addition, technical aspects and the risk–cost–benefit ratio also restrict the clinical implementation of nano-formulation [149]. The fact is that current efforts are mainly focused on developing antibiotic-delivery systems with a high degree of complexity (multifunctional nanocarriers). This is not always necessary and sometimes outside the original nanomedicine purpose, which is to optimize the pharmacokinetic profile of the existing drugs with a simple, robust, and safe formulation. Although complex interventions are required to achieve a drug delivery system with high therapeutic efficiency, especially in order to overwhelm the resistance mechanisms of antibiotics, each additional layer of complexity raises concerns about side effect risks of the carrier, reproducibility, scalability, and rising manufacturing costs, eventually having a significant impact on the translation into the clinic.



Furthermore, in most of the potential nano-formulations mentioned in this review, carrier materials remain major components, leading to the drawback of low drug loading (typically less than 10% of the total weight). As a result, the use of such formulations with a large portion of inert materials may impose an extra burden for patients, including systemic toxicity and additional costs [150].



Therefore, besides the therapeutic goals, simplifying the structures of nanocarriers with minimal excipients should be taken into account during formulation development to ensure their successful clinical translation.



Overall, with the continuous advances in drug delivery and antibiotic discovery, we may expect that nanocarrier-based antibiotic formulation will be exploited as a common therapeutic practice in the near future, providing significant contributions to fighting bacterial infection.
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Figure 1. Overview highlighting the main advantages of a nanocarrier-based antibiotic delivery approach for the treatment of bacterial infections. Depending on the targeted therapeutic applications, nanocarriers may be engineered to improve different pharmacokinetic parameters of antibiotics, resulting in increased therapeutic efficacy and reduced adverse side effects. 
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Figure 2. Schematic illustrates the protection mechanisms of antibiotic-loaded nanocarriers from deleterious interactions with the extracellular polymeric substances (EPS) or enzymatic inactivation in bacterial biofilm. 
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Figure 3. Examples of extended-release antimicrobial delivery systems based on polymeric nanocarriers. (A) (Left) Schematic illustration of tissue-adhesive nanoparticle–hydrogel hybrid (PLGA NP-gel) biomaterial system for sustained antibiotic release. (Right) The accumulative release profile of antibiotic Ciprofloxacin (Cipro) from Cipro-loaded PLGA NP-gel and Cipro-loaded blank gel without PLGA NPs in PBS buffer (adapted with permission from [38], copyright 2016 ACS). (B) (Left) Overall design of the degradable amphiphilic block terpolymer for assembly into NPs capable of silver-based antimicrobial delivery. (Right) Sustained-release profiles of silver cations from the NPs at 37 °C in pure water and PBS buffer (reproduced with permission from [40], copyright 2015 Royal Society of Chemistry). 
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Figure 4. Examples of pH-responsive nanocarriers for antibiotic delivery. (A) (1) Schematic illustration of a pH-sensitive polyion nanocomplex for delivery of Polymyxin B (PMB). The NPs were prepared through electrostatic interaction of positively charged PMB and negatively charged 2,3-dimethyl maleic anhydride (DA)-grafted chitoligosaccharide (CS). (2) Schematics of in vivo drug safety, different from free PMB and CS-DA/PMB, and the mechanism of antibacterial activity of CS-DA/PMB (reprinted with permission from [48], copyright 2020 John Wiley and Sons). (B) The self-assembly structure and mode of action of acidic pH-sensitive micelles in delivering antibacterials in cariogenic dental biofilms (adapted with permission from (19), copyright 2015 ACS). (C) Illustrations of the physical structures of chitosan/heparin pH-sensitive NPs, an application in the treatment of H. pylori infection (reprinted with permission from [49], copyright 2009 Elsevier). 
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Figure 5. Examples of enzyme-responsive nanocarriers for antibiotic delivery. (A) Illustration of the self-assembly of polymer–peptide conjugate NPs and the principle of enzyme-induced morphology transformation with the high antibacterial ability (reprinted with permission from [60], copyright 2017 John Wiley and Sons). (B) Illustration of enzyme-responsive polymeric vesicles for bacterial strain-selective delivery of antibiotics. Polymeric vesicles are self-assembled from synthesized polymers subjected to side-chain cleavage and microstructural transformation in response to penicillin G amidase and β-lactamase. This process is accompanied by sustained release and bioactivity recovery of encapsulated antibiotics (reprinted with permission from [61], copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 
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Figure 6. Examples of exogenous stimuli-responsive nanocarriers for antibiotic delivery. (A) Schematics of the synthetic route of a NIR-controllable on-demand antibiotics’ release system using polydopamine nanoparticles (PDA NPs) for bacterial inactivation (reprinted with permission from [77], copyright 2019 Elsevier). (B) Schematic depiction of ultrasound activation of antibiotic assembled nanosystem. Van-DADA peptide assemblies activate the antibiotic properties of vancomycin to kill bacteria by ultrasound (adapted with permission from [80], copyright 2021 Springer Nature). 
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Figure 7. Schematic representation of antibiotic-loaded nanocarriers that passively or actively target infection sites. Both types of nanocarriers firstly reach infection sites through the enhanced permeability retention (EPR) effect caused by infection-induced inflammation (passive targeting). Surface coating strategies have been used to camouflage NPs, preventing opsonization and sequestration by the MPS system for prolonged circulation (stealth coating). Active targeting is then mediated by selective binding between ligand-coated nanocarriers and receptors overexpressed or uniquely expressed by target infection sites. 
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Figure 8. Schematic illustration of a charge-adaptive nano-system for prolonged and enhanced in vivo antibiotic delivery. These nanocarriers are designed to shield unspecific interactions during circulation at pH 7.4 but bind avidly to bacteria in acidity, enhancing antibiotic delivery (reproduced with permission from [62], copyright 2016 Royal Society of Chemistry). 
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Figure 9. Active targeting of antibiotic-loaded nanocarriers to bacterial cells. (A) Schematic illustrations of formation, bacterial targeting, and drug release from micelles with vancomycin-mediated targeting (reprinted with permission from [54], copyright 2018 ACS). (B) Schematic illustrations of antibody-conjugated nanocarriers for targeted antibiotic delivery, and 3D fluorescent image showing a specific interaction between targeted NPs (red sphere) and S. aureus (green sphere) (adapted with permission from [33], copyright 2021 ACS). (C) Schematic illustrations of the application of gastric epithelial cell membrane-coated NPs for targeted antibiotic delivery to treat H. pylori infection (reprinted with permission from [110], copyright 2018 John Wiley and Sons). 
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Figure 10. Active targeting of antibiotic-loaded nanocarriers to infectious microenvironment. (A) Schematic for the design of bioresponsive antibiotic-loaded NPs with a surface coating of ICAM-1 antibodies (a) and their action mechanisms (b). NPs specifically target activated endothelial cells at a site of infection after intravenous injection, then cross the blood vessel and release drugs triggered by the local infectious cues (pH/enzyme) (reprinted with permission from [55], copyright 2018 John Wiley and Sons). (B) Schematic illustration of the targeted uptake of mannosylated nanogels loaded with vancomycin (MNG-V) by macrophages and the responsive release of the antibiotic under the action of bacterial enzymes (reprinted with permission from [57], copyright 2012 John Wiley and Sons). (C) Schematic illustration on the preparation of NPs coated with the membrane of extracellular vesicle (EV) secreted by S. aureus as active-targeting antibiotic carrier. Because the nanocarrier is camouflaged with the membrane of S. aureus EV, S. aureus-infected macrophages may mistake NPs as S. aureus, leading to promoted NP internalization and, consequently, facilitated intracellular delivery of its drug cargoes (reprinted with permission from [116], copyright 2019 ACS). 
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Figure 11. Examples of nanocarrier platforms for co-delivery of antibiotic combination. (A) Schematic Illustration of antibiotic-loaded nanocarrier with β-lactamase reversible, competitive inhibitory activity for the treatment of antibiotic-resistant, bacteria-infected wound (reprinted with permission from [135], copyright 2021 ACS). (B) Schematic illustration of the composition and the antibacterial mechanism of a multifunctional NP platform for co-delivery of antibiotic combination (Solubility enhancement, passive and active targeting delivery, pH- and ROS-responsive drug release, and co-delivery of dual drugs) (reprinted with permission from [103], copyright 2021 John Wiley and Sons). 
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Table 1. Differences in physiological parameters between normal and pathological tissues.
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	Biological Parameters
	Normal Tissues
	Pathological Tissues





	pH
	7.4
	5–7.0 in inflammatory tissue

4.5–6.5 in endosomes and lysosomes

Acid-pH gradients in biofilm (4.5–6.5)



	Enzyme
	Low expression
	Overexpression (Lipase, Protease)

Or specific enzyme expression

(β-lactamase, elastase LasB)



	Reduced glutathione (GSH)

(Reducing environment)
	Low level

(2–20 μM)
	High level in intracellular environment of macrophages and bacteria (2–10 mM)



	Reactive oxygen species (ROS)
	Low level
	High level in inflammatory environment (Neutrophil production)

High level in biofilm



	Nitric oxide (NO)
	Low level
	High level (Proinflammatory mediator)
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Table 3. Receptors and corresponding ligands for active targeting of antibiotic delivery systems.
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Specific Ligand

	
Target Receptor

	
Target






	
Targeting of Bacterial Pathogens

	
Antibiotic molecules: Vancomycin [54,96]

Polymyxin B [97],

Daptomycin [98],

Ubiquicidin UBI29–41 [99]

	
Antibiotic biding sites:

D-Alanyl-D-alanine,

Lipopolysaccharide

	
S. aureus, E. coli,

P. aeruginosa




	
Carbohydrates: Glucopyranoside [100], Galactose [101], Fucose [102], Dextran [103]

	
Lectin: Concanavalin A, Lec A, Lec B

	
P. aeruginosa, E. coli, S. epidermidis, S. aureus




	
Aptamer oligonucleotide SA20 hp [104], identified via SELEX procedure

	
Not determined

	
S. aureus




	
Cyclic 9-amino-acid peptide CARG [105], identified via phage display in vivo

	
Not determined

	
S. aureus




	
Antibodies: Anti protein A [33], Anti α-toxin antibody [106]

	
Protein A,



α-toxin

	
S. aureus




	
Artificial antibodies [107], identified via molecular imprinting

	
Lipopolysaccharides

	
P. aeruginosa




	
Cell membranes: Platelet [108],

Macrophage [109], Gastric epithelial cell [110]

	
Adhesin proteins

Lipoproteins, RNA, Lipopolysaccharide

	
H. pylori,

S. aureus, E. coli




	

	

	

	




	
Targeting of Inflammatory Tissues

	
Neutrophil-membrane (integrin β2) [111,112]

γ3 peptide (NNQKIVNLKEKVAQLEA) [113]

Anti-ICAM-1 antibody [55]

	
Intercellular adhesion molecule-1 (ICAM-1)

	
Inflamed vasculature




	
Bovine serum albumin [114])

	
Fcγ receptors on activated neutrophil

	
Inflamed tissues via neutrophil hitchhiking




	
Erythrocyte membrane [73])

	
Bacterial toxins

	
Immune cells in presence of bacterial toxins




	
Carbohydrates: Mannose [57],

Curdlan (a linear β-1,3 glucan) [115],

Hyaluronic acid [75], Dextran [103]

	
Mannose receptor,

Dectin-1 receptor,

CD44

	
Infected macrophages, Infection sites via macrophage hitchhiking




	
S. aureus extracellular vesicles [116]

	
Toll-like receptors on infected macrophage

(trained innate immunity)

	
S. aureus-infected macrophage




	
Bacterial invasion proteins InvA497 [117,118]

	
β1-integrin receptors

	
Inflamed cells

(caused by Yersinia, Salmonella species)




	
Folic acid [119]

	
Folate receptors on infected cells

	
Chlamydia-infected tissues
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Table 4. Examples of nanocarrier platforms for co-delivery of antibiotic combination.
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Drug Combination

	
Nanocarrier

	
Co-Delivery Purpose

	
Targeted Bacteria

	
Ref.






	
Antibiotic/Antibiotic Combinations

	
Rifampicin, Levofloxacin

	
Curdlan NPs

	
Simultaneous sustained release

Targeted delivery

	
Intracellular M. smegmatis

	
[115]




	
Four first-line anti-TB drugs

	
PLGA NPs

	
Reduction in dosing frequency

Improvements in patient compliance

	
Intracellular M. tuberculosis

	
[127]




	
Streptomycin, Doxycycline

	
Polymeric Nanocomplex

	
Synergistic antimicrobial effect

	
Intracellular Brucella melitensis

	
[128]




	
Rifampin, Azithromycin

	
PLGA NPs

	
Enhanced intracellular and intra-inclusion accumulation

Sustained drug release

	
Intracellular C. trachomatis

	
[129]




	
Amoxicillin, Clarithromycin, Omeprazole

	
Chitosan-glutamate NPs

	
Synergic effects

Reduction of effective dose

	
H. pylori

	
[130]




	
Colistin, Rifampicin

	
Micelle

	
Synergistic antimicrobial effect

	
E. coli, P. aeruginosa,A. baumannii

	
[25]




	
Silver NPs,

Ampicillin

	
Polymersome

	
Synergistic effect (at 1:0.64 ratio)

Drug protection from hydrolysis

by β-lactamase enzymes

	
Resistant E. coli

	
[131]




	

	

	

	

	

	




	
Antibiotic/adjuvant Combinations

	
Gentamicin,

Nitric oxide

	
Polymeric NPs

	
Synergistic effects of biofilm dispersal and enhanced bactericidal activity

	
P. aeruginosa biofilms

	
[132]




	
Free-Oxacillin, CRISPR-Cas9

	
Polymeric Nanocomplex

	
Targeting antibiotic resistance (MecA) and therapeutic genome editing

	
MRSA

	
[133]




	
Ampicillin,

β-lactamase inhibitor

	
Micelle

	
Synchronous release of antibiotics and β-lactamase inhibitors for destruction of biofilms and restoration of the antibiotic activity to resistant bacteria

	
MRSA biofilms

	
[134]




	
Cefoxitin,

β-lactamase- inhibitors

	
Dextran NPs

	
Targeting co-delivery, overcoming the membrane barrier, and reversing acquired resistance

	
Resistant E. coli induced by sub-MIC of cefoxitin (AmpC)

	
[135]




	
Oxacillin, Dnase I

	
Chitosan NPs

	
Destruction and eradication of biofilms

	
S. aureus biofilms

	
[136]




	
Ciprofloxacin, Protease

	
Carbopol NPs,

Shellac NPs

	
Destruction and eradication of biofilms

	
Biofilms

	
[137,138]




	
Ciprofloxacin, Alginate lyase

	
Chitosan NPs

	
Destruction and eradication of biofilms

	
P. aeruginosa biofilm

	
[139]




	
Ciprofloxacin, Quorum-sensing inhibitor (ACNQ)

	
Alginate NPs

	
Destruction and eradication of biofilms Concomitant drug release

pH-responsive drug release

	
P. aeruginosa biofilm

	
[140]




	
Imipenem,

Cilastatin

	
PCL and PLGA NPs

	
Carbapenem protection by inhibiting the enzymatic degradation

(renal dehydropeptidase)

	
K. pneumoniae, P. aeruginosa

	
[32]




	
Triclosan, Micelle

	
Micelle

	
Synergistic antibacterial mechanisms: membrane damage, Increased antibiotic penetration, and Intra-bacterial GSH-responsive antibiotic release

	
MRSA

	
[74]




	
Rifampicin,

Cationic polymer

	
Dextran Nanocomplex

	
Synergistic activity

Bacteria targeting

Stimuli-controlled delivery (ROS, pH)

	
Biofilm,

Intracellular infections

	
[103]
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