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The overuse of antibiotics to treat bacterial infections along with bacteria’s propensity to form biofilm communities has resulted in an alarming rise in drug-resistant microbes. Current approaches to infection surveillance and biofilm clearance in wounds are severely limited, requiring new biomaterials-based strategies to address this problem. To that end, a range of antimicrobial smart materials have been developed that change their properties in response to bacteria-induced external stimuli, providing tools with an additional level of complexity for defending against microbes. Researchers have tried to tackle this issue using materials that respond to the unique pH, temperature, and enzymatic changes that are induced by bacteria in wounds. These environmental responses are coupled with mechanisms to kill surrounding bacteria and/or to signal infection. For example, bacteria-responsive biomaterial solubilization (transition from non-solubilized solid material to solubilized liquid solution), swelling (volumetric increase due to absorption of surrounding media), de-swelling, degradation, or shape change can be coupled with drug release and/or activation or biofilm disruption, inhibition, or destruction. These materials provide a foundation for future work and improvements related to enhanced infection surveillance, increased specificity of infection response, and effective clearance of biofilms from wound surfaces.
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1 INTRODUCTION
By 2050, it is projected that drug-resistant infections will cause 10,000,000 deaths each year, more than all cancers combined (O’Neill, 2016). A major contributor to drug-resistance and wound infection complications is biofilms (Bowler et al., 2020). Chronic wounds, including diabetic ulcers, affect >5 million patients per year in the US. The cost of healing one chronic wound is ∼$50,000, and diabetic ulcers are associated with ∼70% of foot amputations (Paquette and Falanga, 2002; Boulton et al., 2005). Of many factors that delay healing in chronic wounds, infection plays a significant role (Siddiqui and Bernstein, 2010; Ventola, 2015). To further complicate this clinical need, ∼50% of chronic wound patients with a limb threatening infection do not show systemic infection symptoms, delaying diagnosis and treatment (Lipsky et al., 2004). Burn wounds are also negatively impacted by infection. In the US, ∼10,000 people die each year from burn-related infections, and biofilms are associated with 60% of burn injury deaths (Smith et al., 1994; Norbury et al., 2016).
Despite the prevalence of wound infections, there is no expert consensus on the standard of care for assessment and treatment (Young, 2021). Infection assessment via wound swabbing or biopsies is susceptible to contamination with skin surface bacteria, may not effectively penetrate biofilms, and requires ∼48 h to obtain a diagnosis (Young, 2021). Due to the overuse and misuse of antibiotics that contribute to drug resistance (Kardas et al., 2005; English et al., 2010), systemic antibiotic intake is not standardly recommended for treating wound infections (Bowler et al., 2001). Treating infections typically involves painful debridement and local antimicrobials, such as iodine or silver, that could hinder healing (Goldenheim, 1993; Kramer, 1999; Khansa et al., 2019). Furthermore, bacteria within biofilms are less amenable to treatment (Miller et al., 2011). Thus, new approaches are needed to improve wound infection surveillance and biofilm clearance.
One of the many ways to combat the rise of antibiotic resistant ‘superbugs’ is the use of antimicrobial biomaterials (Fasiku et al., 2020). Current research on antimicrobial polymers provides a number of potential paths, including incorporation of antimicrobial agents into the bulk or as coatings (Jain et al., 2014). Within the field of polymer science, stimuli-responsive or ‘smart’ materials provide a platform for the inclusion of new functions into polymeric devices. Stimuli-responsive materials undergo large and abrupt changes in shape in response to environmental cues, including temperature, pH, or enzymes (Wei et al., 2017). These changes can be coupled with functions that aid in infection control, such as antimicrobial release or biofilm disruption and therefore could provide more precise tools for infection surveillance and treatment, Figures 1A–G. Smart biomaterials can be intrinsically antimicrobial based on their chemistry, they can have antimicrobial components incorporated into them, and/or they can be used to physically disrupt biofilms. There have been extensive efforts focused on smart materials that respond to externally-applied stimuli, including light (Yuan et al., 2022; Su et al., 2023), electric or magnetic fields (Zhu et al., 2019; Elbourne et al., 2020; Fragal et al., 2022), or ultrasound (LuTheryn et al., 2022; Fan et al., 2023), which show potential for improving infection control efforts. Here, we focus on smart biomaterials that independently respond to unique pH, temperature, and enzymatic environments induced by bacteria in wounds without the need for an external stimulus. Biomaterials that have been recently developed for infection control that undergo large and abrupt changes in the presence of bacteria are covered in this review and are summarized in Table 1.
[image: Figure 1]FIGURE 1 | (A) Schematic representation of mechanisms for stimuli-responsive biomaterials to actively kill bacteria based on bacterial environmental cues. Created with Biorender.com. Representative bacterial environmentally-responsive systems. (B) Hydrogels that swell to release tannic acid at high pH to kill bacteria (from Ref. 36, © 2021 John Wiley & Sons, Inc.); (C) Cationic polymers that solubilize and release streptomycin at low pH to kill bacteria (from Ref. 40, © 2020 John Wiley & Sons, Inc.); (D) Lower critical solubility temperature hydrogels that de-swell at 37°C to release octenidine (from Ref. 49, © 2022 Royal Society of Chemistry); (E) Hydroxypropyl chitin hydrogels that crosslink at 37°C and release with tannic acid and ferric ions at low pH to kill bacteria (from Ref. 52, © 2020 Elsevier); (F) Gelatin nanoparticles coated with hyaluronic acid and chitosan. The chitosan swells at low pH to enable diffusion of bacterial hyaluronidase and gelatinase that degrades nanoparticles and triggers doxycycline release (from Ref. 57, © 2022 Royal Society of Chemistry); (G) Shape memory polyurethanes with poly (glutamic acid) in the backbone. Bacterial proteases degrade the poly (glutamic acid) to induce a shape change, which is a visible infection cue, prevents biofilm formation, and can be coupled with release of cinnamic acid to kill bacteria (from Ref. 62, © 2023 John Wiley & Sons, Inc.).
TABLE 1 | Summary of stimuli-responsive biomaterials for wound infection control.
[image: Table 1]2 PH-RESPONSIVE SMART BIOMATERIALS
pH is a logarithmic measure of hydrogen ions used to indicate acidic (1–6.9), neutral 7), or basic (7.1–14) conditions. Human skin exhibits a slightly acidic pH of 4.2–5.6, which discourages bacteria overgrowth (Schmid-Wendtner and Korting, 2006). Interior tissues that are exposed during wounding are typically at pH 7.4, but wound pH can vary based on host immune response and the presence of bacteria. In general, mammalian cell healing is more efficient in acidic conditions, while bacteria prefer and promote alkaline environments (Weinrick et al., 2004; Shukla et al., 2007; Sharpe et al., 2009; Percival et al., 2014; Ono et al., 2015). Thus, infected wounds often have higher pH, while non-infected wounds have lower pH, providing an environmental cue for smart hydrogels.
2.1 Hydrogels based on polyanions and polycations
Hydrogels are water-soluble polymer networks that absorb large quantities of water. Hydrogels are typically biocompatible due to their high water content, enabling their extensive use in drug delivery and implantable biomaterials (Yang et al., 2018). Hydrogels are highly tunable and can be designed to change their solubility in water with changes in the environment, including pH. As solubility changes, hydrogel swelling is altered, which can be harnessed for environmentally-responsive drug delivery. pH-responsive hydrogels can be based on polyanions or polycations, which solubilize or swell to varying degrees based on the pKa of an ionic group in the polymer backbone. pH-responsive polyanions switch between a liquid polymer solution and a solid gel as the pH transitions from high to low. These solubility alterations occur as the polymer transitions between a charged, expanded state that is soluble at high pH and an uncharged, collapsed state that is insoluble at low pH. Polyanions can also be covalently crosslinked into insoluble 3D networks that swell (volumetric expansion due to absorption of surrounding media as chains expand) at high pH and de-swell (volumetric shrinking due to expulsion of media as chains collapse) at low pH. On the other hand, polycations move from a solution state at low pH to a solid gel state at high pH. Crosslinked polycations swell at low pH and de-swell and high pH. These properties can be employed in infection control to deliver antimicrobials upon swelling, de-swelling, or dissolution.
2.1.1 Polyanions
A recent example of pH-responsive hydrogels with controlled release of antimicrobials at basic conditions that mimic those of an infected wound is a keratin-based hydrogel that swells at high pH. Upon swelling, biocidal zinc oxide nanoplates are released, which resulted in a 6-log reduction in Staphylococcus aureus (Staphylococcus aureus) and E. coli (Escherichia coli) while maintaining high mammalian cytocompatibility (Villanueva et al., 2019). Ahmadian et al. developed a gelatin and tannic acid-based hydrogel system with low release of incorporated antimicrobials (tannic acid and allantoin) at low pH and higher release at physiological pH (7.4), Figure 1B (A et al., 2021). Combined release of both antimicrobials reduced E. coli and S. aureus growth.
In a synthetic approach, a methacrylic acid co-polymer with tunable pH response based on methacrylic acid content was employed to fabricate electrospun mesh scaffolds with pH sensitivity at low, neutral, and high pH (Miranda-Calderon et al., 2022). After loading the fibers with bactericidal agents, the authors show that drug release varies between the three chemistries based on pH, and antimicrobial properties can be tuned with both S. aureus and E. coli. This platform could allow for dressing selection based on real-time wound pH measurements.
2.1.2 Polycations
Although infection generally increases pH, bacteria in biofilms can survive in lower pH ranges than planktonic bacteria (Percival et al., 2014). Thus, infected wound pH may decrease over time as bacteria enter biofilms and the innate immune response takes over. To that end, the majority of pH-responsive antimicrobial wound dressings focus on polycations. Charged polycations are also inherently antimicrobial, which has been used extensively to complement released antimicrobial activity.
Antimicrobial peptides are often employed in polycation-based systems. Wang et al. recently reported an antimicrobial octapeptide that self-assembles into nanofibers at neutral pH and solubilizes in acidic conditions (Wang et al., 2019). The soluble peptide destabilizes bacteria membranes to aid in killing. Drug-loaded antimicrobial peptides promoted healing in a methicillin-resistant S. aureus (MRSA)-infected diabetic mouse wound model when applied 2 days after infection, indicating its potential efficacy as a chronic wound dressing. Another antimicrobial peptide was developed as an injectable wound dressing that forms a solid gel at physiological and high pH and solubilizes at pH 6 (Edirisinghe et al., 2023). By incorporating a non-natural AzAla tryptophan analog residue into the peptide sequence, antimicrobial properties were achieved against E. coli and S. aureus, which are activated upon solubilization at lower pH.
Using a synthetic approach, Ye et al. employed antimicrobial, pH responsive polycations that induce pores in bacterial membranes, Figure 1C (Ye et al., 2020). The polycation is neutral under physiological conditions but becomes positively charged to solubilize at low pH. Solubilization enabled controlled release of antibiotic streptomycin, which had enhanced transport through the resulting membrane pores, correlating with improved clearance of E. coli, P. aeruginosa (Pseudomonas aeruginosa), and MRSA (∼two to three log reductions vs streptomycin delivery on its own) in mouse thigh, lung, and peritoneum infections, respectively, when applied 1 h after bacterial inoculation.
2.2 Supramolecular hydrogels
2.2.1 Peptide-based supramolecular hydrogels
Supramolecular hydrogels form a sub-class of pH-responsive materials that reversibly solidify based on specific, non-covalent interactions between components. One example includes supramolecular assembly of peptides into 3D networks. Pal and Roy employed collagen-inspired peptide amphiphiles to form nanoparticles with encapsulated antimicrobial ferulic acid (Pal and Roy, 2022). The nanoparticles are stable at neutral pH but undergo a structural transformation into nanofibers at pH 8.5, triggering ferulic acid release. The released antimicrobial effectively killed E. coli and S. aureus, while the peptide nanofibers showed beneficial effects for mammalian cell healing in vitro assays. Another group synthesized three amphiphilic pentapeptides that form supramolecular hydrogels that are stable at neutral pH (Chen et al., 2022). These hydrogels solubilize in acidic pH to provide an antimicrobial effect by combined exposure to the inherently antimicrobial peptides and release of encapsulated oregano oil. The hydrogels enhanced S. aureus infected wound closure in a mouse model by reducing bacterial loads in the wounds.
2.2.2 Other supramolecular hydrogels
A supramolecular hydrogel based on carboxymethyl agarose complexed with Ag+ was developed that is de-swollen at neutral pH and swells at acidic pH (Huang et al., 2020). The hydrogels release more Ag + as they swell to significantly reduce S. aureus and E. coli CFU counts in vitro. In a S. aureus infected mouse wound model, the Ag + -containing hydrogels reduced bacteria load and enhanced closure rates. Another supramolecular hydrogel was developed based on sodium alginate/poly (N-vinyl caprolactam) with incorporated tannic acid, which served as both a gelation binder and an antimicrobial (Preman et al., 2020). The scaffolds exhibited increased tannic acid release at low pH and were effective against several strains of Gram-negative and Gram-positive bacteria in vitro while enhancing healing in an in vivo rat wound model.
3 THERMALLY-RESPONSIVE SMART BIOMATERIALS
Normal, non-infected dermal wound temperatures are reported within the range of 30.2°C–33.0°C (Gethin et al., 2021). Wound inflammation can increase temperatures by 1.5°C–2.2°C, while infected wound temperatures are 4°C–5°C higher (Chanmugam et al., 2017). After successful infection treatment, dermal wound temperatures decrease back to 1°C within normal levels. Based on these temperature differentials, many approaches to smart antimicrobial wound dressings rely on thermally-responsive materials.
3.1 Lower critcal solubility temperature polymers
Polymers with lower critical solubility temperatures (LCST) are in solution at low temperatures due to dominant water/polymer interactions (Bernstein et al., 1977). As temperature is increased, hydrophobic interactions dominate to drive de-solubilization processes to form a solid scaffold. This approach is commonly used for injectable biomaterials, where a polymer is in a liquid solution state at room temperature and then solidifies after injection and heating to body temperature (Gandhi et al., 2015). This mechanism is particularly useful for space-filling applications in irregularly-shaped wounds. LCST polymers can also be crosslinked to swell and de-swell at low and high temperatures, respectively, without loss of overall structure. These dissolution and swelling processes can be coupled with antimicrobial release to aid in infection control.
Pan et al. combined a commonly used thermo-responsive polymer, poly (N-isopropylacrylamide) (PNIPAAm) with an antifouling polymer, poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) to obtain a dual-function hydrogel, Figure 1D (Pan et al., 2022). They took advantage of higher swelling at low temperature to efficiently load the hydrogels with an antimicrobial, octenidine, via diffusion. Upon heating to 37°C, the resulting de-swelling induced a 25-fold increase in octenidine release as compared with testing at normal skin temperatures of 30°C. This antimicrobial release resulted in a 3-log reduction in E. coli, P. aeruginosa, S. aureus, and Staphylococcus epidermidis.
3.2 Thermally-actuated shape memory polymers
Beyond thermo-responsive hydrogels, researchers have employed thermally-actuated shape memory polymers (SMPs) to disrupt biofilms. SMPs are type of ‘smart’ material that can be programmed and stored in a temporary shape and then return to their original, permanent state after application of an external stimulus, such as heat. Gu et al. grew S. aureus biofilms on strained polyurethane SMPs and then heated them to 40°C to induce shape recovery (i.e., shrinking) (Gu et al., 2016). The shape recovery process reduced S. aureus biomass from 5.4 to 0.07 μm3/μm2, and later studies showed that shape recovery with subsequent application of tobramycin reduced dispersed biofilm cell counts by 2,479X in comparison to static controls (Gu et al., 2016; Lee et al., 2018). These effects were attributed to the SMP shape change, which physically disrupted the biofilm structure to increase bacterial activity.
3.3 Combined pH- and thermo-responsive systems
Many researchers combine pH- and thermo-responsive materials for smart wound dressing development. In one approach, a composite hydrogel was developed based on hydroxypropyl chitin and tannic acid, Figure 1E (Ma et al., 2020). Upon heating to 37°C, the hydrogel transitions from a liquid solution into a solid, physically crosslinked gel, which aids in wound delivery by enabling space-filling of the wound volume by the liquid prior to gelation. The tannic acid is specifically released in acidic environments to provide antimicrobial protection in conjunction with incorporated ferric ion particles. The composite hydrogels were effective in vitro against E. coli and S. aureus, and they showed some benefits in healing in a mouse infected wound model. Using synthetic polymers, Haidari et al. combined PNIPAAm with poly (acrylic acid) (a polyanion) into a hydrogel loaded with silver nanoparticles (AgNPs) (Haidari et al., 2022). The materials exhibit a LCST of ∼36°C, which the authors posit could enhance swelling at elevated infected dermal wound temperatures. The hydrogels had limited Ag+ ion release at acidic pH and increased release at pH > 7.4. The AgNP release at higher pH resulted in correspondingly high antimicrobial efficacy against S. aureus both in vitro and in vivo.
4 ENZYME-RESPONSIVE SMART BIOMATERIALS
Bacteria release a number of proteases and other enzymes during infection to inactivate immune factors, break down tissues, and slow healing (Supuran et al., 2001; Lindsay et al.). Researchers have harnessed these processes to develop enzymatically-responsive biomaterials that respond to and kill bacteria.
4.1 Enzymatically-responsive natural polymers
An enzyme-responsive nanosystem was fabricated using mesoporous ruthenium nanoparticles as nanocarriers for a prodrug. The nanocarriers were encapsulated within hyaluronic acid (HA) (Liu et al., 2019). Hyaluronidase secreted by bacteria degrades the HA to trigger release of the prodrug, which then activates an antibiotic on the outer surface of the hydrogels. The nanosystem exhibited bactericidal and antibiofilm activity against drug-resistant S. aureus and P. aeruginosa. In a different approach with higher specificity towards biofilms, Wang and Shukla designed an antibiotic-loaded gelatin nanoparticle that is coated with HA and chitosan, Figure 1F. (Wang and Shukla) The chitosan becomes charged in the acidic biofilm environment, promoting swelling. As the hydrogel swells, hyaluronidase and gelatinase that are release by bacteria can more easily diffuse into the system. These enzymes degrade the HA and gelatin to provide biofilm-responsive antibiotic release. Nanoparticles were able to penetrate Vibrio vulnificus biofilms, eliminate the biofilm matrix, and kill bacteria with higher efficacy as compared with free drug treatment. Another system harnessed bacteria’s capability to permeabilize eukaryotic cell phospholipid vesicle bilayer members using secreted α-hemolysin and phospholipase. In brief, antimicrobials and a self-quenching dye were encapsulated within cell-mimicking phospholipid vesicles, which were incorporated into a gelatin scaffold (Zhou et al., 2018). Upon exposure to S. aureus or P. aeruginosa, the vesicle membranes are damaged by bacterial proteases, which provides mechanisms to both kill bacteria via released antimicrobials and to enable visual surveillance of infection via dye color change.
4.2 Enzymatically-responsive synthetic polymers
In efforts to provide synthetic scaffolds that selectively release antimicrobials in the presence of bacteria, poly (caprolactone) and poly (ethylene succinate) nanofibers were fabricated with a biocide (Abdali et al., 2019). The synthetic polymers are degraded by lipase and acids secreted by bacteria, which induces release of the incorporated biocide and subsequent reduction of S. aureus and E. coli.
These described approaches show promise, but most of the targeted enzymes are also produced by mammalian cells, limiting specificity of the systems towards bacteria. Towards increasing specificity, a synthetic hydrogel system was designed with groups that are cleaved by β-lactamase that is produced by bacteria (Yu et al., 2020; Alkekhia et al., 2022). The hydrogels were biostable in physiological conditions and in common enzymes (i.e., collagenase and lipase) but degrade in the presence of β-lactamase-producing bacteria. This degradation process was coupled with the release of fluorescent nanoparticles in vitro and ex vivo models and can be used in the future to design β-lactamase-responsive drug delivery and/or diagnostic tools.
In a different approach, our group synthesized bacterial protease-responsive SMPs based on a segmented polyurethane with incorporated poly (glutamic acid), which is degraded by bacterial proteases to trigger shape recovery, Figure 1G (Ramezani and Monroe, 2023). Strained SMPs underwent visible shape recovery within ≤24 h in response to multiple bacteria strains (S. aureus, S. epidermidis, and E. coli), while remaining stable during exposure to mammalian fibroblasts. Shape recovery of strained samples prevented biofilm formation on the sample surfaces, and resulting attached planktonic bacteria had enhanced vulnerability to applied antimicrobials. Samples with physically incorporated antimicrobials simultaneously prevented biofilm formation and killed isolated bacteria. The shape change could serve as a combined infection surveillance tool and biofilm inhibitor to enable earlier and more effective infection treatment.
5 DISCUSSION
Bacteria-responsive ‘smart’ systems are ever-expanding and highly promising in the wake of the antibiotic resistance crisis. pH and thermo-responsive approaches are more fully developed and show efficacy in vivo infection models, with the added benefit of simplified designs that do not rely on biological components. However, pH and temperature fluctuations during infection are generally small and unreliable, limiting specificity of these methods. Newer protease-responsive biomaterials could enhance specificity towards bacteria vs mammalian cells but are less developed. These materials can benefit from tools and information gained during the rise of mammalian enzyme-responsive biomaterials, such as the rapid synthesis and screening of peptide derivatives (Lin et al., 2021). In general, many antimicrobial approaches use antibiotics or antimicrobials that have limited efficacy against biofilms. Thus, future efforts should continue to consider the unique biofilm environment.
While bacterial infections are a significant clinical concern, fungi (yeast) infect billions of people every year with ∼150 million severe and life threatening cases, resulting in ∼1.7 million deaths annually (Bongomin et al., 2017; Houšť et al., 2020). With some exceptions within the biomaterials field, research on fungal infections is limited, and very few classes of antifungal drugs are available (Vera-González et al., 2020). New fungal species have emerged with resistance to currently available antifungals, and the Centers for Disease Control ranks drug-resistant Candida yeasts as a “serious antibiotic resistance threat” in the same threat level class as MRSA and multidrug-resistant P. aeruginosa (CDC, 2019). Based on these increasing threats to human health, it is essential that future efforts in smart biomaterials also turn their attention to fungal infections.
Some of the research highlighted here provides mechanisms for infection surveillance through color or shape change. However, infection assessment options are still limited. Future generations of bacteria-responsive biomaterials can provide valuable tools in complex wound dressings with simultaneous monitoring, surveillance, and treatment capabilities (Mostafalu et al., 2018; Ullah et al., 2023). These efforts will require multidisciplinary work between biomaterials scientists, electrical and computer engineers, biologists, and clinicians.
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