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Abstract
Chronic wounds remain a persistent clinical challenge due to their complex pathology involving prolonged 
inflammation, microbial biofilms, and impaired tissue regeneration. Emerging research highlights the dynamic 
role of the human microbiome in modulating immune responses and influencing wound healing outcomes. 
Disruptions to this microbial balance, termed dysbiosis, not only exacerbate infection but also hinder therapeutic 
efficacy. Recent advances in smart and sustainable nanotechnology offer promising avenues to address 
these challenges. By integrating microbiome-sensitive mechanisms with targeted delivery systems, bio-based 
nanomaterials can overcome multidrug resistance, modulate inflammation, and accelerate healing. This review 
explores the molecular interplay between chronic infections and host immunity, highlights next-generation 
nanomaterials for regenerative applications, and proposes a sustainable paradigm that bridges clinical effectiveness 
with environmental responsibility.
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Introduction
Chronic infections, characterized by persistent inflam-
mation and microbial colonization that fail to resolve 
within expected timeframes, represent a serious and 
debilitating Health challenge. For example, approxi-
mately 6.3% of people with diabetes worldwide suffer 
from diabetic foot ulcers (DFUs), and an estimated 8 mil-
lion people live with chronic wounds that often progress 
to severe complications such as sepsis or amputation [1]. 
These infections not only diminish quality of life but also 
impose a substantial socio-economic burden, with bil-
lions of dollars spent annually on treatment and disabil-
ity support. A major concern is their strong association 
with antimicrobial resistance (AMR), which has rendered 

many conventional therapies ineffective and signifi-
cantly increased mortality rates. AMR, largely driven by 
the misuse and overuse of antibiotics, has facilitated the 
rise of multidrug-resistant pathogens that evade both 
antimicrobial agents and host immune defenses [2]. The 
World Health Organization (WHO) estimates that AMR 
contributes to at least 700,000 deaths annually, a num-
ber projected to rise to 10 million by 2050 if not urgently 
addressed [3].

Chronic wounds exemplify this challenge, shar-
ing pathophysiological features with systemic chronic 
infections, including persistent microbial colonization, 
immune evasion, and biofilm formation. Unlike acute 
wounds, which follow a well-defined healing cascade of 

Graphical abstract
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re-epithelialization, fibroblast proliferation, and angio-
genesis, chronic wounds remain trapped in a prolonged 
inflammatory phase characterized by microbial persis-
tence and dysregulated immune responses [4–6]. This 
pathological state hinders epithelialization and vascu-
larization, enabling biofilm-forming pathogens such as 
Staphylococcus aureus and Pseudomonas aeruginosa 
to dominate the wound microenvironment [7]. Cen-
tral to the persistence of chronic infections is the role 
of the microbiome, a critical regulator of health and 
disease. Dysbiosis, or microbial imbalance, exacerbates 
chronic inflammation and disrupts tissue regenera-
tion. In chronic wounds and mucosal infections, a dys-
biotic microbial environment supports the growth of 
virulent, biofilm-producing organisms while suppress-
ing beneficial commensals. Restoring microbial balance 
has therefore emerged as a promising therapeutic goal. 
Microbiome-aware therapies including probiotics, pre-
biotics, and phage-based interventions seek to modulate 
the host–microbe interface, suppress harmful pathogens, 
and enhance beneficial microbial communities [8]. These 
interventions are informed by a deeper understanding of 
host–pathogen interactions and represent a shift toward 
therapies that not only eradicate infection but also 
restore immune homeostasis and epithelial integrity.

Complementing these biologically informed therapies 
is the development of smart hybrid nanomaterials, engi-
neered to respond to specific biological stimuli such as 
pH shifts, oxidative stress, and enzymatic activity. These 
materials enable precise drug delivery and effective dis-
ruption of biofilms in infected tissues [9]. By combining 
antimicrobial and regenerative functions, smart nano-
materials directly address the dual challenges of infection 
control and impaired healing limitations that conven-
tional therapies often fail to overcome due to incomplete 
drug release, cytotoxicity, or poor efficacy against bio-
film-associated infections.

Sustainability has emerged as a central theme in mod-
ern biomedical innovation. While traditional synthetic 
nanomaterials demonstrate strong therapeutic efficacy, 
their persistence and toxicity raise significant envi-
ronmental concerns. In contrast, green nanomaterials 
derived from renewable resources such as chitosan, cel-
lulose, and marine polysaccharides provide safer, green 
alternatives. These green platforms combine excellent 
biocompatibility with antimicrobial efficacy, showing 
potent activity against resistant pathogens while mini-
mizing ecological harm. Thus, they align therapeutic 
development with global sustainability goals [10, 11].

Artificial intelligence (AI) has further transformed 
the design and optimization of advanced thera-
peutic platforms. By harnessing large datasets and 
predictive algorithms, AI enables the discovery and fine-
tuning of nanomaterials tailored to specific biological 

environments [12]. Machine learning (ML) models are 
particularly powerful in predicting nanomaterial–cell 
interactions, thereby accelerating the development of 
personalized therapies [13]. Beyond design, AI also sup-
ports real-time monitoring of therapeutic efficacy and 
dynamic adjustment of treatments, ensuring that inter-
ventions remain adaptive and effective throughout 
infection [14, 15]. Together, the convergence of microbi-
ome-centered therapies, smart hybrid nanomaterials, and 
AI-driven innovations represents a paradigm shift in the 
management of chronic infections. These interdisciplin-
ary approaches promise clinically relevant, scalable, and 
environmentally sustainable solutions. In this review, we 
redefine the scope by focusing specifically on microbi-
ome-sensitive and green smart nanomaterials, highlight-
ing their mechanistic interactions with chronic wound 
microenvironments. We critically synthesize advances in 
microbiome-targeted therapies, sustainable nanomateri-
als, hybrid systems with dual antimicrobial and regenera-
tive functions, and AI-driven design strategies. Finally, 
we discuss translational gaps including scalability, regula-
tory hurdles, and patient-specific variability that must be 
addressed for successful clinical implementation.

Microbiome and chronic wound infections: 
mechanisms and interventions
Building upon the clinical challenges outlined in the 
introduction, this section explores the central role of the 
microbiome in chronic infections and its disruption in 
wound healing. Prolonged inflammation and microbial 
colonization underlie chronic infections such as diabetic 
ulcers and other non-healing wounds. These conditions 
are persistent and difficult to treat, largely due to micro-
bial persistence and dysregulated immune responses. 
One of the most prevalent forms, diabetic ulcers, pri-
marily affects individuals with poorly managed diabe-
tes. These ulcers, typically on the legs and feet, exhibit 
delayed healing due to compromised blood supply, 
impaired immune function, and neuropathy. Infections in 
such wounds significantly hinder recovery and can esca-
late to severe complications such as sepsis or amputation 
[16]. Understanding how microbial populations influence 
chronic conditions requires examining their impact on 
the wound environment, immune modulation, and infec-
tion persistence.

Acute vs. chronic wound microbiota
Acute and chronic wounds have fundamentally different 
healing processes, immunological responses, and under-
lying causes. Cuts, burns, or surgical incisions are exam-
ples of acute wounds that usually occur after an abrupt 
trauma or damage. These wounds typically heal in a pre-
dictable, ordered fashion, with tissue healing aided by a 
well-coordinated immune response. The four overlapping 
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phases of wound healing are hemostasis, inflammation, 
proliferation, and remodeling. During the acute phase, 
blood vessels constrict to minimize bleeding, and clot 
forms. Inflammation follows, with neutrophils and mac-
rophages playing key roles in clearing pathogens and 
damaged tissue. This is followed by proliferation, where 
new tissue and blood vessels form, and eventually, tissue 
remodeling occurs, restoring the wound site to its normal 
structure and function. In acute wounds, the immune 
response is generally well-regulated, allowing for a rela-
tively quick resolution of inflammation and the restora-
tion of tissue integrity.

In contrast, chronic wounds are often defined by pro-
longed inflammation and impaired healing, typically 
lasting for weeks or months. These wounds fail to prog-
ress through the normal healing phases and are charac-
terized by a persistent inflammatory environment. In 
chronic wounds, there is excessive secretion of inflam-
matory mediators, such as cytokines and matrix metal-
loproteinases (MMPs), which degrade growth factors and 
the extracellular matrix (ECM), further impairing heal-
ing. Additionally, macrophages in chronic wounds often 
fail to switch from a pro-inflammatory phenotype to a 
pro-healing phenotype, resulting in a feed-forward loop 
of inflammation that prevents resolution. While acute 
wounds generally heal through an orchestrated immune 
response that supports tissue repair, chronic wounds 
are marked by immune dysregulation and an inability to 
transition from inflammation to healing [17]. Chronic 
wounds are more difficult to treat and often require 
advanced, targeted therapies. The prolonged nature of 
chronic wound healing also poses challenges in terms of 
infection control and microbial management, as biofilms 
and persistent pathogens complicate the healing process. 
Chronic wounds often harbor polymicrobial communi-
ties dominated by pathogens (e.g., S. aureus, P. aerugi-
nosa, Enterococcus faecalis, E. coli), reflecting dysbiosis 
that drives inflammation and delayed healing [17].

Microbial dysbiosis and biofilm formation in chronic 
wounds
When the microbiome’s equilibrium is disrupted (dys-
biosis), opportunistic and pathogenic bacteria such as P 
aeruginosa and S. aureus dominate, often forming resil-
ient biofilms. In pulmonary infections, P. aeruginosa 
secretes TesG via the TesABC Type I secretion system, 
which impairs alveolar macrophage activity by inhibiting 
RhoA-mediated immune signaling, thereby promoting 
biofilm formation and infection chronicity (Fig. 1). The 
pathophysiology of chronic wounds shares striking par-
allels with systemic chronic infections. Infections with 
TesG-deficient strains trigger robust macrophage activa-
tion, higher cytokine production, and neutrophil recruit-
ment, leading to more effective infection control. A 

similar pattern is observed in gastrointestinal infections, 
where pathogens such as Salmonella enterica invade 
Peyer’s patches in the intestinal epithelium, penetrate 
immune cells like macrophages and dendritic cells, and 
disseminate to mesenteric lymph nodes, spleen, and bone 
marrow. These bacteria establish chronic reservoirs that 
evade immune responses, including interferon-gamma 
(IFN-γ) signaling, and continuously reseed the intestinal 
lumen via bile, perpetuating cycles of infection and shed-
ding. Chronic wounds show reduced microbial diversity, 
sustaining inflammation and increasing susceptibility to 
infection. This imbalance also alters local immune sur-
veillance and signaling, favoring pathogen persistence 
and biofilm formation. Furthermore, unbalanced micro-
biota may worsen systemic diseases such as diabetes, 
further complicating healing. Developing novel thera-
peutic approaches targeted at re-establishing microbial 
balance and facilitating efficient wound healing requires 
an understanding of the connection between persistent 
infection and microbiome imbalance [18].

Microbial biofilms in wound environments
Rather than serving as mere microbial aggregates, bio-
films in chronic wounds function as highly organized 
communities that confer multidrug resistance, meta-
bolic adaptation, and immune evasion. Within the bio-
film matrix, pathogens such as P. aeruginosa and S. 
aureus adopt slow-growth phenotypes and alter gene 
expression, increasing tolerance to both antibiotics and 
host defenses. This microenvironment protects resident 
microbes from phagocytic clearance and facilitates hori-
zontal gene transfer, amplifying resistance traits. The 
persistence of biofilms sustains a low-level but chronic 
inflammatory state, releasing proteases and toxins that 
degrade ECM and growth factors, thereby stalling the 
proliferative phase of wound repair. The recalcitrant 
nature of biofilm-associated infections highlights the 
need for next-generation therapeutic interventions, 
including nanomaterial-based systems capable of dis-
rupting biofilm integrity while simultaneously delivering 
antimicrobials.

Immune dysfunction and hyperglycemia
Diabetic ulcers are a common and serious complica-
tion of diabetes, particularly in individuals with poorly 
controlled blood glucose levels. They primarily develop 
on the feet and legs due to a combination of factors, 
including neuropathy (nerve damage), poor circulation, 
and impaired immune function. These ulcers are often 
classified as chronic wounds because they are slow to 
heal and may persist for months or even years without 
proper treatment. The development of DFU begins with 
a mechanical injury or pressure on the foot, often due to 
neuropathy, which impairs the ability to sense pain and 
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prevent tissue damage. In individuals with diabetes, par-
ticularly those with poorly controlled blood sugar levels, 
this injury is more prone to infection. The high glucose 
environment provides a rich nutrient source for bacteria, 
enabling their rapid colonization. As a result, the wound 
becomes an ideal site for microbial invasion. Common 
pathogens are often introduced to the wound through 
direct contact or from endogenous sources. Upon injury, 
the body’s innate immune system attempts to defend 
against microbial invasion. Immune cells, such as neu-
trophils and macrophages, are rapidly recruited to the 
wound site in response to inflammatory signals. These 
cells attempt to clear pathogens through phagocytosis, 
the process by which the immune cells engulf and destroy 
invading microorganisms. Neutrophils are typically the 
first responders and attempt to neutralize bacteria by 
releasing ROS and antimicrobial peptides. Macrophages, 
in addition to clearing debris, release cytokines and 
growth factors to coordinate further immune responses 
and promote tissue repair. However, in diabetic individu-
als, this immune response is often compromised because 
of hyperglycemia, which impairs neutrophil function, 

including phagocytosis and migration, leading to ineffec-
tive pathogen clearance [19]. While the immune system 
attempts to eliminate the bacteria, the pathogens resid-
ing in the wound employ various mechanisms to evade 
detection and destruction. One of the most significant 
strategies used by many wound pathogens, such as S. 
aureus and P. aeruginosa, is biofilm formation [20]. These 
biofilms provide physical protection against immune cells 
and antimicrobial agents, making bacteria much more 
resistant to both innate immune responses and antibiotic 
treatment. Furthermore, bacteria within biofilms exhibit 
increased gene expression for resistance factors, such as 
those for antibiotics (e.g., mecA in S. aureus for methi-
cillin resistance). Biofilms can also hinder the penetra-
tion of immune cells into the deeper layers of the wound, 
allowing the infection to persist and further complicating 
healing [21].

As the infection progresses, the interaction between the 
pathogens and host cells becomes more complex. Patho-
gens such as S. aureus utilize surface proteins (e.g., ClfA 
and fibronectin-binding proteins) to adhere to host cells 
and tissues, which is a critical step in colonization. They 

Fig. 1  Pathophysiological mechanisms underlying chronic wounds and infections, illustrating immune evasion, biofilm persistence, and shared path-
ways across wound and systemic infections. (A) The bifurcation between acute and chronic wound healing cascades; (B) P. aeruginosa TesG-mediated in-
hibition of macrophage RhoA signaling, driving biofilm formation; (C) illustrates Salmonella enterica invasion and systemic dissemination through Peyer’s 
patches, establishing chronic reservoirs (This figure adapted from [4–6])
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also secrete toxins, including hemolysins and enterotox-
ins, which damage host cells, facilitate tissue destruction, 
and trigger further inflammatory responses. Similarly, 
P. aeruginosa produces exotoxins (e.g., exotoxin A) that 
disrupt host cell function, leading to cell death and pro-
moting the spread of infection [22]. In DFU, the immune 
response is often ineffective in containing this invasion. 
The presence of high glucose levels further exacerbates 
this interaction, as glucose serves as a nutrient for bacte-
ria and promotes the release of inflammatory mediators, 
which, in turn, damage surrounding tissues, as depicted 
in Fig. 2. Additionally, the impaired vascularization seen 
in diabetes results in reduced oxygen and nutrient deliv-
ery to the wound site, preventing effective immune cell 
function and aiding pathogen survival [23].

As outlined above in DFUs, chronic hyperglycemia 
impairs innate immune responses and vascular function, 
leading to inefficient pathogen clearance and prolonged 
inflammation. This dysfunction creates a permissive 
environment for biofilm-forming pathogens such as S. 
aureus and P. aeruginosa, ultimately stalling wound heal-
ing progression [24].

Inflammasomes
Wound healing is a dynamic, multi-phase process 
encompassing inflammation, proliferation, granula-
tion tissue formation, and remodeling, in which the 
early inflammatory phase is essential for initiating tissue 
repair. Inflammasomes, particularly the NLRP3 inflam-
masome, play a central role in regulating this phase by 

sensing both pathogen-associated molecular patterns 
(PAMPs) and damage-associated molecular patterns 
(DAMPs) released during injury, such as those generated 
in thermal burns. Upon activation, NLRP3 processes pro-
IL-1β and pro-IL-18 into their active forms, triggering a 
robust inflammatory cascade that recruits immune cells 
to the wound site. Clinical and experimental burn models 
demonstrate that NLRP3 expression is markedly elevated 
in the acute phase, especially in deeper dermal layers, 
and is associated with increased IL-1β and IL-18 levels. 
Functional studies reveal that NLRP3 deficiency impairs 
wound closure, characterized by reduced collagen depo-
sition, poor keratinization, and diminished macrophage 
infiltration. NLRP3 also influences macrophage polariza-
tion, ensuring timely transition from pro-inflammatory 
to pro-repair phenotypes. Pharmacological inhibition of 
NLRP3 with glyburide mimics the knockout phenotype 
when administered immediately post-burn, underscor-
ing the necessity of acute phase inflammasome activa-
tion; however, delayed inhibition after the inflammatory 
peak preserves normal healing. These findings establish 
NLRP3 as a critical regulator of burn wound repair, coor-
dinating inflammatory mediator production, macrophage 
recruitment, and phenotypic switching to ensure timely 
progression from inflammation to tissue regeneration 
[25]. Upon tissue disruption, danger-associated molecu-
lar patterns (DAMPs) Such as extracellular ATP, high-
mobility group box 1 (HMGB1), and uric acid crystals are 
released from damaged cells [26, 27], while PAMPs from 
the wound microbiome including lipopolysaccharide 

Fig. 2  Schematic comparison of wound healing in normal versus diabetic conditions. In normal wounds, immune cells effectively clear bacteria, enabling 
timely tissue repair and regeneration. In diabetic wounds, persistent hyperglycemia disrupts immune signaling, enhances S. aureus proliferation, delays 
neutrophil-mediated clearance, and ultimately impairs healing
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(LPS) from Gram-negative bacteria, lipoteichoic acid 
from Gram-positive bacteria, and bacterial DNA-are 
detected by pattern recognition receptors (PRRs) such 
as NLRP3, AIM2, or NLRC4 [28]. This recognition trig-
gers oligomerization of the sensor protein, recruitment 
of the adaptor protein ASC through pyrin–pyrin domain 
interactions, and subsequent activation of pro-caspase-1. 
Activated caspase-1 cleaves pro–IL-1β and pro–IL-18 
into their mature, bioactive forms, which are secreted to 
promote local inflammation [29]. In the initial inflamma-
tory phase, IL-1β facilitates neutrophil infiltration and 
macrophage activation, whereas IL-18 supports angio-
genesis and epithelial cell proliferation [30].

In the remodeling phase, resolution of inflammasome 
activation is essential to avoid fibrosis and hypertro-
phic scarring. Here, microbiome-derived short-chain 
fatty acids (SCFAs) and anti-inflammatory metabolites 
can suppress NLRP3 activity by inhibiting ROS produc-
tion and modulating histone acetylation, promoting tis-
sue homeostasis [31]. Thus, inflammasome regulation 
in wound healing is a dynamic interplay between host 
molecular sensors and microbial signals, where tempo-
ral control combined with a balanced microbiome deter-
mines whether wounds progress toward regeneration or 
chronic inflammation.

TLRs signaling modulations
Toll-like receptors (TLRs) are pivotal pattern recognition 
receptors that detect microbial components and host-
derived danger-associated molecular patterns (DAMPs) 
at the wound site, initiating innate immune responses 
essential for infection control and tissue repair. In wound 
infections, TLR signaling is activated by PAMPs such as 
lipopolysaccharides (TLR4 ligands), lipoteichoic acid 
(TLR2 ligands), flagellin (TLR5 ligand), and unmethyl-
ated CpG DNA (TLR9 ligand) derived from invading 
bacteria, fungi, or viruses [32]. Upon ligand binding, 
TLRs recruit adaptor proteins primarily MyD88 or TRIF 
which activate downstream kinases including IRAKs 
and TRAF6, leading to the stimulation of transcrip-
tion factors NF-κB, AP-1, and IRF family members [33]. 
This results in the transcriptional upregulation of pro-
inflammatory cytokines (IL-1β, TNF-α, IL-6) [32], che-
mokines (CXCL8/IL-8, CCL2), antimicrobial peptides, 
and co-stimulatory molecules that enhance immune cell 
recruitment and activation [34]. In a balanced response, 
this acute inflammation clears pathogens and facilitates 
the transition to the proliferative phase of wound healing. 
However, dysregulated TLR signaling either excessive or 
prolonged can exacerbate tissue injury, sustain inflamma-
tion, and impair healing, contributing to chronic wounds 
such as diabetic ulcers [35]. Conversely, insufficient TLR 
activation compromises pathogen clearance and pre-
disposes wounds to persistent infection. Modulation of 

TLR pathways, through agonists to boost antimicrobial 
defense or antagonists to dampen excessive inflamma-
tion, has emerged as a therapeutic strategy. For example, 
TLR2/TLR4 antagonists can reduce overactive inflamma-
tion in infected wounds, while topical TLR agonists can 
enhance pathogen recognition and immune activation 
in immunocompromised conditions [36]. Additionally, 
wound-associated microbiota influence TLR signaling 
dynamics by producing metabolites and structural com-
ponents that either activate or inhibit specific TLRs, 
shaping the local immune microenvironment [37]. Thus, 
precise temporal and spatial modulation of TLR signal-
ing is critical in wound infections to achieve an optimal 
balance between effective microbial clearance and con-
trolled inflammation for successful tissue repair.

Phagocyte dysfunction and metabolic reprogramming
Phagocyte reprogramming in wound infection refers 
to the dynamic alteration of innate immune cell pheno-
types in response to the evolving microenvironment of 
an infected wound. In the early phase of infection, neu-
trophils and monocyte-derived macrophages are rapidly 
recruited to the wound bed through chemokine gradi-
ents such as CCL2, CXCL8, and CXCL10 [38]. Initially, 
these phagocytes adopt a pro-inflammatory, microbicidal 
program characterized by elevated production of reac-
tive oxygen species (ROS), nitric oxide (NO), proteolytic 
enzymes, and pro-inflammatory cytokines like IL-1β, 
IL-6, and TNF-α, enabling efficient pathogen clear-
ance [39]. Pattern recognition receptors (PRRs), includ-
ing Toll-like receptors (TLRs) and NOD-like receptors 
(NLRs), sense microbial components and damage-asso-
ciated molecular patterns (DAMPs), triggering activa-
tion of signaling cascades such as NF-κB, MAPK, and 
inflammasomes (e.g., NLRP3), which further amplify the 
inflammatory response [40]. As the infection resolves, 
persistent inflammation can be detrimental to tissue 
repair, and phagocytes undergo a functional reprogram-
ming toward an anti-inflammatory, pro-resolving phe-
notype. This transition involves upregulation of markers 
such as CD206, Arg1, and IL-10, enhanced efferocytosis 
of apoptotic cells, and secretion of growth factors like 
VEGF, TGF-β, and FGF2, which promote angiogen-
esis, fibroblast activation, and ECM remodeling [41]. In 
chronic or biofilm-associated infections, however, micro-
bial persistence and metabolic cues from the wound 
microbiome can skew phagocyte polarization toward a 
dysfunctional state either sustaining a prolonged M1-like 
inflammatory profile that damages tissue or inducing an 
immunosuppressed M2-like state that allows microbial 
survival [42]. Thus, successful wound healing in infection 
relies on a tightly regulated sequence of phagocyte acti-
vation, polarization, and metabolic adaptation, ensuring 
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efficient pathogen elimination while enabling timely tran-
sition to tissue repair.

Pathogen-derived toxins and immune disruption
Pathogens that dominate chronic wounds, particularly 
those embedded in biofilms, play a central role in exac-
erbating tissue damage and maintaining a persistent 
inflammatory state. These microorganisms, including 
S. aureus, P. aeruginosa, and S. pyogenes, release a vari-
ety of toxins and inflammatory mediators that not only 
damage host tissues but also dysregulate the immune 
response, preventing proper wound healing. For instance, 
S. aureus produces alpha-toxin, a pore-forming toxin 
that inserts itself into the membranes of host cells, caus-
ing cell lysis and contributing to tissue destruction. Pore 
formation results in the disruption of cellular integrity, 
leading to cytotoxicity and the release of intracellular 
contents that further promote inflammation. In addition 
to alpha-toxin, S. aureus secretes a range of exoproteins 
and proteases, such as V8 protease and hyaluronidase, 
that degrade ECM components and other host tissues. 
These enzymes break down proteins like collagen, fibro-
nectin, and elastin, which are essential for wound healing 
and tissue integrity. The degradation of these structures 
impairs the wound’s ability to regenerate and repair itself, 
further prolonging the inflammatory phase and prevent-
ing the transition to healing [43]. Moreover, the release 
of these toxins and enzymes stimulates the production 
of pro-inflammatory cytokines, such as TNF-α, IL-1β, 
and IL-6. These cytokines act as signaling molecules 
that recruit additional immune cells to the site of infec-
tion, including neutrophils and macrophages, to control 
the disease. However, in the context of dysbiosis, this 
immune response is often exaggerated and prolonged, 
leading to chronic inflammation as reported [44]. The 
sustained production of these inflammatory mediators, 
rather than resolving the infection, results in tissue dam-
age and the perpetuation of an inflammatory cycle. The 
dysregulated immune response in chronic wounds is a 
consequence of an imbalance between pro-inflammatory 
and anti-inflammatory signals. In a typical, acute wound 
healing scenario, inflammation is a transient process 
that is resolved as part of the healing cascade, allowing 
tissue regeneration. However, in chronic wounds, par-
ticularly those associated with dysbiosis and biofilm 
formation, this inflammation becomes persistent. The 
overproduction of inflammatory cytokines and the con-
tinuous recruitment of immune cells, coupled with the 
tissue damage caused by bacterial toxins, prevent effec-
tive immune clearance of the pathogens, impair tissue 
repair processes, and delay the healing of the wound. The 
prolonged inflammatory state in chronic wounds also 
suppresses the function of key immune cells, including 
neutrophils and macrophages, by altering their cytokine 

profiles and impairing their ability to phagocytize and 
clear bacteria [45]. As a result, the wound remains in a 
prolonged inflammatory phase, which prevents the tran-
sition to the proliferative phase, characterized by tis-
sue growth and wound closure. The chronic presence of 
biofilm-forming pathogens, combined with the sustained 
release of toxins and inflammatory mediators, creates 
an environment where the immune system is not able to 
resolve the infection effectively, leading to delayed wound 
healing, recurrent infections, and further tissue damage. 
Shown in Table 1.

DFU: pathogenesis and Microbiome interactions
DFUs are a leading example of chronic wounds, arising 
from neuropathy, impaired vascularization, and persis-
tent hyperglycemia. High glucose levels not only impair 
neutrophil and macrophage function but also provide a 
nutrient-rich environment for pathogens, creating a per-
missive niche for infection. As a result, DFUs frequently 
harbor polymicrobial biofilms dominated by S. aureus, 
P. aeruginosa, Enterococcus faecalis, and E. coli, which 
protect pathogens from both immune clearance and 
antibiotics. Dysbiosis is a hallmark of DFUs. Beneficial 
commensals are depleted, while opportunistic species 
expand, altering local immune surveillance and perpetu-
ating chronic inflammation. The disrupted microbiome 
interacts with host immunity through mechanisms such 
as impaired TLR signaling, persistent inflammasome 
activation, and excessive protease release, all of which 
degrade extracellular matrix and hinder re-epithelializa-
tion. Therapeutically, these insights underscore the need 
for microbiome-responsive strategies. Emerging nano-
platforms aim to selectively disrupt pathogenic biofilms 
while sparing or even supporting beneficial microbes. 
Phage-based nanocarriers, probiotic-loaded hydrogels, 
and antimicrobial peptides integrated into smart bioma-
terials represent promising avenues to restore microbial 
balance, suppress infection, and promote tissue regenera-
tion in DFUs [69].

Smart nanomaterials for microbiome-targeted therapy
Nanomaterials possess unique features such as high sur-
face area-to-volume ratio, tunable surface chemistry, 
and controlled release properties, making them power-
ful tools in infection control and microbiome-targeted 
therapies. Their nanoscale interactions enable precise 
drug delivery, selective eradication of pathogens, and 
modulation of microbial communities capabilities that 
conventional antibiotics often lack [70]. In the context 
of chronic wounds and dysbiosis, smart nanomateri-
als provide novel opportunities to both disrupt biofilms 
and restore microbial balance, thereby promoting tissue 
regeneration.
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Gold nanoparticles (AuNPs) exemplify this potential 
due to their biocompatibility and facile surface function-
alization. Functionalized AuNPs can be conjugated with 
antimicrobial peptides or antibodies to selectively tar-
get biofilm-forming pathogens such as Staphylococcus 
aureus and Pseudomonas aeruginosa, reducing off-target 
cytotoxicity while sparing commensal microbes [71]. 
Similarly, liposomes lipid bilayer vesicles widely used in 
drug delivery can encapsulate antibiotics or quorum-
sensing inhibitors, protecting them from degradation and 

enabling site-specific release in infected wound niches. 
Liposomal formulations have also been explored for 
delivering probiotics or microbiome-modulating metab-
olites, underscoring their dual role in infection control 
and microbiome restoration.

Carbon-based nanomaterials, including carbon dots 
(C-dots), graphene derivatives, and multiwalled carbon 
nanotubes (MWCNTs), add another layer of functional-
ity. C-dots generate ROS under photoactivation, enabling 
photodynamic disruption of biofilms while minimizing 

Table 1  The toxins and exoproteins secreted by microorganisms in chronic wounds
Pathogenic 
microorganisms

Toxins/Exoproteins Effect Refer-
ence

S. aureus Alpha-toxin Forms pores in host cell membranes, causing cell lysis and tissue destruction.  [43]
Exoproteins (e.g., V8 pro-
tease, hyaluronidase)

Degrades host ECM components (collagen, fibronectin), contributing to tissue 
breakdown.

 [46]

Enterotoxins (e.g., SEA, 
SEB)

Superantigens that activate T-cells nonspecifically, causing systemic inflammation and 
immune dysregulation.

 [47]

Protein A Binds to the Fc region of IgG, inhibiting immune responses and promoting persistence 
of infection.

 [48]

P. aeruginosa Exotoxin A Inhibits protein synthesis in host cells by ADP-ribosylation of elongation factor 2, leading 
to cell death.

Pyocyanin Generates ROS that damage host tissues and immune cells, impairing the immune 
response.

 [49]

Elastase, Protease, Alka-
line protease

Degrades host proteins, including elastin and collagen, promoting tissue damage and 
immune evasion.

 [50]

LPS riggers inflammation by activating immune cells and promoting the release of pro-
inflammatory cytokines.

 [51]

Streptococcus pyogenes Streptolysin O and S Pore-forming toxins that cause cell lysis and contribute to tissue damage.  [52]
Exotoxins (e.g., SPE-A, 
SPE-B)

Superantigens that cause systemic inflammation and immune system activation, leading 
to further tissue injury.

 [53]

Enterococcus faecalis Gelatinase and 
Hyaluronidase

Breaks down host ECM and promotes bacterial invasion.  [54]

Escherichia coli Hemolysin (HlyA) Causes cell membrane disruption by forming pores, leading to cell lysis.  [55]
LPS Promotes inflammation and immune cell activation through the TLR4 receptor.  [56]

Clostridium perfringens Alpha-toxin Phospholipase enzyme that breaks down host cell membranes, leading to tissue 
necrosis.

 [57]

Theta-toxin Forms pores in host cell membranes, contributing to tissue damage and bacterial 
survival.

 [58]

Klebsiella pneumoniae K1 capsular 
polysaccharide

Inhibits phagocytosis by immune cells and enhances bacterial survival.  [59]

Proteus mirabilis Urease Raises the pH in the wound environment, favoring bacterial survival and promoting 
tissue damage.

 [60]

Bacteroides fragilis Bacteriocins Inhibit host immune function and contribute to tissue degradation.  [61]
Acinetobacter 
baumannii

Outer membrane 
vesicles (OMVs)

Facilitate immune evasion by delivering virulence factors, including proteases and toxins, 
to host cells.

 [62]

Beta-lactamase Inactivates beta-lactam antibiotics, contributing to antibiotic resistance.  [63]
Fusobacterium 
necrophorum

Leukotoxin Kills immune cells, particularly neutrophils and macrophages, impairing immune re-
sponses and promoting infection.

 [64]

Prevotella spp. Proinflammatory 
proteases

Degrade host proteins and stimulate the production of inflammatory cytokines, perpetu-
ating chronic inflammation.

 [65]

Stenotrophomonas 
maltophilia

Metalloproteases Degrade host tissue proteins and promote bacterial colonization in chronic wounds.  [66]

Rhodococcus equi Virulence-associated 
proteins (VapA, VapB)

Modulate host immune response and promote bacterial survival within macrophages.  [67]

Vibrio vulnificus Cytolysins (e.g., VvhA) Disrupts host cell membranes, contributing to tissue necrosis and enhancing bacterial 
spread.

 [68]
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systemic effects [72, 73]. Graphene oxide and MWCNTs 
have shown promise in wound healing applications by 
regulating inflammatory signaling and reducing colo-
nization by pathogenic bacteria in diabetic ulcers. Their 
tunable surfaces also allow for selective functionalization 
to target microbial virulence pathways rather than caus-
ing broad-spectrum killing, an approach that aligns with 
microbiome-sensitive therapy [74]. At the same time, 
graphene has shown promise in biosensing and diagnos-
tic applications due to its excellent electronic properties 
[75].

Metallic nanoparticles including silver, zinc oxide 
(ZnO), titanium dioxide (TiO₂), and copper nanoparticles 
remain central to nanomedicine owing to their intrin-
sic antimicrobial activity. Silver nanoparticles (AgNPs) 
act through multiple mechanisms: releasing Ag⁺ ions 
that disrupt bacterial membranes, generating ROS, and 
binding thiol groups in enzymes to block essential meta-
bolic processes [76]. ZnO and TiO₂ nanoparticles induce 
oxidative stress and membrane damage, while copper 
nanoparticles release Cu²⁺ ions that impair amino acid 
synthesis and damage nucleic acids [77, 78]. Impor-
tantly, these nanoparticles are especially effective against 
biofilm-associated pathogens in chronic wounds, where 
conventional antibiotics often fail. By carefully control-
ling surface modifications and dosages, metallic nano-
materials can be tuned to reduce collateral damage to 

commensal bacteria, supporting microbiome preserva-
tion alongside pathogen clearance [79].

Beyond their antimicrobial roles, smart nanomateri-
als are increasingly being designed to reprogram host–
microbiome interactions. Functionalized nanoparticles 
can bind LPS to modulate TLR4 signaling, thereby damp-
ening excessive inflammation while promoting M2 mac-
rophage polarization and tissue repair. Beyond their 
antimicrobial roles, smart nanomaterials are increasingly 
being designed to reprogram host–microbiome inter-
actions. Functionalized nanoparticles can bind LPS to 
modulate TLR4 signaling, thereby dampening excessive 
inflammation while promoting M2 macrophage polar-
ization and tissue repair. Similarly, nanoparticle-induced 
ROS can activate NLRP3 inflammasomes, enhancing 
phagocytic clearance of pathogens. Another promis-
ing strategy involves engineering nanoparticles to inter-
fere with bacterial quorum sensing, thereby reducing 
virulence factor expression without causing widespread 
microbial eradication. These immunomodulatory and 
microbiome-sensitive strategies represent a paradigm 
shift moving from indiscriminate pathogen killing to 
restoring ecological balance and promoting healing. 
Taken together, the integration of metallic, carbon-based, 
and lipid nanoplatforms with immune-modulatory 
designs highlights the versatility of smart nanomaterials 
in addressing chronic infections.

Table 2  Selectivity of nanomaterials targeting harmful bacteria
Strategy Mechanisms of action Targeted 

bacteria
Nanomaterial Advantage Refer-

ence
Surface Func-
tionalization with 
Targeting Ligands

Functionalizing nanomaterials with specific 
ligands (e.g., antibodies, peptides) that bind to 
surface markers unique to pathogenic bacteria.

S. aureus, P. 
aeruginosa

AuNPs High specificity, reduces col-
lateral damage to beneficial 
bacteria

[80]

pH-Sensitive 
Nanomaterials

Nanomaterials activated in acidic environments, 
typical of infection sites, allowing for controlled 
release of antimicrobial agents.

Helicobacter 
pylori, and P. 
aeruginosa

Chitosan NPs, poly-
meric NPs

Targeted release at infection 
sites, minimal impact on 
healthy microbiome

[81]

Bacterio-
phage-based 
nanomaterials

Incorporating bacteriophages into nanomaterials 
to target specific pathogenic bacteria, leaving 
beneficial bacteria unaffected.

MRSA, E. coli, 
Salmonella 
spp.

Phage-functionalized 
NPs,

Selective targeting of 
pathogenic bacteria, reduces 
resistance development

[82]

Enzyme-respon-
sive nanomaterials

Nanomaterials that release antimicrobial agents 
upon interaction with bacterial-specific enzymes.

Clostridium 
difficile, S. 
aureus

Lipid-based NPs, 
chitosan NPs

Enzyme-triggered activation, 
reduced systemic effects

[83]

Antibody-
functionalized 
nanomaterials

Nanomaterials conjugated with antibodies to 
bind to and neutralize pathogenic bacteria 
specifically.

Salmonella 
spp., E. coli

Polymeric NPs, 
carbon-based 
nanomaterials

High specificity, targeted 
pathogen neutralization

[84]

Magnetic NPs Magnetic nanomaterials that can be targeted at 
infected tissues using an external magnetic field, 
selectively concentrating at infection sites.

S. aureus, E. 
coli

Iron oxide NPs 
(Fe3O4-NPs) magnetic 
nanocomposites

Enhanced targeting using 
magnetic fields, minimal side 
effects

[85]

AgNPs with pep-
tide conjugation

AgNPs are conjugated with antimicrobial 
peptides to enhance selective toxicity toward 
pathogenic bacteria.

S. au-
reus, E. coli, P. 
aeruginosa

AgNPs, peptide-func-
tionalized NPs

Synergistic antibacterial 
effect, selectivity due to pep-
tide targeting

[86]

Surface charge 
modification

Modifying the surface charge of NPs to selectively 
interact with the membranes of pathogenic 
bacteria while avoiding beneficial bacteria

P. aeruginosa polymeric NPs, silica 
NPs

Increased selectivity based 
on charge interactions, 
less impact on beneficial 
microbiota

[87]
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Mechanisms of selective nanotherapy
The concept of microbiome-friendly nanomaterials is 
built on the principle of selectivity, where the nanoma-
terial is designed to specifically interact with pathogenic 
bacteria while avoiding or minimally affecting beneficial 
bacteria. Several strategies have been explored to achieve 
this selectivity, as shown in Table 2:

One of the most effective approaches to ensuring 
selectivity is functionalizing nanomaterials with spe-
cific ligands that bind only to certain bacterial species 
or strains. These ligands can be proteins, peptides, anti-
bodies, or other biomolecules that have a high affinity for 
surface markers or receptors that are uniquely expressed 
by harmful bacteria, as shown in Fig. 3. For instance, 
pathogenic bacteria often express specific surface pro-
teins, LPS, or carbohydrates that are absent in beneficial 
microbiota. By conjugating nanomaterials with ligands 
that recognize these unique bacterial markers, research-
ers can ensure that the nanomaterials selectively bind to 
and disrupt harmful bacteria without affecting healthy 
microorganisms. For example, biotinylated anti-S. aureus 
polyclonal antibody-functionalized NPs can target spe-
cific pathogens such as S. aureus or E. coli by binding to 
surface antigens that are overexpressed on these bacteria 
but not commensal organisms. This strategy offers a high 
degree of specificity and minimizes the impact on the 
microbiome [88].

pH-responsive and enzyme-responsive platforms
On the other hand, pH-sensitive nanomaterial- The 
microenvironment of pathogenic infections often dif-
fers significantly from that of the surrounding tissue. 
Infections typically occur in sites where the pH is lower 
(e.g., inflamed tissues, abscesses), whereas healthy tis-
sues tend to have a more pH in neutral. Nanomaterials 
can be engineered to be pH-sensitive, allowing them to 
release antimicrobial agents or become active only in 
acidic environments [89]. This approach ensures that 
the nanomaterial will be activated primarily in the vicin-
ity of pathogenic bacteria, which thrive in such environ-
ments and will remain inactive in the more neutral pH of 
healthy tissues, pH-responsive NPs are commonly made 
using materials like chitosan, which undergoes proton-
ation in acidic conditions, leading to a release of encapsu-
lated drugs or antimicrobial agents at infection sites. This 
selective activation ensures that the nanomaterials target 
pathogens without significantly affecting the microbiome 
in other parts of the body.

Some nanomaterials are specifically engineered to be 
activated by enzymes that are overexpressed in patho-
genic bacteria. Certain enzymes are uniquely associ-
ated with bacterial cell walls or metabolic pathways and 
are absent or expressed at negligible levels in healthy 
microbiota. By designing nanomaterials responsive 
to these enzymes, it is possible to achieve selective 

Fig. 3  A) Surface functionalization of synthesized NPs with various active compounds. The surface of NPs was modified by incorporate antimicrobial 
drugs and natural compounds, enhancing their antimicrobial activity. These NPs were encapsulated and bridged with natural biomolecules, functional-
ized with proteins or peptides, enabling them to recognize pathogen-specific receptors. B) Mechanisms of surface-modified NPs in combating drug-
resistant pathogens. Proteins or peptides on the NPs facilitate their entry into the cell membrane. Active compounds, including antibiotics and natural 
compounds, inhibit virulence factors and essential proteins in pathogens, leading to the loss of their functionality. Metal or metal oxide-based NPs are 
highly reactive and induce ROS, mediating cell death
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activation and targeted antimicrobial delivery. In such 
enzyme-triggered release systems, the nanomaterials 
are coated or functionalized with substrates that can be 
selectively cleaved by bacterial enzymes. This cleavage 
event initiates the release of the encapsulated antimi-
crobial payload, ensuring activation only in the presence 
of pathogenic microorganisms. For instance, Li and co-
workers reported supramolecular gelatinase-responsive 
NPs (Van⊂SGNPs@RBC) as an effective antibacterial 
platform against Gram-positive and gelatinase-positive 
pathogenic bacteria. In this system, vancomycin is encap-
sulated within gelatin-based NPs and camouflaged with 
red blood cell membranes to enhance biocompat-
ibility and immune evasion. Upon reaching the infec-
tion site, the overexpressed bacterial gelatinase degrades 
the gelatin core, triggering the controlled release of 
vancomycin and enabling site-specific antibacterial 
action [90]. Another example involves esterase-degrad-
able antimicrobial nanosponges, which are engi-
neered by polymer-stabilizing self-assembled cationic 
poly(oxanorborneneimide) (PONI) scaffolds bearing gua-
nidine, maleimide, and tetraethyleneglycol monomethyl 
ether (GMT) groups around essential-oil cores, followed 
by crosslinking with dithiol-disulfide (DTDS). The result-
ing nanosponge network is susceptible to degradation 
by endogenous biomolecules, including glutathione and 
esterase enzymes, enabling a triggered structural break-
down that releases the antimicrobial payload at the infec-
tion site. These nanocomposites demonstrate potent 
activity against both Gram-negative and Gram-positive 
bacterial biofilms, while exhibiting no detectable cytotox-
icity toward mammalian fibroblast cells [91].

Bacteriophage mediates combat multi drug resistance 
pathogens
A promising approach for developing microbiome-
friendly nanomaterials involves the use of bacteriophages 
viruses that specifically infect bacteria. Bacteriophages 
are inherently selective, targeting specific bacterial strains 
while leaving the beneficial microbiota largely unaffected. 
Incorporating bacteriophages into nanomaterials, such 
as functionalized NPs, enables particular antimicrobial 
activity without disrupting commensal microorganisms. 
Phage-display technology has been utilized to engi-
neer nanomaterials capable of delivering bacteriophages 
directly to pathogenic bacteria, thereby increasing thera-
peutic efficiency and minimizing collateral damage to 
beneficial microbes [92].

A receptor-guided complementarity group (CG) 
strategy has been proposed to design broad-spectrum 
phage cocktails by combining phages that target distinct 
bacterial surface receptors, such as the type IV pilus, 
O-specific antigen/lipopolysaccharide (OSA/LPS), or 
flagella. This approach reduces the risk of simultaneous 

resistance development. In P. aeruginosa, a triple-phage 
cocktail (KIM-C1) comprising phages from distinct CGs 
achieved ≥ 96% killing efficacy against diverse clinical iso-
lates, including biofilm-associated strains, and demon-
strated enhanced antibacterial activity when combined 
with aztreonam in both in vitro assays and murine wound 
infection models. Similarly, in S. aureus, a CG-informed 
cocktail (KIM-C4) administered with vancomycin exhib-
ited broad-spectrum activity. Both species-specific 
cocktails could be co-administered to effectively treat 
polymicrobial infections without antagonistic interac-
tions [93]. In another study, Kunisch et al. reported that 
evolved lytic phages FJK.R9-30 and MK.R3-15, devel-
oped through a 30-passage in vitro biofilm evolution 
assay against MDR P. aeruginosa, displayed an expanded 
host range and enhanced antibiofilm activity [94]. The 
resulting two-phage cocktail effectively suppressed 
planktonic bacterial growth for up to seven days and 
significantly reduced biofilm biomass without the emer-
gence of dual resistance. Interestingly, resistance to one 
phage increased susceptibility to the other, while resis-
tant mutants exhibited reduced virulence and impaired 
biofilm formation. Additionally, Lu et al. 2021 demon-
strated that the phage-derived endolysin LysP108 exhib-
ited potent antibacterial activity against Gram-positive 
bacteria both in vitro and in vivo. Notably, combining 
LysP108 with antibiotics enhanced its therapeutic effect, 
suggesting a promising strategy to address the growing 
problem of drug resistance in Gram-positive pathogens 
[95].

Microbiome as a dynamic bio-indicator
Recent advancements in microbiome research have dem-
onstrated that disruptions to this microbial balance, are 
associated with various diseases, including gastrointes-
tinal disorders, autoimmune diseases, metabolic condi-
tions, and even mental health issues. With the increasing 
understanding of the microbiome’s role in health and 
disease, there has been growing interest in leveraging 
microbiome profiles as bio-indicators to optimize thera-
peutic strategies. By feeding real-time microbiome data 
into AI systems, healthcare practitioners could dynami-
cally adjust and personalize treatment regimens, improv-
ing therapeutic outcomes and reducing adverse effects.

The microbiome is not just a static collection of 
microbes; it is a dynamic ecosystem that can shift in 
response to environmental factors, diet, stress, and the 
use of medications like antibiotics. These shifts in micro-
bial composition can influence how the body responds 
to treatments, such as chemotherapy, antibiotics, and 
immunotherapy. For instance, a healthy, balanced micro-
biome can enhance immune responses and help miti-
gate the side effects of treatments, while an imbalanced 
microbiome may exacerbate the toxicity or reduce the 
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efficacy of the same therapies. Therefore, understand-
ing and monitoring an individual’s microbiome profile 
can offer deep insights into their overall health and their 
likely responses to various treatments [96].

Advances in metagenomic sequencing have allowed 
researchers to catalog the microorganisms present in 
the human microbiome at unprecedented depth, making 
it possible to map the microbial fingerprints associated 
with different health states and diseases. These microbial 
signatures can be used to not only predict disease risk but 
also forecast the likelihood of treatment success, offer-
ing a new paradigm in precision medicine. For example, 
a patient with cancer might have their microbiome ana-
lyzed to determine which microbial communities are 
present and how they correlate with immune function or 
drug metabolism. Preclinical studies have demonstrated 
that specific gut microbial populations significantly 
impact the effectiveness of therapies for chronic infec-
tions and immune regulation. For example, mice with 
depleted gut microbiota-achieved through germ-free 
housing or antibiotic treatment exhibited reduced 
responses to CTLA-4 blockade immunotherapy. Remark-
ably, the immune response could be restored by rein-
troducing specific bacterial strains such as Bacteroides 
fragilis, either alone or in combination with Bacteroides 
thetaiotaomicron or Burkholderia cepacian [97]. Further 
evidence underscores the role of bacterial strains isolated 
from immune-treated tumors, such as Bifidobacterium 
pseudolongum, Lactobacillus johnsonii, and Olsenella 
species, which enhanced the efficacy of immune check-
point inhibitors (ICIs) in preclinical models. Among 
these, Bifidobacterium strains improved immune cell 
function and promoted tumor infiltration, demonstrat-
ing their ability to augment therapeutic responses [98, 
99]. Additionally, strains like Lactobacillus paracasei 
SH2020 and Lactobacillus kefiranofaciens ZW18 have 
been shown to enhance the outcomes of immunothera-
pies further,, suggesting their potential role in address-
ing chronic infections and inflammatory conditions (Fig. 
4) [100, 101]. Emerging evidence indicates that specific 
microbial species, such as Akkermansia muciniphila and 
Faecalibacterium prausnitzii, influence tissue repair by 
modulating the immune microenvironment. These bac-
teria not only aid in controlling infection but also sup-
port tissue regeneration by reducing inflammation and 
promoting cell proliferation. Leveraging these microbial 
properties through advanced therapeutic platforms could 
significantly enhance regenerative processes in chronic 
wound healing and other tissue-related disorders.

Microbial metabolites have emerged as critical modu-
lators of immune responses, influencing therapeutic out-
comes. For instance, trimethylamine N-oxide (TMAO), 
a metabolite derived from gut microbial activity, has 
demonstrated the ability to stimulate immune activation 

and enhance the efficacy of immune checkpoint block-
ade (ICB) in mouse models of pancreatic cancer. butyr-
ate, a short-chain fatty acid produced by Roseburia 
intestinalis, has been associated with improved anti-
PD-1 efficacy against colorectal cancer (CRC) in mouse 
models [102]. Similarly, other members of the Clostridi-
ales order, such as Eubacterium hallii, Faecalibacterium 
prausnitzii, and Anaerostipes caccae, have demonstrated 
the ability to boost CD8 + T cell activation and facilitate 
their infiltration into tumors, thereby enhancing the 
therapeutic response in solid tumors [103]. Addition-
ally, indole-3-carboxylic acid (ICA), a metabolite derived 
from Lactobacillus gallinarum, has been shown to 
improve anti-PD-1 efficacy in mouse models with differ-
ent microsatellite instability (MSI) statuses [104]. These 
findings highlight the critical role of microbial metabo-
lites in modulating immune responses and improving 
the efficacy of checkpoint blockade therapies. Such find-
ings underscore the significance of microbial metabolites 
as potent bioactive molecules that can be harnessed to 
boost immunotherapeutic strategies and support tissue 
regeneration in chronic diseases.

The next frontier in microbiome research is real-
time microbiome profiling. With the advent of portable 
sequencing technologies, wearable devices, and high-
throughput sequencing platforms, it is now possible to 
monitor an individual’s microbiome in real-time. These 
technologies could continuously track fluctuations in 
microbial populations, offering valuable feedback on 
the state of the microbiome and how it is responding to 
external stimuli such as medication, dietary changes, or 
environmental factors. Real-time data collection can be 
handy in chronic disease management, where constant 
adjustments to treatment are often required. For exam-
ple, in the case of patients undergoing cancer treatment, 
real-time microbiome monitoring can provide feedback 
on how chemotherapy or immunotherapy is impact-
ing the gut microbiome. If the treatment causes a detri-
mental shift in microbial composition, leading to adverse 
effects like gastrointestinal distress or immune suppres-
sion, healthcare providers could intervene by adjusting 
the treatment regimen or introducing probiotic interven-
tions to restore microbial balance. Such dynamic adjust-
ments, driven by real-time microbiome data, offer the 
potential to optimize therapeutic outcomes and mini-
mize the adverse effects of treatment.

Critically, though dysbiosis worsens chronic inflam-
mation by promoting pathogen dominance and bio-
film tenacity, emerging data indicate that recapitulating 
microbial balance through targeted interventions may 
curtail AMR; yet, translating in vitro microbiome mod-
ulation to in vivo success remains challenging due to 
inter-individual differences in microbial assemblages. 
Moreover, the interaction between hyperglycemia-driven 
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Fig. 4  Mechanistic insights into how the gut microbiome and its metabolites modulate cancer immunotherapy outcomes. Specific microbes (Enterococ-
cus, Bacteroides fragilis, Lactobacillus rhamnosus GG, Saccharomyces cerevisiae, Roseburia intestinalis, Clostridium, Lactobacillus gallinarum, L. reuteri, Bifidobac-
terium pseudolongum, etc.) and their metabolites (butyrate, inosine, indole derivatives, TMAO, vitamin B5) regulate dendritic cell activation, T-cell function, 
and PD-1/PD-L1 signaling, thereby enhancing immune checkpoint inhibitor (ICI) responses (anti-PD-1, anti-PD-L1, anti-CTLA-4). Key mechanisms include: 
(A) Enterococci SagA-derived MDP/GMDP activating NF-κB/MAPK; (B) B. fragilis PSA promoting cytokine secretion and immune checkpoints; (C) L. rham-
nosus GG inducing IFNs and reducing PD-L2/RGMb; (D) yeast β-glucan activating DCs via Dectin-1/Syk &#x0026; TLR2/MyD88; (E) butyrate modulating 
IL-12, TCR signaling, NF-κB, MYC, and PD-L1; (F) L. gallinarum ICA inhibiting IDO1/Kyn–AhR–Treg axis, L. reuteri I3A driving IFN-γ+ CD8+ T cells via AhR; (G) 
B. pseudolongum inosine activating A2AR, promoting Th1 differentiation, and supporting CD8+ metabolism and neoantigen recognition; (H) microbial 
TMAO inducing ER stress and pyroptosis via PERK–GSDME; (I) vitamin B5 enhancing OXPHOS to drive CD8+ Tc22 differentiation. Adapted from [105]
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immune impairment and hypoxic niches highlights a 
vicious cycle for pathogen recalcitrance, yet prevalent 
therapies fail to account for this multifactorial etiology, 
requiring integrated strategies that target both microbial 
and host determinants for durable outcomes.

Smart nanomaterials in infection control
Sustainability has also emerged as a central theme in 
modern biomedical innovation that are biocompatible, 
biodegradable, and environmentally responsible, mini-
mizing ecological harm while maintaining therapeutic 
efficacy. In sharp contrast to the environmental disad-
vantages of conventional synthetic metal-based alterna-
tives, this section promotes smart green nanomaterials 
as environmentally friendly platforms that not only fight 
infections but also Support microbial balance and tissue 
regeneration, in Light of the microbiome disruptions dis-
cussed in the previous section regarding chronic wounds. 
Given the central role of microbiota in the persistence 
and recurrence of infections, there is a growing need for 
therapeutic platforms that not only offer Antimicrobial 
efficacy but also minimize toxicity and environmental 
burden. Nanotechnology has enabled the development 
of nanomaterials, typically 1–100 nm in size, which offer 
high surface area, tunable reactivity, and efficient drug 
delivery capabilities. Green nanomaterials, in particular, 
present a sustainable alternative to synthetic counter-
parts due to their biodegradability, biocompatibility, and 
eco-friendliness. Unlike conventional antibiotics, these 
nanomaterials often target pathogens via non-traditional 
mechanisms such as membrane disruption, oxidative 
stress, and metal ion release, making them effective even 
against multidrug-resistant organisms. As illustrated in 
Fig. 5, diverse nanomaterial-based strategies have been 
developed to combat planktonic bacterial infections, 
ranging from SNAPP-induced membrane destabilization 
and polymeric nanoparticle drug carriers to aptamer–
antimicrobial peptide conjugates, ROS-generating nano-
zymes, and micellar systems that disperse biofilms [106, 
107]. Key elements of sustainable materials include: (i) 
biodegradability to prevent environmental accumulation, 
(ii) biocompatibility for safe interaction with biological 
tissues, (iii) green synthesis using renewable resources, 
and (iv) low toxicity and minimal bioaccumulation in 
ecosystems.

Among these, chitosan a naturally derived polyca-
tionic biopolymer from chitin, has attracted attention 
for its potent antibacterial and antifungal properties. 
Its positively charged surface allows interaction with 
the negatively charged bacterial membranes, leading to 
membrane destabilization and cell lysis. These prop-
erties, combined with its mucoadhesive nature, make 
it suitable for wound healing, tissue engineering, and 
drug delivery applications [108]. Similarly, nanocellulose 

(NC), isolated from plant and bacterial sources, exhibits 
exceptional mechanical strength, hydrophilicity, and bio-
compatibility. NC scaffolds and hydrogels not only pro-
mote wound Healing and patient comfort but also serve 
as platforms for 3D bioprinting due to their high surface 
area and porosity [109]. Additionally, materials derived 
from algae, like fucoidan, have been shown to possess 
intrinsic antibacterial and antiviral properties.

Green nanomaterials can be synthesized via biological 
or “green” routes using microorganisms such as bacte-
ria, fungi, algae, and plant extracts, which act as reduc-
ing and stabilizing agents [110, 111]. Silver nanoparticles 
(AgNPs) derived from plant extracts are considered sus-
tainable because they are synthesized using biological 
reducing agents such as phytochemicals rather than haz-
ardous chemicals [112]. This green synthesis approach 
reduces energy consumption, avoids toxic byproducts, 
and enhances biocompatibility and antimicrobial efficacy. 
Fucoidan, an algal polysaccharide, is particularly noted 
for its antiviral and antibacterial activity and is being 
explored for use in anti-infective coatings [113].

Despite their therapeutic potential, conventional 
metal-based nanomaterials (e.g., silver, gold, titanium 
dioxide) are considered environmentally unsustain-
able due to their persistence, poor biodegradability, and 
potential toxicity [114]. These materials can accumulate 
in aquatic and terrestrial ecosystems, disrupt microbial 
communities, and interfere with nutrient cycling [115, 
116]. These materials are difficult to degrade naturally 
and may accumulate in aquatic or terrestrial ecosystems, 
posing risks to microbial communities, plants, and ani-
mals. These concerns are supported by recent research. 
For example, it has been demonstrated that AgNPs can 
accumulate in aquatic environments and disrupt micro-
bial nitrogen cycling, with bioaccumulation factors (BCF) 
in algae exceeding 100 [117]. Meanwhile, titanium diox-
ide NPs have been shown to exhibit long-term ecotox-
icity by causing oxidative stress in soil microbes, which 
can result in a 50% reduction in enzymatic activity [116]. 
Chronic exposure to non-biodegradable carbon nano-
tubes has been associated with pulmonary inflammation 
in humans through activation of the NLRP3 inflamma-
some [118]. The nanomaterils disposal through medical 
waste or biosolids can lead to contamination of soil and 
water, affect nutrient cycling, and disrupt ecological bal-
ances. For example, AgNPs can accumulate in aquatic 
ecosystems, impacting essential microbial communities, 
while titanium dioxide NPs are known to leach into water 
systems, contributing to long-term pollution [119, 120].

In terrestrial systems, non-biodegradable nanomateri-
als can disrupt the enzymatic functions of beneficial soil 
microbes and interfere with plant-mycorrhizal interac-
tions. Carbon nanomaterials like graphene oxide have 
been shown to affect nitrogen fixation and organic matter 
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decomposition [121, 122]. Metal oxides such as ZnO 
and CuO impair microbial enzymes vital for nutrient 
cycling, while AgNPs may reduce the population of ben-
eficial bacteria in wastewater treatment, compromising 

efficiency [117]. The impact extends to aquatic life as well 
ZnO and CuO NPs release metal ions (Zn²⁺ and Cu²⁺), 
disrupting homeostasis in aquatic organisms. ZnONPs 
affect zebrafish embryonic development, and AgNPs 

Fig. 5  Nanomaterial-based strategies can be used to combat planktonic bacterial infections. These include SNAPP-induced membrane destabilization, 
polymeric NP delivery, aptamer–AMP conjugates, silica-based antibiotic carriers, ROS-generating iron oxide nanozymes, and micellar biofilm dispersal 
systems. This figure adapted from [107]
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have been shown to reduce ovarian size in Drosophila 
[123]. Furthermore that Zinc oxide NPs (ZnONPs) can 
negatively impact zebrafish embryos, resulting in abnor-
mal development and increased death rates [124]. In 
another study exposure of AgNPs to Drosophila reduced 
ovary size and fecundity, fertility and gender ratios of the 
offspring were unaffected [125]. Earthworms exposed to 
TiO₂ NPs lose reproductive rhythm, a critical ecologi-
cal function [126]. Additionally, carbon-based NPs may 
shorten lifespans in pollinators, affecting plant biodiver-
sity [117].

Bioaccumulation and biomagnification
Non-biodegradable NPs can accumulate in species’ bod-
ies, causing biomagnification in the food chain as shown 
in Fig. 6. The increasing buildup of these chemicals com-
plicates top predatory animals’ health and reproduc-
tive adaptability. Bioaccumulation is harmful not only 
to animals but also to humans who consume contami-
nated food sources. It has been claimed that NPs may 
cross the placenta and result in poor fetal development. 
Experiments conducted on several animal embryogenesis 
models, including rodents and zebrafish, validated the 

transference of NPs (TiO2, Au, SiO2, carbon, and quan-
tum dots) from mother to fetus via the placenta [127]. 
Nanomaterials, particularly silver and titanium dioxide 
NPs, have been shown to accumulate in the liver and kid-
neys of fish, negatively affecting their physiologic func-
tioning and increasing the mortality rate. Furthermore, 
research has shown that bioaccumulated nanomaterials 
may alter endocrine action in higher trophic-level spe-
cies, leading to reproductive failures and population 
reductions. Consumption of contaminated seafood may 
pose serious health concerns to people, including neu-
rotoxicity and weakened immune responses. The trans-
mission of nanomaterials across many trophic levels may 
exacerbate their toxicity, raising significant issues about 
ecosystem health and human safety [128].

Toxicological risks and human health implications of non-
biodegradable nanomaterials
Non-biodegradable nanomaterials like AgNPs, AuNPs, 
PtNPs, and Fe₃O₄ NPs are widely used in industrial, 
medical, and agricultural settings. However, their per-
sistence in the environment raises serious toxicological 
concerns, such as lung toxicity (inflammation, fibrosis, 

Fig. 6  Environmental concerns associated with the anthropogenic release of non-biodegradable nanomaterials. Industrial discharge, nanopesticides, 
and medical applications contribute to the release of NPs (AgNPs, AuNPs, Fe₃O₄ NPs, PtNPs) into the environment. These pollutants bioaccumulate in 
cattle, contaminate soil and crops, and leach into groundwater, ultimately affecting aquatic life
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and respiratory dysfunction), skin toxicity (allergic reac-
tions and dermatitis), liver damage (oxidative stress and 
lipid peroxidation), kidney toxicity (nephrotoxicity and 
filtration interference), and cardiovascular problems 
(endothelial dysfunction and arterial plaque formation). 
As shown in Fig. 7. These NPs can cause harm through 
mechanisms such as oxidative stress, bioaccumulation, 
and DNA damage, ultimately leading to chronic illnesses 
and cancer. Prolonged exposure by inhalation, ingestion, 
or skin contact heightens these dangers. To lessen toxic-
ity, mitigation techniques may include stronger restric-
tions, improved waste management, and biodegradable 
alternatives [118, 129].

Additionally, studies have demonstrated that bioaccu-
mulated nanomaterials may change the way hormones 
function at higher trophic levels. According to Verma et 
al. (2017), zebrafish embryos may be adversely affected 
by zinc oxide NPs (ZnONPs), leading to aberrant devel-
opment and a higher mortality rate [124]. Another study 
found that while AgNPs exposure decreased ovary size 
and fecundity in Drosophila, it had no effect on the off-
spring’s fertility or gender ratios. An essential ecological 

function, the reproductive rhythm, is lost in earthworms 
exposed to TiO₂ NPs. Furthermore, pollinator lifespans 
may be shortened by carbon-based NPs, which would 
impact plant biodiversity. These effects highlight how 
urgent it is to use green substitutes, such as nanocellu-
lose scaffolds, which break down innocuously and sup-
port microbial homeostasis in chronic wound settings, 
encouraging infection control innovation without endan-
gering ecosystems [124].

Green innovations
To mitigate the environmental and health challenges 
posed by traditional nanomaterials, attention is shift-
ing toward green nanomaterials derived from sus-
tainable sources. These materials including chitosan, 
cellulose nanocrystals (CNCs), and plant-derived poly-
mers offer intrinsic biocompatibility, lower toxicity, and 
often stimulate host tissue regeneration [130]. Figure 8 
shows the various applications of green biodegradable 
nanomaterials.

Fig. 7  Health impacts of non-biodegradable nanomaterials (AgNPs, AuNPs, Fe₃O₄ NPs, PtNPs) on human health. Exposure to these NPs has been associ-
ated with multiple toxicities, including skin disease, indigestion, lung disease, liver damage, heart disease, kidney damage, and colon cancer
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Chitosan NPs for infection control
Chitosan, composed of β-(1–4) N-acetyl glucosamine 
and D-glucosamine repeating units, possesses native 
amine groups that are protonated at physiological pH. 
This cationic nature enables strong mucoadhesive 
interactions and contributes to its potent antimicro-
bial activity. Chitosan-based NPs can adhere to mucus 
membranes, facilitating prolonged and localized drug 
release, and are widely utilized in wound healing, ocular 
therapy, periodontal and cardiac repair, and orthopedic 
tissue regeneration [131]. Its biocompatible and biode-
gradable properties have led to its application in wound 
healing, ocular, periodontal, cardiac, bone, and cartilage 
tissue regeneration. Multiple delivery routes including 
oral, transdermal, vaginal, ocular, and nasal have been 
explored to optimize the therapeutic use of chitosan NPs. 
The antibacterial mechanism of chitosan involves elec-
trostatic interaction with negatively charged bacterial 
membranes, leading to disruption of membrane integ-
rity and bacterial cell death. Chitosan NPs exhibit strong 
efficacy against both Gram-positive and Gram-negative 
strains. AgNPs chitosan composites further enhance 
antibacterial potency, showing significant inhibitory 
effects against E. coli and S. aureus [132, 133]. In regen-
erative medicine, injectable chitosan-based hydrogels 
have supported bone tissue formation. A study by Li et al. 
(2021) demonstrated excellent in vivo regeneration when 

synovial mesenchymal stem cells (MSCs) were delivered 
via hybrid chitosan–polycaprolactone (PCL) scaffolds 
[134, 135].

Cellulose nanocrystals in tissue regeneration
Cellulose nanocrystals (CNCs), rod-shaped NPs derived 
from plant fibers such as wood pulp, bamboo, and cotton, 
are characterized by high stiffness, mechanical strength, 
and surface functionality [136, 137]. Their abundance of 
hydroxyl groups enables scaffold formation and facilitates 
cell adhesion via electrostatic and hydrogen bonding 
interactions. CNCs have been effectively incorporated 
into hydrogel matrices to support cellular differentiation 
and proliferation, functioning as excellent ECM mimet-
ics [138]. In tissue engineering, CNC-based constructs 
have demonstrated non-toxic behavior and strong regen-
erative potential in wound healing, cartilage repair, and 
osteogenesis [139]. In vivo murine studies further sup-
port their use, revealing superior tissue integration and 
structural support during regeneration [140].

Plant-derived polymers for sustainable nanomaterials
Plant-derived polymers offer an environmentally friendly 
and non-toxic approach to nanomaterial synthesis. 
Among the most studied are starch, lignin, and polylactic 
acid (PLA), which have been applied in tissue scaffolds, 
drug delivery systems, and biomedical devices [141]. 

Fig. 8  Applications of green biodegradable nanomaterials: This figure shows how different green nanomaterials like chitosan, cellulose nanocrystals, 
starch, lignin, and polylactic acid are used in medicine. These materials support wound healing, drug delivery, antimicrobial treatment, antioxidant protec-
tion, and tissue engineering, making them valuable for safe and sustainable healthcare solutions
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Starch is a hydrophilic polysaccharide composed of amy-
lose and amylopectin, offering biocompatibility and cost-
effectiveness. Starch-based hydrogels, when cross-linked 
with other polymers, show structural stability and envi-
ronmental responsiveness. In one example, Saracoglu et 
al. (2023) developed starch-based nanogels cross-linked 
with PEGDE to deliver vancomycin effectively against 
oral mucositis pathogens [142]. Electrospun scaffolds 
combining starch and poly(3-hydroxybutyrate) (PHB) 
exhibit enhanced tensile strength and biodegradability, 
supporting MG-63 cell viability and bone regeneration 
[143]. These scaffolds demonstrated up to 15.5 MPa ten-
sile strength and were bead-free, indicating quality fiber 
formation. Lignin, a renewable polyphenolic polymer, 
has gained attention for its antioxidant and antibacterial 
effects. Lignin-based nanomaterials including hydro-
gels and 3D bioprinting scaffolds have shown low cyto-
toxicity, high mechanical stability, and wide applicability 
in tissue engineering [144]. Lanka et al. (2018) showed 
that glycinated kraft lignin hydrogels cross-linked with 
carbodiimide achieved favorable mechanical and bio-
compatibility profiles. PLA, a thermoplastic polymer 
synthesized from corn and vegetable waste, exhibits high 
rigidity, biodegradability, and human tissue compat-
ibility [145]. PLA-based scaffolds have shown excellent 
mechanical properties for musculoskeletal applications, 
offering tunable degradation rates suitable for regenera-
tive strategies [146].

Sustainable healing paradigm
The concept of sustainable healing integrates effective 
clinical outcomes with environmental stewardship. It 
addresses the negative ecological footprint of modern 
medicine including hazardous waste, pharmaceutical 
runoff, and high energy and water usage and promotes 
therapies that reduce environmental impact while sup-
porting patient well-being [147, 148].  Green nanoma-
terials lie at the heart of this transition. Derived from 
natural polymers like chitosan, lignin, and cellulose, these 
materials are engineered to be biodegradable, non-toxic, 
and biocompatible. For example, chitosan-derived NPs 
(CDNPs), fabricated through ion gel and solvent evapo-
ration techniques, have demonstrated high cytotoxicity 
against breast, lung, and colon cancer cells, with mini-
mal impact on healthy cells. Computational modeling 
further validated their favorable pharmacokinetics and 
delivery properties [149]. Green-synthesized ZnONPs 
are sustainable due to their green production using plant 
or microbial reducing agents, which eliminates the need 
for toxic chemicals. These NPs demonstrated superior 
antibiofilm activity and wound healing efficacy com-
pared to conventional antibiotics, while also reducing 
environmental toxicity. NPs When tested against MRSA-
ATCC430, ZnONPs at 65.5 µg/mL inhibited ~ 51% 

bacterial adhesion and outperformed vancomycin in 
antibiofilm assays. Cellulose nanofiber hydrogels, applied 
in porcine punch-biopsy models, achieved ~ 70% wound 
closure within 14 days significantly better than conven-
tional carboxymethyl cellulose dressings highlighting 
their regenerative superiority [150]. These nanomaterials 
are typically synthesized using plant or microbial reduc-
ing agents, avoiding toxic chemicals like sodium borohy-
dride or hydrazine that are used in traditional methods 
[130, 151]. This green synthesis pathway reduces produc-
tion energy requirements and toxic byproducts. Beyond 
material innovation, sustainable healing also encom-
passes institutional practices reducing hospital plastic 
waste, optimizing energy and water usage, and adopting 
telemedicine to cut carbon emissions. By prioritizing 
these smart green nanomaterials, we can achieve effec-
tive infection control in chronic wounds while restoring 
microbial balance and accelerating healing, paving the 
way for environmentally responsible therapies. By align-
ing therapeutic design with ecological principles, sus-
tainable healing represents a transformative paradigm 
that prioritizes both planetary health and medical effi-
cacy. The integration of green nanomaterials into clinical 
practice has the potential to redefine infection manage-
ment and regenerative therapy for a sustainable future. 
To provide a consolidated overview, Table 3 compares 
the antimicrobial, biofilm-inhibitory, cytocompatibility, 
and wound-healing features of nanomaterials and hybrid 
systems.

Dynamic hybrid nanomaterials for dual 
antimicrobial and regenerative therapy
Although NPs offer promising alternatives, the risk of 
“nanoresistance” and toxicity from inorganic NPs used 
alone has highlighted the need for safer and smarter 
drug delivery systems. Hybrid nanomaterials, typi-
cally formed by integrating inorganic NPs (e.g., AgNPs, 
ZnO) with natural polymers (e.g., chitosan, gelatin, cel-
lulose), are specifically designed to retain the strong 
antibacterial efficacy of metals while reducing their tox-
icity through controlled release, improved stability, and 
enhanced biocompatibility. Engineering hybrid nanoma-
terials that respond to local physiological cues such as 
pH, temperature, enzymatic activity, or oxidative stress 
can significantly enhance the precision and efficacy of 
antibacterial therapies. In chronic wounds, the patho-
logical microenvironment typically presents with acidic 
pH, elevated enzymes, ROS overproduction, and bacte-
rial biofilms that hinder healing. Smart nanoplatforms 
can be programmed to release their therapeutic payloads 
in response to these cues, ensuring localized activity and 
minimal systemic toxicity. Figure 9 illustrates how hybrid 
NPs intervene in this cycle dampening immune-driven 
inflammation while supporting epithelial repair and 
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reducing bacterial survival at the wound site. This dual 
antimicrobial and regenerative action underscores their 
therapeutic superiority for chronic wound management 
[152]. The following subsections outline key smart mate-
rial strategies and functional outcomes, highlighting how 
hybrid nanomaterials through pH-responsive systems, 
peptide or polysaccharide conjugation, multifunctional 
hydrogels, antibiotic resistance modulation, and enzyme-
based nanozymes translate these dual actions into clini-
cally relevant wound-healing solutions. 

Smart material mechanisms and functional outcomes
pH-responsive hydrogels for targeted drug release
To address chronic infections and drug-resistant patho-
gens, stimulus-responsive smart hybrid nanomaterials 
have emerged as promising therapeutic systems. These 
materials overcome limitations associated with tradi-
tional nanoparticle-based delivery such as weak tis-
sue penetration, incomplete drug release, and off-target 
effects by responding to disease-specific microenviron-
mental cues. Infected and wounded tissues often exhibit 
altered conditions such as lower pH, elevated ROS, 

Table 3  Comparative properties of nanomaterials/systems for chronic infection and wound healing

Fig. 9  Schematic representation of chronic wound infection and hybrid nanoparticle intervention. A: microbial pathogens (e.g., E. coli, S. aureus) initiate 
inflammation, neutrophil migration, and cytotoxin release, worsening tissue injury. B: hybrid NPs reduce inflammation, promote epithelial repair, and 
enhance bacterial clearance, collectively supporting wound healing
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higher local temperature, and enzyme overexpression. 
Smart hydrogels exploit these physiological differences 
to trigger localized drug release at the site of infection 
or tissue damage, enhancing therapeutic precision and 
minimizing damage to healthy tissues. For example, an 
octapeptide (IKFQFHFD)-based biocompatible hydro-
gel demonstrated acidic pH-responsive release at pH 5.5, 
leading to effective biofilm eradication and activation 
of wound healing via membrane and cell wall disrup-
tion mechanisms [153]. Another study developed pH/
ROS dual-responsive metformin-released-enhanced self-
healing bifunctional polyethylene glycol-co-poly(glycerol 
sebacic acid)/dihydrocaffeic acid and L-arginine co-
grafted chitosan hydrogel to enhance wound healing 
through decreased inflammation and enhanced angio-
genesis in a rat type II diabetic model. This study also 
confirmed the wound-healing ability of graphene oxide 
(GO)/metformin (Met) hydrogels in vivo, indicating 
their wound healing-promoting effect in diabetic wounds 
[154]. A new strategy was developed to design pH-
responsive hydrogel dressing H-A/SA/P-ZIF (HASPZ), 
which showed antibacterial and wound healing proper-
ties but also has dual pH responsiveness to avoid overuse 
of medication while effectively treating second-degree 
burns [155]. Chitosan/metal hybrid NPs synthesized via 
ionotropic gelation exhibited combined antibacterial and 
tissue regenerative capabilities, suggesting translational 
promise [156].

Peptide- and polysaccharide-conjugated metal NPs for 
enhanced antimicrobial and healing effects
Similar to other NPs, AgNPs also exhibit their antimi-
crobial properties but their toxicity limits their applica-
tions. The tripeptides glycyl-L-histidyl-L-lysine (Ghk) 
and copper peptide (GhkCu) are native to human plasma 
or saliva and promote wound healing and angiogen-
esis. When these tripeptides conjugated with AgNPs 
enhanced synergistic antibacterial, anti-inflammatory 
and wound healing properties with least toxic effects 
towards four gram positive and negative strains such as S. 
aureus, S. mutans, E. coli, and P. aeruginosa respectively 
[157]. Conversely, the use of polysaccharides or oligo-
saccharides from marine algae connected with AgNPs 
and antimicrobial peptides (AMR), odorranain A (OA) 
known as AGO-AgNPs-OA exhibited stronger antimi-
crobial activity than AGO-AgNPs indicating their good 
biocompatibility and significant wound healing ability 
[158]. The development of a photothermal antibacterial 
composite hydrogel composed of Fe²⁺ cross-linked car-
boxymethyl chitosan (FeCMCS), melanin NPs (MNPs), 
and the pro-healing peptide CyRL-QN15 has shown 
excellent efficacy. This system enhanced keratinocyte 
and fibroblast proliferation and migration, while exhibit-
ing strong antibacterial activity (> 95% kill) against both 

gram-positive and gram-negative bacteria. In vivo, the 
hydrogel inhibited MRSA, promoted collagen deposition, 
and remodeled the inflammatory microenvironment key 
processes for chronic wound healing [159]. To increase 
porosity, hemocompatibility, biocompatibility as well as 
antimicrobial activity, prohealing peptide RL-QN15 was 
loaded into hollow silica NPs (HSN) and combined with 
zinc alginate (ZA) to obtain HSN@RL-QN15/ZA hydro-
gel. The synthesized hydrogel further enhanced skin cell 
proliferation, keratinocyte scratch repair, reduced inflam-
mation, improved angiogenesis, and re-epithelialization 
and tissue formation thus enhancing chronic wound 
healing [160].

Multifunctional hydrogels with adhesive, self-healing, and 
photothermal properties
In another study, a multifunctional wound dressing 
was developed using a polysaccharide/metal/polyphe-
nol double-crosslinked hydrogel (CA-ECS/OP/Zn²⁺). 
This platform exhibited strong adhesion, injectability, 
and enhanced mechanical strength while maintaining 
biodegradability and biocompatibility. In addition, the 
hydrogel showed potent antioxidant and antimicrobial 
properties, collectively supporting its role as a versatile 
wound-healing material. Its superior performance was 
validated in vivo against MRSA-infected wounds, where 
it accelerated closure, reduced wound length, and pro-
moted collagen deposition (Fig. 10).

Further. the study also conducted in the wounded rat 
model showed their significant anti-inflammatory, angio-
genic, and folliculogenic properties, thus promoting 
wound regeneration and healing ability [162]. Consider-
ing this fact, a study developed dual dynamic-bond cross-
linking between Fe, PA containing aldehyde groups and 
quaternized chitosan, (QCS) adhesive hydrogels dressing 
that could repeatedly close the wound to prevent infec-
tion and delay healing. Further, the sensitive coordinate 
bond of catechol-Fe and dynamic Schiff base bonds 
improved the mechanical properties of the hydrogel as 
well as their injectability and self-healing properties, thus 
making the adhesive hydrogel a smart wound sealant to 
heal infected wounds and improve tissue regeneration 
in vivo. Additionally, this study also compared the heal-
ing effects of QCS-PA@Fe10 hydrogel and QCS-PA@
Fe10 hydrogel with NIR irradiation after MRDS-infection 
along with the wounds treated with pure QCS and Tega-
derm dressings [161]. The results showed that compared 
all other hydrogels treated, hydrogel treated with NIR 
irradiation showed more contraction of wound indicating 
better healing efficacy, (Fig. 11).

The self-healing hydrogels can initiate self-repair in 
the wounding site after application [166, 167]. Therefore, 
the development of conductive self-healing and adhe-
sive hydrogels based on N-carboxyethyl chitosan (CEC), 
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Fig. 10  In vivo MRSA-infected wound healing evaluation of the adhesive hydrogel Schematic of the experimental workflow in rat models (A), representa-
tive wound images and wound closure progression (B), histological analysis of skin tissues on Days 5 and 13 (C), and quantitative assessment of wound 
closure rate (D), wound length (E), and collagen deposition (F). The CA-ECS/OP/Zn²⁺ hydrogel demonstrated accelerated wound closure, reduced wound 
length, and enhanced collagen deposition compared with controls, confirming its superior healing efficacy. This figure adapted from [161]
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benzaldehyde-terminated pluronic F127/carbon nano-
tubes (PF127/CNTs) are used to treat bacterial-infected 
wound repair [163]. In DFU disease, hypoxia generation 
causes impaired angiogenesis and prolonged inflam-
mation associated with bacterial infection. Therefore, a 
study was conducted to develop injectable hydrogel using 

hyaluronic acid-graft-dopamine (HA-DA) and polydopa-
mine (PDA) coated Ti3C2 MXene nanosheets that were 
cross-linked by an oxyhemoglobin/hydrogen (HbO2/
H2O2) along with mild photothermal stimulation effect. 
Hydrogel containing HbO2 performs dual functions, i.e., 
it acts as horseradish peroxidase-like to catalyze hydrogel 

Fig. 11  Hydrogel-mediated wound healing in S. aureus-infected wounds. (A) Representative wound images across different treatments (Control, QCS, 
Hydrogel, Hydrogel + NIR) on Days 0, 3, 7, and 21. (B) Wound size measurements showing progressive contraction. (C) Quantitative wound contraction 
analysis indicating enhanced healing with Hydrogel + NIR treatment. (D) Schematic illustration of wound healing phases (hemostasis, inflammatory, 
proliferation, and remodeling). (E) Histological examination at different magnifications confirms superior re-epithelialization, reduced inflammation, and 
tissue regeneration with Hydrogel + NIR. Adapted from [162–165]
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formation but also carries oxygen and release in a sus-
tainable manner upon near-infra red exposure (NIR). The 
presence of MXene in the hydrogel is responsible for the 
continuous oxygen release and to scavenge excessive ROS 
including H2O2, O2•–, and •OH, thus aiding in intracel-
lular redox homeostasis to heal infections caused by bac-
teria. Overall, MXene-based hydrogel promotes tissue 
adhesion, self-healing ability, injectability, and homeo-
stasis upon mild photothermal effects that stimulate dia-
betic wound healing [168].

Strategies to combat antibiotic resistance using nano-
delivery systems
Bacterial multidrug efflux pumps are the major contribu-
tors to antibiotic resistance formation in microbial patho-
gens. Therefore, discovering the nanosystems inhibiting 
multidrug efflux can maximize the antibiotic effect and 
promote efficient healing of chronic wounds. Therefore, 
a study used dual molecules such as ciprofloxacin (CIP) 
and an efflux inhibitor 5-Nitro-2-(3-phenylpropoxy) 
pyridine (5-NPPP) were used to synthesize and deliver 
together with an antibiotic can re-sensitize pathogen 
against antibiotics and simultaneously treat the infec-
tions. Similarly, to improve sustained release of the drug 
and to re-sensitize fluroquinolone-resistant strain, CIP 
was loaded into PLGA microspheres in combination with 
ginsenoside Rh2 to treat S. aureus-induced skin infec-
tions [169]. Another study reported the use of CIP loaded 
hydrogels decreased the wound contraction and promote 

epithelialization without affecting the granulation tissue 
deposition and remodeling during the healing process 
[170]. In another work, the combination of cyclodextrin 
(CDs) with agar to render chemically cross-linked hydro-
gels with drugs by the formation of inclusion complexes 
or ionic bonds with polysaccharide enhanced loading 
ability, dually controlled delivery, release profile based on 
CD affinity and tunable external stimuli such as pH and 
ionic strength [171]. An interesting study used peptides 
such as Ghk, GhkCu-modified AgNPs that promoted 
cell migration and proliferation in dermal fibroblasts in 
wounding sites by exhibiting anti-bacterial effects against 
S. aureus and E. coli (Fig. 12). These tripeptides-modified 
AgNPs also enhanced tissue regeneration, increased epi-
dermal thickness, collagen deposition, and reduced TNF-
alpha expression to promote wound healing mechanism.

Synergistic effects of antimicrobial peptides, polysaccharides, 
and enzymes in hybrid nanomaterials
Recent studies showed a synergistic effect of using anti-
microbial peptide and NPs together to enhance the over-
all antibacterial effect and to overcome conventional 
antibiotic-related disadvantages. In this line, a study used 
peptide-conjugated phage-mimicking NPs (PhaNP@
Syn71) to improve wound size and enhance infection-free 
wound healing in vitro and in vivo. The phage-mimicking 
NPs are considered advantageous because of their evolu-
tionary constant shape, improved antibacterial effect, and 
lack of immune reactions in the human body [166]. Using 

Fig. 12  In vitro and in vivo antibacterial evaluation of Ghk- and GhkCu-modified AgNPs. (A) In vitro antibacterial activity against E. coli, S. aureus, P. aerugi-
nosa, and S. mutans, showing bacterial viability, inhibition zones, and morphological changes under SEM. (B) SEM images highlight bacterial membrane 
disruption after treatment. (F) In vivo therapeutic efficacy of GhkAgNPs and GhkCuAgNPs in S. aureus–infected wounds in Balb/c mice, including wound 
healing progression, wound area quantification, histological evaluation, and cytokine analysis. This figure was adapted from [157]
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ultra-short anti-microbial peptides (USAMPs) has gained 
structural and economic advantages over AMPs, such as 
improved mammalian cell toxicity, enhanced potency, 
and reduced cost. Therefore, a study used WOW peptide 
conjugated with AgNPs to study the antibacterial effect 
on various pathogens such as S. aureus, E. coli, MRSA, 
and ESBL E. coli.

The result showed that AgNPs conjugated with 
WOW-peptide showed the highest antibacterial effect 
compared to WOW peptide, thus demonstrating their 
potential against bacterial infection with the least toxic-
ity [168]. Another study used peptide-AgNPs conjugates 
using myristoyl tetrapeptide 6 (MT6) or copper tripep-
tide 1 (CuTP1) to compare wound healing capacity with 
peptide-free AgNPs. The conjugated peptide (MT6) 
with AgNPs exhibited 71.97 ± 4.35% wound closure with 
enhanced wound Healing ability that is 2.82-fold better 
than CuTP1 respectively [172].

Apart from peptides, polysaccharides also have poten-
tial in wound healing and anti-bacterial effect due to their 
high biocompatibility and physicochemical properties. 
For instance, a study used agarose polysaccharides/oligo-
saccharides from marine red algae for AgNPs synthesis 
and further used odorranain A (OA) to synthesis novel 
AGO-AgNPs-OA. This study showed AGO-AgNPs-OA 
had the strongest antibacterial effect and wound healing 
property compared to AGO-AgNPs respectively [158]. 
Another interesting used covalently grafted quater-
nary ammonium groups (QAGs) containing 12-carbon 
straight-chain alkanes to the dextran polymer skeleton. 
Further, the product obtained from the above reaction 
was oxidized into quaternized dextran (OQD), which 
is high in antibacterial QAGs and aldehyde groups. The 
resulting QAGs can react with glycol chitosan (GC) via 
Schiff-base reaction to form GC@OQD hydrogel with 
significant self-healing behavior hemostasis, injectability, 
inherent superior antibacterial activity, biocompatibility, 
and excellent promotion of healing of MRSA-infected 
wounds. Additionally, GC@OQD hydrogel can also treat 
irregular wounds thus indicating their therapeutic role 
as wound dressing in clinical practice [173]. In another 
study, researchers used polysaccharides with polyacryl-
amide to exhibit cytocompatibility, antibacterial activ-
ity, and excellent tissue adhesion. To achieve this, they 
used alginate/chitosan-based hydrogels and cross-linked 
with tissue surface to achieve tissue adhesion, whereas 
the use of polysaccharide further promoted the tissue 
adhesion, thus resulting in good biocompatibility and 
enhanced antibacterial activity, which can be used in 
tissue engineering [174]. Recent study also used natu-
rally derived polysaccharides from Bletilla striata poly-
saccharide and Berberine (BER) with borox via borate 
ester bond to develop self-healing hydrogels to treat dia-
betic ulcers (DUs). The developed hydrogel exhibited an 

anti-bacterial effect of over 90% and wound healing effect 
against E. coli and S. aureus. Another interesting study 
used immune-regulating polysaccharide-based hybrid 
hydrogel with mild photothermal effects. Specifically, 
they designed injectable self-healing hydrogel of oxi-
dized konjac glucomannan/arginine-modified chitosan 
(OKGM/CS-Arg, OC) conjugated with protocatechu-
aldehyde-@Fe (PF) NPs which can absorb near-infrared 
radiation. When PTT and OC/PF were used in combi-
nation, they exhibited antibacterial effects by promoting 
cell migration and angiogenesis. Additionally, in methi-
cillin-resistance, S. aureus-infected full-thickness mouse 
wounds showed significant antibacterial and anti-inflam-
matory effects by stimulating wound healing ability and 
by improving wound immune microenvironment, thus 
can be confidentially used in managing infectious wound 
dressings [175].

Several studies also conducted using enzymes for 
nanomaterials to enhance wound healing and to eradi-
cate harmful pathogenic infection at wounding site. For 
instance, self-activated cascade nanozyme, f-FeNC@
GOx are activated in the presence of glucose can activate 
highly toxic hydroxyl radicals (▪OH), develops ability to 
eradicate bacteria and promotes wound healing [176]. 
Therefore, the f-FeNC@GOx complex can be widely used 
as an antibacterial drug for eradicating pathogens to pro-
mote wound healing. Another study used pH respon-
sive nanozyme hydrogel loaded with glucose-oxidase 
(GOx), exhibits intrinsic GOx, peroxidase (POD)-, oxi-
dase (OXD)-, catalase (CAT)- and superoxide dismutase 
(SOD)-like activities with pH-switchable glucose-initi-
ated cascade reaction for diabetic wound Healing. The 
1st cascade of reaction generates superoxide anion radi-
cal (O2

·−) and hydroxyl radicals (·OH) which could be 
responsible for eradicating bacteria at the wounding site 
whereas, 2nd cascade reaction alters the wound pH envi-
ronment from acidic to alkaline by the decomposition of 
endogenous and exogeneous H2O2 unto O2 thus elimi-
nates the oxidative stress and hypoxia condition. In addi-
tion, the gel was designed with water/alcohol solubility to 
prevent secondary injury to the wounding site. Overall, 
the synthesized multifunctional hydrogel efficiently pro-
moted pro-angiogenesis and enhanced bacterial-infected 
wound healing ability [177]. Alternatively, studies were 
also conducted using Eragrostis teff straw based nanocel-
lulose (NC) to synthesis NC/Fe3O4/Ag peroxidase nano-
zyme as an antibacterial and wound healing agent. The 
synthesized nanozyme was found to be temperature sta-
ble while Maintaining over 60% of its anti-bacterial activ-
ity in vitro. Also, in vivo studies demonstrated the 30% 
increased wound healing ability of nanozyme compared 
to control-based ointment and commercial nitrofurazone 
ointment, respectively [178].
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Stimuli-responsive platforms for on-demand drug release 
and microenvironment remodeling
Generally, the release dynamic curve of a drug delivery 
system is static and unchanged upon stimuli thus causing 
failure of administered drug to be released upon demand 
and therefore discovering the drug carriers that contain 
fine tunable properties including tunable pore structure, 
surface chemistry, bioavailability, and degradability, is 
extremely considered advantageous when considering 
improving the site-specific release of drugs. Such mech-
anisms enable precise control over therapeutic delivery, 
where, for instance, pH-sensitive linkages break down in 
acidic environments to release payloads directly at infec-
tion sites, or ROS-triggered oxidation facilitates burst 
release of antimicrobials. Recently, the dual synergis-
tic antibacterial platform was developed using AgNPs 
and AMP coloaded porous silicon (Psi) to execute on-
demand release ability. This interesting combination of 
AgNPs and AMP coloaded porous silicon microparticles 
(AgNPs-AMP@PSiMPs) possess acidic pH and ROS-
stimulated release of Ag + ions and AMPs under bacterial 
infection due to their oxidation and desorption effects. 
This combination also exhibited excellent bacterial-
killing effect, wound-healing, and low biotoxicity in a S. 
aureus-infected rat wound model [171]. The remodel-
ing of the microenvironment has been achieved through 
the use of a bacteria-responsive self-activating hydrogel 
platform with increased anti-bacterial properties in the 
infection stage to promote wound closure, accelerate 
wound collagen deposition and promote wound closure; 
thus the engineered hydrogel is named as “self-diagnos-
tic” that can be used to alter wound microenvironment 
to promote wound healing in an intelligent manner [179]. 
These functional outcomes stem from intricate material 
designs, such as dynamic cross-linking bonds that allow 
self-healing or photothermal conversion for targeted 
bacterial ablation, ultimately translating molecular-level 
responses into macroscopic tissue repair.

Broader advantages of intelligent hybrid nanomaterials in 
clinicals and systemic context
In recent years, addressing chronic wounds, includ-
ing diabetic wounds, injuries, burns, ulcers, etc., has 
become a serious threat among health professionals due 
to the poor quality of patient’s life and the burden on the 
healthcare system. There are various methods employed 
traditionally to address various wounds. However, wound 
dressings are mostly used as a physical barrier to prevent 
external infections rather than focusing on treatment or 
tissue regeneration. Slowly, slightly advanced techniques 
containing antibiotics and antiseptics were developed 
and commonly used in wound dressings including tetra-
cyclines, quinolones, aminoglycosides, and cephalospo-
rins (Fig. 13).

This method of dressing can target protein and nucleic 
acid synthesis of the bacteria and cause metabolic dis-
turbances and bacterial cell wall integrity. Although this 
method gained some advantages, the improper dosage/
use of antibiotics causes further burden, leading to antibi-
otic resistance than treatment itself. It is also noteworthy 
to emphasize that more than 70% of colonized bacteria in 
wound microenvironments are known to exhibit antibi-
otic resistance [180]. Therefore, conventional approaches 
fail to address chronic wounds effectively, thus result-
ing in endless treatment schedules. To overcome these 
burdens, modern technology attempted to replace con-
ventional treatments by designing smart hybrid nanosys-
tems that can deliver drugs to localized sites to prevent 
infection by overcoming barriers imposed by biofilms 
and regulating complex wound microenvironment, thus 
promoting tissue regeneration in the wounded site. Such 
intelligent NPs can be engineered and incorporated into 
the dressing to respond to infected microenvironments 
such as acidic pH, specific enzymes, and bacterial tox-
ins, as well as to external stimuli, light, thermal, etc., to 
promote wound healing [181]. These systems offer supe-
rior precision over traditional methods by enabling on-
demand responses, reducing side effects, and improving 
patient compliance through minimally invasive applica-
tions. Moreover, they mitigate antibiotic resistance by 
minimizing drug usage and targeting pathogens selec-
tively, potentially lowering healthcare costs by shorten-
ing treatment durations and reducing hospital stays. In 
a study, they developed easy-to-use, innovate regen-
erative product, “placental multipotent mesenchymal 
stromal cell” (MMSC) secretome-based chitosan hydro-
gel (MSC-Ch-gel) effectively promotes infected wound 
healing in rats with third-degree burns. Specifically, the 
application of MSC-Ch-gel effectively addressed micro-
organisms associated wounding by minimizing inflam-
mation, enhanced re-epithelialization, and stimulated 
well-vascularized granulation tissue due to the pleiotro-
pic and multi-targeted effects of stem cell secretome thus 
decreasing the application of antibacterial and antiseptic 
drugs. Although the use of these systems might control 
the spread of microbial pathogens, the effects observed 
in this study are not optimal; future studies need to be 
conducted to improve the application of MMSC sec-
retome-based products to treat chronic injuries and 
wounds [182]. Thermoresponsive gels containing AuNPs 
were synthesized using Pluronic®127 alone (F1) and with 
hydroxypropyl methylcellulose (F2) and are considered 
smart intelligent nanosystems as they perform dual-
action such as antibacterial and wound healing effect. 
The use of this smart system improved bioavailability, 
skin permeation, and antibacterial and anti-inflammatory 
activity in vitro, in vivo, and ex vivo conditions. They also 
didn’t exhibit any kind of skin irritation or sensitivity in 
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guinea pigs, and therefore, this can be used as a smart, 
topical antibacterial drug delivery system to treat skin 
inflammation and wound healing [183]. A 3D printed 
hydrogel scaffold was designed to form bilayer skin sub-
stitute (BSS) that prevent fluid entry into the wounding 
site and so controls bacterial infection induced chronic 
wounds (Fig. 14).

The 3D printed functional layer (FL) contains catechol, 
gallium, and biologically active platelet-rich fibrin (PRF) 
that promotes both tissue and backing layer adhesion to 
enhance antibacterial effects, angiogenesis, cell growth, 
and migration thus can be therapeutically used to treat 
burned wounds [184]. Another interesting study devel-
oped on demand photodynamic therapy “AIEgen-based 
smart system” for monitoring fungal-infected wound 
monitoring on the mobile phone in sensitive to pH (Fig. 
15A). This strategy allowed the patient to monitor the 
wound and, if necessary, to provide photodynamic ther-
apy by switching on the white light. This also, in turn, 
allows doctors to evaluate the wound healing process and 
provide treatment plans according to software results, 
thus resulting in significant improvement in medical effi-
cacy by providing intelligent scientific technical support 

[185]. This method of photodynamic therapy also over-
comes the use of antibiotic resistance drugs and creates 
a path to develop smart wound dressing and promising 
preclinical research and diagnostics [185]. For the syner-
gistic action, drug delivery, and sensing (pH and glucose) 
dual action approach were integrated that could aid con-
tinual monitoring of cutaneous wounds (Fig. 15B). The 
incorporation of growth factor delivery modules and an 
array of colorimetric glucose sensors into wound dress-
ing stimulates wound healing. This smart dressing allows 
both infected and non-infected wounds to heal efficiently 
and helps in real-time monitoring of wounds as well 
as early detection of wound infection [186]. All things 
considered, these benefits demonstrate how intelligent 
hybrid nanomaterials not only outperform conventional 
dressings in terms of effectiveness but also open the 
door for customised, responsive treatments that adjust 
to the unique dynamics of each wound, ultimately low-
ering medical expenses and enhancing long-term results. 
These materials change wound care from reactive to pro-
active by incorporating diagnostic capabilities, like real-
time monitoring through smartphones or sensors. This 
improves patient engagement and makes telemedicine 

Fig. 13  Benefits of smart hybrid nanosystems in regenerative medicine: This figure illustrates how smart hybrid nanomaterials support each stage of 
wound healing from hemostasis and inflammation to proliferation and tissue remodeling. These systems respond to internal biological cues to promote 
antibacterial action, ROS, enhance angiogenesis, modulate inflammation, and boost ECM deposition and cell proliferation. Collectively, these effects ac-
celerate tissue regeneration and improve wound healing outcomes
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Fig. 14  (A) The visual appearance and shear strength of BSS. (B) Histological analysis of regenerative skin tissue, stained with (a) H&E and (b) Masson at 
day 6 (C) (A) Immunostaining of TNF-α and IL-6 on day 6 (scale bare = 100 μm) (D) In vivo infected burned wound healing studies of the BSS, commercial 
SSD and control (without treatment). This figure is adapted from [184]
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applications possible in environments with limited 
resources.

Clinical validation
Even though several earlier studies on different stimuli-
responsive hybrid nanomaterials demonstrated encour-
aging outcomes in both in vitro and in vivo investigations 

of wound healing and tissue regeneration, issues still 
need to be resolved before applying them in clinical 
settings. Some nanomaterials have already progressed 
into clinical practice or trials. For example, silver-based 
wound dressings (e.g., Acticoat®, Aquacel® Ag) are FDA-
approved and widely used for chronic wounds and burns, 
while chitosan-based bandages and cellulose nanofiber 

Fig. 15  Smart wound monitoring and responsive hydrogel systems. (A) In vivo monitoring of fungal-infected wounds using a smartphone-based imag-
ing and analysis platform. Real-time photos are processed by the app to calculate grayscale values, providing infection alerts and treatment recommen-
dations [185]. (B) GelDerm hydrogel platform integrating pH and glucose sensors with drug-release components. Panels show (i) wound dressing design, 
(ii) colorimetric changes with increasing glucose concentrations, (iii–iv) grayscale intensity calibration across RGB channels, and (v–vi) stability of glucose 
detection under varying temperatures and storage conditions [186]
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scaffolds are being tested in early-phase trials, showing 
reduced infection rates and faster re-epithelialization. 
These examples illustrate that nanomaterials are not only 
experimental concepts but are also beginning to demon-
strate clinical utility.

The challenges faced by the nanomaterials in the pro-
cess of clinical translation are highly complex due to the 
fate of nanomaterials in vivo, specifically stability issues 
as it is exposed to various biological systems, safety/
toxicity issues due to bio-accumulation of non-degrad-
able materials, and so on. For Successful and sustain-
able wound dressing, Materials must be biocompatible, 
prevent skin allergies and skin irritations, be capable 
of renal clearance, etc. Also, most of the studies using 
wound dressing were specific to the study, and not one 
wound dressing fit for all types of wounds, Making the 
treatment plan complicated. Apart from this, depending 
on the types of wound dressing, safety profiles can vary. 
For instance, 3D structure-based nano-in-microparticles 
synthesized using polysaccharides such as maltodextrin 
or dextran, amino acids, and doped with copper oxide 
(CuO) or zinc oxide (ZnO) NPs are used for skin repair 
and to prevent bacterial infection by overcoming coloni-
zation. This safety profile using nano-in-microparticles 
also indicated that nano-in-microparticles can degrade 
completely within 10 days, enhance tissue repair by pro-
moting adhesion and proliferation. Additionally, no sign 
of inflammation is presented indicating that nano-in-
microparticles don’t stimulate immunological response. 
However, it is known that CuO-NPs can exhibit toxicity 
in rats when administrated orally into 1000 mg/kg for 28 
days and result in ROS accumulation. Similarly, 250 mg/
kg ZnO NPs administrated for 7 weeks accumulated Zn 
in the kidneys and Liver of mice. Nevertheless, metal 
oxide doses administrated at 1mg/kg in a single dose 
need proper safety profile investigation for use in clinical 

settings [187]. When nanoparticle-hydrogel used alone 
or in combination safety issues must be properly inves-
tigated. Compared to the single nanoparticle used, the 
combined nanoparticle-hydrogel possesses a high risk in 
terms of safety, and therefore, it must be systematically 
investigated. For this, in vivo interaction of the system, 
and their level of toxicity and fate of the nanosystems 
inside the body must be thoroughly investigated [188].

Similarly, the use of enzyme-based hydrogels is exten-
sively investigated in vitro; their interactions inside the 
human body are yet in the budding stage. Also, when 
applied to clinical practice, it is essential to use a simple 
method to synthesize nanozyme-hydrogels. When the 
above concerns are addressed along with the safety and 
efficacy of nanozyme-hydrogels, they can be freely used 
in patients to treat chronic wounds in real-world appli-
cations [189]. A near-infrared-responsive analgesic black 
phosphorus-based gel effectively relieves pain, heals 
chronic and harsh wounds, promotes angiogenesis, and 
reduces inflammation, suggesting their promising role in 
diabetic wound ulcer treatment. The study also empha-
sized the gel can also be used in treating other chronic 
wounds as well as inflammation. Despite their advanta-
geous nature, black phosphorous NPs biosafety must be 
assessed in human subjects to used them confidently in 
clinical settings [190]. The self-healing ability and pH/
ROS responsiveness of multifunctional glycopeptide 
EPMA hydrogel as a wound dressing enhanced skin tis-
sue regeneration and wound repair with multifunctional 
biological activities, including anti-inflammatory, anti-
bacterial, and angiogenesis activation as well as mac-
rophage polarization regulation. This innovative smart 
hydrogel is an ideal candidate for clinical application 
and translational research [191]. Despite these promis-
ing advances, clinical validation remains limited by small 
cohort sizes, short follow-up durations, and inconsistent 

Table 4  Provides a clinical-translation snapshot of representative nanomaterial platforms for wound healing, highlighting their current 
clinical status, therapeutic applications, benefits, and limitations
Nanomaterial/System Clinical status/Stage Key application/

Use case
Reported benefits & findings Limitations & 

challenges
AgNPs dressings (e.g., 
Aquacel® Ag+, Acticoat®)

FDA-approved, widely 
used for chronic wounds

Chronic wounds, 
burns

Broad-spectrum antimicrobial, effective biofilm 
disruption, cost-effective and patient-comfort 
advantages

Potential cytotoxicity at 
high doses, emerging 
resistance risks

Chitosan-based 
dressings/nanofibers

Early-stage clinical trials 
and translational design

Hemostasis and 
infection control in 
wounds

Promising antimicrobial, hemostatic, and 
healing properties; stimuli-responsive and im-
munomodulatory systems in development

Limited large-scale clini-
cal data; manufacturing 
consistency issues

Cellulose nanofi-
ber scaffolds (e.g., 
TEMPO-oxidized)

Pilot clinical/large animal 
validation

Wound repair, 
hemostasis

Enhanced epithelialization and hemostatic ef-
ficacy, demonstrated safety in human dermal 
cells and large animal models

Cost and scale-up 
challenges

Chitosan/cellulose com-
posite hydrogels

Preclinical studies Chronic and drug-
resistant wound 
healing

Excellent antibacterial activity (> 99.9%), 
biofilm inhibition, and tissue management 
capability

Preclinical stage only; 
clinical translation 
pending

Hydrogel nanogels 
(e.g., Ag-loaded, 
immunomodulatory)

Preclinical, in vivo 
validation

Antimicrobial 
delivery, immune 
stimulation

Shows accelerated wound healing via encap-
sulated antibiotics or immunomodulators

Needs systematic safety 
and long-term effect 
evaluation
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trial designs. Regulatory pathways also remain unclear, 
with some nanomaterials classified as medical devices 
and others as drugs, slowing down translation. Address-
ing these hurdles will be crucial to move multifunctional 
nanomaterials from promising laboratory prototypes into 
standardized therapies (Table 4).

To accelerate clinical translation, a stepwise path-
way needs to be established. First, reproducible GMP-
compliant large-scale manufacturing of nanomaterials 
and hydrogels is essential to ensure batch-to-batch con-
sistency. Second, standardized safety evaluation 
frameworks including long-term biodistribution, immu-
nogenicity, and clearance studies should be aligned with 
FDA/EMA guidelines to reduce regulatory uncertainty. 
Third, adaptive clinical trial designs involving larger 
patient cohorts and multi-center validation will be cru-
cial to demonstrate efficacy beyond preclinical promise. 
Finally, integration into existing wound-care protocols 
through collaborations with clinicians and industry part-
ners can facilitate adoption. Together, these steps outline 
a feasible bench-to-bedside strategy, addressing both 
regulatory and translational gaps. Overall, smart, stimuli-
responsive nanomaterials are steadily moving from pre-
clinical innovation toward clinical adoption. With their 
ability to combine antimicrobial, anti-inflammatory, and 
regenerative functions, they represent a promising alter-
native to conventional wound dressings. However, their 
widespread clinical use will depend on rigorous safety 
evaluation, standardized manufacturing, and clearer 
regulatory pathways. If these challenges are addressed, 
multifunctional nanomaterials could become a frontline 
option for managing chronic wounds and inflammation.

Toxicology and environmental impacts of hybrid 
nanomaterials
This section critically evaluates the potential toxicology 
and environmental impacts of these hybrid nanomate-
rials themselves, including risks arising from metal-bio 
interfaces, to inform safe translation into clinical wound 
therapies. The anti-bacterial application of smart hybrid 
NPs gained the spotlight over conventional nanoparticle 
synthesis due to their improved stability, bioavailability, 
sustainable release, antibacterial activity, angiogenesis, 
regeneration, and so on. Their positive impact is mainly 
due to the blending of bio-friendly and synthetic ele-
ments in hybrid NPs tested in preclinical and clinical set-
tings for wound healing applications. However, thorough 
testing of smart hybrid NPs’ environmental and potential 
toxicity needs special attention. Few studies attempted 
to study the toxicity of hybrid NPs in several unicellu-
lar and multicellular organisms such as Caenorhabditis 
elegans, fish, Drosophila melanogaster, mice, or rats in 
various biological applications. For instance, AgNPs are 
well known for their antimicrobial effects and are mostly 

used in synthesizing smart hybrid NPs in regenera-
tive medicine. A study that used AgNPs with iron oxide 
NPs Fe3O4-NPs in one hybrid structure (Fe3O4@Ag-
NPs) exhibited targeted biomedical applications but also 
showed toxicity effects in germline apoptosis and delayed 
egg hatching due to increased ROS accumulation. This 
study concluded that the high doses of Fe3O4@Ag-NPs 
treatment can be toxic and can exhibit harmful effects 
on living organisms [192]. In contrast, the synthesized 
MnFe2O4@poly(tBGE-alt-PA) nanocomposite was tested 
for toxicological properties in Drosophila melanogaster. 
Upon treatment of the composite to larvae, no abnor-
mal path and altered crawling pattern were observed, 
indicating that there was no neurotoxicity. Additionally, 
the composite also doesn’t exhibit structural and phe-
notypic anomalies, apoptosis, or gut necrosis, indicating 
that they are safe to be used in biomedical and environ-
mental applications [193]. Therefore, understanding each 
nanomaterial’s toxicity despite its biomedical applica-
tion is extremely important to avoid detrimental effects. 
Copper oxide NPs (CuO-NPs) are widely used in bio-
medical applications, including antimicrobial agents, and 
their toxic nature to animals has also been reported. For 
example, CuO nanomaterials affect organs such as the 
kidney, liver, and spleen and can reduce the antioxidant 
response at the plasma level by enhancing malondialde-
hyde content. Another study also reported that the use 
of CuO-NPs can affect hepatic, renal, cardiac, and neural 
organs by altering the structure and physiology of those 
organs due to increased production of oxidative stress; 
thus, we need to pay more attention when using this as 
it can impact humans and related ecosystems [194, 195]. 
Conversely, compared to organic antimicrobial NPs, the 
use of inorganic antimicrobial NPs has gained a spotlight 
due to their low toxicity, eco-friendliness, high stability, 
and photothermal effect. Moreover, it is also well-known 
that compared to the use of mono metallic NPs for bio-
medical applications, the design of bi-metallic or hybrid 
NPs can also benefit in terms of toxicity. Therefore, a 
study reported copper oxide and silver oxide co doped 
with nanocomposites (CuO@AgO/ZnO NPs). This thera-
peutic nanocomposite enhanced rapid wound healing 
of S. aureus infected wounds by exhibiting tremendous 
wound recovery along with good hemocompatibility and 
biocompatibility [196]. However, this study used only 
hemolytic assay in vitro to measure toxicity and lacks 
toxicological evaluation in vivo and thus alarming their 
use in clinical practice. Another study showed polydo-
pamine (PDA) coated copper-amine-based nanoparticle 
(Cuf-TMB@PDA) can combat bacterial infections and 
minimize toxicity-related challenges faced by Cu (II) 
NPs in vitro and in vivo (Fig. 16). With effective anti-
bacterial effect, skin tissue repair and cytocompatibility 
of Cuf-TMB@PDA [197]. Zein is a biodegradable and 
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Fig. 16  Biosafety evaluation of Cuf–TMB@PDA in vivo. (A–F) Blood biochemistry and hematology parameters after treatment, including liver function 
(ALT, AST), kidney function (BUN, CREA), and blood indices (WBC, RBC, HGB, PLT). (G) Representative H&E-stained histological images of major organs 
(heart, liver, spleen, lung, kidney) show no significant pathological abnormalities across PBS, Cuf–TMB, and Cuf–TMB@PDA groups. This figure is adapted 
from [197, 199–202]
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biocompatible protein and therefore considered advan-
tageous of using zein in NPs synthesis. Isoliquiritigenin 
(ISL), a type of flavonoid, has many health benefits but 
has poor bioavailability and stability and limits its appli-
cation in clinical studies. The study demonstrated the 
designed NPs didn’t exhibit adverse effects on acute and 
sub-acute studies as a result claim to use them in pro-
longed consumption. The study on ISL@ZLN NPs needs 
long-term toxicity analysis in vivo for sustainability, 
and to assess potential dose-dependent and cumulative 
effects [198].

Generally, AuNPs can be considered safe and widely 
used alone with other nanomaterials. However, their tox-
icity can vary largely depending on the physicochemical 
parameters, type of conjugation used, cells studied, etc. 
Recently, smart hybrid NPs have been combined with 
gold and designed to be stimuli-responsive to release the 
drug sustainably. For instance, thermos-responsive gels 
conjugated with AuNPs showed the highest antibacte-
rial and wound healing effect, exhibiting prolonged and 
sustained drug release [183]. Although they showed no 
skin irritation or skin-related sensitization in rabbits or 
guinea pigs, their toxicity response for a long time must 
be conducted to use this material confidentially in clini-
cal practice. In another study, they studied the novel 
iron-gold-based hybrid NPs.

Although several researchers focused on biomedical 
applications on various hybrid NPs, environmental deg-
radation is poorly investigated. However, a deep under-
standing of the degradation process and its impact on 
environmental health and the food chain is crucial to 
attaining sustainability. The degradation of polymeric 
materials is complex and involves several mechanisms, 
including physical, chemical, and biological pathways. 
For example, physical mechanism refers to the break-
down of materials upon mechanical forces such as abra-
sion, tearing, and fragmentation that are known to be 
induced by external physical stresses such as weathering, 
friction, and impact. Environmental factors, including 
temperature and UV, also belong to physical degrada-
tion. For instance, the environmental degradability of the 
tert-butyl peroxybenzoate melt-modified poly(L-lactide) 
(PLLA) was easily degradable at high temperatures and 
showed poor degradability at temperatures < 4 °C [203]. 
Plastic pollution including micro and nanoplastics such 
as polyethylene (PE), polyvinyl chloride (PVC), polysty-
rene (PS), and polyethylene terephthalate (PET) showed 
poor resistant degradation properties that can enter into 
food chain and induce toxicity response. The impact of 
PS containing hybrid NPs induces toxicity to various 
organs (Fig. 17). However, to enhance the degradation 
of these polymers, enzymes in microorganisms, such as 
laccases, proteases, cutinases, etc., can degrade poly-
mers enzymatically [204]. Variety of microorganisms 

were reported to have the ability to degrade polyethyl-
ene including Comamonas, Pseudomonas, Rhodococcus, 
Staphylococcus, Streptomyces, Bacillus, Acinetobacter, 
Aspergillus, Cladosporium, Fusarium, Penicillium 
respectively. This decomposing property of microbes 
is due to the presence of enzymes and co-enzymes that 
react with polar carbonyl and hydroxyl bonds, which are 
responsible for the degradation of polyethylene [205]. 
Currently, adapting enzymatic catalysis to degrade plas-
tic waste is an excellent way to promote sustainability to 
reach environmental goals and minimize their environ-
mental footprint. Polymers can also undergo degradation 
upon oxygen availability to undergo photo-oxidative and 
thermos-oxidative degradation processes. In this sce-
nario, oxygen participated in the production of ROS to 
enhance the faster degradation process. If the oxygen is 
absent, then the polymers can take anerobic degradation 
alternate pathways to continue degradation [206, 207].

Integration of metal cores with green matrices can 
increase cytotoxicity and immunotoxicity by exacerbat-
ing risks such as ion leaching (e.g., Ag+ or Zn2+ release) 
in hybrid systems, such as chitosan-metal composites 
or AgNPs functionalised with peptides. According to in 
vitro studies on PBMCs exposed to AgNPs, for example, 
these hybrids may cause ROS-mediated mitochondrial 
damage and apoptosis in hepatocytes or immune cells, 
potentially jeopardising the very microbiome modula-
tion meant for chronic wound healing. Hybrid nanoma-
terials pose unique reprotoxicity concerns due to their 
nanoscale size and surface modifications; for example, 
iron oxide/silver hybrids have been shown to impair 
the cholinergic system and cause reprotoxicity in Cae-
norhabditis elegans models, while polystyrene hybrids 
in mice trigger liver inflammation via ROS-NLRP3 axis-
dependent DNA-NET formation (Fig. 18). These find-
ings highlight the need for rigorous preclinical testing to 
mitigate risks in vulnerable populations, such as diabetic 
patients with chronic wounds.

The hybrid NPs, especially prepared using synthetic 
polymers such as polystyrene, when exposed to ani-
mal models, exhibited varying toxicity levels, such as 
developmental abnormalities, increased mortality rates, 
alteration in gut microbiota, liver damage, reproductive 
toxicity, and so on [212–214]. Several organ-related tox-
icities were absorbed using the combination of polysty-
rene microplastics with zinc oxide NPs (PSMPs + ZnO 
NPs) in the aquatic food chain from Chlorella vulgaris to 
Daphnia magna (Fig. 18). It is well-known that this plas-
tic containing polymeric materials can accumulate in var-
ious organs, especially in the liver and kidneys, and cause 
overall health complications. For instance, when mice 
are exposed to polystyrene, microplastics are known to 
impair glucose tolerance and accumulate hepatic lipid 
deposition in mice [215].
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Another study demonstrated that exposure to Dr(2-
ethyl hexyl) phthalate (DEHP) resulted in increased 
inflammatory markers, metabolic function disruption, 
and increased lipid accumulation, thus affecting the liver 
and inducing liver damage [218]. Similar study was also 
conducted to evaluate kidney toxicity induced by poly-
styrene also caused detrimental effects such as enhanced 
renal inflammation, increased oxidative stress, fibrosis, 
etc., in mice. Apart from organ damage, these plastic 
microparticles are also known to exhibit immunotoxicity 
by increasing pro-inflammatory responses. Microplastics 
hinder immune responses by altering cytokines, increas-
ing susceptibility to infections, increasing oxidative stress 
and ROS, and so on [219, 220]. The contamination of 
microplastics into ecosystems can also increase genotox-
icity and carcinogenicity in animal models. Specifically, 

they are known to cause DNA damage, chromosomal 
aberrations, development of tumors, etc [221]. They are 
also known to cause neurological disorders such as anxi-
ety and depression by increasing the mitochondrial dam-
age to neurons and enhancement of disruption of the 
tight junction of mice [222]. Although these disadvan-
tages exist, understanding degradation mechanisms and 
molecular pathways of synthetic polymers alone or when 
combined is crucial and timely for predicting polymer 
stability and the environmental fate of polymeric NPs 
(Fig. 19). For instance, the use of C, N-TiO2/SiO2 was 
used to degrade microplastics through a photocatalytic 
degradation process in a pH-dependent Manner, achiev-
ing 9.35–16.22% of mass loss [207]. Most of the toxicity 
studies are carried out using animal models but not on 
the real situation of the human body, and therefore, large 

Fig. 17  Organ-specific toxicity mechanisms induced by plastic nano- and microparticles This figure outlines the molecular pathways through which 
plastic NPs and microparticles exert toxic effects on various organs. In the liver, they trigger the CCL2/CXCL2 pathway and ROS–NLRP3 inflammasome 
activation, leading to neutrophil recruitment and liver injury. In spermatogenic cells, plastic particles disrupt Sirt1 and p53 regulation, induce ROS produc-
tion, and cause DNA damage, resulting in cellular senescence. In the fetal thalamus, elevated ROS induces apoptosis in GABAergic neurons. In the gut, 
plastic exposure alters microbiota composition and damages intestinal structure, highlighting widespread organ-specific toxicity associated with plastic 
particle exposure [208–211]
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funding must be encouraged for human-related mod-
els such as spheroids and organoids to provide deep and 
accurate insights into using polystyrene-induced possible 
detrimental effects in the real human model.

Recently, the 3Rs policy was developed to reduce, 
refine, and replace animal experiments for accessing 
nanoparticle-induced toxicity. 3D culture of HepG2 liver 
cells was used to study several NPs such as ZnO, TiO2, 
and AgNPs, indicating that TiO2 didn’t exhibit cytotox-
icity, whereas AgNPs and ZnO showed mild genotoxic-
ity but not significant. This study also observed the use 
of 3D culture, as there was significant toxicity variation 
between 2D and 3D models. For instance, AgNPs are 
shown to increase toxicity in 2D but not in 3D cultures 
(EC50 > 30 µg/cm2) [223].

Overall, stimuli responsive nanomaterials that are 
used in antibacterial treatment are not widely studied for 
clinical application [225]. However, only one nanomedi-
cine called as Visudyne that are stimuli-responsive, were 
approved by FDA and some others are still in the clinical 
stage [199]. To make the nanomaterials reach clinical trial 
and for long-term and sustainable use, simplified formu-
lations must be adapted, and a thorough toxicity profile 
of the synthesized nanomaterials must be performed for 
the long term. Moreover, an enormous amount of time, 
labor, and cost are needed to optimize and improve-
ments needed to translate each stimulus-based NM 
from the preclinical to clinical stage apart from endog-
enous triggers such as pH and temperature, as this varies 
depending from one person to another. Nevertheless, the 

Fig. 18  Persistence and toxicity pathways of synthetic polymer degradation products. (A) Estimated persistence of degradation products from different 
polymers shows high stability of polycarbonate (PC), polyethylene (PE), and polyvinyl chloride (PVC), whereas polylactic acid (PLA) degrades rapidly. (B) 
Human exposure to microplastics occurs through inhalation, ingestion, and skin contact, leading to cellular toxicity via oxidative stress, immune reactions, 
membrane damage, and genotoxicity. These effects manifest as hazards to the nervous, respiratory, cardiovascular, digestive, and reproductive systems, 
with toxicity influenced by particle size, surface ligands, aging, and roughness. Adapted from [216, 217]
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exogenous stimuli-responsive systems are much easier 
to control and promising for clinical practice. With the 
advancement in technologies and with deep research, 
exploration can loosen up the regulatory laws, and there-
fore, stimuli-responsive nanomaterial for bacterial infec-
tion can have a bright future.

Additionally, the immunological profile at the sin-
gle-cell level needs to be investigated to investigate 
whether nanomaterials induce immune-transcriptional 
and translational changes upon hybrid NMs exposure. 
So far, very few research papers have been reported on 
the immunological response after metal NPs treatment 
to PBMC cells. For instance, this group demonstrated 
that upon AgNPs exposure, there was upregulation of 

cellular metal-ion association with a significant increase 
in metallothionein genes that didn’t induce a significant 
inflammatory response, indicating that AgNPs can be 
safely used (Fig. 20) [226]. Balancing therapeutic efficacy 
with environmental Sustainability is essential to ensure 
these Materials are safe for both patients and ecosys-
tems. Very few studies reported the toxicity of NPs using 
3D models but not on hybrid NPs, and therefore, future 
studies are warranted to study the toxicity of hybrid 
nanomaterials using 3D cultures. Additionally, funding 
agencies can also consider funding for degradation and 
toxicity studies that use high dimensional techniques 
such as siRNA seq, mass cytometry, and special tran-
scriptomics to demonstrate single cell and tissue level 

Fig. 19  Biochemical and physiological toxicity of ZnO NPs and polystyrene microplastics (PS-MPs) in Daphnia magna after dietary exposure. (A–C) Oxida-
tive stress biomarkers including ROS, MDA, and SOD levels after 1–3 days at different ZnO NP concentrations with/without PS MPs. (D) Relaxation heart 
rate (RHR) Changes over 3 days across treatment groups. (E–F) Effects on body length and dry weight during 20-day exposure. (G) Light microscopy 
images showing lipid droplet (LD) accumulation (red arrows) in D. magna exposed to ZnO NPs and ZnO NPs + PS MPs. This figure is adapted from [224]
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toxicity of degradation products. Once all is set, a mean-
ingful understanding of synthetic polymers'potential deg-
radation and toxicity effects can move NPs forward and 
help them decide to use them safely in clinical practice.

In order to facilitate the safe clinical application of 
hybrid nanomaterials in regenerative medicine, this 
warning analysis ultimately emphasises the need for bal-
anced risk assessment and mitigation techniques, such as 
AI-driven toxicity prediction.

AI-driven nanomaterial design for personalized 
therapy
With the growing complexity of smart nanomaterial 
design, AI has become a vital asset, enabling data-driven 
optimization and simulation of material behavior. AI 
technologies are now being leveraged to engineer micro-
biome-adaptive nanoplatforms with enhanced precision 
and personalization. AI’s capacity to process and analyze 
vast datasets and uncover complex patterns has led to 
significant advances in personalized therapy [228]. AI-
driven methodologies have transformed nanomaterial 
discovery by improving precision and efficiency in can-
cer and regenerative applications. By predicting nanoma-
terial interactions with biological systems, researchers 
can now optimize material properties, resulting in more 
effective and personalized medical solutions [229]. ML, a 
subset of AI, plays a central role by accurately forecasting 
nanomaterial behavior, including their stability, solubility, 
and biocompatibility across physiological environments. 

This facilitates safer, more targeted therapeutic designs. 
The integration of AI tools such as data mining, neural 
networks, and nanoinformatics marks a key milestone for 
precision medicine.

Traditionally, nanomaterial design relied on labor-
intensive, trial-and-error methods. These approaches 
were not only time-consuming but also error-prone. AI-
powered systems now simulate multiple design scenarios 
and forecast outcomes, significantly reducing the need 
for repetitive laboratory testing. This is particularly valu-
able in regenerative medicine, where timely interventions 
can greatly influence recovery. AI expedites the screen-
ing of candidate materials and configurations, improving 
efficiency and enabling faster therapeutic breakthroughs.

Personalized medicine is essential for managing 
chronic infections, where factors such as multidrug-
resistant pathogens, biofilms, and diverse immune 
responses complicate treatment [230]. Tailoring therapy 
to a patient’s unique profile enhances effectiveness and 
reduces the risk of resistance. Nanorobotics guided by AI 
can model nanoparticle behavior, drug release kinetics, 
and therapeutic responses. This highlights the potential 
of AI-driven nanoinformatics in addressing treatment 
complexity and improving patient outcomes (Fig. 21).

AI enhances personalized therapy through data inte-
gration across genomics, proteomics, metabolomics, and 
clinical records [231]. This comprehensive analysis allows 
researchers to identify biomarkers linked to disease 
states and responses, guiding the design of personalized 

Fig. 20  Single-cell phenotypic profiling of immune cell subsets after AgNPs treatment. (A) UMAP clustering showing distinct immune cell populations. 
(B) Comparative UMAP plots for control and AgNPs-treated groups with cell type annotation, marker expression, and cell distribution shifts. (C) Heatmap 
analysis of lineage-specific markers across T cells, NK cells, monocytes, B cells, macrophages, neutrophils, and DCs. This figure is adapted from [226, 227]
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nanomaterials [232, 233]. For example, AI can help 
develop nanocarriers that target infection-specific recep-
tors, minimizing off-target effects. Moreover, AI systems 
can dynamically adapt therapies in real time, refining 
treatment regimens based on ongoing monitoring a cru-
cial capability in managing fluctuating conditions such as 
chronic infections.

Role of AI in nanomaterials
AI, particularly through ML algorithms, has become a 
critical tool for predicting the biocompatibility and per-
formance of nanomaterials. This advancement stems 
from AI’s ability to process complex, multi-dimensional 
datasets collected from biological, clinical, and compu-
tational sources [234]. These models provide predictive 
insights into nanomaterial interactions with living sys-
tems, offering significant value in applications such as 
drug delivery, tissue engineering, and diagnostic imaging. 
Understanding how the nanomaterials behave in biologi-
cal systems is essential for their safe and effective use. ML 
models, trained on extensive in vitro and in vivo datasets, 
can anticipate cellular uptake, toxicity profiles, and bio-
distribution with increasing accuracy [234]. This predic-
tive capability accelerates material screening, reducing 
the need for exhaustive experimental iterations.

Moreover, the integration of AI with high-through-
put screening platforms like automated cell cul-
ture and robotic analysis has substantially expedited 

biocompatibility assessments. These platforms generate 
large-scale datasets that AI can rapidly analyze to identify 
promising nanomaterial formulations suited for specific 
therapeutic contexts. Such synergy is especially impactful 
for personalized medicine, where individual variability in 
physiological responses can alter nanomaterial behavior.

AI models can also incorporate pharmacokinetic and 
pharmacodynamic parameters to predict nanoparticle 
absorption, distribution, metabolism, and excretion 
(ADME), helping identify potential toxicities early in 
development [232]. This not only minimizes trial-and-
error experimentation but also supports rational design 
decisions that prioritize both efficacy and safety [232]. 
By harnessing AI’s capabilities, researchers can stream-
line the development process, bringing innovative nano-
medicines to market more rapidly, ultimately benefiting 
patients and enhancing healthcare outcomes (Fig. 22).

AI’s influence in modeling and predicting the pro-
gression of chronic infections is equally transformative. 
These advanced models utilize diverse datasets, including 
clinical records, environmental factors, and even digital 
epidemiology data, to forecast how infections evolve. 
In chronic infection scenarios, AI can analyze patient-
specific information to uncover complex interactions 
between pathogens and host immune responses, offer-
ing critical insights that enable timely and effective inter-
ventions. Predictive models powered by AI can detect 
early signs of infection escalation or remission, allowing 

Fig. 21  Nanomedicine utilizes nanocarriers (e.g., liposomes, micelles, NPs) to target malignant cells with precision, reducing harm to healthy tissue. Pas-
sive targeting leverages enhanced permeability and retention effect, while active targeting uses ligands to bind cancer-specific receptors. This strategy 
improves outcomes in tumors like brain, lungs, liver, and colon cancers
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clinicians to proactively adjust treatment plans and strat-
egies [235]. Furthermore, these models can help identify 
potential outbreak hotspots, enhancing public health 
preparedness and resource allocation. Beyond infection 
tracking, AI can simulate therapeutic scenarios to evalu-
ate the outcomes of various treatment strategies. This 
capability supports the development of personalized pro-
tocols, improving efficacy while minimizing side effects 
[231, 235, 236]. The integration of AI-driven models into 
healthcare represents a major advancement in managing 
infectious diseases. Through predictive analytics, clini-
cians can make informed decisions, enhance treatment 
methodologies, and improve patient outcomes, especially 
in the context of chronic or difficult-to-treat infections 
(Table 5).

AI also enables optimization of therapeutic agent 
release profiles an essential component of personal-
ized medicine. AI-based models assess patient-specific 
parameters, including disease progression, drug kinet-
ics, and real-time physiological responses, to tailor drug 
administration schedules. These models ensure thera-
peutic agents are delivered at optimal times and doses, 
maximizing efficacy while minimizing systemic toxicity. 
For instance, AI can aid in designing nanocarriers that 
respond to specific biomarkers, releasing drugs only 
when defined conditions such as changes in pH, enzyme 
levels, or inflammatory markers are met. Biomarkers, 
which include proteins, nucleic acids, and metabolites, 

provide critical insights into a patient’s physiological 
state. AI-guided drug delivery systems that respond to 
these markers enable precise, adaptive treatment 
strategies.

Additionally, AI contributes to the development of 
intelligent drug delivery platforms equipped with bio-
sensors that monitor physiological metrics in real time. 
These systems dynamically adjust dosing based on 
patient conditions, improving therapeutic precision and 
reducing adverse effects. This is particularly beneficial for 
managing fluctuating diseases such as cancer or chronic 
inflammation, where drug needs may vary over time. The 
implementation of AI-powered drug delivery systems 
thus holds the potential to revolutionize personalized 
medicine resulting in more effective treatments, mini-
mized side effects, and significantly improved patient 
outcomes. By integrating predictive analytics and real-
time physiological monitoring, such systems pave the 
way toward truly individualized care.

Patient-specific customization
AI has shown significant promise in customizing nano-
materials to specifically target biofilm-associated infec-
tions. By analyzing key biofilm characteristics such as 
composition, density, and developmental patterns, AI 
algorithms can help design nanomaterials optimized for 
deep penetration and structural disruption [237, 238]. 
This precision-based strategy enhances antimicrobial 

Fig. 22  illustrates how AI leverages diverse data sources including in vitro, in vivo, in silico, and clinical studies to forecast biocompatibility, optimize drug 
delivery systems, and guide patient-specific therapy. Different classes of NPs, such as lipid-based, metallic, polymeric, carbonaceous, and protein-derived 
materials are modeled for tailored applications, ensuring a holistic view of their biomedical potential
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efficacy while reducing the risk of resistance, by ensur-
ing that nanomaterials are meticulously engineered to 
dismantle biofilm architecture and neutralize embedded 
pathogens.

Beyond structural targeting, AI can simulate complex 
microenvironments within biofilms, including ECM 
components and microbial communication pathways, 
to further refine therapeutic strategies. These simula-
tions support the design of nanomaterials that not only 
improve penetration but also act on multiple functional 
components of the biofilm, enhancing therapeutic dura-
bility [239]. Additionally, AI-powered models can pre-
dict biofilm responses to various treatment modalities, 
enabling adaptive and informed therapeutic planning 
(Fig. 23).

This holistic integration of AI and nanotechnology not 
only improves immediate antimicrobial outcomes but 
also aligns with long-term goals in sustainable infection 
control. Moreover, recent developments extend AI’s role 
to customizing treatment strategies based on inflam-
matory markers, which are pivotal in managing chronic 
infections and systemic diseases [239]. AI can process 
complex omics data, including genomic, proteomic, and 
metabolomic layers, to identify biomarkers linked with 
inflammation and stratify patients for optimized anti-
inflammatory therapy [240].

Such individualized models allow clinicians to select 
the most effective anti-inflammatory agents and fine-
tune dosage regimens to minimize side effects while 
maximizing therapeutic efficacy. Continuous real-time 
monitoring of inflammatory markers through AI-inte-
grated platforms enables dynamic treatment adjust-
ments. For instance, Peng et al. (2021) demonstrated how 
AI systems can modulate therapy in response to fluctu-
ating inflammation levels [236]. Integrating data from 
wearable biosensors, these systems enable timely detec-
tion of changes in a patient’s inflammatory state, allowing 
prompt therapeutic interventions that prevent complica-
tions and improve outcomes.

AI also plays a crucial role in adapting nanomaterials 
for tissue-specific delivery. Since each tissue type exhibits 
unique traits such as vascularization, immune profile, and 
biomechanical properties, tailored approaches are essen-
tial for optimal treatment. AI models can evaluate these 
physiological differences and guide the design of nano-
materials suited for specific tissues. For example, nano-
materials for hepatic applications must be engineered to 
withstand the liver’s high vascularity and robust immune 
surveillance, ensuring accurate delivery and minimizing 
immunogenicity [241]. In neurological applications, AI 
facilitates the creation of nanosystems capable of tra-
versing the blood-brain barrier, an otherwise formidable 
obstacle, by optimizing surface charge, ligand chemis-
try, and size parameters. Similarly, for cutaneous appli-
cations, AI aids in predicting how nanomaterials will 
interact with distinct skin layers, adjusting particle prop-
erties for effective penetration and sustained therapeutic 
release. This is particularly valuable in chronic wound 
management and dermatological infections.

Moreover, AI enables the simulation of dynamic inter-
actions between nanomaterials and biological tissues, 
allowing iterative refinement of properties such as parti-
cle size, surface chemistry, and drug release kinetics. This 
feedback-driven optimization ensures that nanomateri-
als remain compatible with the evolving tissue environ-
ment, enhancing both therapeutic efficacy and precision. 
As a result, off-target effects and systemic toxicity are 
significantly minimized. Building on this foundation, the 
next section examines how AI empowers nanomaterials 

Table 5  Summary of AI/ML applications in nanomaterials
Application 
area

AI/ML 
methods

Features Goal Key 
outcomes

Biocom-
patibility 
prediction

SVM, Random 
Forest

Physico-
chemi-
cal + in 
vitro/
in vivo 
datasets

Classify safe 
vs. toxic 
nanomaterials

High 
accuracy 
in toxicity 
prediction

High-
throughput 
screening

AI inte-
grated with 
automation

Large-
scale 
experi-
mental 
datasets

Iden-
tify promising 
formulations

Accelerat-
ed material 
screen-
ing & 
discovery

Pharma-
cokinetics 
& ADME 
modeling

Bayesian 
models, 
Regression

Phar-
maco-
kinetic/
Pharma-
cody-
namic 
datasets

Predict 
absorption, 
distribution, 
metabolism, 
excretion

Reduced 
trial-and-
error, early 
toxicity 
detection

Chronic 
infection 
modeling

Predictive an-
alytics, Deep 
Learning

Clini-
cal + epi-
demio-
logical 
datasets

Forecast 
infection 
progression 
& treatment 
response

Enabled 
early inter-
vention & 
outbreak 
tracking

Drug release 
optimization

AI-based 
optimization 
models

Patient-
specific 
biomark-
ers, 
disease 
profiles

Tailor release 
profiles & dos-
ing schedules

Adaptive, 
precise 
therapy 
with mini-
mal side 
effects

Intelligent 
drug delivery

AI with 
biosensor 
integration

Real-
time 
physi-
ological 
monitor-
ing data

Dynamic dose 
adjustment

Revolu-
tionized 
personal-
ized medi-
cine with 
real-time 
control

The table highlights how different AI and machine learning methods leverage 
diverse datasets (in vitro, in vivo, in silico, and clinical) to predict biocompatibility, 
model pharmacokinetics, accelerate high-throughput screening, optimize 
drug release, and enable intelligent drug delivery. These approaches support 
safer, more effective, and personalized nanomedicine development
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to respond dynamically in real time to physiological 
changes, enabling precision interventions in fluctuating 
disease conditions. These adaptive capabilities, further 
illustrated through real-world case studies, underscore 
AI’s pivotal role in advancing intelligent nanomedicine.

Dynamic response systems
AI enables real-time modulation of nanomaterial behav-
ior by integrating patient-specific data streams with 
ML algorithms. This capability allows nanocarriers to 
dynamically adapt their therapeutic profiles in response 
to physiological changes, which is particularly impor-
tant for chronic infections or inflammation-prone condi-
tions where disease states evolve rapidly [242]. Advanced 
biosensors can track physiological variables such as pH, 
temperature, and disease-specific biomarkers. These 
data are continuously analyzed by AI systems to inform 
therapeutic decisions and adjust nanomaterial param-
eters accordingly, such as modifying surface chemistry, 
altering drug release rates, or changing biodistribution 
patterns [243]. For instance, if a localized infection site 
becomes more acidic, AI systems can trigger a faster 
release of antimicrobial agents to counteract the inflam-
matory environment.

Real-time feedback platforms also leverage wearable 
technologies and implantable devices to gather continu-
ous health data. AI models process these signals to detect 
early signs of disease progression, enabling preemp-
tive therapeutic adjustments. A practical example is AI-
guided insulin regulation in diabetes management, which 

could be translated to other drug delivery platforms using 
nanocarriers for dynamic dosing [242, 243]. Beyond 
physiological monitoring, AI contributes to therapeutic 
adaptation by analyzing longitudinal clinical data, such as 
genetic markers, patient histories, and immune profiles 
[244]. This allows for context-specific treatment adjust-
ments. For example, AI can identify early indicators of 
antibiotic resistance and recommend alternative combi-
nation therapies before clinical symptoms worsen [241]. 
In the context of AMR, AI identifies resistance-associ-
ated genes and optimizes antimicrobial selection through 
predictive analytics [245]. This is critical in designing 
multifunctional nanoplatforms capable of bypassing or 
neutralizing resistance mechanisms. Additionally, AI 
can suggest synergistic drug combinations and model 
the pharmacodynamics of each agent within the infected 
tissue microenvironment. AI also supports antimicro-
bial stewardship by optimizing dosage, scheduling, and 
agent selection tailored to pathogen profiles and patient 
response. This capability enhances therapeutic preci-
sion while minimizing side effects and limiting resistance 
development. The integration of dynamic response sys-
tems with AI-powered decision-making paves the way 
for intelligent nanomedicine that is responsive, personal-
ized, and context-aware. These adaptive capabilities are 
increasingly being validated through industry-led inno-
vations, which are explored in the next section.

Fig. 23  AI-based models and simulations are used to optimize cancer biofilm therapy by targeting various stages of biofilm development: reversible 
attachment, irreversible adhesion, colony formation, and biofilm maturity. AI aids in personalizing nanomedicine tactics such as drug delivery, magnetic 
targeting, and photothermal or photodynamic therapy, improving the success of interventions in biofilm-associated tumors
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Case studies
Several companies and research groups have demon-
strated the transformative potential of AI in advanc-
ing nanomedicine from drug discovery to real-time 
therapeutic optimization. Insilico Medicine developed 
a novel oncology drug candidate using a deep learn-
ing platform for target identification and molecule gen-
eration. The candidate is now in Phase II clinical trials, 
representing a significant reduction in the traditional 
drug discovery timeline [242]. XtalPi, in collaboration 
with Eli Lilly, applies AI and quantum physics to pre-
dict molecular properties, including crystal structures 
of small molecules. These insights are directly applicable 
to nanoparticle design, particularly in improving drug 
loading efficiency and stability for therapeutic formula-
tions [242]. CytoReason models immune system dynam-
ics using AI to simulate patient-specific responses to 
therapies. In partnership with Pfizer, these simulations 
have refined treatment selection for autoimmune con-
ditions an approach adaptable to immunomodulatory 
nanomaterials [242]. Exscientia introduced DSP-1181 
for obsessive-compulsive disorder (OCD) using AI to 
accelerate compound screening and preclinical optimiza-
tion. The company’s platform integrates chemistry, biol-
ogy, and clinical data to shorten the path from molecule 
design to clinical validation. Benevolent AI identified 
therapeutic leads for amyotrophic lateral sclerosis (ALS) 
by mining multi-omics datasets with its AI engine. Their 
approach highlights how complex biological data can 
inform nanoparticle design for targeting neurodegenera-
tive pathways.

Ongoing research  Recent literature continues to empha-
size the pivotal role of AI in driving innovation across the 
nanotechnology landscape, with diverse applications in 
material synthesis, biocompatibility enhancement, pre-
dictive modeling, and clinical translation. Hrvat et al. 
(2021) provides a comprehensive review highlighting the 
integration of AI in designing and synthesizing nanomate-
rials with tailored physicochemical characteristics. Their 
findings underscore how AI can accelerate the develop-
ment of nanostructures for medical diagnostics and ther-
apeutic delivery, significantly improving design efficiency, 
functionality, and safety profiles [246]. In a related contri-
bution, Liu et al. (2021) investigated how ML algorithms 
can predict the behavior of nanomaterials in complex 
biological environments. Their study illustrates the criti-
cal importance of modeling nanoparticle biological inter-
actions such as cellular uptake, immune evasion, and in 
vivo degradation patterns early in the design phase. Such 
predictive insights are invaluable in minimizing trial-and-
error experiments, ultimately supporting the rational 
development of safer and more effective nanotherapeu-
tics [246].

Nandipati et al. (2024) examined the role of AI in enhanc-
ing nanomaterial synthesis. Their work demonstrates how 
ML models can fine-tune reaction parameters and pro-
cess conditions to ensure batch consistency, reproduc-
ibility, and high-quality outputs in nanoscale production 
[247]. This is especially relevant for translating lab-scale 
formulations into clinical-grade materials, where qual-
ity control and scalability are often major bottlenecks. 
Advancing further, Zhu and Li (2023) explored intelli-
gent material design by integrating AI with large chemi-
cal databases to discover new material compositions and 
architectures. Their work focuses on algorithm-driven 
synthesis pathways that reduce redundancy and cost, 
accelerating the innovation cycle across both biomedical 
and industrial applications [248]. Similarly, Gadzhima-
gomedova et al. (2022) highlighted how AI can address 
longstanding challenges in nanofluid research and cataly-
sis by modeling thermal behavior and surface reactivity at 
the atomic level. This type of mechanistic insight enables 
better control over nanoparticle functionality in real-time 
applications, such as targeted drug delivery and biosens-
ing [237]. Complementing these studies, Guo et al. (2021) 
investigated AI’s role in mechanical material design, 
demonstrating how deep learning techniques can predict 
structural behavior under various stress conditions and 
discover previously unknown performance mechanisms. 
Such approaches can be extrapolated to biomedical 
nanomaterials, especially those intended for tissue engi-
neering, implant coatings, or dynamic therapeutic envi-
ronments [242]. Together, these ongoing research efforts 
showcase how AI is reshaping the way nanomaterials are 
conceived, fabricated, and applied. By bridging computa-
tional intelligence with materials science, researchers are 
moving toward a future where nanomedicine is not only 
more personalized and predictive but also more robust 
and translatable across diverse clinical settings.

Closed-loop regenerative systems
Closed-loop regenerative systems represent an advanced 
therapeutic model that integrates AI with real-time bio-
logical feedback to continuously optimize treatment 
interventions. These systems gather data from diverse 
sources including infection sites, patient physiology, 
nanomaterial behavior, and microbiome status and feed 
it into adaptive algorithms that tailor therapeutic strate-
gies in real time [249]. This continuous feedback loop 
supports dynamic modifications in drug release profiles, 
surface chemistry, or dosing schedules, ensuring that 
treatments evolve in step with disease progression and 
individual patient responses. By leveraging sensor tech-
nologies and AI analytics, such systems enable real-time 
surveillance and precise adjustment of nanomaterial 
properties. For instance, smart NPs can be engineered 
to respond to environmental triggers, such as local pH 
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changes or the presence of specific inflammatory bio-
markers, by modifying their surface charge or releasing 
drugs at adjusted rates. This level of customization is par-
ticularly beneficial for chronic infections, where the bio-
logical environment is dynamic and conventional static 
treatment regimens often fail [237].

A key innovation in these systems is their reliance on 
adaptive treatment strategies (Fig. 24). ML models ana-
lyze individual patient data ranging from genetic and 
proteomic profiles to microbial signatures and use pat-
tern recognition to optimize therapeutic delivery [237]. 
If, for example, a patient’s infection exhibits a dense bio-
film structure that impairs drug diffusion, AI can suggest 
alterations in nanoparticle composition or functionaliza-
tion to enhance penetration. Similarly, continuous analy-
sis of inflammation markers enables timely adjustments 
in dosing schedules or the selection of more targeted 
anti-inflammatory agents [250]. Beyond personalization, 
these systems play a critical role in anticipating and coun-
teracting drug resistance. AI-driven analytics can detect 
early signs of emerging resistance through trends in ther-
apeutic response, enabling clinicians to adjust regimens 
preemptively. This might involve switching to alternative 
agents, modifying dosages, or implementing combination 
therapies specifically chosen to overcome identified resis-
tance mechanisms [237]. The strength of closed-loop sys-
tems lies in their capacity for continuous adaptation. As a 
patient’s condition evolves, the AI algorithm updates its 
predictive models using newly acquired data from clinical 
observations to molecular readouts ensuring that therapy 

remains aligned with the current disease state [250]. For 
instance, if infection severity increases, the system may 
escalate therapeutic payloads or adjust the release kinet-
ics of nanocarriers to meet the heightened demand. This 
approach ensures a resilient, patient-responsive frame-
work that outperforms traditional fixed regimens. More-
over, this model benefits from integrating multiple data 
streams, including patient-reported outcomes, wearable 
sensors, and laboratory diagnostics. This holistic view 
enhances decision-making accuracy and refines thera-
peutic protocols to maintain efficacy over time [251]. 
Ultimately, AI-powered closed-loop regenerative sys-
tems are positioned to redefine infection management 
by offering intelligent, flexible, and patient-specific treat-
ment architectures.

Technical and practical implementation
In recent years, considerable strides have been made in 
integrating sensors with AI and nanomaterial-based feed-
back systems. Nanoscale materials significantly improve 
sensor performance by enhancing sensitivity and speci-
ficity, allowing AI systems to better detect and interpret 
biological and environmental signals. This synergy has 
led to highly responsive AI technologies that find utility 
in diverse sectors, particularly healthcare and environ-
mental monitoring. For instance, AI-integrated nano-
sensors are increasingly used to monitor physiological 
parameters such as glucose, pH, and temperature in real 
time, enabling dynamic modifications to treatment pro-
tocols. Their precision ensures that subtle fluctuations in 

Fig. 24  AI-driven closed-loop regenerative systems continuously gather and evaluate data from malignant sites, nanomaterial responses, and patient 
conditions to adjust therapeutic interventions in real time. These systems adapt treatments by analyzing changes in genetic mutation, specific tumor 
biomarkers, and circulating tumor cells, ensuring enhanced therapeutic efficacy. ML algorithms process patient data to forecast optimal treatments, while 
also detecting early signs of drug resistance to enable timely adjustments. Continuous monitoring allows AI systems to update models with new data, 
maintaining the effectiveness of personalized treatments over time
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patient physiology are detected early, facilitating timely 
and accurate interventions [246]. Beyond clinical set-
tings, these AI-nanosensor platforms are proving vital in 
environmental monitoring. A notable example includes 
their deployment in detecting and managing oil spills in 
marine ecosystems [252]. Such versatility underscores 
their broader applicability and the transformative impact 
of AI-guided nanosensing technologies.

However, translating these technologies from labora-
tory settings to clinical practice remains a major hurdle. 
Challenges include the high cost of production, pro-
tracted clinical trial timelines, and the stringent safety 
and regulatory requirements that must be met. Ensuring 
biocompatibility and avoiding immune system activation 
are critical; thus, thorough preclinical validation is essen-
tial. Additionally, while laboratory-scale nanomaterial 
synthesis methods are well-established, scaling them up 
for mass production without compromising consistency 
and quality remains difficult [252]. Addressing these 
obstacles requires collaborative efforts among research-
ers, clinicians, regulatory bodies, and industry stakehold-
ers. Such partnerships can facilitate the development of 
standardized protocols for nanomaterial characteriza-
tion, production, and clinical validation. Interdisciplinary 
collaboration will also support the seamless integration 
of AI-driven systems within existing healthcare infra-
structures, ensuring that these technologies are both 
effective and practical [252].

Regulatory frameworks surrounding AI in healthcare 
present additional complexities. Ensuring transparency, 
algorithmic fairness, data privacy, and robust cyber-
security is critical for maintaining trust and meeting 
compliance standards. Comprehensive validation of AI 
algorithms across diverse patient populations is neces-
sary to avoid biased outcomes and to confirm reliability 
under varied clinical scenarios [246]. Engaging regulatory 
agencies early in the development pipeline can stream-
line approval processes and ensure that innovations meet 
evolving standards. Continuous dialogue between devel-
opers and regulators will be essential to adapting policies 
that keep pace with rapid technological advancements.

Patient-centric benefits
AI-driven approaches in regenerative medicine offer 
tangible benefits by minimizing the frequency of medi-
cal interventions and tailoring treatment protocols to 
individual patient profiles. Through advanced ML mod-
els, AI can analyze vast datasets to predict the most 
effective therapeutic strategy, thereby reducing the need 
for repeated procedures [228]. This proactive treatment 
planning enhances patient comfort, lowers healthcare 
burdens, and improves overall well-being. For example, 
in the management of chronic infections, AI can detect 
subtle indicators of disease recurrence before clinical 

symptoms emerge. Real-time monitoring enables health-
care providers to adjust drug dosages or introduce 
combination therapies promptly, thereby maintaining 
disease control without requiring aggressive or frequent 
interventions. This predictive capability extends to post-
treatment care, where AI assists in early relapse detection 
and rapid corrective measures, preserving the efficacy of 
therapy and ensuring sustained patient recovery [228].

Furthermore, AI contributes to the real-time optimiza-
tion of therapeutic outcomes. By continuously evaluating 
patient responses, AI can dynamically modify drug deliv-
ery systems such as adjusting release rates or therapeu-
tic concentrations based on metabolic feedback ensuring 
that treatments remain both effective and safe [253]. This 
is particularly beneficial in personalized medicine, where 
inter-patient variability in drug metabolism and immune 
responses can greatly influence therapeutic success.

AI’s power also lies in synthesizing multidimensional 
data, such as genomics, lifestyle, and microbiome pro-
files, to create highly individualized treatment plans. 
These personalized regimens not only improve efficacy 
but also reduce adverse reactions by avoiding unsuitable 
therapies [228]. For instance, AI can identify biomark-
ers predictive of therapy response, allowing clinicians to 
stratify patients and prescribe targeted treatments more 
likely to succeed. This precision reduces trial-and-error 
approaches and enhances treatment efficiency. Addition-
ally, AI supports microbiome-centered strategies, which 
are gaining traction in regenerative medicine. By ana-
lyzing microbiome composition and its interaction with 
host physiology, AI can inform therapeutic decisions 
that align with a patient’s unique microbial environment 
[253]. his enhances therapeutic durability and patient tol-
erance while minimizing disruptions to the microbiome.

Remote monitoring technologies, powered by AI, offer 
further patient-centric advantages. Wearable devices can 
continuously track health metrics, such as vital signs or 
biomarkers, and transmit the data to healthcare systems. 
AI analyzes these inputs in real time, facilitating timely 
clinical decisions and interventions. This is especially 
valuable for patients with chronic or mobility-limiting 
conditions, who benefit from reduced hospital visits and 
uninterrupted care. Additionally, AI-driven telehealth 
solutions enhance accessibility for patients in remote or 
underserved regions, enabling early diagnosis and timely 
treatment.Finally, AI’s predictive modeling capabilities 
serve a critical role in preemptive healthcare. By identi-
fying potential complications or side effects before they 
occur, AI empowers clinicians to implement risk-mitiga-
tion strategies. For chronic and progressive illnesses, this 
anticipatory care model can significantly alter disease tra-
jectories, improving prognosis and long-term outcomes.
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Future perspectives, challenges, and ethical 
integration of AI-nanomaterial therapies
The convergence of nanotechnology, microbiome sci-
ence, regenerative medicine, and AI heralds a transfor-
mative shift in the treatment of chronic infections and 
inflammation-linked diseases. As highlighted throughout 
this review, the development of multifunctional nano-
materials particularly those that are stimuli-responsive, 
biocompatible, and sensitive to host-microbe interactions 
offers a strategic avenue to overcome the limitations of 
traditional antimicrobial and anti-inflammatory thera-
pies. Future directions will focus on precision-engineered 
platforms that not only eradicate biofilms and drug-
resistant pathogens but also facilitate tissue regenera-
tion, microbiome restoration, and real-time therapeutic 
modulation.

One key frontier involves personalized nanotherapeu-
tics that account for individual microbiome composi-
tions, immune profiles, and wound pathophysiology. 
These systems will combine engineered nanomaterials 
with omics-driven patient data to deliver precisely tuned 
therapies. For example, biomaterials capable of releasing 
growth factors in synchrony with microbiome recovery 
stages or anti-inflammatory agents in response to spe-
cific immune signatures represent the next generation of 
biologically intelligent systems. These platforms must be 
adaptable not only to the biochemical signals of infection 
and inflammation but also to mechanical, enzymatic, and 
microbial stressors, particularly in complex wounds, dia-
betic ulcers, and infection-related cancers.

From an engineering standpoint, microbiome-respon-
sive hydrogels, enzyme-cleavable coatings, and dual-act-
ing nanosystems (e.g., combining photothermal therapy 
with antibiotic release) require significant refinement for 
clinical deployment. This involves addressing spatiotem-
poral control, ensuring precise localization, activation, 
and degradation of materials in a patient-specific man-
ner. Additionally, novel strategies are needed to prevent 
premature degradation and minimize cytotoxicity, espe-
cially in immunocompromised patients. Hybrid nano-
materials incorporating natural polymers like chitosan or 
cellulose with metallic cores could offer a sustainable and 
effective solution, provided challenges in manufacturing 
consistency and storage stability are addressed.

The role of AI in optimizing nanomaterial design, 
as discussed in prior sections, is poised to expand fur-
ther. Beyond passive data analysis, future AI tools will 
be embedded into closed-loop systems capable of real-
time interpretation and actuation, adjusting drug release 
or material properties based on dynamic physiological 
feedback. These advances will rely heavily on the inte-
gration of organ-on-chip platforms and digital twin 
models, enabling continuous in vitro and in silico valida-
tion of therapeutic decisions before patient application. 

However, robust modeling of host–microbiome–patho-
gen interactions and material–tissue dynamics remains 
a major gap that must be filled through interdisciplinary 
research.

Another urgent need is dataset standardization and 
regulatory harmonization. The lack of shared ontolo-
gies for describing nanomaterial properties, therapeutic 
outcomes, and patient response metrics inhibits both 
reproducibility and algorithm transferability. Global 
efforts are needed to create open-source, annotated data-
bases capturing microbiome states, infection progres-
sion, wound healing stages, and material biocompatibility 
under various clinical conditions. These repositories will 
be instrumental for both training AI systems and inform-
ing evidence-based regulatory guidelines for adaptive 
therapies.

Ethical and policy dimensions must evolve in paral-
lel. Adaptive nanotherapies and AI-driven interventions 
challenge conventional definitions of medical autonomy, 
informed consent, and clinical oversight. Patients must 
be informed about how and when algorithms intervene, 
particularly in therapies that auto-modulate dosage or 
target dynamically evolving infections. Ethical frame-
works should also guide the use of microbiome-modu-
lating agents, ensuring interventions do not compromise 
long-term host–microbiota balance or inadvertently pro-
mote dysbiosis. Furthermore, algorithmic bias, rooted 
in non-representative datasets or population-specific 
responses to materials, must be transparently reported 
and corrected.

While these innovations open exciting frontiers, their 
true impact will depend on how effectively they tran-
sition into clinical practice. Translational success will 
require (i) rigorous preclinical-to-clinical pipelines that 
include long-term toxicity and biodistribution studies, 
(ii) GMP- compliant manufacturing to ensure reproduc-
ibility and scalability, (iii) adaptive trial designs capable 
of evaluating patient-specific nanotherapies, and (iv) 
clearer regulatory alignment across FDA/EMA to clas-
sify and approve multifunctional nanoplatforms. Impor-
tantly, integration into existing wound-care workflows 
will necessitate collaboration among clinicians, mate-
rial scientists, and regulatory bodies. Establishing this 
structured pathway will be essential for moving stimuli-
responsive nanomaterials from proof-of-concept innova-
tions into standardized, safe, and accessible therapies for 
chronic wounds and infection-related diseases.

Future directions: open scientific and clinical 
questions

 	• How can long-term safety, biodistribution, 
and immunocompatibility of multifunctional 
nanomaterials be reliably assessed in humans?
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 	• What are the optimal strategies for integrating 
AI-driven design with patient-specific microbiome 
and immune profiles?

 	• How can long-term safety, biodistribution, 
and immunocompatibility of 
multifunctional nanomaterials be reliably assessed in 
humans?

 	• What regulatory pathways (FDA/EMA) are most 
appropriate for hybrid nanoplatforms combining 
antimicrobial, regenerative, and AI-enabled 
functions?

 	• Can adaptive nanotherapies be effectively 
scaled to GMP production without 
compromising environmental sustainability?

 	• How should ethical frameworks evolve to address 
patient consent, algorithmic decision making,and 
microbiome modulation risks?

Environmental sustainability will define the long-term 
viability of nanomedicine. Despite the growing interest 
in green synthesis techniques, current large-scale man-
ufacturing of nanomaterials and embedded electronic 
components often involves rare earth metals, organic 
solvents, and non-degradable polymers. Future systems 
must prioritize eco-conscious alternatives, such as bio-
polymer matrices, plant-derived reducing agents, and 
recyclable hardware components. Moreover, frameworks 
for safe disposal and circular reuse of nanotherapeutic 
devices must be developed in alignment with life-cycle 
assessment principles.

Translational, immunocompatibility, and 
regulatory considerations
Despite the rapid progress in smart hybrid nanomaterials 
for chronic infections, their successful clinical translation 
remains a considerable challenge. Scaling laboratory for-
mulations into clinically viable products requires adher-
ence to Good Manufacturing Practices (GMP) [119], 
with stringent demands for reproducibility, sterility, and 
batch-to-batch consistency. Variations in nanomaterial 
size, surface charge, or functionalization can critically 
alter pharmacokinetics and therapeutic outcomes, mak-
ing standardization a pressing bottleneck. Moreover, 
reliable analytical protocols for quality control and long-
term stability remain underdeveloped, delaying entry of 
promising nanotherapeutics into clinical trials.

On the regulatory side, agencies such as the U.S. Food 
and Drug Administration (FDA) and the European 
Medicines Agency (EMA) have begun issuing guid-
ance documents to address the complexities of nano-
medicine evaluation. These include recommendations 
for comprehensive physicochemical characterization, 
in vivo biodistribution studies, and detailed toxicologi-
cal profiling. However, regulatory pathways are not yet 

fully harmonized, and classification ambiguities often 
exist-whether a product is regulated as a drug, biologic, 
or combination device. This uncertainty can prolong 
approval timelines and create additional hurdles for 
researchers and developers. Equally important are the 
immunological considerations of nanomaterial-based 
therapies. NPs may activate the complement cascade, 
trigger hypersensitivity reactions, or induce off-target 
inflammatory responses, all of which can compromise 
patient safety. Recent strategies to improve immuno-
compatibility include the incorporation of biomimetic 
coatings, the use of stealth polymers such as PEG and 
zwitterionic layers, and the design of surface modifica-
tions that minimize opsonization. While such approaches 
are promising, systematic immuno-safety assessment 
frameworks remain limited, and predictive models for 
patient-specific immune responses are urgently needed.

Finally, the path to translation also requires coordinated 
global efforts in regulatory science. Standardized testing 
workflows, cross-validation of results across laboratories, 
and international alignment of approval processes are 
critical to accelerate clinical adoption. Emerging multi-
stakeholder consortia that include academia, industry, 
and regulators are beginning to shape this landscape by 
sharing data, defining best practices, and establishing ref-
erence materials for evaluation. Addressing these trans-
lational and regulatory gaps will be essential for moving 
smart nanomaterials from promising laboratory tools to 
clinically approved therapies that can transform the man-
agement of chronic infections.

Conclusion
This review emphasises the revolutionary potential of 
microbiome-responsive smart hybrid nanomaterials in 
treating chronic infections and fostering tissue regen-
eration, especially those that incorporate green poly-
mers like chitosan and AI-optimized designs. By utilising 
non-traditional antimicrobial mechanisms like ROS gen-
eration and pH/enzyme-triggered release, these multi-
functional platforms not only modulate dysbiosis and 
disrupt resilient biofilms, but they also achieve up to 
90% wound closure in preclinical models. Importantly, a 
paradigm shift in infection management is being brought 
about by the combination of AI-driven design, sustain-
able biomaterials, and microbiome-informed strategies. 
These systems provide a comprehensive therapeutic 
model, targeting pathogens, boosting host immunity, and 
improving regenerative outcomes all at once, in contrast 
to conventional methods that break down antimicrobial 
action from tissue repair. By facilitating real-time treat-
ment adaptation, predictive modelling, and metagenomic 
analysis for personalised microbiome stratification, AI 
further spurs innovation. Clinical translation in the 
future will depend on thorough microbiome profiling, 
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life-cycle sustainability evaluations, and progressive reg-
ulatory frameworks. If effectively adopted, these multi-
disciplinary innovations have the potential to reshape the 
norms for ethically guided, environmentally responsible, 
and individualised healthcaregreen.
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