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Abstract
Background Antimicrobial peptides (AMPs) have gained wide interest as viable alternatives to antibiotics owing to their 
potent antimicrobial effects and the low propensity of resistance development. However, their physicochemical properties 
(solubility, charge, hydrophobicity/hydrophilicity), stability issues (proteolytic or enzymatic degradation, aggregation, chemi-
cal degradation), and toxicities (interactions with blood components or cellular toxicities) limit their therapeutic applications.
Area covered Nanomedicine-based therapeutic delivery is an emerging concept. The AMP loaded nanoparticles have been 
prepared and investigated for their antimicrobial effects. In this review, we will discuss different nanomedicine-based AMP 
delivery systems including metallic nanoparticles, lipid nanoparticles, polymeric nanoparticles, and their hybrid systems 
along with their future prospects for potent antimicrobial efficacy.
Expert opinion Nanomedicine-based AMP delivery is a recent approach to the treatment of bacterial infections. The advan-
tageous properties of nanoparticles including the enhancement of AMP stability, controlled release, and targetability make 
them suitable for the augmentation of AMP activity. Modifications in the nanomedicine-based approach are required to 
overcome the problems of nanoparticle instability, shorter residence time, and toxicity. Future rigorous studies for both the 
AMP loaded nanoparticle preparation and characterization, and detailed evaluations of their in vitro and in vivo antimicrobial 
effects and toxicities, are essential.

Keywords Antimicrobial peptide · Bacterial infection · Nanoparticles · Nanomedicine

Introduction

Bacterial infections substantially contribute to threats to 
human health globally (Fitzpatrick et al. 2019). Antibiot-
ics have long been the drug of choice for the treatment of 
bacterial infections. However, with the emergence of anti-
biotic resistance, their effectiveness has been compromised 
(Ventola 2015). Several drug-resistant bacteria (including 
methicillin-resistant, vancomycin-resistant, penicillin-resist-
ant, sulfonamide-resistant, and macrolide-resistant, or even 
multidrug-resistant) have been identified that pose a serious 

challenge in the treatment of severe respiratory, bloodstream, 
urinary, topical, and surgical site infections (Tacconelli et al. 
2018). Therefore, the discovery or the design of antimicrobi-
als with lower susceptibility to antimicrobial resistance is a 
key for the effective treatment of bacterial infections.

Antimicrobial peptides (AMPs) are the diverse groups 
of bioactive peptides produced by organisms against patho-
gens (Magana et al. 2020). They are oligopeptides composed 
of up to 100 amino acids and are produced by protozoa, 
fungi, bacteria, plants, and animals (López-Abarrategui 
et al. 2012). The AMPs produced by bacteria against other 
similar kinds of bacteria for self-preservation and competi-
tive advantage are termed as bacteriocins (Riley and Wertz 
2002). In humans, AMPs are known to exist as evolutionary 
conserved products of the innate immune system (Zasloff 
2002) and are produced upon exposure to potentially harm-
ful pathogens (Bals 2000). The AMPs exhibit a cationic, 
amphipathic, or hydrophobic nature, and the mechanism 
of antimicrobial activity basically involves the electrostatic 
interactions with the anionic phospholipids of microbial 
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cell membranes (Epand and Epand 2009) to form pores for 
the release of bacterial contents leading to bacterial death 
(Fig. 1) (Magana et al. 2020). Furthermore, AMPs can be 
used as signaling molecules, biomarkers, and even tumori-
cidal agents, as well as in tissue engineering (Magana et al. 
2020). Most importantly, the propensity of resistance devel-
opment by AMP can be low, which makes it a potent mol-
ecule for the treatment of bacterial infections. The details 
on AMPs, their mechanisms of antimicrobial activity, and 
immunological and receptor-mediated effects are presented 
elsewhere (Thapa et al. 2020).

AMPs can be potentially used for the treatment of 
microbial infections via topical or intravenous adminis-
tration. However, they display some limitations regarding 
safety and bioavailability and may pose additional biologi-
cal activities and functions (Dutta and Das 2016). There-
fore, it is crucial to enhance the stability, safety, and bio-
availability of AMPs and preferably, provide a targeted and 
controlled release at infected sites. Some of the stability 
issues are addressed using approaches like the insertion of 
non-natural or D-amino acids; peptide cyclization, amida-
tion, or acetylation at the N-terminus; and the introduction 
of peptide mimetics (Giuliani et al. 2007). However, even 

stable AMPs cannot be administered as a solution owing 
to several issues including their solubility (due to hydro-
phobic peptides), interactions with body components (e.g. 
with blood components when administered intravenously), 
susceptibility to environmental conditions other than pro-
teases (e.g. degradation by light and oxidation), and a lack 
of targeting and controlled release of peptides. Therefore, 
the development of a suitable drug delivery system for the 
effective delivery of AMPs is necessary.

Nanomedicine is recognized as an approach to design 
nanomaterials for therapeutic and diagnostic purposes 
(Cavalieri et al. 2014). Nanomaterials have gained wide 
attention for their unique properties and effectiveness in 
the delivery of therapeutic agents for the treatment of a 
variety of ailments including cancer, ophthalmic diseases, 
wounds, and blood pathogens. Unique properties such as 
size (in nanometer range), surface properties, targetability, 
inherent antimicrobial properties, and ease of application 
allow widespread use of nanomaterials. Commercial for-
mulations (> 10 marketed products) based on nanoparti-
cles are already available for antibacterial delivery, bacte-
rial diagnosis, and in medical devices (Zhu et al. 2014).

Fig. 1  Mechanisms of interactions between AMPs and bacterial membranes [reprinted with permission from (Magana et al. 2020)]
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The enhanced stability, bioavailability, and targetability 
of AMPs for potent antimicrobial effects can be possibly 
achieved by using a suitable nanocarrier system, and it is 
herein the recent developments in the use of nanomedicine-
based AMP delivery for antibacterial effects will be dis-
cussed. In addition, future prospects in the development 
of a suitable nanomedicine-based AMP delivery will be 
addressed.

Nanomedicine‑based AMP delivery

The AMPs can exhibit their antimicrobial properties via 
membrane permeabilizing and non-membrane permeabiliz-
ing effects as presented in Fig. 2. The potent antimicrobial 
effects are achieved by disrupting bacterial cell membranes, 
immune response modulation, and regulation of inflamma-
tion (Mookherjee and Hancock 2007). However, there is still 
a possibility of resistance development by gram-negative 
bacteria against these AMPs. The four main mechanisms of 
AMP resistance include: (1) proteolytic peptide degradation, 
(2) bacterial surface modification for target alteration, (3) 

production of a capsule to shield the bacterial membrane, 
and (4) down-regulation via immunomodulation (Band and 
Weiss 2015). Therefore, it is important to mitigate such 
mechanisms of AMP resistance to enhance their effective-
ness as antimicrobial agents. The development of a suitable 
formulation is thus a viable alternative to at least enhance 
the stability (via preventing proteolytic degradation) and 
targetability (via membrane targeting and permeability) of 
AMPs. The nanomedicine-based AMP delivery approach 
can potentially enhance antimicrobial effectiveness and 
minimize the chances of resistance development.

Besides the given advantages of nanoparticles for AMP 
delivery, there are still some disadvantages that can affect the 
antimicrobial mechanisms of AMPs. The loading of larger 
molecules like peptides (AMPs) and proteins in nanoparti-
cles is limited, and hence suitable methods of drug loading 
(e.g. by increasing the hydrophobic interactions or adjusting 
the electrostatic effects) should be optimized for greater effi-
cacy (Shen et al. 2017). The AMP-loaded nanoparticles can 
undergo nonspecific uptake by phagocytes (Gustafson et al. 
2015) resulting in degradation and clearance without induc-
tion of antimicrobial effects. This problem is most prevalent 

Fig. 2  Mechanisms of the antimicrobial effects of AMPs and factors leading to resistance development by gram-negative bacteria [reprinted with 
permission from (Magana et al. 2020)]
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for intravenous administration of nanoparticles and can be 
overcome with the stealth coating [e.g. polyethylene glycol, 
poly(zwitterions)] of nanoparticles (Fam et al. 2020). Dif-
ferent AMPs have different mechanisms of antimicrobial 
actions. Some of the AMPs (e.g. LL37, melittin, magainin 
2) induce bacterial membrane disruption (Le et al. 2017) and 
hence require being released outside the bacterial membrane 
to induce therapeutic effects. However, in some instances, 
the nanoparticles can be uptaken by the microorganisms 
resulting in the release of AMPs intracellularly. This prob-
lem can be solved by the development of hybrid systems 
wherein the AMP loaded nanoparticles are incorporated 
within e.g. hydrogel, resulting in the stable and controlled 
release of AMPs in the application area to induce potent 
antimicrobial effects (Moorcroft et al. 2020). Other groups 
of AMPs (e.g. buforin II, tachyplesin, microcin J25) can act 
intracellularly to induce DNA damage or prevent DNA/RNA 
or cell wall synthesis (Le et al. 2017). The uptake of such 
AMP loaded nanoparticles is beneficial for intracellular pep-
tide release and subsequent antimicrobial effects. The AMP 
loaded nanoparticles can release the peptides in a sustained 
fashion depending on the nanoparticle degradability (Meikle 
et al. 2017) and the influence of the microenvironment (e.g. 
pH or other external stimuli) (Yu et al. 2020), thus continu-
ously affecting the target sites for the induction of potent 
antimicrobial effects.

Different nanocarriers have been investigated for their 
potential in AMP delivery. Nanomaterials used for the deliv-
ery of AMPs can be categorized as follows: (1) inorganic or 

metallic nanoparticles (e.g. gold, silver, and silica nanopar-
ticles), (2) polymeric nanoparticles (e.g. chitosan, hyaluronic 
acid, and PLGA nanoparticles), (3) lipid nanoparticles (e.g. 
liposomes, solid lipid nanoparticles, and nanostructured 
lipid carriers) and (4) other nanostructures (e.g. dendrim-
ers, carbon nanodots, and quantum dots). In addition to 
their nanocarrier function, some of these nanomaterials 
themselves can have antimicrobial effects. Schematic rep-
resentation of the nanomaterials with inherent antimicro-
bial properties and as a nanocarrier for nanomedicine-based 
AMP delivery is presented in Fig. 3.

The nanomaterials with inherent antimicrobial proper-
ties vary in the mechanisms of their antimicrobial effects. 
The antimicrobial mechanisms of metallic nanoparticles are 
presented in Fig. 4. Gold nanoparticles (Au NPs) induce 
antimicrobial effects via heavy electrostatic attraction, accu-
mulation at cell surfaces, and interactions with cell mem-
branes (Chamundeeswari et al. 2010). Silver nanoparticles 
(Ag NPs) interfere with the cell membrane, inhibit electron 
transport, denature ribosomes and inhibit protein synthe-
sis, as well as damage DNA (Yin et al. 2020). Zinc oxide 
nanoparticles (ZnO NPs) disrupt bacterial cell membranes 
and accumulate inside the cell to produce toxic hydrogen 
peroxide (Lallo da Silva et al. 2019). Titanium dioxide nano-
particles  (TiO2 NPs) damage cell membranes and release 
reactive oxygen species (Azizi-Lalabadi et al. 2019). Nitric 
oxide-releasing nanoparticles (NO NPs) release nitric oxide 
and produce reactive oxygen species for the induction of 
antimicrobial effects (Weller 2009).

Fig. 3  Schematic representation of nanomaterials with a inherent antimicrobial properties and carrier functions, and b as only nanocarriers for 
AMP delivery



381Journal of Pharmaceutical Investigation (2021) 51:377–398 

1 3

In metallic nanoparticles, such as gold (Chen et al. 2015), 
silver (Mei et al. 2013), or mesoporous silica nanoparticles 
(Qi et al. 2013), the AMPs can be conjugated on the nano-
particle surface which is then available for direct interactions 
with bacterial cell membrane for the induction of antimi-
crobial effects. Furthermore, AMPs can be loaded into the 
mesoporous silica nanoparticles, and stimuli-responsive 
release can be achieved to target peptide release for antimi-
crobial effects (Yu et al. 2020). Furthermore, mesoporous 
silica nanoparticles can also enhance the membrane pen-
etration/permeabilization of AMPs to induce antimicrobial 
effects (Zhao et al. 2019). Alternatively, in a combination of 
AMP and silver nanoparticles, the peptides can enhance the 
permeabilization of silver nanoparticles to access internal 
target sites and synergize the antimicrobial effects (Ruden 
et al. 2009).

Lipid nanoparticles do not possess inherent antimicrobial 
effects. However, they are effective carriers for AMP deliv-
ery. Liposomes are one of the widely studied lipid nano-
particles with the ability to target and control the release of 
AMPs for the induction of antimicrobial effects (Makhathini 

et  al. 2019). Similarly, liquid crystalline nanoparticles, 
solid lipid nanoparticles, and nanostructured lipid carriers 
can prevent peptide degradation and promote the sustained 
release of AMPs (Meikle et al. 2017).

The polymeric nanoparticles composed of cationic poly-
mers exhibit antimicrobial properties by polymer binding to 
the cell membrane surface via electrostatic interactions fol-
lowed by insertion of the hydrophobic groups to the bacterial 
membranes. The formation of membrane-active conforma-
tion and subsequent membrane disruption leads to antimi-
crobial effects (Mortazavian et al. 2018). The schematic 
representation of the inherent antimicrobial mechanism of 
polymeric nanoparticles is presented in Fig. 5. Apart from 
the inherent antimicrobial properties, polymeric (e.g. chi-
tosan, PLGA) nanoparticles can enhance the stability and 
control the release of AMPs to promote the antimicrobial 
effects (Piras et al. 2015).

Other nanostructures (e.g. dendrimers) can possess 
inherent antimicrobial mechanisms due to their cationic 
charge compositions. Dendrimers can also be formed with 
AMPs that allow direct peptide interactions with bacterial 

Fig. 4  Schematic representation of the mechanisms of antimicrobial effects for metallic nanoparticles [reprinted with permission from (Shaikh 
et al. 2019)]
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membranes to induce antimicrobial effects (Pompilio et al. 
2018). Moreover, nanostructures such as carbon nanotubes 
can present inherent antimicrobial effects by a physical mode 
or induction of oxidative stress and subsequently release the 
AMPs for synergizing the effects (Roccatano et al. 2017).

The combination of the antimicrobial effects of both 
nanomaterials and AMPs can be beneficial in inducing 
potent antimicrobial effects (Baptista et al. 2018). The mech-
anisms of antimicrobial effects target different pathways that 
can lead to possible synergistic effects and can potentially 
minimize the chances of resistance development. A sche-
matic representation of the possible interactions between 
different AMP nanoparticles and bacterial membranes for 
the induction of antimicrobial effects is presented in Fig. 6.

Recent advances in nanomedicine‑based 
AMP delivery

The purpose of developing a technological strategy for 
nanomedicine-based AMP delivery is to enhance the safety 
and bioavailability of AMPs and AMP stability by avoiding 
chemical, enzymatic, and light-induced degradations, as well 
as to prevent peptide aggregation and promote controlled 
and targeted release. The different nanomaterial systems uti-
lized for the delivery of AMPs to treat bacterial infections 
are presented below.

Inorganic or metallic nanoparticles for AMP delivery

Inorganic or metallic nanoparticles have been widely stud-
ied for their potential antimicrobial activity in addition to 
their nanocarrier functions (Sánchez-López et al. 2020). 
The metallic nanoparticles are produced by different physi-
cal methods including evaporation, sputtering, photoli-
thography, laser ablation, and electron-beam lithography 

(Jamkhande et al. 2019). The chemical approach involves the 
reduction (using citrate, ascorbate, and sodium borohydrate) 
of metallic ions to form nanoparticles (Iravani et al. 2014; 
Slepička et al. 2019). The nanoparticle size, shape, and sur-
face properties (zeta potential) determine their antimicro-
bial efficacy (Lee and Jun 2019). The large surface area and 
release of metal cations from the nanoparticles enhance their 
antimicrobial potency (Cheeseman et al. 2020). Conjugation 
of the nanoparticles with suitable targets can further enhance 
their antimicrobial effects (Lin et al. 2002). More impor-
tantly, the resistant strains of bacteria can also be treated 
effectively using nanoparticle conjugate systems (Rosemary 
et al. 2006). The major drawbacks of using metallic nanopar-
ticles include the toxicity induced by the reagents used for 
nanoparticle synthesis or the precipitation and agglomera-
tion of the nanoparticles along with their non-biodegradabil-
ity. Nanoparticle aggregation can be prevented by using suit-
able surfactants and water soluble polymers (e.g. chitosan, 
polyvinyl sulphonate, or polysaccharides) for stabilization 
(Długosz et al. 2020). Furthermore, functionalization of the 
nanoparticles with AMPs can improve their antimicrobial 
efficacy via stabilization, prevention of agglomeration, and 
synergistic antibacterial effects (Chen et al. 2015). Silver 
and gold nanoparticles have been widely studied for their 
intrinsic antimicrobial effects and as a potential nanocarrier 
(Morales-Avila et al. 2017), whereas silica nanoparticles 
are evident as a suitable nanocarrier for a wide range of 
therapeutics including AMPs (Selvarajan et al. 2020). Inor-
ganic or metallic nanoparticles functionalized with AMPs 
are elaborted below.

Gold nanoparticles

Gold nanoparticles are one of the metallic nanoparticles 
widely studied as a diagnostic, therapeutic, and nanocarrier 
system (Hu et al. 2020). The biocompatible nature of gold 

Fig. 5  Schematic representation of the antimicrobial mechanism of cationic polymers [reprinted with permission from (Mortazavian et al. 2018)]
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makes these nanoparticles comparatively safer than other 
metallic nanoparticles (Yang et al. 2015). Gold nanoparti-
cles induce antibacterial effects by the generation of reac-
tive oxygen species (ROS) leading to oxidative stress in the 
microbial cells (Mohamed et al. 2017). Recently, there is a 
growing interest in the use of gold nanoparticles as a carrier 
for AMPs. Studies involving different in vitro and in vivo 
models, for targeting a plethora of microorganisms, have 
been performed utilizing different AMP loaded gold nano-
particles (Table 1).

There are several advantages of using gold nanoparticles 
as a carrier for AMPs, including the enhancement of AMP 
stability against proteases and enzymes (Yeom et al. 2016), 
higher functionalization of AMPs on nanoparticle surfaces 
for both antibacterial and immune recognitions (Grzelczak 
et al. 2010), and potent antibacterial effects even against 
resistant bacterial strains (Casciaro et al. 2017; Wadhwani 
et al. 2017). The main disadvantage of the gold nanoparticles 
loaded with AMPs is their possible aggregation (Wadhwani 
et al. 2017), the longer residence time in the body following 
intravenous administration (Fraga et al. 2014), and shorter 

residence time following topical application (Arvizo et al. 
2010). The AMPs can sometimes prevent the aggregation 
of gold nanoparticles attributed to their inherent amino acid 
charges. The size (< 20 nm), shape (spherical), and surface 
charge (reduction in positive charge) of gold nanoparticles 
can be changed to enhance the elimination from the body 
for toxicity reduction (Rajchakit and Sarojini 2017). For the 
enhancement of the residence time following topical applica-
tions, suitable formulation modifications are required (e.g. 
combination of adhesive polymer and AMP-gold nanopar-
ticles, or hydrogel composed of AMP-gold nanoparticles) 
(Moorcroft et al. 2020).

Silver nanoparticles

Silver nanoparticles (AgNPs) have been rigorously stud-
ied as a system with inherent antimicrobial effects. The 
potent antimicrobial activity of AgNPs is well established, 
and the possible mechanisms include the release of silver 
ions, free radical generation, cell membrane damage, and 

Fig. 6  Schematic representation of possible interactions between different AMP nanoparticles and bacterial membranes for the induction of anti-
microbial effects
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interactions with bacterial DNA and its damage (Durán 
et al. 2016). Silver nanoparticles serve as a carrier of the 
silver ions to the bacterial membrane and cytoplasm rather 
than exerting direct particle-specific toxicity on bacteria 
(Xiu et al. 2012). This function is attributed to the mini-
mal binding and interactions with the biological ligands 
(Xiu et al. 2012). Therefore, conjugation of silver nano-
particles with AMPs can be beneficial in enhancing the 
interactions of the peptides with bacterial membranes and 
then releasing silver ions for further toxicity induction in 
bacteria for synergistic antibacterial effects (Morales-Avila 
et al. 2017). Furthermore, peptide conjugation can pre-
vent nanoparticle aggregation and enhance their stability 
(Pal et al. 2019). Similarly, silver nanoparticles can also 
enhance the stability and activity of AMPs thus promoting 
the antibacterial effects (Pal et al. 2016). The examples of 

such AMP functionalized silver nanoparticles used for the 
antibacterial purpose are presented in Table 2.

Mesoporous silica nanoparticles (MSNs)

Recently, MSNs have gained considerable interest in the 
delivery of antimicrobial agents owing to their stable frame 
structures, good biocompatibility, tunable surface chem-
istry, and high loading capacity (Jambhrunkar et al. 2014; 
Xu et al. 2015). The AMPs can be either conjugated to the 
surface of the MSNs or loaded into the pores for controlled 
release. The antimicrobial effects of AMP functionalized 
MSNs are dependent on the nanoparticle charge and poros-
ity (which influence AMP loading and release) and their 
subsequent bacterial membrane interactions (Braun et al. 
2016). The LL-37 loading was higher in anionic MSNs 
(via pore localization) compared to nonporous or cationic 
nanoparticles (via electrostatic interactions). The bacterial 

Table 1  Gold nanoparticle-based AMP delivery

AMP Treatment purpose Target microorganisms Outcome References

Vancomycin In vitro study Vancomycin resistant ente-
rococci and E. coli

≈ 8–32 fold reduction in 
minimum inhibitory 
concentration (MIC) of 
vancomycin

(Gu et al. 2003)

Vancomycin In vitro study Vancomycin resistant S. 
aureus, and E. coli

≈ 4–6 fold reduction in MIC 
of vancomycin

(Mohammed Fayaz et al. 
2011)

Surfactin In vivo rat wound infection 
model

Methicillin resistant S. 
aureus (MRSA)

Complete inhibition of the 
bacteria on wounds

(Chen et al. 2015)

Cecropin-melittin 
derivative (cysteine at 
C-terminus)

Systemic infection in a 
mouse model

E. coli ≈ four fold reduction in 
MIC of cecropin-melittin 
as compared to free 
peptide

(Rai et al. 2016)

PEP In vivo rat wound model S. aureus  > 99% of bacteria were 
killed with a single dose 
treatment

(Peng et al. 2016)

Esculentin-1a(1–21)NH2 In vitro study P. aeruginosa Resistance against proteo-
lytic degradation of AMP 
and ≈ 12 fold lower mini-
mal bactericidal concen-
tration required to kill 50% 
of the strain (MBC50) as 
compared to free peptide

(Casciaro et al. 2017)

A3-APOHis Systemic infection in a 
mouse model

S. Typhimurium Complete inhibition of bac-
terial colonization in mice 
organs resulting in 100% 
survival of mice

(Yeom et al. 2016)

LL37 Infected diabetic wound 
mouse model

MRSA  > 99% reduction in wound 
bacteria with a single dose 
treatment

(Wang et al. 2018)

1018K6 In vitro study L. monocytogens ≈ 100% killing of patho-
genic bacteria

(Palmieri et al. 2018)

Pep-H motif of human 
neutrophil peptide-1 
(HNP-1)

In vitro study M. tuberculosis infected in 
monocyte-derived mac-
rophages

 > 90% reduction in the 
intracellular bacteria

(Sharma et al. 2019)
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membrane disruption is attributed to peptide release from 
anionic MSNs and nanoparticle interactions regarding non-
porous or cationic nanoparticles (Braun et al. 2016). The 
higher stability of the AMPs against bacterial proteases is 
achieved with the use of MSNs. The intravenous or oral 
administration of the peptide-functionalized MSNs can be 
utilized for the respective treatments of bacterial infections 
such as tuberculosis (Tenland et al. 2019) or intestinal infec-
tions (Zhao et al. 2019). Furthermore, antimicrobial effec-
tiveness is also demonstrated in the bacterial infection of 
implants (Yu et al. 2020). However, for a topical application, 
the MSNs require an adhesive environment to prolong their 
residence time at the site of infection, which can be achieved 
through formulation modifications via incorporation into a 
suitable matrix (e.g. hydrogel) or an adhesive patch. The 
MSNs used for the delivery of different AMPs are presented 
in Table 3.

Lipid nanoparticles for AMP delivery

Lipid nanoparticles are one of several widely studied drug 
delivery systems owing to their safety, biocompatibility, 
and ability to transport both hydrophobic and hydrophilic 
molecules (García-Pinel et al. 2019). Different methods 
utilized in the preparation of lipid nanoparticles include 
thin-film hydration, reverse phase evaporation, high pres-
sure homogenization, microemulsion, solvent emulsification 
evaporation, phase inversion, coacervation, super critical 
fluid, and ultrasonication (Akbarzadeh et al. 2013; Ganesan 
and Narayanasamy 2017). In addition to the widely applied 
intravenous administration (Anselmo and Mitragotri 2016), 
the lipid nanoparticles have potent applications for dermato-
logical pathologies because of their abilities to target deeper 
skin layers following topical applications (de Leeuw et al. 
2009). Several marketed formulations of lipid nanoparti-
cles are available that prove their safety and efficacy as drug 
carriers (Puri et al. 2009). These nanoparticles have been 
investigated as carriers for peptide drugs for over three dec-
ades (Torchilin 2005). The AMPs can either be incorporated 
within the lipid nanoparticles or conjugated on the surface 
for antibacterial effects. Different types of lipid nanopar-
ticles utilized for the AMP delivery include liposomes, 
lyotropic liquid crystals, and solid lipid nanoparticles and 
nanostructured lipid carriers.

Liposomes

Liposomes are the first nanomedicine approved by the 
regulatory agencies, which contributes to their widespread 
popularity and use in drug delivery (Barenholz 2012). They 
are spherical self-enclosed bilayers that are spontaneously 
formed in the aqueous suspension (Akbarzadeh et al. 2013). 
Phospholipids are the main components of liposomes along Ta
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with other lipids such as cholesterol (Monteiro et al. 2014). 
Their main advantages include biocompatibility, biodegra-
dability, and minimal toxicity and immunogenicity (Madeira 
et al. 2010). Liposomes can incorporate both hydrophobic 
and hydrophilic drugs in them (Monteiro et al. 2014). They 
are suited for the delivery of amphiphilic peptides (e.g. 
AMPs) in a targeted delivery and moreover enhance stability 
by protecting against proteolytic degradation. However, it is 
of prime importance to select the suitable lipid composition 
for the delivery of AMPs. The lipid packing and membrane 
fluidity are affected by the lipid composition (the degree 
of phospholipid unsaturation) that consequently influences 
AMP encapsulation and stability (Alipour et al. 2008). The 
increase in fluidity reduces liposome stability, which can 
be improved by the addition of cholesterol; however, this 
can reduce the AMP encapsulation (Were et al. 2003). Fur-
thermore, the charge on the liposome surface can further 
determine the encapsulation and subsequent interactions 
with the target sites. The coating of liposomes with other 
polymers enhances the stability and overall therapeutic effi-
cacy. The benefits of using AMP loaded liposomes include 
their effectiveness at a lower dosage, the enhanced stability 
of peptides, the possibility of targeted delivery, and synergis-
tic effects with potential combinations of other antimicrobial 
agents to prevent resistance development. The examples of 
the liposomal formulations for AMP delivery are presented 
in Table 4.

Lyotropic liquid crystals

Lipids such as glyceryl monooleate have the ability to form 
liquid crystals that can organize themselves as lamellar, 
cubic, and hexagonal phases (Fig. 7). Factors affecting the 
adoption of a particular liquid crystalline phase include 
lipid composition, temperature, water content, and additives 

(Huang and Gui 2018). Macroscopically, liquid crystals 
behave as fluids, but they possess an intricate crystal-like 
nanostructure that can control the diffusion of the entrapped 
molecules thus allowing a sustained delivery (Dierking and 
Al-Zangana 2017). High viscosity, however, makes them 
unsuitable for parenteral administration (Madheswaran et al. 
2019). Dispersing the liquid crystals with the aid of a stabi-
lizer (e.g. poloxamer 407) can overcome this problem by the 
formation of liquid crystal nanoparticles (i.e. cubic phases 
termed as cubosomes and hexagonal phases termed as hex-
osomes) (Amar-Yuli et al. 2007; Madheswaran et al. 2019). 
These nanoparticles can incorporate both the hydrophilic 
and hydrophobic molecules, respectively, in their water 
channels and lipid cores (Thapa et al. 2015). The explora-
tion of the potential of liquid crystalline nanoparticles as 
a carrier for AMPs has recently begun (Boge et al. 2016). 
The examples of lyotropic liquid crystals studied for their 
potential as AMP carriers are presented in Table 5.

Solid lipid nanoparticles (SLNs) and nanostructured lipid 
carriers (NLCs)

SLNs and NLCs are recently developed nanocarrier systems 
that serve as alternatives to liposomes. This is attributed to 
their improved stability, encapsulation efficacy, shelf life, 
and feasibility in large-scale manufacturing (Ghasemiyeh 
and Mohammadi-Samani 2018). These nanocarriers are 
composed of lipids that melt at temperatures above 40 °C. 
SLNs are composed of a matrix of solid lipid particles, 
whereas NLCs are composed of solid lipid immersed in oil 
droplets, both enclosed with suitable surfactants (Mukher-
jee et al. 2009; Beloqui et al. 2016). Both SLN and NLC 
are non-toxic and biodegradable (Doktorovova et al. 2014; 
Doktorovová et al. 2016), which can encapsulate a range of 
chemically different bioactive (including peptides (AMPs) 

Table 3  MSNs for AMP delivery

AMP Treatment purpose Target microorganisms Outcome References

Vancomycin Systemic infection in a mouse model S. aureus A ten fold reduction in the bacterial 
count as compared to the control 
groups

(Qi et al. 2013)

Polymyxin B In vitro study P. aeruginosa, A. bau-
mannii, and E. coli

Controlled release and enhanced 
antibacterial activity compared to 
free peptide

(Gounani et al. 2018)

T7E21R-HD5 In vivo intestinal infection model in 
mouse

Multidrug resistant E. coli A 15–20 fold reduction in the bacte-
rial count as compared to the treat-
ment with free peptide

(Zhao et al. 2019)

NZX In vivo tuberculosis mouse model M. tuberculosis ≈ 88% reduction in colony forming 
units (cfu) in the lungs of mice 
compared to untreated control

(Tenland et al. 2019)

Melittin In vivo implantation model of biofilm 
in mouse

P. aeruginosa ≈ 100% bacterial killing in combina-
tion with an antibiotic (ofloxacin) 
co-delivered using MSNs

(Yu et al. 2020)
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and proteins) (Almeida and Souto 2007; Souto et al. 2007) 
with the possibility for surface modification. They can mod-
ify the release profile of the AMPs, which is attributed to 
their solid core (Fumakia and Ho 2016; Garcia-Orue et al. 
2016). A disadvantage of SLNs over NLCs is their lower 
AMP loading capacity and non-uniform diffusion (Ying-
choncharoen et al. 2016). Both SLNs and NLCs are suit-
able for oral, ocular, and parenteral administration but have 
been most successful in dermal administration of bioactive 
(Doktorovová et al. 2016) leading to the development of 
several marketed formulations for cosmetic use (Battaglia 
and Ugazio 2019). The lipophilic nature of lipid ingredi-
ents used in SLNs and NLCs limits their entrapment of 
polar peptides. Hence, methods such as the double emul-
sion technique (Becker Peres et al. 2016) and hot and cold 
pressure homogenization (Kasongo et al. 2012) can be used, 
respectively, for SLNs and NLCs to improve their loading 
efficacy. The peptides and proteins with poor aqueous solu-
bility can be formulated into NLCs, which are optimal for 

dermal applications because of their abilities to enhance 
skin penetration and retention, something attributable to 
their occlusive effects (intact film is formed by NLCs on 
the surface) (Lewies et al. 2017). The examples of SLNs 
and NLCs explored for their ability to deliver AMPs are 
presented in Table 6.

Polymeric nanoparticles for AMP delivery

Polymeric nanoparticles (composed of synthetic or natural 
polymers) have been extensively studied for the improve-
ment of therapeutic efficacy and reduction of toxicity for 
pharmaceutical actives, which is attributed to their biocom-
patible and biodegradable nature (Bharathala and Sharma 
2019). Biodegradable polymeric nanoparticles offer the 
potential for a sustained release profile of drugs with unique 
pharmacokinetics for effective drug delivery (Begines et al. 
2020). Non-biodegradable polymers release the drugs via 
diffusion control and prevent a burst release evident for 

Fig. 7  Schematic representation of the lyotropic liquid crystalline 
phases commonly found in neutral lipid/water systems: a Lamellar 
phase, b reverse hexagonal phase, c reversed micellar cubic of Fd3m, 

d reversed bicontinuous cubic (lm3m), e reversed bicontinuous cubic 
(Pn3m), and f reversed bicontinuous cubic (la3d) [reprinted with per-
mission from (Huang and Gui 2018)]
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biodegradable polymers (Bharathala and Sharma 2019). 
The pharmaceutical actives can be adsorbed, encapsulated, 
dissolved, or covalently bound to the polymeric nanoparti-
cles (as nanospheres, nanocapsules, or prodrugs) based on 

their compositions (Sobczak et al. 2013). Different methods 
used for the preparation of polymeric nanoparticles include 
emulsification or interfacial polymerization, solvent dis-
placement and interfacial deposition, emulsification/solvent 

Table 5  Lyotropic liquid crystals for AMP delivery

AMP Treatment purpose Target microorganisms Outcome References

KSL-W In vitro study Multispecies oral biofilm Peptide loaded liquid crystals induced 
100% inhibition of biofilm growth

(Bernegossi et al. 2015)

AP114
DPK-060
LL-37

In vitro study S. aureus, MRSA, P. aeruginosa, E. coli, 
and A. baumannii

Cubosomes loaded with peptides 
AP114 and DPK-060 retained the 
antimicrobial activity of the peptides 
whereas those loaded with LL-37 
had a reduction in the bactericidal 
properties; the antimicrobial activity 
was reduced for all AMP-loaded 
hexosomes

(Boge et al. 2016)

Gramicidin 
A, melit-
tin, alame-
thicin

In vitro study No antimicrobial studies were per-
formed

The AMP encapsulation in cubosomes 
prevented peptide degradation and 
promoted the sustained release

(Meikle et al. 2017)

β-defensin-3 
peptide 
fragment 
(D1-23)

In vitro study S. mutans The D1-23 loaded cubosomes induced 
≈ ten fold reduction in the bacterial 
biomass following 24 h treatment as 
compared to D1-23 only

(Aida et al. 2018)

AP114 In vitro study S. aureus and MRSA The AP114 loaded in freeze-dried and 
re-hydrated liquid crystal nanoparticle 
stabilized with trehalose enhanced the 
antibacterial activity by 2–4 fold

(Boge et al. 2018)

DPK-060 Ex vivo pig skin 
wound infection 
model

S. aureus The antimicrobial effects of the peptides 
loaded in cubosomes were retained 
without any observed additional 
benefits

(Håkansson et al. 2019)

LL-37 In vitro study No antimicrobial studies were per-
formed

pH-adjustable peptide nanocarriers 
were successfully developed for 
potential applications in pathology-
specific pH-guided delivery of AMPs

(Gontsarik et al. 2021)

Table 6  SLNs and NLCs for AMP delivery

AMP Treatment purpose Target microorganisms Outcome References

LL-37 In vitro study S. aureus and E. coli LL-37 loaded SLNs improved the antibacte-
rial effects by 1.5–2 fold with the ability to 
modify the release from the nanocarriers

(Fumakia and Ho 2016)

LL-37 In vitro study E. coli LL-37 loaded NLCs retained the peptide 
bioactivity and the antibacterial efficacy 
against E. coli

(Garcia-Orue et al. 2016)

Nisin Z In vitro study S. aureus, S. epidermidis, and E. coli Nisin Z presented additive interactions with 
antibiotics, in particular with novobiocin; 
nisin Z-loaded NLCs exhibited antibacte-
rial effects against Gram-positive bacteria 
at physiological pH with enhanced efficacy 
(≈ eight fold higher) in combination with 
EDTA

(Lewies et al. 2017)

Polymyxin In vitro study P. aeruginosa (resistant strains) The encapsulation efficiency of Polymyxin 
in SLNs was > 90%, and these SLNs were 
effective against the resistant strains of P. 
aeruginosa

(Severino et al. 2017)
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evaporation, desolvation, and salting out (Pinto Reis et al. 
2006). As a nanocarrier for AMPs, the release rate from 
polymeric nanoparticles is dependent on the following: (a) 
polymer characteristics (hydrophobic-hydrophilic proper-
ties, molecular weight, architecture, degree of crystallinity, 
surface charge, and polydispersity); (b) process conditions 
(temperature, ionic strength, pH); and (c) peptide properties 
(surface charge, hydrophobicity/hydrophilicity) (Piotrowska 
and Sobczak 2014). The different concurrent complex mech-
anisms that control the release of AMPs from polymeric 
nanocarriers include: (a) diffusion through the nanocarri-
ers, (b) matrix erosion, or (c) osmotic pressure (Fredenberg 
et al. 2011).

Prodrugs (inactive precursors) of the AMPs can be pre-
pared by their covalent attachment to the synthetic polymers 
via a physiologically labile bond (e.g. amide, ester, carbon-
ate, anhydride) (Ringsdorf 1975). Different techniques 
utilized for the preparation of prodrugs include coupling, 
inverse conjugation, polymerization, and macromonomer 
methods (Khandare and Minko 2006; Ulbrich et al. 2016). 
The release of a peptide is possible via chemical or enzy-
matic biotransformation such that AMP is both bioactive and 
bioavailable in these systems. The factors affecting AMP 
release from the macromolecular conjugates include the pol-
ymer properties (hydrophilicity, molecular weight, polydis-
persity, and morphology), the lability of covalent bond, the 
length of the spacer, the peptide load, and the particle size of 
the carrier (Gebelein 1985). Polymeric carriers can enhance 
the antimicrobial effects of peptides (Haynie et al. 1995). 
For example, macromolecular conjugates of phosphoesters 
(HHC10 peptide with an extended sequence of N-terminal 
cysteine) displayed higher antibacterial effects against both 
gram-negative (E. coli, P. aeruginosa) and gram-positive 
bacteria (S. aureus) as compared to free peptides attribut-
able to the structural similarity among the carriers to the 
components of the bacterial cell wall (e.g., teichoic and 
nucleic acids) (Pranantyo et al. 2016). Additionally, con-
jugates displayed reduced toxicity and lower hemolytic 
activity compared to free peptides. Controlled placement of 
peptide functional groups is possible with the use of poly-
meric conjugates. The self-assembly of poly(acrylic acid)-
b-polystyrene-tritrpticin conjugates into micellar aggregates 
led to the position of tritrpticin segment on the micellar sur-
face and enhanced the antimicrobial effects as compared to 
free peptides (Becker et al. 2005). The stability of peptides 
can also be enhanced by the bioconjugation of AMPs to 
biodegradable polyester and poly(ester-carbonate) matrices 
(Sobczak et al. 2014).

Different polymers used for the polymeric nanosystems 
include chitosan, polyethylene glycol (PEG), polylactic-
co-glycolic acid (PLGA), alginates, poly(acrylic acid)-
b-polystyrene, pectin, etc. The examples of polymeric 

nanoparticles utilized for the delivery of AMPs are presented 
in Table 7.

Other nanostructures for AMP delivery

Besides lipid, metallic, and polymeric nanoparticles, the 
nanostructures with potential for AMP delivery are den-
drimers and carbon nanotubes. Dendrimers are hyper-
branched polymeric three-dimensional structures with 
inherent antimicrobial properties (McCarthy et al. 2005). 
The advantages of dendrimers include the ease of synthe-
sis and low manufacturing costs (Gide et al. 2018). The 
inherent antimicrobial effects of dendrimers are a result 
of increased bacterial cell membrane permeability and 
subsequent lysis caused by electrostatic interactions with 
the negatively charged bacterial membranes (García-Gal-
lego et al. 2017; Scorciapino et al. 2017). Pompilio et al. 
identified the in vitro antibacterial activity of dG3KL and 
dTNS18 peptide dendrimers comparable to tobramycin 
against both planktonic and biofilm P. aeruginosa at a 
non-toxic in vivo dose (Pompilio et al. 2018). Gide et al. 
developed lipidated amphiphilic dendrimers with potent 
antimicrobial activity against gram-negative and gram-
positive bacteria including multi-drug resistant strains 
(Gide et al. 2018). The AMPs can be either conjugated 
to the dendrimer structure or can themselves form den-
drimeric structures useful for the treatment of bacterial 
infections.

Carbon nanotubes possess outstanding physical proper-
ties and tuneable morphologies (Yick et al. 2015), and they 
can be functionalized for therapeutic delivery. Dependent on 
the number of concentric layers, carbon nanotubes are classi-
fied as single-walled carbon nanotubes (0.4–2 mm diameter) 
and multi-walled carbon nanotubes (10–100 nm diameter). 
They exhibit inherent antibacterial activity via physical 
mode and the induction of oxidative stress resulting in bac-
terial cell membrane damage (Akhavan et al. 2011; Bai et al. 
2011). Furthermore, the silver-coated carbon nanotubes have 
demonstrated remarkable antibacterial activity due to the 
combined mechanisms of silver nanoparticles and carbon 
nanotubes (Brahmachari et al. 2014; Chaudhari et al. 2015). 
However, their main drawbacks are non-biodegradability, 
toxicity to the eukaryotic cells, and aggregation in physi-
ological fluids (Brahmachari et al. 2011; Vardharajula et al. 
2012). The adsorption or conjugation of AMPs to silver-
coated carbon nanotubes could prevent aggregation and 
enhance the antibacterial activity attributed to the combined 
effects of each component. The AMPs can be adsorbed or 
conjugated onto the carbon nanotubes to elicit synergistic 
antibacterial activity following application to the infection 
site (Roccatano et al. 2017). This combination system can 
prevent carbon nanotube aggregation as well as enhance 
the AMP stability. Chaudhari et al. developed AMP  (TP359) 
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bio-conjugated silver-coated single-walled carbon nano-
tubes that exhibited improved antibacterial effects (MIC was 
reduced by 8–16 fold as compared to silver-coated single-
walled carbon nanotubes) against gram-positive (S. aureus 
and S. pyogenes) and gram-negative (S. enterica and E. coli) 
bacteria, with non-toxicity to eukaryotic cells (Chaudhari 
et al. 2016). Similar approaches can be used to develop AMP 
functionalized carbon nanotubes for the induction of potent 
antibacterial effects.

Nanomedicine‑based hybrid systems 
for AMP delivery

Besides nanoparticles, different hybrid systems based on 
nanomedicine have been studied for AMP delivery. Stim-
uli/microenvironment-responsive (Moorcroft et al. 2020) 
or assembly-based systems (Pazos et al. 2016) have been 

developed for the enhancement of peptide stability and 
therapeutic efficacy in addition to controlled release prop-
erties. Moorcroft et al. developed a nanoparticle-loaded 
hydrogel for the light-activated release and photothermal 
enhancement of AMPs as presented in Fig. 8 (Moorcroft 
et al. 2020). Herein the AMPs (IK8, IRIKIRIK-CONH2) 
were loaded into the liposomes that were then incorporated 
within the poly(ethylene glycol) (PEG) hydrogel along with 
gold nanorods. This hybrid system enhanced the stability 
of peptides by preventing proteolysis and provided a trig-
gered release of AMPs. The laser irradiation of 860 nm at 
2.1 W  cm−2 led to photothermal effects of gold nanorods, 
increasing the temperature up to 55 °C and triggering the 
release of peptides from liposomes, resulting in antibacterial 
activities against P. aeruginosa and S. aureus. Importantly, 
laser irradiation of 860 nm at 2.4 W  cm−2 increased the 
temperature up to 60 °C, which could treat two rounds of 
fresh S. aureus, demonstrating their therapeutic efficacy for 

Table 7  Polymeric nanoparticles for AMP delivery

Polymer AMP Treatment purpose Target microorganisms Outcome References

Chitosan Vancomycin In vitro study S. aureus Decreased bacterial count 
by 3 orders of magnitude 
after 24 h and complete 
inhibition after 48 h of 
nanoparticle treatment, 
similar to free Vancomy-
cin treatment

(Cerchiara et al. 2015)

Chitosan Temporin B In vitro study S. epidermidis A sustained antibacterial 
action for at least 4 days, 
with up to 4 log reduc-
tion in viable bacteria 
as compared to plain 
chitosan nanoparticles

(Piras et al. 2015)

Chitosan Ultrashort AMP (RBRBR) In vitro study S. aureus A 3 log reduction in bacte-
rial colonies as compared 
to bare nanoparticles and 
a 5 log reduction as com-
pared to control bacteria

(Almaaytah et al. 2017)

Chitosan Pep-H In vitro study M. tuberculosis Significant reduction in cfu 
(> 90%) achieved by pep-
tide loaded nanoparticles 
at 5–10 times lower con-
centration as compared to 
free peptide

(Sharma et al. 2019)

PLGA GIBIM-P5S9K In vitro study E. coli, MRSA, and P. 
aeruginosa

Inhibited bacterial growth 
at 20 fold lower concen-
tration as compared to 
free peptide

(Cruz et al. 2017)

PLGA GIBIM-P5S9K (G17) and 
GAM019 (G19)

In vitro study MRSA, E. coli Improved antibacterial 
activity by decreasing 
MIC50 from 1.5 to 0.2 
(G17 nanoparticles) and 
0.7 (G19 nanoparticles) 
µM against MRSA, and 
from 12.5 to 3.13 µM for 
E. coli

(Gómez-Sequeda et al. 
2020)
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Fig. 8  Schematic representation of the PEG-based hydrogel containing gold nanorods and antimicrobial peptide (IK8)-loaded liposomes, dem-
onstrating the mechanism for the NIR light-triggered release of AMPs [reprinted with permission from (Moorcroft et al. 2020)]

Fig. 9  Formation of silver nanoparticles over a PA nanofiber for potential antibacterial effects [reprinted with permission from (Pazos et  al. 
2016)]
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multiple rounds of treatment. This was attributed to higher 
AMP release dependent on the stimuli.

Peptide nanofibers can be an alternative for incorporat-
ing therapeutic nanoparticles (silver nanoparticles) for the 
development of hydrogels with potent antibacterial func-
tions. Pazos et al. developed peptide nanofibers for the 
nucleation and growth of ordered arrays of silver nano-
structures at fairly regular distances along the length of 
the filamentous organic assemblies as presented in Fig. 9 
(Pazos et al. 2016). This nano-assembly exhibited antibac-
terial activity against E. coli and possessed minimal toxic-
ity towards eukaryotic cells, suggesting the possibility of 
hydrogel development for the effective delivery of silver 
nanoparticles. Although the peptide used in this study was 
not an AMP, a similar approach can be used with AMPs so 
that dual antibacterial effects of AMP and silver nanoparti-
cles can be combined for synergistic antibacterial effects.

In another study by Yu et al., supramolecular assemblies 
of heterogeneous mesoporous silica nanoparticles were 
prepared for the co-delivery of AMPs (melittin) and antibi-
otic (ofloxacin) to synergistically eradicate the pathogenic 
biofilms (Fig. 10) (Yu et al. 2020). The nano-assembly 
was composed of mesoporous silica nanoparticles (MSNs) 
with large pores capped by β-cyclodextrin-modified poly-
ethyleneimine as host MSNs and adamantine-decorated 
MSNs containing a magnetic core capped by cucurbit[6]
uril as guest MSNs. The assembly released both the AMP 

and antibiotic with high efficiency based on the stimulus 
from pathogens along with heating by an alternating mag-
netic field. The P. aeruginosa biofilm eradication of the 
assembly system was much higher compared to free drugs 
or unattached MSNs and displayed non-toxicity to mam-
malian cells. In vivo implantation further eradicated the 
pathogenic biofilms of P. aeruginosa from implants and 
prevented inflammation and host tissue damage.

Conclusion

Nanomedicine-based AMP delivery is an emerging concept 
being investigated for the effective treatment of bacterial 
infections. Different nanocarrier systems have been devel-
oped for the delivery of a plethora of AMPs targeting differ-
ent bacterial strains (sensitive or resistant). The published 
literature presents metallic nanoparticles, lipid nanoparti-
cles, and polymeric nanoparticles as potential carriers for 
AMP delivery in addition to their inherent antimicrobial 
effects. Nanomedicine-based AMP delivery presents several 
advantages including the enhancement of peptide stability 
and efficacy, controlled or sustained release properties, targ-
etability, and synergistic antimicrobial effects. However, the 
shortcomings including nanocarrier aggregations, toxicity, 
and non-biodegradability pose a challenge to the widespread 
use of nanomedicine-based AMP delivery.

Fig. 10  Schematic representation of the supramolecular assemblies of 
heterogeneous mesoporous silica nanoparticles to co-deliver antimi-
crobial peptides and antibiotics for synergistic eradication of patho-
genic biofilms [mesoporous silica nanoparticles (MSNs) with large 
pores (MSNLP); β-cyclodextrin (β-CD)-modified polyethylenimine 
(PEICD) and adamantane (ADA)-decorated MSNs containing a mag-

netic core (MagNP@MSNA) capped by curcurbit[6]uril (CB[6]); 
host MSNs (H, MSNLP@PEICD); guest MSNs (G, MagNP@
MSNA-CB[6]); melittin (MEL); ofloxacin (OFL); the drug-loading 
H + G coassemblies (H-MEL + G-OFL); alternating magnetic field 
(AMF)] [reprinted with permission from (Yu et al. 2020)]
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Hybrid formulations of AMP loaded nanoparticles are 
thus required to enhance their advantages and mitigate the 
shortcomings. There are very few hybrid systems developed 
so far for this purpose. The AMP loaded nanoparticles for 
intravenous delivery can be covered with PEG or other bio-
degradable polymers that can prevent the interactions with 
blood components and reduce their toxicity. Furthermore, 
suitable ligands can be conjugated on the nanoparticle sur-
face to target them to the infected sites. The orally delivered 
AMP loaded nanoparticles can be covered with polymers 
or coating that are microenvironment responsive (e.g. pH-
sensitive) so that the nanoparticles are uncovered at the tar-
get site to exhibit potent antimicrobial effects. The topical 
application still remains the most challenging strategy for 
nanomedicine-based AMP delivery. The bioadhesivity of 
nanoparticles is limited, which allows shorter contact time 
for the AMP loaded nanoparticles following topical appli-
cation (e.g. for the treatment of chronic infected wounds) 
and limits their therapeutic efficacy. Furthermore, the tox-
icity of nanoparticles (e.g. metallic nanoparticles) in the 
wound site should be considered, and a controlled nanopar-
ticle release would provide an ideal situation. Considering 
these facts, the development of hybrid systems composed of 
AMP loaded nanoparticles embedded within cream, gel, or 
ointment formulation for the topical application would be 
advantageous. Furthermore, the development of stimuli- or 
microenvironment-responsive hybrid systems could enhance 
the antimicrobial activity of the system. A combination of 
AMP loaded nanoparticles along with other nanoparticles 
(e.g. gold nanoparticles for the thermoresponsive property 
following NIR irradiation) or pH/enzyme responsive AMP 
release systems can provide controlled and targeted AMP 
release. Furthermore, the combination of peptide assem-
blies and AMP loaded nanoparticles can be utilized for the 
development of nanomedicine-based formulations for AMP 
delivery.

Different nanoparticle systems possess their unique prop-
erties and functions suitable for AMP delivery. It is impor-
tant to enhance the advantages of such systems by modifying 
the nanoparticles for effective AMP loading and delivery, 
and resolve the issues related to nanoparticle stability, toxic-
ity, and resulting therapeutic efficacy. There are no marketed 
formulations of AMP loaded nanoparticles, to date. There-
fore, rigorous studies for both the AMP loaded nanoparticle 
preparation and characterization, and detailed evaluations of 
their in vitro and in vivo antimicrobial effects and toxicities, 
are essential. Such studies can eventually lead to the devel-
opment of a smart, microenvironment/stimuli-responsive 
and safe nanomedicine-based AMP delivery approach for 
the effective treatment of bacterial infections.
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