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A B S T R A C T   

The spread of antimicrobial resistance in Gram-positive pathogens represents a threat to human health. To 
counteract the current lack of novel antibiotics, alternative antibacterial treatments have been increasingly 
investigated. This review covers the last decade’s developments in using nanoparticles as carriers for the two 
classes of frontline antibiotics active on multidrug-resistant Gram-positive pathogens, i.e., glycopeptide antibi
otics and daptomycin. Most of the reviewed papers deal with vancomycin nanoformulations, being teicoplanin- 
and daptomycin-carrying nanosystems much less investigated. Special attention is addressed to nanoantibiotics 
used for contrasting biofilm-associated infections. The status of the art related to nanoantibiotic toxicity is 
critically reviewed.   

1. Introduction 

Antimicrobial resistance (AMR) in pathogenic bacteria represents 
one of the greatest threats to human health, causing morbidity and 
mortality worldwide and determining an increasing economic burden 
for the healthcare systems (Cassini et al., 2019). The seriousness of the 
problem forced experts to state that we are currently on the edge of a 
‘post-antibiotic’ era, in which common infections and small injuries may 
become once again lethal. A recent report estimated that infections by 
drug-resistant bacteria caused in 2019 the death of 1.27 million people 
(Antimicrobial Resistance Collaborators, 2022). If specific actions to 
address AMR are not urgently taken, this number is projected to increase 
to ten million by 2050, thus overcoming the deaths caused by road 

accidents, diabetes, or cancer (Cassini et al., 2019; Interagency Coordi
nation Group on Antimicrobial Resistance, 2019). 

AMR is a natural phenomenon by which bacteria have adapted to 
survive environmental threats. Common mechanisms of self-protection 
include: (i) the production of enzymes that modify and inactivate the 
antimicrobial molecules (as in the case of bacteria resistant to β-lactams 
thanks to β-lactamase production (Mora-Ochomogo and Lohans, 2021)), 
(ii) alterations of the cellular antibiotic target that prevent binding (as in 
pathogens resistant to glycopeptide antibiotics, which synthesize a 
modified resistant cell wall (Binda et al., 2014)), (iii) expression of 
multidrug efflux pumps against many different classes of antibiotics (for 
instance tigecycline or imipenem resistance in Acinetobacter baumannii 
(Breijyeh et al., 2020)), and (iv) reduction of cell permeability to 
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preclude antibiotics reaching their target (particularly in Gram- 
negatives as A. baumannii and Pseudomonas aeruginosa due to down- 
regulation or elimination of transmembrane porins (Breijyeh et al., 
2020)). 

The current alarming level of AMR is, however, mainly the result of 
human behaviour. The misuse and/or overuse of antimicrobials for 
human pathologies, as well as for growth promotion in farms and 
aquaculture, have triggered and accelerated the transmission via hori
zontal transfer of resistance-conferring genes (Siriam et al., 2021). 
Global antibiotic consumption has increased by 65 % between 2000 and 
2015 in both low- and middle-income countries (Klein et al., 2018). 
Following the adoption of the Global Action Plan on Antimicrobial 
Resistance in 2015 (World Health Organization, 2015), posing bound
aries to antibiotic indiscriminate use, a reduction in total antibiotic 
consumption has been registered in a few countries (Robertson et al., 
2021), but still increasing levels of resistance are being reported glob
ally, being particularly alarming for immunocompromised and/or hos
pitalized patients (Cassini et al., 2019). Particularly in the elder 
population, the frequent use of indwelling urinary catheters, cardiac 
valves, and protheses facilitates the colonization of pathogens forming 
antibiotic-resistant biofilms, which are actually considered the cause of 
65-to-80 % of hospital-acquired infections (Bowler et al., 2020). Sessile 
bacterial cells residing in biofilms are from 10- to 1000-times less sus
ceptible to antimicrobial treatments than their free-floating planktonic 
counterparts (Bowler et al., 2020). In addition, among these cells living 
in close proximity, horizontal transmission of resistance genes is re
ported to be 700-times more efficient than among planktonic bacterial 
cells (Flemming et al., 2016), significantly contributing to AMR spread. 
Finally, the recent health crisis caused by SARS-CoV-2 has worsen this 
scenario, promoting a further increase in antibiotic consumption: a 
recent report estimated that 71 % of Covid-19 patients received at least 
one dose of a broad-spectrum antibiotic, despite the occurrence of 
bacterial co-infections was only 3.6 % (Nori et al., 2021). 

As a consequence of AMR spread, we are assisting at an increasing 
medical need for novel antimicrobials active either versus Gram- 
negative bacteria, which are more impermeable to the commonly used 
drugs (Breijyeh et al., 2020; May and Grabowicz, 2018), or towards 
multidrug-resistant (MDR) Gram-positive pathogens. These last have 
become resistant to different classes of traditionally used antibiotics. 
World Health Organization (WHO) has recently included the Gram- 
positive vancomycin-resistant Enterococcus faecium (VRE) and the 
methicillin- and vancomycin-resistant Staphylococcus aureus (MRSA and 
VRSA, respectively) in the list of the twelve priority pathogens for which 
new antimicrobial treatments are urgently needed (Tacconelli et al., 
2018). Provoked by an excessive use of β-lactam antibiotics in the past 
decades, the incidence of MRSA strains is now worryingly high, repre
senting on average the 20 % of all S. aureus clinical isolates in WHO 
member states, with values reaching 80 % in some countries. Even 
worse, the isolation frequency of S. aureus strains resistant to last-resort 
antibiotics (macrolides, carbapenem, lincosamides, type-B streptogra
mins, and vancomycin), is increasing (European Centre for Disease 
Prevention and Control, 2017). In addition, antibiotic resistant biofilms 
formed by S. aureus are the most common causes of device-related in
fections in hospital settings (Craft et al., 2019). A similar cause of 
concern is the raising diffusion of VRE strains (Miller et al., 2016a) and 
their concomitant co-resistance to other antibiotics. First identified in 
North America during the late 1980s, VRE strains currently represent ca. 
15 % of all E. faecium strains isolated in Europe (European Centre for 
Disease Prevention and Control, 2017) and ca. the 30 % in the US 
(Center for Disease Control and Prevention (CDC), 2019). Intrinsically 
resistant to β-lactams, macrolides, and sulphonamides, different 
E. faecium strains, including VRE, have more recently acquired resis
tance to other antibiotics as aminoglycosides, daptomycin, linezolid, 
and tigecycline (European Centre for Disease Prevention and Control, 
2017). Other widespread infections caused by MDR Gram-positive 
pathogens are those determined by β-lactams-, macrolide-, or 

lincosamide-resistant streptococci (Alves-Barroco et al., 2020), or by 
methicillin- and linezolid-resistant Staphylococcus epidermidis and 
Staphylococcus haemolyticus. These last two are the most common etio
logical agents of nosocomial blood infections, often originated from 
staphylococcal biofilm colonization of indwelling medical devices 
(Kranjec et al., 2021). Finally, an increasingly common Gram-positive 
pathogen is Clostridioides difficile, which causes gastrointestinal 
hospital-acquired infections, affecting thousands of people each year, 
especially those with unbalanced microbiota due to previous antibiotic 
treatments (Mada and Alam, 2021). 

Unfortunately, the urge for novel antibiotics to treat infections 
caused by resistant pathogens is not mirrored by the limited number of 
molecules that are currently populating drug development pipeline. In 
the last decades, many large pharmaceutical companies have abandoned 
the antibiotic business due to the increasing difficulties in finding new 
molecules, the demanding regulatory challenges imposed by govern
mental agencies (i.e., the US Food and Drug Administration FDA, or the 
European Medicines Agency EMA), and the limited economic returns 
(Renwick and Mossialos, 2018). Developing a novel antibiotic requires 
on average ten years and huge investments, which are not always 
compensated by the revenue obtained after the drug introduction onto 
the market (Safir et al., 2020). Indeed, between 2010 and 2021, only 17 
novel antibiotics were approved worldwide (Chahine et al., 2021). The 
majority of them were mere modifications or variations of already 
existing drugs. It is necessary to go back to 2004 for the last approval of a 
completely new chemical class of natural products active on Gram- 
positive pathogens, i.e., lipopeptides (daptomycin, Fig. 1). In the last 
decade, three novel semisynthetic members of the last resort glyco
peptide antibiotic class, active towards MDR Gram-positives (the 
vancomycin-related molecules dalbavancin, telavancin, and orita
vancin, Fig. 1), were also approved for clinical use. 

To counteract the current lack of novel antibiotics and/or to better 
use those already available, renewed interest has been focussed on 
alternative antibacterial treatments, including vaccines (Troisi et al., 
2020), antibacterial antibodies (Zurawski and McLendon, 2020), anti
microbial peptides (Pfalzgraff et al., 2018), faecal microbiota trans
plantation (Rao and Young, 2015), and combined therapies (González- 
Bello, 2017). Antibiotic adjuvants can be co-administered with antibi
otics with different purposes, i.e., to synergistically enhance their action, 
as in the case of essential oils (Aljaafari et al., 2021), or to inhibit the 
main resistance mechanisms adopted by bacteria. In this latter case, 
adjuvants can, for instance, increase the antibiotic uptake through the 
bacterial membrane, block efflux pumps, or inhibit enzymes that would 
otherwise inactivate the antibiotic (Vrancianu et al., 2020). Interest has 
been (re)allocated also to metal-based antimicrobials, whose efficacy 
has been demonstrated towards both planktonic and biofilm-forming 
bacterial cells, including antibiotic-insensitive persister cells. Hence, 
Ag and Cu ions are incorporated in a number of medical devices, as 
wound dressing, catheter coatings, respiratory face masks, and medical 
garments (Turner, 2017). Other alternative approaches are species- 
specific bacteriophages (Domingo-Calap and Delgado-Martínez, 2018), 
or inducing photooxidative stress and formation of reactive oxygen 
species (ROS) by photodynamic therapy (Cieplik et al., 2018), or, last 
but not least, using inorganic or organic nanoparticles, as active thera
peutic agent per se or as carriers for frontline antibiotics (Gupta et al., 
2019; Mba and Nweze, 2021). 

Due to the rapid advances of nanotechnology in medical applica
tions, the recent literature offers a flourishing of methods to prepare 
nanosystems and to use them to counteract microbial infections. This 
review covers the last decade developments in using nanoparticles to 
contrast AMR arising among Gram-positive pathogens. We first briefly 
describe the two classes of frontline antibiotics active on MDR Gram- 
positive pathogens, i.e., the glycopeptide antibiotics (GPAs) and dap
tomycin. Then, we continue depicting the wide diversity of nanosystems 
available and how they are used as antimicrobial agents per se or as 
carriers for GPAs and daptomycin. We describe the different features of 
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the known antibiotic-conjugated nanosystems and analyse their anti
microbial activities. Special attention is given to their use in contrasting 
biofilm formation. Lastly, the status of the art related to their cytotox
icity in vivo and in vitro is critically reviewed, highlighting the need for 
adequate animal models to understand the real potential of nanoanti
biotics for clinical developments. To the best of our knowledge, all the 
relevant information on the last decade’s use of nanosystems involving 
daptomycin and GPAs is reported in Tables 1, 2, and 3, which might 
represent useful tools for comparing different systems and their peculiar 
properties. 

2. Glycopeptide antibiotics and daptomycin 

WHO included the lipopeptide daptomycin and the GPA vancomycin 
and related molecules in the list of the Critically Important Antimicro
bials for human medicine, i.e., among those antimicrobials that repre
sent the sole, or one of the few, available therapies to treat serious 
bacterial infections and that, consequently, should be used judiciously to 
avoid the upsurge of AMR (World Health Organization, 2019a). Van
comycin is also part of the ‘Watch’ group of WHO Essential Medicine List 
(World Health Organization, 2019b) that includes antibiotics with a 
high risk of selection of bacterial resistance, thus requiring priority 
stewardship programs and monitoring, and whose use should be limited 
to few specific infectious syndromes. 

Nowadays, the approved GPAs for clinical use are the first- 
generation vancomycin and teicoplanin (Fig. 1), and their second- 
generation semi-synthetic derivatives telavancin, dalbavancin, and ori
tavancin (Fig. 1) (Marcone et al., 2018). They are used for treating se
vere or MDR infections caused by staphylococci, enterococci, 
streptococci, and, more rarely, pneumococci, representing the frontline 
therapy especially for MRSA (Marcone et al., 2018). Moreover, vanco
mycin is increasingly used by oral administration for the treatment of 
C. difficile hospital-acquired infections. While vancomycin was intro
duced in clinics in 1958, and teicoplanin in 1988 and 1998 in Europe 
and in Japan respectively, second-generation GPAs, showing an 
increased antimicrobial potency and superior pharmacokinetics (Butler 
et al., 2014; Van Bambeke, 2015), have been approved more recently 
(from 2009 to 2015). From a structural point of view, GPAs are char
acterized by a cross-linked nonribosomal heptapeptide scaffold, formed 
by proteinogenic (Tyr, Leu, Asn, Ala, Glu) and nonproteinogenic amino 
acids (4-hydroxyphenylglycine, 3,5-dihydroxyphenylglycine, β-hydrox
ytyrosine), amply tailored with sugar moieties, chlorine atoms, methyl 
groups, and, in the case of teicoplanin and second-generation GPAs, with 
a hydrophobic chain (Fig. 1) (Yim et al., 2014; Yushchuk et al., 2020a). 
Their antimicrobial activity relies on inhibiting the last steps of cell wall 
synthesis in Gram-positive bacteria, by binding to the D-alanine-D- 
alanine (D-Ala-D-Ala) terminus of the peptidoglycan precursor lipid II, 
thus interfering with the action of transglycosidases and 

Fig. 1. Structures of first-generation (vancomycin and teicoplanin) and second-generation (oritavancin, telavancin, and dalbavancin) glycopeptide antibiotics, and of 
the lipopeptide antibiotic daptomycin. Clinically-used teicoplanin is a mixture of at least five GPA molecules differing in length and branching of the fatty acid tail: 
the figure includes the main component, named TA2-2, bearing an 8-methylnonanoic (iso-C10:0) acid. 
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Table 1 
List of papers describing nanoformulations of vancomycin (according to the references’ alphabetical order). The list was created by searching Pubmed database (accession on 11th May 2021) with the following query: 
(((glycopeptide) AND (antibiotic)) AND (nanoparticles)) AND (("2011/01/01"[Date - Publication] : "3000"[Date - Publication])). The results were manually checked to select only those publications actually describing the 
use of NPs as vancomycin carriers for antibacterial purposes. When available, data on the characterization of the nanoformulations, as well as names used by the authors for describing the nanosystems, are included. For 
‘Dimension’: § diameter estimated by transmission electron microscopy or scanning electron microscopy; ¥ hydrodynamic diameter estimated by dynamic light scattering. For ‘Targeted bacteria’: Ŧ bacterium inhibited by 
the nanosystem also in intracellular infection models. For ‘Relative activity compared to free vancomycin’: when nanoformulations showed higher (>), lower (<), or similar (=) antimicrobial activity in comparison to bare 
vancomycin, the corresponding sign is represented. For ‘Antibiofilm activity’: presence of absence of antibiofilm activity are indicated with the plus or minus signs, respectively.  

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

Almeida Neto 
et al., 2019 

Vancomycin loaded on nanocomposites 
formed by PHBV, nanodiamonds, and 
nanoHA. 
Thin film (obtained by rotary 
evaporator), or microspheres of 5 ± 3 μm 
diameter (by spray-drier) 

Slight burst AR in 24 h (1.9-3.2 
%), then gradual AR up to 4.8- 
7.1 % at day 22 

MSSA na na na 
Non-cytotoxic and non-cytostatic 
(nitric oxide production, RAW 264.7 
murine macrophages) 

Aşik et al., 2019 

Vancomycin loaded on alginate-chitosan 
NPs, dispersed in a vancomycin- 
supplemented alginate gel used for 
covering a polymethylmethacrylate bone 
cement. 
~100 nm§, spherical shape 

Burst AR in 24 h (43 %), then 
gradual AR up to 21 days 

MSSA na na na >80 % cell viability (MTT assay, 
murine 3T3L1 hepatocyte cells) 

Auñón et al., 2020 

Vancomycin co-loaded with gentamicin 
on NTs made of fluorine- and phosphorus- 
doped Ti–6Al–4V alloy (bNT Ti–6Al–4V 
GV). 
Bottle-shaped 

10.66 % AR in 230 min MRSA na + (MRSA) Prevention of MRSA 
infection in rabbits 

na 

Babaei et al., 2019 

Vancomycin loaded on poly (sodium 4- 
styrene sulfonate)-modified HA NPs, 
dispersed in a zein-based scaffold. 
<100 nm§

Burst AR in 24 h (~18-46 %, 
depending on HA 
concentration), then gradual AR 
up to 2 weeks 

na na na na >90 % cell viability (MTT assay, 
MG-63 human osteosarcoma cells) 

Booysen et al., 
2019 

Vancomycin encapsulated in PLGA NPs. 
247 nm¥, spherical shape 

Slight burst AR in 144 h (30 %), 
then gradual AR up 50 % at day 
10 

MSSA, MRSA > na na na 

Bose et al., 2020 
Vancomycin loaded on LPHNs. 
150-300 nm¥ (depending on the lipid 
used), spherical shape 

Gradual AR up to 120 h from 
both cationic or zwitterionic 
lipid layered LPHNs 

MRSA > na na 

>70 % cell viability (CCK-8 assay, 
J774.1 murine macrophages). 
Higher viability with zwitterionic 
LPHNs than with cationic LPHNs 

Cardoso et al., 
2021 

Vancomycin loaded on DMPEI NPs 
coated with hyaluronic acid (VCM- 
DMPEI nanoparticles/HA). 
154 ± 3 nm¥ 

Gradual AR up to 58 % at 96 h Staphylococcus aureus = na na 

>70 % cell viability (MTT assay, 
human retinal pigment epithelial 
RPE cells). No irritating effect (hen 
egg chlorioallantonic membrane). 
No toxicity in vivo: after injection in 
rat eyes, no impairments in retinal 
functionality, no damage on 
photoreceptors, neuroretina, retinal 
pigment epithelium and chloroid 

Cerchiara et al., 
2015 

Vancomycin loaded on chitosan MPs and 
NPs. 
~190-450 nm¥ (NPs), ~1100-1500 nm¥ 

(MPs), spherical shape 

Higher AR from MPs than from 
NPs (~30-76 % in 6 h from MPs, 
~1-35 % from NPs) 

MSSA = na na na 

Cerchiara et al., 
2017 

Vancomycin loaded on chitosan NPs, 
used to impregnate Spanish broom fibres. 

Gradual AR up to 30 % at 360 
min 

MSSA > na na 

(continued on next page) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

~240-450 nm¥ (depending on chitosan 
concentration) 

~100 % cell viability (MTT assay, 
HaCaT human dermal keratinocytes 
cells) 

Chakraborty et al., 
2011a 

Vancomycin loaded on folic acid-tagged 
chitosan NPs. 
260 ± 35 nm¥, spherical shape 

na na na na 
Reduction of VSSA and 
VISA infection in mice na 

Chakraborty et al., 
2011b 

Vancomycin loaded on folic acid-tagged 
chitosan NPs. 
260 ± 35 nm¥, spherical shape 

na na na na Reduction of VSSA and 
VISA infection in mice 

na 

Chakraborty et al., 
2012a 

Vancomycin loaded on folic acid-tagged 
chitosan NPs. 
260 ± 35 nm¥, spherical shape 

Gradual AR up to ~100 % at 
480 min VSSA, VRSA >

+ (VSSA, 
VRSA) na na 

Chakraborty et al., 
2012b 

Vancomycin loaded on folic acid-tagged 
chitosan NPs. 
260 ± 35 nm¥, spherical shape 

na na na na 
Reduction of VSSA and 
VISA infection in mice 

na 

Chen et al., 2015 

Vancomycin co-conjugated by covalent 
bond with UBI29-41 (an antibacterial 
peptide fragment) and the 
photosensitizer MPA on BSA-stabilized 
ZnO QD (Van@ZnO-PEP-MPA). 
18 ± 8 nm§, 104 ± 10 nm¥, spherical 
shape (data relative to ZnO@BSA-PEP- 
MPA) 

na MSSA, Bacillus subtilis > na 

Reduction of MSSA 
infection in murine 
model for skin 
infection 

na 

Chen et al., 2019 

Vancomycin co-loaded with NH2-PEG 
and AgNO3/dopamine on ZIF-8- 
polyacrylic acid, containing the 
photosensitizer ammonium 
methylbenzene blue (ZIF-8-PAA- 
MB@AgNPs@Van-PEG). 
~150 nm§

na MSSA, MRSA, Escherichia 
coli 

na + (MSSA, 
MRSA, E. coli) 

Reduction of MSSA 
and MRSA infection in 
rabbit model for 
endophthalmitis 

>95 % cell viability under dark 
conditions, >80 % cell viability 
upon NIR irradiation (CCK-8 assay, 
human retinal pigment epithelial 
RPE cells and human corneal 
epithelial HCECs cells) 
Non-irritating when injected in 
rabbit eyes 

Chiang et al., 2015 

Vancomycin co-encapsulated with 
polypyrrole NPs in PLGA hollow 
microspheres. 
361 ± 19.7 μm, spherical shape 

AR upon NIR irradiation up to 
~70 % in 15 min 

MRSA = na 

Reduction of MRSA 
infection in mice with 
subcutaneous 
abscesses 

na 

Chowdhuri et al., 
2017 

Vancomycin co-loaded with folic acid on 
ZIF-8 (ZIF-8@FA@VAN). 
75 ± 10 nm§, 170-190 nm¥, spherical 
shape 

Burst AR in 10 h (~35 % at pH 
7.4, ~65 % at pH 5.5), then 
gradual AR up to ~85 % (pH 
7.4) or ~100 % (pH 5.5) at 72 h 

MRSA > na na na 

Cong et al., 2015 
Vancomycin encapsulated in PLGA-PEG- 
alendronate micelles. 
43 nm§, 55.08 nm¥, spherical shape 

Burst AR in 10 h, then gradual 
AR up to 87-90 % (pH 5.0) or 
71-73 % (pH 7.4) at 72 h 

MSSA < na na 

>80 % cell viability (MTT assay, rat 
bone marrow stromal rBMSCs cells 
and human embryonic hepatocytes 
L02 cells) 

Croes et al., 2018 
Vancomycin (or AgNPs) loaded on Ti 
implants functionalized with chitosan- 
based coatings. 

na Staphylococcus aureus na + (S. aureus) 
Reduction of S. aureus 
infection in rat model 
for osteomyelitis 

na 

Efiana et al., 2019 

Vancomycin incorporated in papain- 
palmitate-modified self-emulsifying drug 
delivery systems (Van-SBS-SEDDS). 
200-250 nm¥ 

na na na na na 
>98 % cell viability (resazurine 
assay, human colon cancer CaCo-2 
cells) 

(continued on next page) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

Esmaeili and 
Ghobadianpour, 
2016 

Vancomycin conjugated to MnFe2O4 NPs, 
modified with chitosan crosslinked by 
glutaraldehyde and with PEG (Vanco- 
PEG-Ch-MnFe2O4 NPs). 
25 nm§, spherical shape 

Burst AR in the first hours, then 
gradual AR up to ~36-53 % at 
48 h (depending on the polymer: 
drug ratio) 

MRSA, Staphylococcus 
epidermidis, Bacillus 
subtilis, Escherichia coli, 
Pseudomonas aeruginosa 

> na na na 

Fulaz et al., 2020 

Vancomycin loaded on MSNs with 
different functionalization (bare, amine, 
carboxyl, aromatic). 
~30-37 nm§, ~152-232 nm¥, spherical 
shape 

na MSSA, MRSA na + (MSSA, 
MRSA) 

na na 

George et al., 2017 

Vancomycin encapsulated in PLC NPs 
coated with polyelectrolyte-Vitamin C, 
embedded in PVA-alginate gel (D-PCL- 
PVc-PVA(Alg)). 
35.93 ± 3 nm§, 47.46 ± 2.5 nm¥, 
spherical shape 

Gradual AR up to ~50 % at 168 
h 

Staphylococcus aureus > na na >90 % cell viability (MTT assay on 
murine fibroblast L929 cells) 

Gonzalez Gomez 
et al., 2019 

Vancomycin encapsulated in NLs. 
100-200 nm¥ na MSSA = na na na 

Gounani et al., 
2019 

Vancomycin co-loaded with polymyxin B 
on bare or carboxyl-modified MSNs. 
72.4 ± 8.2 nm§, ~119-128 nm¥, spherical 
shape (data relative to unloaded NPs) 

Burst AR in 24 h (~50 %), then 
gradual AR up to 72 h 

MSSA, Escherichia coli, 
Pseudomonas aeruginosa 

>
+ (MSSA, 
P. aeruginosa) 

na 

>80 % cell viability (MTT assay, 
human hepatoma cancer HepG2 
cells, human foreskin Hff-1 
fibroblasts, human embryonic 
kidney HEK293 cells). No 
haemolytic activity (human blood) 

Gu et al., 2016 
Vancomycin loaded on MSNs and calcium 
sulfate composites (Van-MSN-CaSO4). 
150 nm§, spherical shape 

Burst AR in 24 h (~60 %), then 
gradual AR up to ~83-89 % at 
day 10 

na na na na 

No inhibitory effect on cell 
proliferation (CCK-8 assay, murine 
osteoblastic MC3T3-E1 cells) . 
No toxicity (haematological index 
study on New Zealand rabbits) 

Guo et al., 2020 
Vancomycin-conjugated oleic acid loaded 
on polypyrrole NPs (Van-OA@PPy). 
50 nm§, ~90 nm¥ 

na MRSA na na 

Reduction of MRSA 
infection in mice with 
subcutaneous 
abscesses 

>90 % cell viability (by MTT assay, 
RAW 264.7 murine macrophages). 
No haemolytic activity (murine 
blood). 
No changes in haematological data 
and blood biochemicals detected in 
mice 

Han et al., 2015 

Vancomycin conjugated to oxidized 
sodium alginate, co-loaded with chitosan- 
coated BSA NPs carrying dexamethasone, 
on poly-dopamine layer. 
262.7 ± 0.7 nm¥, spherical shape (data 
relative to chitosan-coated BSA NPs) 

Burst AR in 3 days (~50 %), 
then gradual AR up to ~95 % at 
day 28 

Staphylococcus epidermidis = na na na 

Han et al., 2017 

Vancomycin conjugated to oxidized 
sodium alginate, co-loaded with chitosan- 
coated BSA NPs on Ti scaffolds. 
Structures in the micro/nano range 

Gradual AR up to ~70 % at day 
20 

Staphylococcus epidermidis > na na na 

Harris et al., 2017 

Vancomycin co-loaded with Fe3O4 NPs on 
chitosan microbeads cross-linked with 
varying lengths of PEG dimethacrylate. 
210 ± 40 μm§, spherical shape 

Burst AR in 2-3 days, then 
gradual AR up to day 8; 
possibility to modulate the 
release with different stimuli 

na na na na 
No significant toxicity (CellTiter-Glo 
assay and microscope analysis, 
murine NIH3T3 fibroblast cells) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

Hassan et al., 2017 
Vancomycin conjugated by covalent bond 
to magnetic NPs coated by human serum 
albumin 

na MSSA, MRSA, VRSA, 
VanA- and VanB-type VRE 

> na na na 

Hassan et al., 2020 

Vancomycin loaded on chitosan-based 
lipid-polymer hybrid nanovesicle (VM- 
OLA-LPHVs1). 
198 ± 14 nm¥ at pH 7.4, 207 ± 6.69 nm¥ 

at pH 6.0 

Burst AR in 8 h (~73 % at pH 
6.0, ~45 % at pH 7.4), then 
gradual AR up 97 % (pH 6.0), or 
73 % (pH 7.4) at 72 h 

MSSA, MRSA > + (MRSA) 

Reduction of MRSA 
infection in murine 
model for skin 
infection 

>75 % cell viability (MTT assay, 
human hepatoma cancer HepG2 
cells, human embryonic kidney HEK 
293 cells, human adenocarcinoma 
alveolar basal epithelial A-549 cells, 
and human breast cancer MCF-7 
cells) 

Hassani Besheli 
et al., 2017 

Vancomycin loaded on silk fibroin NPs, 
then entrapped in silk scaffolds. 
80-90 nm¥, spherical shape 

Gradual AR with speed 
depending on loaded 
vancomycin concentration; 
overall slower release at pH 4.5 
than 7.4 

MRSA < na 
Reduction of MRSA 
infection in rat model 
for osteomyelitis 

>80 % cell viability (MTT assay, 
rabbit osteoblast cells) 

Hernandez et al., 
2014 

Vancomycin loaded on mesoporous 
nanocapsules functionalized with an 
oligonucleotide probe for S. aureus 
recognition. 
182.8 ± 2.3 nm§

Gradual AR only by specific 
actuation Staphylococcus aureus > na na na 

Hur and Park, 
2016 

Vancomycin conjugated to AuNPs and 
AgNPs. 
11.01 ± 3.62 nm§ (AuNPs), 12.08 ± 2.13 
nm§ (AgNPs), spherical shape 

na MSSA, MRSA > na na na 

Kalhapure et al., 
2014 

Vancomycin incorporated on SLNs. 
95-100 nm§, ~100-108 nm¥, spherical 
shape 

Gradual AR with different speed 
depending on SLN composition MSSA, MRSA < na na na 

Kalhapure et al., 
2017a 

Vancomycin loaded on chitosan NPs, 
with or without anionic gemini 
surfactant. 
~55-90 nm§, ~202-220 nm¥, spherical 
shape 

Gradual AR, higher at pH 6.5 
than at pH 7.4 

MSSA, MRSA < na 

Reduction of MRSA 
infection in murine 
model for skin 
infection 

na 

Kalhapure et al., 
2017b 

Vancomycin loaded on SLNs. 
132.9 ± 9.1 nm¥, spherical shape 

Gradual AR, faster at pH 6.5 
(100 % in 4 h) than at pH 7.4 
(100 % in 24 h) 

MSSA, MRSA 

= (MSSA, pH 6.5); 
< (MSSA, pH 7.4; 
MRSA, pH 6.5 and 
7.4) 

na 

Reduction of MRSA 
infection in murine 
model for skin 
infection 

>75 % cell viability (MTT assay, 
human breast cancer MCF-7 cells, 
human hepatoma cancer HepG2 
cells, human adenocarcinoma 
alveolar basal epithelial A-549 cells) 

Karakeçili et al., 
2019 

Vancomycin loaded on ZIF-8 nanocrystals 
(ZIF8/VAN), then loaded onto chitosan 
scaffolds. 
60 ± 20 nm§, rhombic dodecahedral 
morphology (data relative to ZIF8/VAN) 

Gradual AR from ZIF8/VAN, 
higher at pH 5.4 than at pH 7.4 
(~70 % vs ~55 % at 24 h); 
gradual AR from chitosan 
scaffold (~45 % at pH 5.4, ~30 
% at pH 7.4, at 144 h) 

MSSA na na na 

Non-toxic effect on cell proliferation 
(Presto-blue assay, alkaline 
phosphatase activity, and Alizarin 
red staining; murine preosteoblast 
MC3T3 cells) 

Kaur et al., 2019 
Vancomycin conjugated to citrate-capped 
AgNPs (Van@AgNPs). 
25 ± 5 nm§, ~86-91 nm¥, spherical shape 

na 
Staphylococcus aureus, 
Escherichia coli 

> na na na 

Kavruk et al., 2015 
Vancomycin encapsulated in aptamer- 
gated MSNs. 
177.5 ± 2.3 nm§

Upon aptamer-ligand 
interaction, burst AR in 5 h, then 
gradual AR up to 24 h 

Staphylococcus aureus > na na na 

Kimna et al., 2019 na na 

(continued on next page) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

Vancomycin loaded on chitosan/ 
montmorillonite nanocomposites. 
~210-350 nm¥, spherical shape 

Burst AR in 6 h (~38 %), then 
gradual AR up to ~96 % at day 
30 

Staphylococcus aureus, 
Escherichia coli 

< (S. aureus); >
(E. coli) 

>95 % cell viability (murine 
NIH3T3 fibroblast cells and human 
osteosarcoma SaOS-2 cells) 

Lai et al., 2015 
Vancomycin conjugated to AuNPs (Van- 
Au NPs) 
8.4 ± 1.3 nm§, spherical shape 

na 

MSSAŦ, MRSAŦ, VRE, 
VSE, Escherichia coli, 
Pseudomonas aeruginosa, 
Acinetobacter baumannii 

> na na ~ 80 % cell viability (MTT assay, 
RAW 264.7 murine macrophages) 

Li et al., 2014 

Vancomycin loaded on core-shell 
supramolecular gelatin NPs decorated 
with red blood cell membranes 
(Van⊂SGNPs@RBC). 
97.3 ± 3.4 nm§, 123.3 ± 12.7 nm¥, 
spherical shape (data relative to NPs 
before vancomycin loading) 

Upon exposure to gelatinase, 
burst AR in 4 h (~80 %), then 
gradual AR up to ~90 % at 48 h 

MSSA, Staphylococcus 
epidermidis 

= (MSSA); <
(S. epidermidis) na na 

Negligible toxicity (CCK-8 assay, 
human embryonic kidney 293T cells 
and human hepatocyte LO2 cells) 

Li et al., 2018 

Vancomycin conjugated to peptide- 
protected Au NCls. 
17.77 ± 0.18 nm§, 37.4 nm¥, spherical 
shape 

No release up to 48 h when 
incubated in fetal bovine serum 
or Dulbecco’s modified Eagle’s 
medium; gradual AR upon 
exposure to diacetyl-L-Lys-D-Ala- 
D-Ala, mimicking bacterial cell 
wall 

Staphylococcus aureus, 
Bacillus subtilis, Bacillus 
cereus 

= na na 

>80 % cell viability (MTT assay, 
human breast cancer MCF-7 cells 
and Chinese hamster ovary CHO 
cells) 

Lin et al., 2017 

Vancomycin entrapped into porous iron- 
carboxylate metal− organic framework 
NMs. 
500 nm§, octahedral shape 

Burst AR in 24 h (~95 % at pH 
6.5 and 7.4, ~75 % at pH 5.5), 
then gradual AR up to ~100 % 
at 168 h. 

Staphylococcus aureus < na na 
High proliferation and viability 
(MTT assay, murine preosteoblast 
MC3T3 cells) 

Liu et al., 2017 
Vancomycin encapsulated in PVA/PLGA 
NPs, deposited on Ti plates. 
50-100 nm§

Burst AR in 2 h, then gradual AR 
up to day 20; higher release at 
acid pH 

Staphylococcus aureus > na na 

High proliferation and viability 
(MTT assay and alkaline 
phosphatase activity, murine 
osteoblastic MC3T3-E1 cells) 

Liu et al., 2020 
Vancomycin encapsulated in hyaluronic 
acid-coated ZIF-8. 
389 nm¥ 

Gradual AR, higher at pH 5.5 
(~60 % after 24 h), than at pH 
6.5 (~30 %) and pH 7.4 (~20 
%) 

MRSAŦ > na 
Reduction of MRSA 
infection in murine 
model for pneumonia 

>80 % cell viability (MTT assay, 
RAW 264.7 murine macrophages). 
No toxicity in vivo in a murine 
pneumonia model 

Lotfipour et al., 
2014 

Vancomycin loaded on PLGA NPs. 
~450-466 nm¥ na Enterococcus spp. (40 

isolates) 
=/<, depending on 
the isolate 

na na na 

Ma et al., 2020 

Vancomycin co-loaded with AgNPs, by 
electrostatic and hydrogen-bonding 
interactions, on polydopamine 
(PDA@Van-Ag). 
290 nm¥ 

Gradual AR up to 26 h Staphylococcus aureus, 
Escherichia coli 

> na 

Reduction of S. aureus 
infection in murine 
model for skin 
infection 

>90 % cell viability (MTT assay, 
human fibroblast MRC-5 cells). 
No toxicity in vivo in a murine skin 
infection model 

Maji et al., 2019 
Vancomycin loaded on LDHNs. 
124.4 ± 2.01 nm¥ 

Gradual AR up to ~78 % (pH 
6.0) and ~35 % (pH 7.4) at 48 h MRSA > na na 

>78 % cell viability (MTT assay, 
human embryonic kidney HEK 293 
cells and human breast cancer MCF- 
7 cells). No haemolytic activity 
(sheep blood) 

Mas et al., 2013 Vancomycin loaded on MSNs. 
80-100 nm§, spherical shape 

na 
Escherichia coli, 
Salmonella typhi, Erwinia 
caratovora 

> na na na 

Mhule et al., 2018 Vancomycin loaded on SLNs formed by N- 
(2-morpholinoethyl) oleamide 

Gradual AR, 1.58 times higher 
at pH 6.0 than 7.4 

MRSA < na Reduction of MRSA 
infection in murine 

>76 % cell viability (MTT assay, 
human adenocarcinoma alveolar 

(continued on next page) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

(VCM_NMEO SLNs). 
302.8 ± 0.12 nm¥ 

model for skin 
infection 

basal epithelial A-549 cells, human 
embryonic kidney HEK 293 cells, 
and human hepatoma cancer HepG2 
cells) 

Mohapatra et al., 
2018 

Vancomycin loaded on chitosan 
microbeads embedded with Fe3O4 NPs. 
288.4 ± 62.2 μm§, spherical shape 

Controlled AR upon exposure to 
an alternating magnetic field 

na na na na na 

Murei et al., 2020 

Vancomycin conjugated to AgNPs, 
administered with extract from 
Pyrenacantha grandiflora tubers. 
13 nm§, nanocube shape (data relative to 
nude AgNPs) 

na 
MSSA, Klebsiella 
pneumoniae, Escherichia 
coli 

> na na na 

Omolo et al., 2018 
Vancomycin loaded on LPDHs. 
52.48 ± 2.6 nm¥, ring-shape spherical 
structure 

Gradual AR up to 65.8 % at 48 h MSSA, MRSA > + (MRSA) 

Reduction of MRSA 
infection in murine 
model for skin 
infection 

>77 % cell viability (MTT assay, 
human breast cancer MCF-7 cells, 
human adenocarcinoma alveolar 
basal epithelial A-549 cells, human 
hepatoma cancer HepG2 cells, and 
human embryonic kidney HEK 293 
cells) 

Parent et al., 2016 Vancomycin loaded on porous HA 
implants, with pores of 100-200 nm§

Burst AR in the first hours, then 
gradual AR up to 100 % at day 1- 
5 (depending on the amount of 
vancomycin loaded) 

MSSA na na na na 

Pawar et al., 2018 

Vancomycin loaded on chitosan NPs, 
incorporated in alginate gel containing 
povidone-iodine (CNPs-PI-Alg). 
200-250 nm§, 276 ± 16.48 nm¥, spherical 
shape 

Burst AR from the NPs alone in 4 
h (~27 %), then gradual AR up 
to 86 % at 72 h; burst AR from 
the NPs embedded in the gel in 
the first days, then gradual AR 
up to 14 days 

Staphylococcus aureus na + (S. aureus) na 
>80 % cell viability (MTT assay, 
murine fibroblast L929 cells). No 
haemolytic activity (human blood) 

Pei et al., 2017 

Vancomycin encapsulated in NPs 
composed of PLGA, PEG, Eudragit E100, 
and the chitosan derivative ZWC. 
837 ± 103 nm¥ 

~90 % AR at pH 5.0, ~70 % at 
pH 7.4 

MRSAŦ, Listeria sp. Ŧ, 
Streptococcus 
pneumoniaeŦ, Enterococcus 
faeciumŦ, Enterococcus 
faecalisŦ 

> na na ~100 % cell viability (MTS assay, 
J774.1 murine macrophages) 

Pichavant et al., 
2016 

Vancomycin loaded on polynorbornene- 
based NPs, immobilized on Ti90A16 V4 
alloy. 
200-350 nm¥ 

na MRSA < na na na 

Posadowska et al., 
2016 

Vancomycin encapsulated in PLGA NPs, 
then incorporated in gellan gum. 
258 ± 11 nm¥, spherical shape 

Burst AR in 24 h (~26 %), then 
gradual AR up to day 40 

Staphylococcus aureus, 
Staphylococcus epidermidis 

= na na 
Good compatibility (resazurine 
assay, MG-63 human osteosarcoma 
cells) 

Saidykhan et al., 
2016 

Vancomycin loaded on aragonite NPs 
(VANPs). 
36 ± 6 nm§, cubic shape 

Burst AR in 15 h (~73 %), then 
gradual AR up to 97 % at day 5 MRSA na na na 

>80 % cell viability (MTT assay, 
human fetal osteoblast 1.19 cells) 

Salih et al., 2020 

Vancomycin loaded on nanovesicles of 
the sugar-based cationic amphiphile BCD- 
OLA (Beta-cyclodextrin / oleylamine). 
125.1 ± 8.30 nm¥, spherical shape 

Burst AR in 4 h (~39 %), then 
gradual AR up to 80 % at 48 h 

MSSA, MRSAŦ > na na 

>78 % cell viability (MTT assay, 
human adenocarcinoma alveolar 
basal epithelial A-549 cells, human 
embryonic kidney HEK 293 cells, 
and human cervix cancer HeLa cells) 

Sarkar et al., 2017 na na na na 

(continued on next page) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

Vancomycin loaded on carbon QD 
tailored calcium alginate hydrogel films. 
1.5-3.7 nm, spherical shape (data relative 
to carbon QD) 

Burst AR in 1 h, then gradual 
AR, higher at pH 1.5 (72 % at 
120 h) 

>80 % cell viability (MTT assay, 
human cervix cancer HeLa cells) 

Seedat et al., 2016 
Vancomycin loaded on LPHNs 
~202-250 nm¥, rod shape 

Gradual AR up to ~36-54 % at 
24 h, depending on the lipid/ 
polymer used 

MSSA, MRSA > na na na 

Serri et al., 2018 
Vancomycin loaded on PAMAM 
dendrimers 

Gradual AR up to 44-63 % at 24 
h 

MSSA, MRSA, Escherichia 
coli, Salmonella 
typhimurium, Klebsiella 
pneumoniae, Pseudomonas 
aeruginosa 

> na na na 

Sharipova et al., 
2018 

Vancomycin incorporated in nano- 
grained Fe-Ag nanocomposites 

Gradual AR up to 88 % at day 7 na na na na 
No significant toxicity (Calcein AM 
assay, MG-63 human osteosarcoma 
cells) 

Shimizu et al., 
2014 

Vancomycin conjugated on acryl NPs. 
287 nm¥ na VSE, VRE = (VSE); > (VRE) na na na 

Sikwal et al., 2016 

Self-assembled NPs formed by 
vancomycin and polyacrylic acid sodium. 
229.7 ± 47.76 nm¥, hexagonal cubic 
shape 

Gradual AR up to ~95 % in 12 h MSSA, MRSA = na na 

>76 % cell viability (MTT assay, 
human breast cancer MCF-7 cells, 
human cervix cancer HeLa cells, and 
human hepatoma cancer HepG2 
cells) 

Simon et al., 2020 

Vancomycin loaded on PLGA/PVA or 
PLGA/DMAB polymeric NPs. 
<90 nm¥ (with DMAB) or 201-210 nm¥ 

(with PVA), spherical shape 

na MRSA, VISA 
= (PLGA/PVA 
NPs); > (PLGA/ 
DMAB NPs) 

na na na 

Sonawane et al., 
2016 

Vancomycin loaded on Compritol 888 
ATO lipid – PAMAM dendrimer hybrid 
NPs. 
52.21 ± 0.22 nm¥, spherical shape 

Gradual AR up to 100 % in 72 h MSSA, MRSA > na na na 

Sonawane et al., 
2020 

Vancomycin encapsulated in micelles of 
the AB2-type amphiphilic block 
copolymer. 
131-150 nm§, 130.33 ± 7.36 nm¥, 
spherical shape 

Gradual AR up to ~100 % in 48 
h; faster release at pH 6.0 than at 
pH 7.4 

MSSA, MRSA = na 

Reduction of MRSA 
infection in murine 
model for skin 
infection 

>76 % cell viability (MTT assay, 
human adenocarcinoma alveolar 
basal epithelial A-549 cells, human 
breast cancer MCF-7 cells, and 
human hepatoma cancer HepG2 
cells) 

Suchý et al., 2016 
Vancomycin loaded on collagen/HA NPs 
composite layers. 
150 nm (data relative to HA NPs) 

Gradual AR up to 21 days na na na na na 

Suchý et al., 2017 
Vancomycin loaded on collagen/HA NPs 
composite layers. 

Burst AR in 24 h, then gradual 
AR up to 1 month 

MRSA, Staphylococcus 
epidermidis, Enterococcus 
faecalis 

= (MRSA, S. 
epidermidis); >
(E. faecalis) 

na na 
No significant toxicity (MTS assay, 
human osteosarcoma SaOS-2 cells) 

Suchý et al., 2019 
Vancomycin loaded on collagen/HA NPs 
electrospun layers (alone or with 
gentamycin) 

Gradual AR up to 21 days 
MRSA, Staphylococcus 
epidermidis, Enterococcus 
faecalis 

= (MRSA, S. 
epidermidis); >
(E. faecalis) 

na na 
No significant toxicity (MTS assay, 
human osteosarcoma SaOS-2 cells) 

Sun et al., 2017 
Vancomycin conjugated to AgNPs (AgNP- 
VAM). 
30 ± 3 nm§, spherical shape 

na Mycobacterium smegmatis > na na na 

Tao et al., 2020 Vancomycin NPs loaded on chitosan- 
based thermosensitive hydrogel (VCM- 

Burst AR in 10 h (23.5 %), then 
gradual AR up to 65 % at day 26 

Staphylococcus aureus > na Reduction of S. aureus 
infection in rabbit 

(continued on next page) 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

NPs/Gel). 
140 nm§, 182.4 ± 8.8 nm¥, spherical 
shape 

model for 
osteomyelitis 

>85 % cell viability (CCK-8 assay 
and alkaline phosphatase activity, 
osteoblasts) 

Uhl et al., 2017 
Vancomycin encapsulated in 
glycerylcaldityltetraether lipid NLs. 
100 nm§, 134 ± 9.7 nm¥, spherical shape 

na na na na na 
>95 % cell viability (Alamar Blue 
assay, human colon cancer CaCo-2 
cells) 

Wan et al., 2011 
Vancomycin conjugated to AgNPs coated 
with TiO2 (Van-Ag@TiO2). 
110 nm§, spherical shape 

na Desulfotomaculum sp., 
Vibrio anguillarum 

> na na na 

Wang et al., 2017a 

Vancomycin conjugated to magnetic- 
based Ag microflowers (Van/ 
Fe3O4@SiO2@Ag microflowers). 
700-900 nm§, highly branched 
morphology 

na MRSA, Escherichia coli > na na na 

Wang et al., 2018 
Vancomycin conjugated to AuNPs 
(Au@Van NPs). 
Polygonal shape 

na VRE > na na na 

Wang et al., 2019 
Vancomycin conjugated to Au nanostars 
(AuNSs@Van). 
104.4 ± 13.3 nm§, ~120 nm¥ 

na MSSA, MRSA na na 

Reduction of MRSA 
infection in murine 
model for skin 
infection 

>90 % cell viability (MTT assay, 
human cervix cancer HeLa cells) 

Xiang et al., 2018 
Vancomycin loaded on titania NTs 
capped by ZnO QDs conjugated with folic 
acid (TNTs-Van@ZnO-FA QDs) 

Burst AR in the first hours, then 
gradual AR up to day 16; higher 
release at acid pHs 

Staphylococcus aureus na na na >86 % cell viability (MTT assay, 
murine preosteoblast MC3T3) 

Xu et al., 2020 

Vancomycin co-encapsulated with WS2 

QDs in thermal-sensitive NLs (WS2QDs- 
Van@lipo). 
<100 nm§, 146.37 ± 0.67 nm¥, spherical 
shape 

na VISA, Escherichia coli > + (VISA) 

Reduction of VISA 
infection in mice with 
subcutaneous 
abscesses, upon NIR 
irradiation 

~ 100 % viability (MTT assay, 
human dermal keratinocytes HaCaT 
cells). No haemolytic activity 
(murine blood). 
No evident toxicity in vivo in a 
murine abscess model 

Yan et al., 2015 

Vancomycin co-loaded with fluorescein 
isothiocyanate and rhodamine B-based 
derivative on MSNs, then layered on 
agarose gel. 
~150 nm§

Burst AR in 3 h (~12 % at pH 
8.0, ~60 % at pH 5.0), then 
gradual AR up to 12 h 

Escherichia coli na na na na 

Yang et al., 2017 Vancomycin co-loaded with AgNPs on 
ZnO nanorod arrays 

na Staphylococcus aureus na na na na 

Yousry et al., 2016 

Vancomycin loaded on SLNs. 
135-4414 nm¥ (depending on the lipid 
used and the ratio lipid:antibiotic), 
spherical shape 

na na na na na na 

Yousry et al., 2017 

Vancomycin loaded on PLGA or PCL 
polymeric NPs, incorporated in a 
Carbopol®-based gel. 
~170-8444 nm¥ (depending on the 
formulation composition), spherical 
shape 

Gradual AR from the NPs up to 
~20-90 % (depending on the 
formulation) at day 3; burst AR 
from the gel in 15 minutes (58- 
73 %), then gradual AR up to 24 
h 

MSSA na na  No in vivo ocular irritation in albino 
rabbits 

Yu et al., 2014 
Vancomycin loaded on HA NPs, 
incorporated in a gel matrix formed by 

Burst AR from the NPs in 24 h 
(61 %), then gradual AR up to 
72 % at 375 h 

Staphylococcus aureus na na na na 
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Table 1 (continued ) 

Reference Characteristics of the nanoantibiotic: 
type, dimension, shape 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In vivo 

Targeted bacteria Relative activity 
compared to free 
vancomycin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

oxidation of sodium alginate and gelatin. 
30-40 nm§, irregular shape 

Zakeri-Milani 
et al., 2013 

Vancomycin loaded on PLGA NPs. 
450-466 nm¥ 

Burst AR in 30 min (~10-12 %), 
then gradual AR up to ~100 % 
at 24 h 

na na na na na 

Zhang et al., 2017 

Vancomycin loaded on N-trimethyl 
chitosan NPs functionalized with poly 
(trimethylene carbonate) (VCM/TMC NP- 
PTMC). 
220-230 nm§, spherical shape 

Gradual AR up to ~84 % (in 
lipase aqueous medium) and 
~19 % (in PBS) at day 36 

MSSA na na 

Reduction of MSSA 
infection in rabbit 
model for 
osteomyelitis 

High cell proliferation (MTT assay, 
osteoblasts) 

Zhang et al., 2018 
Vancomycin loaded on gelatin 
nanospheres 
329-387 nm¥, spherical shape 

na na na na 
Reduction of S. aureus 
infection in zebrafish 
larvae 

na 

Zhang et al., 2020 

Vancomycin entrapped in the PVA 
coating of silica-coated iron oxide NPs, 
conjugated with a cell-penetrating 
hexapeptide sequence (Gly-Ala-Phe-Pro- 
His-Arg) (MCCC@VAN). 
~32 nm¥, spherical shape 

Progressive AR, slightly slower 
at pH 7.2 MSSA, Escherichia coli > na na na 

Zhao et al., 2017 

Silica NPs coated with vancomycin- 
modified polyelectrolyte-cypate 
complexes (SiO2-Cy-Van). 
72.7 ± 3.2 nm§, spherical shape 

na MRSA na na 
Reduction of MRSA 
infection in mice 

>90 % cell viability (MTT assay, 
murine NIH3T3 fibroblast cells). 
No toxic effect visible in collected 
kidney tissues from MRSA-infected 
mice treated with the NPs 

Zhou et al., 2018 

Vancomycin used to functionalize, 
together with Si(IV) naphthalocyanine, 
silica-encapsulated Ag-coated AuNPs 
(Au@AgNP@SiO2@Nc-Van). 
60 nm§, 110 nm¥ (data relative to 
AgNP@SiO2) 

na Bacillus subtilis, VRE < (VRE); >
(B. subtilis) 

na 
Reduction of VRE 
infection in mice, upon 
NIR irradiation 

>90 % cell viability under dark 
conditions, >75 % cell viability 
upon NIR irradiation (MTT assay, 
human dermal keratinocytes HaCaT 
cells) 

Zou et al., 2020 
CuS NPs with vancomycin as reductant 
and capping agent (CuS@Van). 
15 ± 5 nm 

na VRE > na 
Reduction of VRE 
infection in mice, upon 
NIR irradiation 

>90 % cell viability under dark 
conditions, >50 % cell viability 
upon NIR irradiation (MTT assay, 
murine fibroblast 3T3 cells and rat 
glioma C6 cells) 

In addition to abbreviations listed in the main text: AR = antibiotic release; HA = hydroxyapatite; MP = microparticle; Na = not available; NCl = nanocluster; NL = nanoliposome; NT = nanotube; PBS = phosphate buffer 
saline; QD = quantum dot. 
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transpeptidases, and ultimately leading to bacterial lysis (Fig. 2A) 
(Cooper and Williams, 1999). Due to the presence of their outer mem
brane that prevents GPAs from entering the periplasm, Gram-negatives 
are intrinsically resistant to these antibiotics (Cooper and Williams, 
1999). A few drawbacks in the clinical use for GPAs are known: van
comycin (more than teicoplanin) presents dose-dependent nephrotoxi
city and, to a lesser degree, ototoxicity; in addition, it poorly penetrates 
certain body tissues and bacterial biofilms (Ziglam and Finch, 2001; 
Jefferson et al., 2005). Another issue is the increasing AMR toward 
GPAs. Gram-positives become resistant to vancomycin and related 
molecules reprogramming cell wall biosynthesis, thus reducing the af
finity of GPAs for their cellular targets. Nowadays, a worryingly high 
percentage of clinical enterococcal isolates harbours the genetic de
terminants of vancomycin resistance (Miller et al., 2016a). Horizontal 
gene transfer of such genes from enterococci to S. aureus has generated 
vancomycin-resistant MSSA (methicillin-sensitive S. aureus) and MRSA 
(Cong et al., 2019), whose infections are very difficult to treat. For more 
information on the resistance mechanisms and the different GPA- 
resistant phenotypes, readers are addressed to Binda et al. (2014), 
Yushchuk et al. (2020b), Lebreton and Cattoir (2019), Stogios and 
Savchenko (2020). 

Daptomycin, introduced in clinical practice in 2003, is the drug used 
to treat Gram-positive infections for which none or at most limited 
therapeutic alternatives are available, as those caused by VRSA, VISA 
(vancomycin intermediate S. aureus), VRE, and penicillin-resistant 
streptococci (Heidary et al., 2018). It finds also application as a last 
resort for the treatment of complicated skin infections, bacteraemia, and 
right-sided endocarditis caused by Gram-positives, including MSSA and 
MRSA, streptococci, and enterococci. Daptomycin is one of the few 
membrane-targeting antibiotics that are applied systemically, although 
under medical control due to the possible serious side effects that can 
arise even at low-dose administration (Osorio et al., 2021). It is formed 
by 13 amino acids: 10 are arranged in a macrocyclic polypeptide core 
closed by an ester bond that includes four proteinogenic amino acids (L- 
Asp, L-Gly, L-Thr, L-Trp) and six nonproteinogenic and D-amino acids 
(kynurenine, ornithine, 3-methylglutamic acid, D-Ala, D-Ser, D-Asn). The 
remaining three amino acids (L-Asn, L-Asp, and L-Trp) form an N-ter
minal tripeptide, to whom a n-decanoyl fatty acid tail is attached at 
position 1 (Fig. 1) (Heidary et al., 2018). Daptomycin exerts its bacte
ricidal activity by binding in a calcium-dependent manner to phospha
tidylglycerol (PG)-containing membranes in actively dividing regions of 
bacterial cells (Fig. 2A) (Miller et al., 2016b). The resulting insertion of 
the antibiotic lipophilic tail into the bacterial cell membrane induces a 
rapid cell membrane reorganization that in turn causes pore-like struc
tures formation, leakage of solutes as Na+, K+, and alkaline metal ions, 
and depolarization (Miller et al., 2016b). Adverse effects caused by 
daptomycin include myopathy and rhabdomyolysis, in addition to 
eosinophilic pneumonia and anaphylactic hypersensitivity (Echevarria 
et al., 2005). Although still limited in number, reports of daptomycin 
resistance in S. aureus, E. faecium, and Enterococcus faecalis were pub
lished (Sader et al., 2013). Resistance is determined by a decrease of 
daptomycin-binding PG residues in the membrane, an augment of the 
membrane cardiolipin content at the expense of PG, or an increase of 
positive charges on bacterial cell surface causing electrostatic repulsion 
of the calcium-daptomycin complex (Miller et al., 2016b). 

3. Nanoparticles to counteract AMR in Gram-positive bacteria 

3.1. Introduction to nanoparticles 

Despite a certain disparity in definitions (Boholm and Arvidsson, 
2016), the word ‘nanomaterial’ (NM) defines materials where more than 
50 % of the constituent particles have at least one dimension in the nano- 
range (1-100 nm) (https://ec.europa.eu/environment/chemicals/nan 
otech/faq/definition_ en.htm). Accordingly, NMs that have all di
mensions in the 1-to-100 nm range are appointed as nanoparticles (NPs). 

Other NMs are characterized by one dimension (nanotubes, nanorods, 
nanowires) or two dimensions (graphene, nanofilms, nanolayers, 
nanocoatings) outside the nanoscale, respectively (Pokropivny and 
Skorokhod, 2007). Nanosystems can be classified also depending on 
their composition in inorganic, organic, or carbon-based material (Fig. 
3). Inorganic nanosystems include mainly transition metal (Ag, Au, Pt, 
Zn, Ti, Fe, etc) and metal oxide (ZnO, TiO2, Fe3O4, CuO, SiO2, etc) NPs 
(Arias et al., 2018; Ermini and Voliani, 2021; Piacenza et al., 2018a), 
mesoporous silica NPs (Bernardos et al., 2019), and quantum dots 
(Martínez-Carmona et al., 2018). Organic ones comprise -without being 
limited to- liposomes and other lipid-based NPs (Arana et al., 2021; 
Gonzalez Gomez and Hosseinidoust, 2020), dendrimers (Alfei and 
Schito, 2020), synthetic and natural polymeric NPs. These latter include, 
for example, those formed by polylactic acid-co-glycolic acid (PLGA) 
(Booysen et al., 2019), polycaprolactone (PCL) (Yousry et al., 2017), 
chitosan (Naskar et al., 2019), or gelatin (Li et al., 2014). Finally, 
carbon-based nanostructures include graphene and its derivatives, ful
lerenes, carbon nanotubes, carbon nanocapsules, carbon nanofibers, 
carbon nanodiamonds, carbon nanodots, carbon onions, carbon black, 
carbon rings, etc (Khalid et al., 2020). 

NPs have today a large variety of applications in our everyday life, 
including agriculture (Ashraf et al., 2021), food processing and conser
vation (Ashraf et al., 2021), electronics (Tawade et al., 2021), trans
portation (Shafique and Luo, 2019), energy (Banin et al., 2021), 
wastewater treatment (El-Gendy and Nassar, 2021), and cosmetics 
(Fytianos et al., 2020), among others. In pharmaceutical and biomedical 
fields, they are prevalently used for tissue regeneration, for preparing 
medical implants, for bioseparation purposes, for carrying DNA and 
RNA in gene therapy, and for antitumor drug delivery (Anselmo and 
Mitragotri, 2019; Mba and Nweze, 2021). NPs are used as antibacterial 
coatings for implantable devices or as medical preparations to prevent 
infections and to promote wound healing (Bernardos et al., 2019; Pia
cenza et al., 2017; Pormohammad et al., 2021), they are used in vaccine 
formulations and as nanocarriers for antibiotic delivery (Gupta et al., 
2019; Mba and Nweze, 2021). 

Particularly versatile for biomedical purposes are superparamagnetic 
metal and metal oxide NPs, first of all iron oxide NPs (Fe3O4NPs) 
(Anderson et al., 2019; Arias et al., 2018). Due to their magnetic nature, 
Fe3O4NPs can be visualized by magnetic resonance imaging and used for 
diagnostic and theragnostic applications. Since they generate heat after 
exposure to an alternating magnetic field, they find application in 
magnetic hyperthermia treatment of cancer patients. Furthermore, they 
can be directed by an external magnetic field, thus becoming ideal 
cargos for delivering drugs at tumour sites (Dadfar et al., 2019). 

NPs are traditionally synthesized by chemical or physical methods, 
generally divided into bottom-up and top-down approaches. In the first 
case, synthesis is achieved starting from atomic and/or molecular pre
cursors, assembled by diverse protocols of chemical vapor deposition, 
sol-gel processes, co-precipitation, microwave-assisted methods, or laser 
pyrolysis, among others. Instead, in top-down methods the size of the 
starting bulk material is reduced by laser ablation, mechanical milling or 
grinding, sputtering, or electro-explosion, until nanostructured entities 
are obtained (Arias et al., 2018; Piacenza et al., 2018a). NP synthesis by 
bottom-up approaches is usually the preferred choice at laboratory 
scale, while top-down methods are more commonly adopted in indus
trial settings, since they are more scalable. Developing cost-effective 
large-scale production of NPs is a not-yet completely solved issue in 
nanotechnology. The production of high-quality nanostructures often 
requires sophisticated and costly instrumentation, it is a time and energy 
consuming process, which is conducted in harsh and dangerous opera
tional conditions, using toxic reductants and stabilizing agents. More 
recently, environmental-friendlier approaches, such as green synthesis 
of metallic NPs, using ionic and supercritical liquids (Seitkalieva et al., 
2021) or biological systems (Drummer et al., 2021; Piacenza et al., 
2018b), have been developed. Green synthesis exploits the capacity of 
plants, bacteria, fungi, and algae, to adapt to environments rich in harsh 
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metal ions, bioconverting them into their less toxic elemental forms, 
then accumulated as intracellular nanostructures or deposits. The 
method is cost-effective, requires relatively low energy, and is more 
sustainable and safer than traditional physico-chemical synthesis 
methods, being in line with green chemistry principles. An additional 
advantage is that biogenic NMs are usually further stabilized through 
interactions with macromolecules and secondary metabolites produced 
by the host system itself. Although these strategies are still in a devel
opmental stage, they are attracting wide interest due to economic 
prospects and scale-up feasibility. Using plant extracts, in particular, is 
currently appreciated as the easiest strategy for mass production of 
metallic NPs (Piacenza et al., 2018b). 

3.2. Nanoparticles as active antibacterial agents per se 

By now, evidence exists on the antibacterial properties of different 
nanosystems, which can be effective in eradicating bacterial infections, 
caused either by Gram-positive or Gram-negative bacteria, including 
resilient MDR-bacteria. Antibacterial properties of NPs are extensively 
reviewed in different papers (Bernardos et al., 2019; Gupta et al., 2019; 
Mba and Nweze, 2021; Naskar and Kim, 2019; Sánchez-López et al., 
2020; Wang et al., 2017b). In this section, the latest advances are briefly 
discussed, looking at the possible pros and cons. Fig. 2B illustrates NPs’ 
main mechanisms of action on bacterial cells. Metallic NPs are known 
for their intrinsic large-spectrum antibacterial properties (Gómez-Núñez 
et al., 2020). Silver NPs (AgNPs) are the most effective and commonly 
used antibacterial agents (Amaro et al., 2021; Durán et al., 2016). Silver 
has been recognized since ancient times for its antimicrobial effect and it 
is currently incorporated on the surface of medical devices used for 
dentistry and orthopaedic applications, to confer them long-lasting 
antibacterial activity (Xiang et al., 2017; Xie et al., 2018). AgNPs are 
employed as components of medical textiles as surgical masks (Valdez- 
Salas et al., 2021), food packages (Ediyilyam et al., 2021), and mem
brane filters used for water treatment (Beisl et al., 2019). AgNPs are 
described in literature as active against both Gram-positive and Gram- 

negative bacteria, in addition to fungi, some parasites as Leishmania 
tropica and Plasmodium spp., and viruses including HIV strains and 
SARS-CoV-2 (Merkl et al., 2021). A detailed description of the antibac
terial mode of action of AgNPs is out of the scope of the present review, 
and readers can refer to several recent and exhaustive papers (Amaro 
et al., 2021; Bruna et al., 2021; Dakal et al., 2016; Durán et al., 2016; 
Kędziora et al., 2018; Salleh et al., 2020). Briefly, the popularity of 
AgNPs as antimicrobial agents is due to the multiple effects they exert. 
Thanks to their reduced size and high specific surface area, AgNPs 
interact with proteins of the bacterial cell wall and infiltrate within the 
cell membrane, thus causing its depolarization and permeabilization, 
with the consequent leakage of cellular contents. They inhibit cell di
vision and ion transport processes by interacting with nucleic acids, 
membrane transport, and respiratory chain proteins. AgNPs can disturb 
transcription, translation, and protein synthesis, while causing also 
protein dysfunction and denaturation, and altering metabolism. By 
releasing Ag+, they trigger the generation of ROS as superoxide anions, 
hydrogen peroxide, and hydroxyl radicals, which in turn cause DNA 
destabilization, protein denaturation, and lipid peroxidation, thus 
contributing to membrane damage and ultimately leading to bacterial 
death (Amaro et al., 2021; Durán et al., 2016; Ferdous and Nemmar, 
2020) (Fig. 2B). 

Besides silver, other metal and metal oxide NPs with proven anti
bacterial activities are gold NPs (AuNPs) (Okkeh et al., 2021), zinc oxide 
NPs (ZnONPs) (Gharpure and Ankamwar, 2020), copper (CuNPs) and 
copper oxide NPs (CuONPs) (Ermini and Voliani, 2021), iron oxide NPs 
(Fe3O4NPs) (Gabrielyan et al., 2019), and titanium oxide NPs (TiO2NPs) 
(Liao et al., 2020). AuNPs with diameter <20 nm, for instance, were 
reported to penetrate within bacterial membranes of both Gram-positive 
(e.g., S. aureus (Zheng et al., 2017) and Streptococcus pneumoniae (Ortiz- 
Benítez et al., 2019)) and Gram-negative (e.g., Escherichia coli (Zheng 
et al., 2017) and P. aeruginosa (Zhao et al., 2010)) bacteria, forming 
irreversible pores. Bigger AuNPs (80-100 nm) were unable to freely 
translocate across the bacterial cell membrane, but their absorption onto 
the bacterial surface generated a membrane tension that ultimately 

Table 2 
List of papers describing nanoformulations of teicoplanin (according to the references’ alphabetical order). The list was created by searching Pubmed database 
(accession on 11th May 2021) with the following query: (((glycopeptide) AND (antibiotic)) AND (nanoparticles)) AND (("2011/01/01"[Date - Publication] : 
"3000"[Date - Publication])). The results were manually checked to select only those publications actually describing the use of NPs as teicoplanin carriers for 
antibacterial purposes. When available, data on the characterization of the nanoformulations, as well as names used by the authors for describing the nanosystems, are 
included. For ‘Dimension’: § diameter estimated by transmission electron microscopy or scanning electron microscopy; ¥ hydrodynamic diameter estimated by dynamic 
light scattering. For ‘Relative activity compared to free teicoplanin’: when nanoformulations showed higher (>), lower (<), or similar (=) antimicrobial activity in 
comparison to bare teicoplanin, the corresponding sign is represented. For ‘Antibiofilm activity’: presence of absence of antibiofilm activity are indicated with the plus 
or minus signs, respectively.  

Reference Characteristics of the 
nanoantibiotic (type, 
dimension, shape) 

Antibiotic release Antimicrobial activity Toxicity assessment (type of assay, 
used cell lines) 

In vitro In 
vivo 

Targeted bacteria Relative activity 
compared to free 
teicoplanin (<, =, 
>) 

Antibiofilm 
activity (+/-) 

Armenia 
et al., 
2018 

Teicoplanin conjugated 
by covalent bond to 
magnetic iron oxide NPs 
(NP-teico). 
13.6 nm§, 568.2 ± 0.6 
nm¥, spherical shape 

na 
MSSA, MRSA, 
Enterococcus faecalis, 
Bacillus subtilis 

< + (MSSA) na 

>80 % cell viability (RealTime GloTM 

MT Cell viability assay, human 
ovarian adenocarcinoma SKOV-3 cells 
and human adipose-derived hASC 
stem cells) 

Gonzalez 
Gomez 
et al., 
2019 

Teicoplanin encapsulated 
in NLs. 
100-200 nm ¥ 

na MSSA < na na na 

Ucak et al., 
2020 

Teicoplanin encapsulated 
in PLGA NPs, 
functionalized with 
S. aureus aptamers. 
226 ± 5.57 nm¥, 
spherical shape 

Burst AR in 2 h 
(58 %), then 
gradual AR up to 
75 % at 245 h 

MSSA, MRSA, 
Staphylococcus 
epidermidis 

> na na na 

In addition to abbreviations listed in the main text: AR = antibiotic release; Na = not available; NL = nanoliposome. 
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Table 3 
List of papers describing nanoformulations of daptomycin (according to the references’ alphabetical order). The list was created by searching Pubmed database 
(accession on 11th May 2021) with the following query: (((daptomycin) AND (antibiotic)) AND (nanoparticles)) AND (("2011/01/01"[Date - Publication] : "3000"[Date 
- Publication])). The results were manually checked to select only those publications actually describing the use of NPs as daptomycin carriers for antibacterial 
purposes. When available, data on the characterization of the nanoformulations, as well as names used by the authors for describing the nanosystems, are included. For 
‘Dimension’: § diameter estimated by transmission electron microscopy or scanning electron microscopy; ¥ hydrodynamic diameter estimated by dynamic light 
scattering. For ‘Relative activity compared to free daptomycin’: when nanoformulations showed higher (>), lower (<), or similar (=) antimicrobial activity in 
comparison to bare daptomycin, the corresponding sign is represented. For ‘Antibiofilm activity’: presence of absence of antibiofilm activity are indicated with the plus 
or minus signs, respectively.  

Reference Characteristics of the 
nanoparticle (type, 
dimension, shape) 

Antibiotic release Antimicrobial activity Toxicity assessment 
(type of assay, used 
cell lines) In vitro In vivo 

Targeted bacteria Relative 
activity 
compared to 
free 
daptomycin (<, 
=, >) 

Antibiofilm 
activity 
(+/-) 

Costa 
et al., 
2015 

Daptomycin encapsulated in 
chitosan-coated alginate NPs 
(CS-ALG-NPs). 
~383-421 nm¥ 

na 

MSSA, MRSA, 
Staphylococcus 
epidermidis, 
Staphylococcus capitis, 
Staphylococcus hominis, 
Staphylococcus 
haemolyticus, 
Staphylococcus warneri 

= na na na 

Li et al., 
2013 

Daptomycin encapsulated in 
flexible NLs (DAP-FL). 
55.4 nm¥, round shape 

na MSSA na + MSSA) 
Reduction of 
MSSA biofilm 
in mice 

na 

Meeker 
et al., 
2016 

Daptomycin loaded by non- 
covalent interactions on 
polydopamine-coated Au 
NCas, conjugated with an 
antibody targeting S. aureus’ 
protein A (AuNC@Dap/ 
PDA− aSpa). 
~200 nm§ (AuNC@Dap) 

Controlled AR upon 
NIR irradiation with 
diode laser at 808 nm 
(release proportional 
to the duration or 
irradiation) 

MSSA, MRSA na + (MRSA) na na 

Meeker 
et al., 
2018 

Daptomycin loaded by non- 
covalent interactions on 
polydopamine-coated Au 
NCas, conjugated with 
antibodies targeting 
S. aureus’ protein A 
(AuNC@Dap/PDA-aSpa), or 
the lipoprotein SACOL0486 
(AuNC@Dap/PDA-aLpp), or 
the manganese transporter 
SACOL0688 (AuNC@Dap/ 
PDA-aMntC). 
~78 nm§ (AuNC@Dap) 

Low AR in dark 
conditions; controlled 
AR upon NIR 
irradiation with diode 
laser at 808 nm 
(release proportional 
to the duration or 
irradiation) 

MRSA na + (MRSA) na na 

Silva 
et al., 
2015 

Daptomycin encapsulated in 
chitosan NPs (CS-ALG NPs) 
~140-205 nm¥, spherical 
shape 

Total AR in 4 h 

MSSA, MRSA, 
Staphylococcus 
epidermidis, 
Staphylococcus 
lugdunensis, 
Staphylococcus 
haemolyticus, 
Staphylococcus hominis, 
Staphylococcus warneri, 
Enterococcus faecalis 

< na na na 

Tong 
et al., 
2019 

Daptomycin co-conjugated 
with Ag NPs, by covalent 
bond, to reduced GO 
nanocomposites 
(rGO@Ag@Dap). 
70 nm§, spherical shape 

>90 % AR in 12 h 
Staphylococcus aureus, 
Bacillus subtilis > na 

Reduction of 
S. aureus 
infection in 
murine model 
for skin 
infection 

>80 % cell viability 
(MTT assay, murine 
NIH3T3 fibroblast 
cells). No 
haemolytic activity 
(human blood). 
No toxic effect 
detected in vivo in a 
murine model 

Wang 
et al., 
2020a 

Daptomycin-Au NFs (Dap- 
AunNFs). 
30 nm§ (Dap-Au3NFs), or 80 
nm§ (Dap-Au6NFs), 
monodispersed flower-like 
shape; 4 nm§, spherical shape 
(Dap-Au1NFs) 

na Staphylococcus aureus, 
Escherichia coli 

> na na 

>90 % cell viability 
under dark 
conditions, ca. 13 % 
cell viability upon 
NIR irradiation 
(MTT assay, human 
cervix cancer HeLa 
cells) 

(continued on next page) 
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resulted in its deformations and ruptures. AuNPs can interfere with DNA 
replication and transcription, alter membrane potential, decrease ATP 
synthase activity and, consequently, reduce metabolic activities, and 
provoke ROS formation (Okkeh et al., 2021). As reviewed by Gharpure 
and Ankamwar (2020) and Lallo da Silva et al. (2019), antibacterial 
activity of ZnONPs mainly relies on their physical interaction with 
bacterial membranes, causing loss of cellular integrity and leakage of 
intracellular contents. Additionally, released Zn2+ ions interfere with 
intracellular components, including enzymes involved in metabolic 
functions, while ROS generation determines damages to DNA, proteins, 
and lipids, as above described for AgNPs. ROS formation, lipid peroxi
dation, DNA damage, protein oxidation, and membrane alteration are at 
the base of the antimicrobial activity of CuNPs and CuONPs (Ermini and 
Voliani, 2021), and of TiO2NPs (Liao et al., 2020), too. By direct binding 
to bacterial cell wall, Fe3O4NPs can damage cell integrity. Fe3O4NPs 
interfere with the function of F0/F1-ATPase and reduce the flux of H+

through the membrane, while inhibiting DNA replication through 
topoisomerase inactivation. They can inhibit essential enzymes by 
binding to mercapto, amino, and carboxyl groups of proteins, and, last 
but not least, they induce ROS formation (Gabrielyan et al., 2019). 

CuONPs, ZnONPs, and, although to a lesser extent, Fe3O4NPs, and 
TiO2NPs, also eradicate biofilms of a wide range of bacterial species, as 
recently reviewed by Shkodenko et al. (2020). When metallic NPs 
penetrated deep within the biofilms, they could exert mechanical 
destruction of the matrix structure, causing a destabilization of biofilm 
architecture (Li et al., 2019), although these effects occurred at rela
tively high concentrations, i.e., in the range of several mg/ml (Li et al., 
2019; Shkodenko et al., 2020). Metallic NPs (AgNPs, AuNPs, SeNPs, and 
ZnONPs) were proven effective in reducing P. aeruginosa virulence by 
targeting its quorum sensing mechanism, attenuating pyocyanin, elas
tase, and protease production, and reducing biofilm formation (Elshaer 
and Shaaban, 2021; García-Lara et al., 2015; Shah et al., 2019). The 
exact mechanism behind this quorum quenching activity of metallic NPs 
has not been fully elucidated yet: it is believed that it can be mediated by 
the two-component response regulator CzcR, whose interaction with 
NPs leads to a downregulation of crucial genes for quorum sensing 
cascade (Lee et al., 2014). 

Although metal NPs are by far the most studied nanosystems 
endowed with antibacterial activity, carbon-based NPs have been also 
reported to affect bacterial survival. For instance, the edges of graphene 
oxide, a two-dimensional nanostructure formed by oxidized graphene 
sheets, mechanically damaged cell membranes and killed bacteria (Yu 
et al., 2020). Moreover, graphene oxide either interacted with and 
extracted phospholipids from cell membranes, causing cell disintegra
tion (Yu et al., 2014), or triggered oxidative stress (Liu et al., 2011). A 

Table 3 (continued ) 

Reference Characteristics of the 
nanoparticle (type, 
dimension, shape) 

Antibiotic release Antimicrobial activity Toxicity assessment 
(type of assay, used 
cell lines) In vitro In vivo 

Targeted bacteria Relative 
activity 
compared to 
free 
daptomycin (<, 
=, >) 

Antibiofilm 
activity 
(+/-) 

Zheng 
et al., 
2016 

Daptomycin conjugated by 
covalent bond to Ag NCl (D- 
AgNCs). 
Network of ~100 nm§, ~200 
nm¥ 

na MSSA > na na na 

Zheng 
et al., 
2019 

Daptomycin conjugated by 
covalent bond to Au NCl 
(Dap-AuDAMP). 
190 nm¥, agminated network 
shape 

na MRSA > na na na 

In addition to abbreviations listed in the main text: AR = antibiotic release; GO = graphene oxide; Na = not available; NCa = nanocage; NCl = nanocluster; NF =
nanoflower; NL = nanoliposome. 

Fig. 2. Schematic diagram showing (A) the antimicrobial mechanisms of 
daptomycin and vancomycin (this latter as representative of glycopeptide an
tibiotics), and (B) the different mechanisms of action that nanoparticles exert 
on bacterial cells. 
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combination of membrane damage and oxidative stress were also re
ported to explain the action of carbon nanotubes (Kang et al., 2008) and, 
in association with an induced fragmentation of genomic DNA, of carbon 
quantum dots (Li et al., 2016). 

Finally, an intrinsic antibacterial activity is typical of different 
polymers employed in organic NPs preparations. Above all, chitosan, a 
non-toxic, polycationic deacetylated derivative of the natural poly
saccharide chitin, establishes electrostatic interactions with the 
negatively-charged bacterial cell wall, causing the leakage of intracel
lular proteins or electrolytes. Moreover, it chelates metal ions and nu
trients, which are indeed essential for bacterial survival. Chitosan 
degradation products may also interact with bacterial DNA, thus inter
fering with protein synthesis (Matica et al., 2019). 

3.2.1. Factors affecting NPs’ antibacterial activity 
A general consideration is that the antibacterial activity of NPs is 

overall influenced not only by their chemical composition, but also by 
their shape, size, and surface functionalization (Gupta et al., 2019). NPs 
are similar in size to biomolecules, as membrane receptors, antibodies, 
and proteins, thus enabling additional multivalent interactions and 
exerting a stronger antimicrobial effect when compared to larger 
counterparts of the same chemical composition (Arias et al., 2018). In 
particular, the antibacterial activity often inversely correlates with the 
particle size, probably due to the possibility for smaller NPs to cross 

more easily the cell membrane. Additionally, in the case of metal NPs, 
the release of metal ions from smaller NPs is faster, thanks to their higher 
surface area-to-volume ratio. Hence, ZnONPs with diameter lower than 
10 nm were found to exert bactericidal activity on S. aureus, differently 
from bigger NPs that showed only a bacteriostatic effect (Lallo da Silva 
et al., 2019). Similarly, 7-nm AgNPs were associated with minimum 
inhibitory concentration (MIC) values against S. aureus of ca. 2.2- and 
4.5-fold lower than AgNPs with 29-nm and 89-nm diameter, respec
tively (Martínez-Castañón et al., 2008). Also the antibacterial activity of 
carbon nanotubes (Kang et al., 2008) and graphene oxide (Perreault 
et al., 2015) was reported to be enhanced by reducing their sizes and 
diameters. 

Positively-charged NPs were generally proved to be more effective, 
thanks to their electrostatic interactions with the negatively-charged 
bacterial membranes and biofilms (Javanbakht et al., 2016). The hy
drophobicity of nanosystems was also shown to be beneficial for such 
interactions: hence, the interaction of bacteria with the hydrophilic 
graphene oxide was slower and reversible, if compared to the interaction 
with correlated -but hydrophobic- graphene and reduced graphene 
oxide (Romero-Vargas Castrillón et al., 2015). 

Coating agents, mainly used to prevent metal NPs agglomeration/ 
coagulation during synthesis, can also increase or even impart antimi
crobial activity to NPs, on the other hand improving their cytocompat
ibility and bioavailability (Gupta et al., 2019; Javed et al., 2020). 

Fig. 3. Schematic illustration of different nanomaterials used as carriers for glycopeptide antibiotics and/or daptomycin.  
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Biocompatible polymers like poly(ethylene glycol) (PEG), chitosan, 
polyvinylpyrrolidone (PVP), poly (vinyl alcohol) (PVA), as well as sur
factants, proteins (as bovine serum albumin, BSA), and oligonucleotides, 
are the most frequently employed capping agents (Javed et al., 2020). 
For example, capping AgNPs with the surfactants sodium dodecyl sul
phate or Tween-80, or with the polymer PVP-360, increased both the 
stability of the nanocomposite and its antibacterial activity over a panel 
of Gram-positive and Gram-negative bacteria, compared to unmodified 
AgNPs (Kvítek et al., 2008). By using chitosan as reducing and stabi
lizing agent for AuNPs synthesis, Regiel-Futyra and co-workers prepared 
chitosan-Au nanocomposites endowed with bactericidal activity against 
both Gram-positive (S. aureus) and Gram-negative (P. aeruginosa) 
biofilm-forming bacteria. This antibacterial effect was determined by 
chitosan interaction with the bacterial surface, causing membrane 
disruption and facilitating Au internalization. Notably, AuNPs inter
nalization in eukaryotic cells was instead hindered by the biocompatible 
layer formed by chitosan, thus making the NM less cytotoxic to 
mammalian cell lines (Regiel-Futyra et al., 2015). 

3.2.2. Possible limitations in using NPs as antibacterial agents 
Differently from classical antibiotics that mostly interfere with a 

specific target, NPs act on multiple microbial pathways. For this reason, 
it was initially believed that bacteria may unlikely develop resistance to 
such materials, as multiple simultaneous mutations would have been 
required. However, evidence that bacteria can develop resistance upon 
continuous exposure to metallic NPs has emerged over the last decade 
(Mitchell et al., 2019; Mann et al., 2021). Bacteria resistant to AgNPs 
and CuNPs were isolated from clinical and non-clinical environments 
(Finley et al., 2015; Vasileiadis et al., 2015). As thoroughly reviewed by 
Niño-Martínez et al. (2019) and Amaro et al. (2021), the mechanisms of 
resistance towards NPs are numerous, including reduction of NPs uptake 
or adsorption (for instance through down-regulation of cation-selective 
porins in Gram-negative bacteria (Finley et al., 2015)), enhanced pro
duction of efflux pumps, or alteration of the electrical charge of bacterial 
surface, thus creating electrostatic repulsion towards NPs (Abbaszade
gan et al., 2015). To cope with high intracellular concentrations of metal 
ions and ROS formation, bacteria can resort to metal ion-sequestering 
proteins and pigments (Randall et al., 2015) or upregulate their anti
oxidant mechanisms, e.g., by overproducing ROS scavenging systems 
(Gou et al., 2010). In addition to individual responses, bacteria can 
activate collective defence mechanisms, forming microbial aggregates 
and biofilms, where cells are surrounded by an extracellular polymeric 
matrix that traps NPs. Additionally, if biofilms are exposed to sub-lethal 
NPs concentrations, a so-called hormesis process can be elicited, 
resulting in the reinforcement of the biofilm itself through increased 
lipopolysaccharide and extracellular polymeric substances formation 
(Niño-Martínez et al., 2019). 

Another side of the coin is that the lack of specificity of NPs in their 
antimicrobial mode of action do not allow to discriminate between 
pathogens and beneficial microorganisms, with a possible negative ef
fect on the host microbiota. More importantly, at the concentrations 
needed to exert a significant bactericidal action, NPs might be cytotoxic 
to mammalian cells, as these last share, at least in part, the metabolic 
pathways targeted in bacteria. Hence, NMs have been proven to induce 
ROS formation in vitro in various mammalian cells lines, leading to 
oxidative stress-induced damages in subcellular organelles as mito
chondria, and to tissue phospholipid and protein oxidation. Moreover, 
NPs were shown to inhibit cell proliferation by downregulating cell 
cycle genes, to induce the release of cytokines, and to imbalance mac
romolecules function (lipids, nucleotides, proteins) by directly inter
acting with them. Furthermore, they can trigger apoptosis (Ferdous and 
Nemmar, 2020; Lopez-Chaves et al., 2018). Some NPs features, such as 
reduced size or charged surface, that positively correlate with antimi
crobial activity, were reported to be associated with increased toxicity 
towards mammalian cells (Gómez-Núñez et al., 2020). 

Although the literature available on the antimicrobial and potential 

cytotoxic activity of NPs in vitro is vast, much less is known on their 
effects in vivo. Their action, biodistribution, accumulation, and potential 
deleterious effects have been poorly investigated in animal models and 
within the human body. Few, and sometimes contradictory, results ob
tained from in vivo studies suggest that both metallic and carbon-based 
NPs can cross biological barriers and accumulate in organs as the liver, 
intestine, spleen, and lungs (Amrollahi-Sharifabadi et al., 2018; Lopez- 
Chaves et al., 2018). As recently reviewed by Ferdous and Nemmar, the 
effect on the animal body of AgNPs bioaccumulation is still unclear. In 
some studies, none adverse effect was reported following various routes 
of AgNPs administration, whereas in others, apoptosis, inflammatory 
responses, and oxidative stress in different body districts were observed, 
with severity ranging from mild to acute. These differences can be 
attributed to the intrinsic characteristics of the used NPs preparations (e. 
g., size, shape, and coating), as well as to the diverse administration 
protocols, which varied for route and duration of exposure, doses, or end 
point measurement time. What is still unknown is whether the inflam
matory response observed is due to the AgNPs per se, or to the Ag ions 
released, or to both (Ferdous and Nemmar, 2020). 

3.3. Nanoparticles as carriers for last resort drugs against Gram-positive 
pathogens 

An emerging application of NPs is their use as carriers for antibiotics, 
which can be loaded either at the exterior or at the interior of the 
nanosystem via chemical conjugation, adsorption, or encapsulation. 
Nano-based drug delivery systems were introduced in clinics in the early 
1990s and used hereafter mainly in oncology and cancer immuno
therapy. They might represent a promising tool also in antiinfective 
therapies (Anselmo and Mitragotri, 2019; Arana et al., 2021; Mamun 
et al., 2021). When used as antibiotic carriers, NPs might enhance the 
antibacterial efficacy of the loaded drugs by a combination of mecha
nisms that include (i) protecting them from enzymatic inactivation and 
oxidation, (ii) enhancing solubility, prolonging systemic circulation 
time and improving their pharmacokinetic profile, (iii) improving 
antibiotic conveyance to the desired tissue, facilitating physiological 
barrier crossing and increasing local drug concentration at infection 
sites, while minimizing nonspecific distribution in healthy organs and 
tissues, (iv) promoting the interaction with pathogen cells and/or 
enhancing the internalization of the drugs within cells or into bacterial 
biofilms (Gao et al., 2021; Naskar and Kim, 2019; Van Giau et al., 2019). 
Due to their penetration capability, antibiotics carried on nanosystems 
might be used also for treating pathogenic bacteria colonizing the inside 
of mammalian cells, whose intracellular compartments are barely 
reached by free antibiotics (Wang et al., 2020b). Examples are infections 
within macrophages, that typically require long-term antibiotic intake 
and that can act as ‘Trojan horse’ to cause a relapse of infection at 
secondary sites (Bose et al., 2020) (see also section 3.3.5). By delivering 
the carried antibiotic specifically at the infection site and increasing its 
local cellular uptake, NPs can contribute to reducing drug administra
tion frequency and dosage, and this aspect could be particularly relevant 
in the case of last resort drugs (for instance daptomycin) known for its 
toxic side effects. Dose reduction can be achieved also if the NPs 
themselves exhibit some antimicrobial activity (see section 3.2), thus 
exerting a synergic and/or additive effect with the loaded drug. Finally, 
reduced antibiotic administrations might alleviate the negative effect on 
the commensal microbiota, thus limiting the transfer of resistant de
terminants between bacteria (Naskar and Kim, 2019; Van Giau et al., 
2019). 

In the following sections, we report an overview of the papers pub
lished in the last decade covering the preparation and characterization 
of NPs as carriers for the frontline antibiotics daptomycin and GPAs used 
to treat severe infections by MDR Gram-positive bacteria. 

3.3.1. Types of nanocarriers developed for GPAs and daptomycin 
According to the literature search conducted following the criteria 
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described in detail in the captions of Tables 1-3, more than 100 papers 
were published in the last decade reporting the use of NPs as GPAs or 
daptomycin carriers for antibacterial purposes. The great majority of 
them (96 papers) deals with nanoformulations of vancomycin, which is 
one of the molecules more investigated in absolute in the field of 
nanoantibiotics (Table 1). Surprisingly, only 3 publications report the 
preparation of NPs with teicoplanin (Table 2), whereas there are no 
examples of second-generation GPAs (i.e., dalbavancin, oritavancin, and 
telavancin) nanosystems. Regarding daptomycin, only 9 are the papers 
describing its use in nanoformulations (Table 3). 

In Tables 1-3, readers could find the information retrieved from this 
literature search in terms of the type of NPs used to carry vancomycin 
(Table 1), teicoplanin (Table 2), or daptomycin (Table 3). When avail
able, indications on shapes and sizes of the nanosystems, usually 
determined by dynamic light scattering or electron microscopy, are also 
reported. 

3.3.1.1. Organic NPs used for vancomycin delivery. The wide diversity of 
nanosystems used for vancomycin is based on organic and inorganic 
NPs, or nanocomposites containing both organic and inorganic elements 
(Fig. 3). Primarily employed are polymeric organic NPs (Fig. 3), 
including biocompatible natural or synthetic polymers with sizes 
ranging from a few dozens to hundreds of nanometres, as gelatin (Li 
et al., 2014; Zhang et al., 2018), silk fibroin (Hassani Besheli et al., 
2017), and N,N-dodecyl,methyl-polyethylenimine (DMPEI) (Cardoso 
et al., 2021). DMPEI is a hydrophobic cationic polymer capable of killing 
bacteria upon contact and preventing biofilm formation. For instance, 
vancomycin-loaded DMPEI NPs, coated with hyaluronic acid for further 
improving their biocompatibility, proved their efficiency against 
S. aureus in treating ophthalmic infections (Cardoso et al., 2021). 
Another widely used polymeric material is PLGA, an FDA-approved 
biocompatible and biodegradable synthetic polymer, whose molecular 
weight and lactide:glycolide ratio might be modulated to control the 
antibiotic release (Zakeri-Milani et al., 2013). In 2015, Chiang and co- 
workers created injectable hollow microspheres for the treatment of 
subcutaneous bacterial infections, formed by a PLGA shell surrounding 
an aqueous core containing vancomycin and the photothermal agent 
polypyrrole: their exposure to an external near-infrared (NIR) laser 
provoked a localized heat, with the double effect of heat-stimulated 
bacterial damage and heat-related reorganization of the PLGA shell, 
thus resulting in a controlled vancomycin release at a high local con
centration (Chiang et al., 2015). Alternatively, a polymer also widely 
used for vancomycin nanosystems is chitosan (see, for instance, Cer
chiara et al. (2015), Costa et al. (2015), and Kalhapure et al. (2017a)). 
Characterized by good compatibility, biodegradability, low toxicity and 
intrinsic antibacterial activity (see section 3.2), thanks to its positive 
charges, chitosan-based NPs easily interact with the negatively-charged 
cell walls, thus facilitating antibiotic penetration within the cells (Nas
kar et al., 2019). In other works, organic polymers were used as stabi
lizers of interactions between molecules of vancomycin, forming 
nanoplexes; in the work of Sikwal et al. (2016) the cationic group of 
vancomycin interacted with the anionic polyacrylic acid sodium, self- 
assembling in hexagonal cubic-shaped NPs with potent antibacterial 
activity against MSSA and MRSA strains. The Authors aimed to develop 
an inhalation delivery system for treating patients affected by cystic 
fibrosis, suffering from lung infections (Sikwal et al., 2016). 

Although liposomes and micelles (Fig. 3), produced by lipid self- 
assembling, are widely used for drug delivery (Marchianò et al., 
2020), relatively few are the examples of nanoliposomes or micelles 
carrying vancomycin (Cong et al., 2015; Gonzalez Gomez et al., 2019; 
Sonawane et al., 2020; Uhl et al., 2017; Xu et al., 2020). In 2017, Uhl and 
co-workers encapsulated vancomycin in liposomes formed by tetraether 
lipids, commonly found as components of archaea membranes, where 
they act as stabilizers thanks to their reduced susceptibility to hydrolysis 
and oxidation. The so-prepared vancomycin liposomal formulation was 

stable in gastric fluids and showed an improved oral availability, thus 
suggesting its possible use as an oral delivery system (Uhl et al., 2017). 
In another work (Xu et al., 2020), vancomycin was co-incapsulated with 
tungsten sulphite quantum dots in thermal-sensitive liposomes: tem
perature increase, by laser excitation of the quantum dots, stimulated 
liposome rupture and vancomycin release. The resulting nanosystem 
showed promising antibacterial efficacy in vitro and in vivo against VISA, 
penetrating and disrupting staphylococcal biofilms (Xu et al., 2020). 

A recent alternative to liposomes are the solid lipid NPs (SLNs) 
(Fig. 3). This term refers to NPs with a hydrophobic internal core 
composed of natural or synthetic lipids that are solid at room or body 
temperature, covered by an external stabilizing layer formed by 
amphiphilic surfactants and co-surfactants (Arana et al., 2021). Char
acterized by low toxicity, high stability, biodegradability, narrow dis
tribution, and easy production at large scale, SLNs were investigated in a 
few cases for vancomycin delivery (Kalhapure et al., 2014, 2017b; 
Mhule et al., 2018; Yousry et al., 2016). In one of them, Kalhapure and 
colleagues created a dual antibacterial system effective in inhibiting 
MSSA and MRSA, by loading vancomycin on SLNs formed by linoleic 
acid that has an intrinsic antibacterial activity (Kalhapure et al., 2014). 

Other types of organic NPs for vancomycin delivery are dendrimers 
(Fig. 3). These are highly symmetrical, globular macromolecules, 
formed by a central core composed of an atom or group of atoms, sur
rounded by layers of hyperbranched macromolecules with active ter
minal surface groups. Antibiotics can be either encapsulated in the 
interior cavities formed within the branched outer layer, or covalently 
attached to the terminal surface groups (Alfei and Schito, 2020). As 
reported below in section 3.3.3.1, when conjugated to PAMAM (4-poly 
amidoamine) dendrimers, vancomycin conserved the same antimicro
bial activity of the free GPA towards Gram-positive bacteria but it 
became active also against Gram-negative pathogens, probably thanks 
to an increased permeation through their outer cell membrane (Serri 
et al., 2018). In addition to classical dendrimers, the lipid-dendrimer 
hybrid NPs (LDHNs, Fig. 3) combine the positive attributes of both 
dendrimer and lipid systems. Hence, vancomycin was successfully 
loaded on hybrids formed by globular PAMAM dendrimer as polymeric 
core and Compritol 888 ATO (Sonawane et al., 2016) or oleylamine 
(Maji et al., 2019) as lipid shell. Based on a similar principle, the end 
groups of poly ester amine dendrimers were modified with the linear 
block polymer methoxypoly(ethylene glycol)-b-poly (ε-caprolactone), 
thus creating a linear polymer-dendrimer hybrid (LPDH, Fig. 3) nano
system, formed by a dendrimer core and a block copolymer shell: this 
hybrid was capable of self-assembling into nanovesicles, in which van
comycin was efficiently encapsulated (Omolo et al., 2018). Finally, 
vancomycin was encapsulated into lipid-polymer hybrid NPs (LPHN, 
Fig. 3), i.e., core-shell nanostructures where a polymeric core is envel
oped by a lipid layer and that combine the structural integrity and sta
bility of polymeric material with the biocompatibility of liposomes (Bose 
et al., 2020; Hassan et al., 2020; Seedat et al., 2016). 

3.3.1.2. Inorganic NPs used for vancomycin delivery. Among inorganic 
nanosystems, the mostly employed for carrying vancomycin are metal 
and metal oxide NPs (Fig. 3). This popularity derives from various fac
tors, first of all that, as reported in section 3.2, these NPs are known for 
their intrinsic antibacterial properties, thus exerting a possible synergic 
and/or additive effect with the loaded antibiotic. In addition, their 
reduced size facilitates penetration through biological barriers, 
addressing the carried glycopeptide at specific infection sites and 
allowing tissue and biofilm localized delivery (Berini et al., 2021; 
Sánchez-López et al., 2020; Shkodenko et al., 2020). Finally, their syn
thesis may be relatively easy at laboratory scale; they can be prepared in 
different shapes, and various protocols are available for their surface 
functionalization (Berini et al., 2021; Armenia et al., 2018; Hassan et al., 
2017). Ag and Au are the preferred metals used for preparing these 
nanoantibiotics. Vancomycin was conjugated on the surface of spherical 
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AuNPs (see, for instance, Hur and Park (2016); Lai et al. (2015); Li et al. 
(2018)) or AgNPs (Hur and Park, 2016; Kaur et al., 2019; Sun et al., 
2017; Wan et al., 2011); it was linked to nanocube-shaped AgNPs (Murei 
et al., 2020), polygonal AuNPs (Wang et al., 2018), Au nanostars (Wang 
et al., 2019), and Ag microflowers (Wang et al., 2017a). These last were 
characterized by a highly branched structure that, compared to the 
smooth surface of conventional spherical NPs, provided a larger surface- 
to-volume ratio for facilitating the antibiotic contact with bacterial cells 
and, with a synergistic antibacterial effect, favourited the release of Ag+

ions (Wang et al., 2017a) (see section 3.2). In a few papers (Esmaeili and 
Ghobadianpour, 2016; Hassan et al., 2017; Zhang et al., 2020), vanco
mycin was conjugated to Fe3O4NPs, which offer the advantage to be 
remotely moved to infection sites by applying an external magnetic field 
(Dulińska-Litewka et al., 2019), as anticipated above (see section 3.1). In 
other works, inorganic NPs were covered by biocompatible and non
immunogenic materials to improve their stability and half-life in bio
logical fluids, reducing the risk of agglomeration and opsonization. This 
was the case of Hassan et al. (2017) and Esmaeili and Ghobadianpour 
(2016), who covered their magnetic NPs with a monolayer of human 
serum albumin or with chitosan crosslinked by glutaraldehyde and PEG, 
respectively. 

Another widely used inorganic carriers for vancomycin are meso
porous silica NPs (MSNs, Fig. 3). MSNs are biocompatible, biodegrad
able, inert, and stable amorphous solids, easily prepared even at large- 
scale and characterized by high surface area and tuneable particle size 
and morphology (Bernardos et al., 2019; Gounani et al., 2019; Gu et al., 
2016; Hernandez et al., 2014; Kavruk et al., 2015; Mas et al., 2013). 
MSNs present inner pores and void volumes, in which antibiotics can be 
efficiently trapped. Notably, the inner cavities of MSNs are characterized 
by electron-deficient and electron-rich areas. Hence, oppositely charged 
antibiotics can be easily and simultaneously trapped in different cav
ities, creating a multi-antibiotic delivery system for fighting poly
microbial infections. Gounani and co-workers co-loaded vancomycin 
and polymyxin B on MSNs, and these nanosystems were effective against 
both the Gram-positive S. aureus and the Gram-negative E. coli and 
P. aeruginosa (Gounani et al., 2019). Surface functionalization of 
vancomycin-loaded MSNs can be crucial for their antibacterial efficacy. 
Fulaz and colleagues demonstrated that positively-charged MSNs 
penetrated more efficiently than bare or negatively-charged NPs into 
MSSA and MRSA biofilms due to their electrostatic interactions with the 
negatively charged bacterial peptidoglycan (Fulaz et al., 2020). Surface 
functionalization with a complementary substrate or an antibody that 
targets specific structures of the pathogen or virulence factors, might 
facilitate active targeting of vancomycin towards the pathogens (Van 
Giau et al., 2019). An example, reported in Table 1, is the vancomycin- 
loaded MSNs functionalized with an aptamer for the recognition of 
S. aureus surface antigens prepared by Kavruk and co-workers. With 
their nanosystem, the Authors exploited also another feature of MSNs, i. 
e., the possibility to control antibiotic release by blocking inner pores 
with ‘molecular gates’. These include organic or inorganic compounds 
(organic polymers, inorganic NMs, or biomacromolecules) that can 
respond to specific stimuli (such as pH, temperature, light, or interaction 
with small molecules) releasing entrapped drug on demand (Bernardos 
et al., 2019). Hence, upon interaction between the aptamer and S. aureus 
surface antigens, vancomycin was released to inhibit the pathogen. 
Instead, the antibiotic was not released when the nanoantibiotic was 
exposed to S. epidermidis, confirming the high specificity of the ‘molec
ular gate’ system (Kavruk et al., 2015). 

3.3.1.3. Nanocomposites and nanohydrogels used for vancomycin deliv
ery. Numerous are the papers listed in Table 1 on the use of nano
composites, comprising organic and inorganic materials, incorporating 
vancomycin, mainly formulated for bone regeneration in orthopaedic 
applications. These NMs have a porous supporting structure, with 
thermal, morphological and mechanical properties similar to those of 

the bones, in which cells can penetrate and form a three-dimensional 
tissue. Organic materials commonly found in these nanocomposites 
are biodegradable natural polymers as PHVB (poly(3-hydroxybutyrate- 
co-3-6%hydroxyvalerate)) (Almeida Neto et al., 2019), alginate (Aşik 
et al., 2019; Yu et al., 2014), zein (Babaei et al., 2019), chitosan (Kimna 
et al., 2019), and collagen (Suchý et al., 2017), which enhance the 
biocompatibility of the implants. Inorganic nanofillers as hydroxyapa
tite (Almeida Neto et al., 2019; Babaei et al., 2019; Suchý et al., 2017; Yu 
et al., 2014), PMMA (polymethyl methacrylate) (Aşik et al., 2019), 
calcium sulphate composites (Gu et al., 2016), or montmorillonite 
(Kimna et al., 2019) are added either to increase the mechanical 
robustness of implants or to promote osteogenesis and implant 
osteointegration. This is the case for instance of hydroxyapatite, which is 
the principal component of mammals' bone and teeth, and it is inserted 
as external layer of the coating to promote osteointegration of the 
implant (generally made out of titanium or similar material). The 
incorporation of vancomycin prevents bacterial biofilm formation on 
the implant surface, which is one of the most critical challenges in the 
treatment of bone injuries. To prevent microbial biofilm formation, 
vancomycin is also directly used for coating medical devices. As an 
example, Han and co-workers conjugated vancomycin to oxidized so
dium alginate and then co-loaded it with chitosan-coated BSA NPs on 
adhesive poly-dopamine films to be deposited on implantable devices 
(Han et al., 2015) or directly on titanium scaffolds (Han et al., 2017). 
Other vancomycin-loaded materials commonly used for orthopaedic or 
cardiovascular implants are metal-organic zeolitic imidazole 
framework-8 (ZIF-8) supported by a chitosan scaffold (Karakeçili et al., 
2019), PVA/PLGA NPs deposited on titanium plates (Liu et al., 2017), 
polynorbornene-based NPs immobilized on Ti90A16 V4 alloy (Picha
vant et al., 2016), Fe-Ag nanocomposites (Sharipova et al., 2018), or 
nanotubes made of Ti-6Al-4V alloy (Auñón et al., 2020). 

Finally, nanostructured hydrogels (Fig. 3) loaded with vancomycin 
were recently used for their topical delivery in skin or ocular diseases or 
as wound dressing material (Pawar et al., 2018; Tao et al., 2020; Yousry 
et al., 2017). These gels are viscoelastic liquid-like or solid-like mate
rials, made up of a liquid phase immobilized in a solid three-dimensional 
matrix, with favourable characteristics like biocompatibility, biode
gradability, high adsorption capacity, and no toxicity (Kumar et al., 
2019). As an example, George and co-workers embedded vancomycin- 
loaded, vitamin C-coated PCL NPs in injectable PVA-alginate gel, thus 
creating a nanoparticulate system that, in addition to the antibiotic 
release at the infectious site, created a moist and acidic environment for 
promoting faster wound healing (George et al., 2017). A similar prin
ciple was followed for impregnating vegetable fibres with vancomycin- 
loaded chitosan NPs, creating a nanocomposite proposed for replacing 
cotton in wound care (Cerchiara et al., 2017). 

A common trait of these vancomycin-loaded bone fillings, implant 
coatings and hydrogels, is that the materials employed should allow a 
sustained and controlled antibiotic delivery, possibly following a two- 
step release model: a burst release profile in the first hours to over
come local infections in the post-implantation period, has to be followed 
by a sustained release period of several days or weeks, during which the 
antibiotic is delivered at a slower rate but in a sufficient amount to 
protect against bacterial recolonization and biofilm formation (Kimna 
et al., 2019). As reported in Table 1, examples of vancomycin-loaded 
nanocomposite materials or hydrogels with this two-step release pro
file are illustrated in Almeida Neto et al. (2019), Aşik et al. (2019), 
Babaei et al. (2019), Gu et al. (2016), Han et al. (2015), Kimna et al. 
(2019), Liu et al. (2017), Parent et al. (2016), Pawar et al. (2018), 
Posadowska et al. (2016), Suchý et al. (2017), Tao et al. (2020), Xiang 
et al. (2018), Yu et al. (2014). 

3.3.1.4. Nanosystems used for teicoplanin delivery. Teicoplanin clinical 
efficacy is comparable to -if not better than- vancomycin, being conve
niently administered once-a-day instead of twice-a-day, and having less 
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adverse effects than vancomycin (see section 2). Nevertheless, as re
ported in Table 2, only three research groups investigated its potential in 
nanoformulations. Target delivery of teicoplanin was realized by using 
PLGA NPs functionalized with an aptamer for the specific binding to 
S. aureus cell surface antigens (Ucak et al., 2020). Compared to the free 
antibiotic, teicoplanin encapsulated in aptamer-PLGA NPs showed a 32- 
fold and a 64-fold MIC decrease for MSSA and MRSA, respectively. In a 
different paper, teicoplanin was covalently conjugated to magnetic 
Fe3O4NPs, conserving its antimicrobial activity in vitro and being active 
against S. aureus biofilms, to which it could be directed using an external 
magnet (Armenia et al., 2018). Finally, Gonzalez Gomez and co-workers 
extended to teicoplanin the use of nanoliposomes. However, differently 
from what they observed for vancomycin, which fully retained its 
antimicrobial activity after encapsulation, the potency of nanocaptured 
teicoplanin against S. aureus declined as a result of the sonication 
required for nanoliposome generation (Gonzalez Gomez et al., 2019). 

3.3.1.5. Nanosystems used for daptomycin delivery. In the nine papers 
dealing with the nanosystems carrying daptomycin, a common goal was 
improving the antibiotic efficacy, consequently reducing the adminis
tered doses and mitigating the risk of AMR insurgence. Daptomycin- 
loaded chitosan NPs (Silva et al., 2015) and chitosan-coated alginate 
NPs (Costa et al., 2015) were investigated as non-invasive alternatives 
for the treatment of endophthalmitis. Applied directly to eyes, these 
nanoformulations reduced the toxicity associated with daptomycin 
systemic administration, while extending the drug contact time on the 
cornea due to the adhesive properties of chitosan (Costa et al., 2015; 
Silva et al., 2015). Flexible liposomes formed by lecithin and sodium 
cholate encapsulating daptomycin were used to treat topical infections 
by S. aureus (Li et al., 2013). 

Among the inorganic nanosystems, ultra-small Ag and Au nano
clusters, packed with the antibiotic covalently bound onto them, were 
generated and used to create networks of hybrid antibacterial agents: 
the localization of daptomycin on the network surface facilitated its lipid 
tail insertion into bacterial membranes, synergistically potentiating the 
intrinsic antimicrobial activity of Au and Ag (see section 3.2) (Zheng 
et al., 2017, 2019). Thanks to daptomycin amphiphilic nature, self- 
assembled micelles containing the antibiotic were used to build Au 
nanoflowers, with both antibacterial and antitumor properties (Wang 
et al., 2020a). In 2016, Meeker and co-workers prepared polydopamine- 
coated Au nanocages loaded with daptomycin and conjugated with an 
antibody allowing the release of the entrapped antibiotic only after 
recognition of S. aureus species-specific surface protein A (Spa) (Meeker 
et al., 2016). The specificity of this system was demonstrated by the lack 
of interaction with mammalian cells and with the Spa-deficient 
S. epidermidis. Two years later, the same group expanded this 
approach creating daptomycin-loaded Au nanocages conjugated with 
alternative antibodies targeting S. aureus’ lipoprotein Lpp or the man
ganese transporter SACOL0688, both expressed at higher levels by 
biofilm-embedded S. aureus cells (Meeker et al., 2018). Notably, in both 
cases the antibacterial efficacy of the systems against MSSA and MRSA 
was enhanced upon NIR irradiation, which caused not only a laser- 
induced photothermal effect attributable to the stimulated Au nano
cage and resulting in a physical destruction of bacterial cells, but also a 
destabilization of the polydopamine coating leading to antibiotic 
release. Finally, Tong and co-workers co-conjugated daptomycin and 
AgNPs on reduced graphene oxide (Fig. 3), thus generating a nano
composite with marked and cooperative antibacterial activity against 
Gram-positive bacteria (Tong et al., 2019). While graphene oxide has 
been widely used in the last decade for anticancer drugs delivery (Dash 
et al., 2021), its employment as antibiotic carrier has been so far less 
exploited; it would likely merit further investigations considering its 
intrinsic antibacterial properties (see section 3.2). 

3.3.2. Antibiotic release by GPAs and daptomycin nanocarriers 
As anticipated in the previous sections, the possibility to control 

antibiotic release represents one of the substantial advantages of nano
systems. For this reason, the information, whenever available, on the 
conditions regulating the antibiotic release in the different nanosystems 
hereby described, has been included in Tables 1-3. 

As reported in section 3.3.1.3, vancomycin is commonly included in 
nanocomposite materials used for bone fillings, implant coatings, and 
hydrogels. For these applications, we anticipated that vancomycin 
should be released following a two-step model (Canaparo et al., 2019), 
which implies that antibiotic release has to be controlled over time. 
After a first burst, a long-term release controlling the local antibiotic 
concentration is essential to prevent bacterial infection without causing 
systemic toxicity (Kimna et al., 2019; Parent et al., 2016). Vancomycin 
absorbed on surface of the NM and/or interacting with it by electrostatic 
attractions is fast released in the first hours after implantation, whereas 
antibiotic molecules hidden in the internal cavities and/or interacting 
with the NM with covalent bonds slowly diffuse at a latter period, 
usually with a slow zero or first order release kinetics. The composition 
and porosity of the NM can be modulated to support antibiotic long-term 
delivery and each drug delivery system performs differently from the 
other (Table 1). Consequently, different mathematical models can be 
applied to describe antibiotic release kinetics and have to be determined 
on an empirical base (Pourtalebi Jahromi et al., 2020). 

A different concept is at the base of the antibiotic release that can be 
achieved by using stimuli-responsive NPs, i.e., materials that undergo 
structural or chemical changes in response to specific external stimuli, 
thus allowing localized drug delivery. These stimuli can be remotely- 
applied, as a magnetic field (Harris et al., 2017; Mohapatra et al., 
2018) or a temperature shift caused by laser treatment (Chiang et al., 
2015; Xu et al., 2020), or they can be determined by the microenvi
ronment conditions created by infection and inflammation, as the acid 
pH or the presence of excreted enzymes as esterases or gelatinases at 
infections sites (Li et al., 2014). Thus, stimuli-responsive NPs offer the 
advantage that the antibiotic is suddenly released in the targeted bio
logical compartment, minimizing the risk of systemic side effects and 
antibiotic accumulation in healthy tissues, and reducing the exposure of 
commensal microbiota (Canaparo et al., 2019). For instance, 
magnetically-responsive nanostructures were generated by co-loading 
vancomycin and superparamagnetic Fe3O4NPs on chitosan microbeads 
(Harris et al., 2017; Mohapatra et al., 2018). Their exposure to a high- 
frequency, alternating magnetic field caused vancomycin release rate 
up to 200 % compared to samples not stimulated by magnetic excitation, 
from which the antibiotic was slowly and only partially released by 
diffusion (Mohapatra et al., 2018). On-demand release of vancomycin 
was achieved also by loading it on core-shell supramolecular gelatin 
NPs, covered with red blood cell membranes to improve their biocom
patibility: drug release upon incubation with gelatinase-positive bacte
ria as S. aureus or P. aeruginosa was up to 92 %, compared to a 20 % 
cumulative release achieved with gelatinase-negative bacteria (Li et al., 
2014). Following a similar approach, daptomycin was released from Au 
nanocages after the recognition between their conjugated surface anti
bodies and the S. aureus surface proteins (Meeker et al., 2016, 2018, see 
section 3.3.1.5). Even more frequently, nanoantibiotics delivery systems 
are pH-sensitive, i.e., they are designed to permit the antibiotic release 
only at the acidic pH that is typical of bacterial infection sites. Change in 
the pH causes electrostatic repulsive forces that result in swelling, 
deswelling, or breakdown of the carrier, with the consequent release of 
the encapsulated antibiotic (Canaparo et al., 2019). PLGA-PEG- 
alendronate micelles (Cong et al., 2015), chitosan NPs (Kalhapure 
et al., 2017b), chitosan-based lipid-polymer hybrid nanovesicles (Has
san et al., 2020), hyaluronic acid-coated ZIF-8 (Liu et al., 2020), 
oleylamine-PAMAM dendrimer hybrid NPs (Maji et al., 2019), and N-(2- 
morpholinoethyl) oleamide SLNs (Mhule et al., 2018), are among the 
pH-responsive nanosystems reported for vancomycin delivery (Table 1). 
In addition to these, vancomycin was encapsulated in micelles of the 
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AB2-type amphiphilic block copolymer, containing a hydrazone linkage 
rapidly hydrolysing at acid pH (Sonawane et al., 2020). Vancomycin was 
also bound to nanocomposites composed of a blend of PLGA, PEG, 
Eudragit E100, and ZWC, this last being a chitosan derivative that is 
positively charged only at acid pH, thus enhancing drug release through 
electrostatic repulsion of E100-bound vancomycin (Pei et al., 2017). 
And, finally, vancomycin was encapsulated into SLNs formed by the acid 
cleavable lipid SA-3M (Kalhapure et al., 2017b). 

3.3.3. Microbiological activity of nanoconjugated GPAs and daptomycin 
Considering the variety of nanosystems used to carry vancomycin, 

and, although to a much less extent, teicoplanin and daptomycin, it is 
intuitive that a comparative evaluation of their antimicrobial activity is 
not an easy task. Different formulations confer peculiar chemical and 
physical properties to the diverse nanosystems, making almost impos
sible a direct comparison of their efficacy. As described in many papers 
reported in Tables 1-3, even comparing the activity of the nano
conjugated antibiotic versus its nonconjugated control is not straight
forward, since the intrinsic antimicrobial activity of the NPs used, as 
well as their changed water solubility, pH stability, external charge, and 
lipophilicity alter the antimicrobial profile of the carried molecule per se. 
To give a practical example, when the antimicrobial activity is measured 
as the diameter of pathogen inhibition halo around the antibiotic spot, 
the nanoconjugated antibiotic might diffuse into the agar medium 
differently from the free antibiotic (Armenia et al., 2018), making the 
results difficult to be interpreted. This scenario is further complicated by 
the different methods that various Authors used to test the antimicrobial 
activity. In a very few papers MICs were reported (see, for instance, Lai 
et al. (2015) or Booysen et al. (2019)). In others, microdilution assays 
following the Clinical and Laboratory Standard Institute (CLSI) guide
lines (Simon et al., 2020), or the National Committee for Clinical Lab
oratory Standards indications (Hassan et al., 2017), among others, 
Kirby-Bauer tests (Chiang et al., 2015; Posadowska et al., 2016), or time 
killing (Chakraborty et al., 2012a) assays were instead used. With the 
aim to provide the readers with an overview of the antimicrobial po
tential of the different nanosystems discussed in this review, in Tables 1- 
3 the list of bacteria against whom the nanoantibiotics proved to be 
effective in vitro is reported, together with indications on whether the 
nanoconjugation conferred an improved, diminished, or comparable 
antibacterial potency in comparison to the free antibiotic. Another col
umn of Tables 1-3 includes data on the studies conducted to investigate 
the in vivo antibacterial activity of the antibiotic nanosystems. Only a 
couple dozen among the papers on vancomycin-based nanosystems re
ported in vivo studies, they were two for daptomycin, and none for tei
coplanin, indicating that further investigations in this sense are probably 
needed to better understand the clinical potential of nanoconjugated 
antibiotics. Animal models for skin infections (e.g., Tong et al., 2019), 
subcutaneous abscesses (e.g., Guo et al., 2020), osteomyelitis (e.g., 
Zhang et al., 2017), or pneumonia (Liu et al., 2020) were employed. 
Generally, mice models were the most used (e.g., Chen et al., 2015; 
Hassan et al., 2020; Omolo et al., 2018; Xu et al., 2020; Zou et al., 2020), 
but also rabbits (Auñón et al., 2020; Chen et al., 2019; Tao et al., 2020; 
Zhang et al., 2017), rats (Croes et al., 2018; Hassani Besheli et al., 2017), 
and zebrafish larvae (Zhang et al., 2018) were utilized. 

3.3.3.1. Antibacterial activity of vancomycin loaded on organic NPs. 
Vancomycin loaded on NPs formed by biocompatible polymers gener
ally maintains an antibacterial activity comparable to nonconjugated 
vancomycin, although some exceptions are reported (Cardoso et al., 
2021; Posadowska et al., 2016). Vancomycin loaded on core-shell su
pramolecular gelatin NPs, covered with red blood cell membranes, 
presented a MIC comparable to the one of the control antibiotic (3 versus 
1.5 μg/ml, respectively, towards a gelatinase-producing S. aureus) (Li 
et al., 2014). NIR-irradiated PLGA NPs containing vancomycin and 
polypyrrole (HM-Van-PPyNPs) showed in vitro the same inhibition halos 

than the control free antibiotic. However, when injected in a murine 
model with a subcutaneous abscess caused by a MRSA strain, NIR- 
irradiated HM-Van-PPyNPs exerted a stronger bactericidal effect than 
the free antibiotic (80 % reduction of viable bacterial cells vs 50 % for 
the bare GPA) (Chiang et al., 2015). In Simon et al. (2020), PVA or 
DMBA (didodecyldimethylammonium bromide) surfactants were added 
to the NPs preparation: DMBA-added NPs were more active and the 
Authors hypothesized that their positive charge, combined with the 
small size, favoured the interaction with bacteria and, consequently, the 
antibiotic up-take (Simon et al., 2020). Booysen and co-workers found 
that the MIC of vancomycin encapsulated in PLGA NPs was about 5-fold 
lower than the control antibiotic against MRSA and MSSA (Booysen 
et al., 2019). On a contrary, in the study of Lotfipour and colleagues, 
PLGA NPs-carried vancomycin was found generally less active versus a 
large number of S. aureus clinical strains (40 isolates) than the free 
vancomycin. In this case, Authors hypothesized that the hydrophobic 
and negatively charged PLGA NPs associated strongly with the cationic 
vancomycin, slowing down its release (Lotfipour et al., 2014). 

Chitosan-carried vancomycin performed as free vancomycin in batch 
systems measuring the decay in the growth curves of S. aureus exposed 
to high antibiotic concentration (Cerchiara et al., 2015). Differently, a 
synergic effect between vancomycin and chitosan (see section 3.1), and 
therefore a potentiated antibacterial activity, were highlighted in other 
papers, as for example in Zhang et al. (2017) or Chakraborty et al. 
(2012a). In the latter, an exhaustive microbiological study was used to 
characterize folic acid-tagged chitosan NPs. Nanocarried vancomycin 
showed MICs significantly lower than the free GPA on VSSA (vanco
mycin sensitive S. aureus) and VRSA, with a more rapid bactericidal 
activity. In morphological studies, a reduction of cell wall thickness was 
observed after bacterial interaction with chitosan NPs, likely leading to 
cytoplasmic membrane leakage (Chakraborty et al., 2012a). Enhanced 
bioactivity against MRSA upon laser irradiation was observed also by 
Guo and co-Authors for their multi-component NPs, formed by the 
photothermal polymer polypyrrole and methacrylate, and loaded with 
both vancomycin and oleic acid (Van-OA@PPy). Combining the anti
bacterial activity of both vancomycin and oleic acid, with the photo
thermal activity upon NIR irradiation of polypyrrole, allowed MRSA 
eradication at a dose of 250 μg/ml, 2- and 4-fold lower than that 
required to obtain an equivalent result with polypyrrol or vancomycin/ 
oleic acid alone, respectively. Consistently, in mice model, irradiated 
Van-OA@PPy were more effective than any other condition tested for 
reducing subcutaneous abscesses (Guo et al., 2020). 

No difference in the MIC values (1.7 μg/ml) was observed between 
auto-assembled vancomycin in nanoplexes and the control antibiotic 
against both MSSA and MRSA (Sikwal et al., 2016). Differently, the MIC 
of the vancomycin delivered by the auto-assembled micelles of PLGA- 
PEG-alendronate at physiological pH was higher than for the free anti
biotic, 16 and 2 μg/ml, respectively (Cong et al., 2015). Liposome- 
carried vancomycin generally showed the same activity of the free 
antibiotic if the delivery system responded adequately to an external 
stimulus, completely releasing the encapsulated antibiotic, for example 
after the liposome boost induced by Triton-X (Gonzalez Gomez et al., 
2019). Vancomycin encapsulated in micelles of the amphiphilic block 
polymer [OA-C=N-NH-(PEG)2] showed the same MIC of the free anti
biotic (0.97 μg/ml) against MRSA and MSSA, but its antimicrobial ac
tivity was definitely lasting more at the infection site particularly at acid 
pHs (Sonawane et al., 2020). The antimicrobial activity of vancomycin 
carried by SLNs resulted generally higher than the free antibiotic (Kal
hapure et al., 2014, 2017b). The Authors hypothesized that the 
increased lipophilicity of SLNs could facilitate bacterial membranes 
crossing (Kalhapure et al., 2014). Mhule and colleagues prepared pH- 
responsive SLNs, able to release their cargo in the acid environment at 
the infection sites (see section 3.3.2). In this case, free vancomycin was 
more sensitive to acid pH than the nanoconjugated version, probably 
due to decreased GPA solubility. In mice models for skin infection, this 
nanosystem determined a 4.14-fold higher reduction in MRSA load than 
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the bare vancomycin, confirming that GPA encapsulation in SLNs fav
oured its antimicrobial action (Mhule et al., 2018). Salih and co-Authors 
developed a novel sugar-based cationic amphiphile derivative (BCD- 
OLA) from a β-cyclodextrin head and long C18 carbon chain with a 
terminal amine oleylamine for antibiotic delivery. The microdilution 
test showed MIC values of BCD-OLA/vancomycin 2- and 4-fold lower 
than that of the free vancomycin, versus both MSSA and MRSA, 
respectively (Salih et al., 2020). 

As already cited in section 3.3.1.1, vancomycin encapsulated in 
dendrimers maintained its MICs towards Gram-positive MSSA and 
MRSA, but it gained some activity against Gram-negative bacteria (Serri 
et al., 2018). Indeed, compared to the free antibiotic, vancomycin- 
PAMAM dendrimers allowed a significant decrease in MIC values 
against E. coli, Klebsiella pneumoniae, Salmonella typhimurium, and 
P. aeruginosa, probably due to the cationic nature of the dendrimers 
adhering to the anionic outer membrane of Gram-negative bacteria, 
favouring vancomycin penetration (Serri et al., 2018). A clear advantage 
observed after GPA loading on LDHNs (Sonawane et al., 2016) or on 
LPDHs (Omolo et al., 2018) was a prolonged antibacterial action on 
MSSA and MRSA, as a result of the antibiotic controlled release. For 
example, Omolo and co-workers proved that after 24-h treatment, the 
MIC for vancomycin carried on the LPDH 3-mPEA was 7- and 16-fold 
lower than that of free vancomycin against MSSA and MRSA, respec
tively. Such potentiated activity was also highlighted in vivo, as a 20-fold 
reduction in MRSA population in a skin infection mice model, compared 
to free vancomycin administration, was observed (Omolo et al., 2018). A 
potentiated and prolonged antibacterial activity was highlighted also 
when vancomycin was loaded on pH-sensitive LDHNs formed by 
PAMAM dendrimers and oleylamine (Maji et al., 2019). After 72-h 
treatment, LDHNs-loaded vancomycin showed MIC values 4- and 8- 
fold times lower than the free antibiotic at pH 7.4 and 6.0, respec
tively. In the same study, through a co-culture assay conducted on HEK 
293 cells infected with MRSA, Authors proved the ability of the nano
antibiotic to kill intracellular bacteria upon cellular uptake. After 22-h 
incubation with a 5x MIC concentration, bacteria viable count after 
eukaryotic cell lysis was significantly lower in cells treated with 
vancomycin-loaded LDHNs than in untreated HEK 293 cells or in cells 
exposed to bare vancomycin (Maji et al., 2019). 

Other hybrid nanosystems that proved effective in enhancing the 
antibacterial activity of vancomycin are reported in Table 1 and include 
the chitosan-, oleic acid-, and sodium alginate-based LPHNs prepared by 
Seedat et al. (2016), or the similar pH-responsive, chitosan- and 
oleylamine-based LPHNs synthesized by Hassan et al. (2020). In the first 
case, the fractional inhibiting concentration (FIC) index showed a syn
ergistic effect between vancomycin, oleic acid, and chitosan as a plau
sible explanation for the increased susceptibility of MRSA to the 
nanosystem (Seedat et al., 2016). Instead, in the second paper the same 
methodological approach revealed an additive, rather than a synergic, 
effect between the different components of the nanostructure: the 
outcome was approximately 53-fold and 13-fold improvement of the 
antibacterial activity against MRSA, at pH 6.0 and 7.4, respectively. The 
nanosystems proved effective in killing MRSA also in a murine model of 
infection, with a 95-fold improvement in its efficacy compared to free 
vancomycin (Hassan et al., 2020). 

3.3.3.2. Antibacterial activity of vancomycin carried by inorganic NPs. As 
stated in section 3.3.1.2, different papers reported in Table 1 describe 
vancomycin conjugation to NPs formed by the metals Ag and Au. In 
some cases, the nanoantibiotic maintained an antimicrobial potency 
similar to the one of the free vancomycin, as in the vancomycin-loaded 
peptide-protected Au nanocluster generated by Li and colleagues: 
exposure to Gram-positive bacteria triggered an ‘on demand’ vanco
mycin release, resulting in a comparable antimicrobial activity to free 
vancomycin against S. aureus, Bacillus subtilis, and Bacillus cereus (Li 
et al., 2018). In other papers, instead, the antibiotic conjugation 

conferred an increased efficacy to vancomycin. As example, Lai and co- 
Authors inhibited S. aureus growth by means of vancomycin immobi
lized on spherical AuNPs, recording MIC values 4- and 8-fold lower than 
the free GPA towards MSSA and MRSA, respectively (Lai et al., 2015). 
Similarly, when antibiotic-loaded AgNPs were tested by Sun et al., they 
prevented Mycobacterium smegmatis growth in suspended cultures more 
efficiently than the free antibiotic, being better internalized into the 
bacterial cells, as highlighted by transmission electron microscope ob
servations and UV-vis analysis (Sun et al., 2017). 

An additional common outcome of vancomycin conjugation to 
AuNPs or AgNPs was the extension of the GPA antimicrobial activity 
spectrum to Gram-negative bacteria (Kaur et al., 2019; Ma et al., 2020; 
Wang et al., 2017a). Vancomycin-modified magnetic-based Ag micro
flowers were effective in killing both MRSA and E. coli, being the Gram- 
negative more sensitive than S. aureus (Wang et al., 2017a). Authors 
hypothesized a possible alteration of E. coli membrane permeability 
caused by the nanosystem, favouring both Ag+ ion penetration and the 
display of D-Ala-D-Ala groups to whom vancomycin could bind (Wang 
et al., 2017a). A synergic effect between AgNPs and the GPA was also 
observed against both S. aureus and E. coli by vancomycin loaded on 
citrate-capped AgNPs (Kaur et al., 2019). Au and AgNPs proved effective 
also as part of combined therapies summing synergistically vancomycin 
antimicrobial effect and the photothermal activity of the metallic 
nanocarrier (Ma et al., 2020; Wan et al., 2011; Wang et al., 2018). When 
administered to suspended cultures of two clinical isolates of VREs in 
dark conditions, vancomycin-modified polygonal-shaped Au nanostars 
(AuNSs@Van) caused a dose-dependent killing rate, higher than the one 
determined by an equivalent concentration of free vancomycin. Upon 
NIR irradiation, the amount of AuNSs@Van required for inhibiting VREs 
was 16-fold lower than that of free vancomycin (Wang et al., 2018). Wan 
and colleagues combined the antibacterial activity of vancomycin and 
that of Ag+ ions with the photocatalytic response of TiO2: when irradi
ated under UV light for 1 h in the presence of VanAg@TiO2, a 7-log unit 
decrease in the viability of a Gram-positive sulphate-reducing bacterium 
was observed. Such killing rate was higher than that elicited by the same 
nanosystem under dark incubation (2-log unit decrease), and than that 
of unfunctionalized Ag@TiO2 (1-log unit reduction) (Wan et al., 2011). 

Conjugation of vancomycin to inorganic magnetic NPs, generally 
conferred an improved antimicrobial activity to the GPA. In a micro
dilution liquid test, vancomycin-loaded MnFe2O4 NPs, with chitosan 
crosslinked by glutaraldehyde as shell and PEG modification, showed 
decreased MIC values compared to free vancomycin against MSSA, 
MRSA, S. epidermidis, and B. subtilis (Esmaeili and Ghobadianpour, 
2016). With a similar approach, Hassan et al. demonstrated that van
comycin covalently bound to magnetic NPs, coated by human serum 
albumin, showed 18-fold and 6-fold reduction in MICs towards VanB- 
type E. faecalis and VRSA, respectively, if compared to free vancomy
cin (Hassan et al., 2017). A clearer expansion of vancomycin antimi
crobial spectrum towards Gram-negative bacteria was achieved by 
Zhang and co-workers by conjugating vancomycin-entrapped PVA- 
coated Fe3O4NPs with a cell-penetrating hexapeptide sequence: while 
the free GPA was active almost exclusively on S. aureus, nanoconjugated 
vancomycin was effective both on S. aureus and on E. coli, even at low 
concentrations, thanks to the NPs internalization, as showed by confocal 
microscope analysis (Zhang et al., 2020). 

Loading vancomycin onto MSNs, as investigated in some of the pa
pers reported in Table 1, was another efficient strategy to simulta
neously treat a wide spectrum of pathogens. This goal could be achieved 
by conjugating different antimicrobials on the same MSNs, as done by 
Mas et al. (2013) with vancomycin and ε-poly-L-lysine, or by Gounani 
et al. (2019) uploading vancomycin and polymyxin B. By acting on the 
outer membrane of Gram-negative bacteria, polymyxin B facilitated 
vancomycin access to its site of action. Consequently, in time-kill curves, 
the nanosystem showed additive and synergic effect on E. coli and 
P. aeruginosa, respectively (Gounani et al., 2019; see also section 
3.3.1.2). Specific vancomycin release in the presence of the target 
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pathogen was pursued by creating so-called ‘molecular gate’ systems, by 
co-loading the antibiotic on mesoporous-silica nanocapsules with a 
probe for S. aureus recognition (Hernandez et al., 2014; Kavruk et al., 
2015). This probe could be an oligonucleotide degraded by micrococcal 
nucleases secreted by S. aureus (Hernandez et al., 2014), or an aptamer 
recognizing S. aureus receptors (Kavruk et al., 2015). In both cases, the 
probe functioned blocking the nanopore and allowing vancomycin 
release only when the nanosystem entered in contact with the pathogen 
(see section 3.3.1.2): MIC values showed a slightly better performance of 
the nanoconjugated GPA on S. aureus compared to free vancomycin 
(Hernandez et al., 2014; Kavruk et al., 2015). 

3.3.3.3. Antibacterial activity of vancomycin included in nanocomposites 
and nanohydrogels. Generally, vancomycin included in the multiple 
nanocomposites described in Table 1, for bone fillings in orthopaedic 
applications, implant coatings, or nanostructured hydrogels, fully 
maintained its antimicrobial activity. Vancomycin controlled release 
(see also sections 3.3.1.3 and 3.3.2) from orthopaedic free-standing 
polydopamine films based on alginate/chitosan/BSA NPs (Han et al., 
2015), porous hydroxyapatite implants (Parent et al., 2016), or 
collagen/hydroxyapatite layers (Suchý et al., 2017), proved effective in 
inhibiting the growth of multiple pathogens, including MRSA, 
S. epidermidis, E. faecalis, with a higher efficacy than the corresponding 
un-loaded nanocomposite (Suchý et al., 2017). ZIF-8 scaffolds, 
commonly used for orthopaedic applications, functionalized with hyal
uronic acid (Liu et al., 2020), folic acid (Chowdhuri et al., 2017), or 
polyacrylic acid (Chen et al., 2019), and then loaded with vancomycin, 
were able to reduce the bacterial adhesion, although at different extent. 
The best formulation was a multifunctional metal-organic material 
based on ZIF-8, encapsulating vancomycin and functionalized with folic 
acid, which showed a significantly lower MIC value, in comparison to 
other combinations, against MDR S. aureus. Authors indicated that this 
potentiated activity could be ascribed to folic acid, which likely 
improved vancomycin cell penetration through endocytosis, enhancing 
its antibacterial activity (Chowdhuri et al., 2017). In another paper, 
entrapment of vancomycin in porous iron-carboxylate metal-organic 
framework (MOF-53(Fe)@Van) resulted in a dose-dependent killing 
activity over S. aureus that was slightly lower (92 %) than that achieved 
with free vancomycin (ca. 99 %) or with MOF-53 mixed with free van
comycin (96 %), probably due in this case to the gradual release of the 
antibiotic from MOF-53(Fe)@Van (Lin et al., 2017). Numerous are the 
examples reported in Table 1 of nanocomposites based on titanium 
scaffolds, in the form of titanium plates with deposited vancomycin- 
carrying PVA/PLGA NPs (Liu et al., 2017), titanium alloy grafted with 
polynorbomene-based NPs (Pichavant et al., 2016), titanium nanotubes 
capped by folic acid onto the surface of ZnO quantum dots (Xiang et al., 
2018), or titanium scaffolds with alginate/chitosan/BSA NPs (Han et al., 
2017). In all of them, vancomycin release conferred to these nano
composites a relevant antibacterial activity against staphylococci, with a 
killing effect generally higher at acid pH, as a result of the increased 
antibiotic release in acid environment (Liu et al., 2017; Xiang et al., 
2018) (see section 3.3.2). 

Co-loading of multiple antibiotics on nanocomposites offers the 
advantage to prevent multi pathogen infections. This was the case of the 
vancomycin- and gentamicin-loaded nanoclay composite, formed by 
chitosan/montmorillonite, produced by Kimna et al.: bacteria coloni
zation was prevented at low antibiotic concentration (0.25 μg/ml of 
vancomycin and gentamycin for E. coli, 0.75 μg/ml vancomycin and 2 
μg/ml gentamycin for S. aureus) and the antimicrobial activity lasted for 
at least 25 days (Kimna et al., 2019). With a similar principle, Chen and 
colleagues co-loaded vancomycin, AgNPs, and the broad-spectrum 
photosensitizer methylbenzene blue on pH-responsive ZIF-8-polyacrlic 
acid scaffolds, creating a multifactorial system with activity against both 
Gram-positive (MSSA and MRSA) and Gram-negative (E. coli) bacteria. 
The killing rate, especially on MRSA, was potentiated by irradiation at 

630 nm for 5 minutes (Chen et al., 2019). 
Vancomycin included in the different nanostructured hydrogels lis

ted in Table 1 generally showed a higher and more prolonged antimi
crobial activity than the free antibiotic (George et al., 2017; Pawar et al., 
2018; Tao et al., 2020). As an example, the thermosensitive hydrogel 
recently engineered by Tao and co-workers, containing vancomycin- 
loaded chitosan NPs (VCM-NPs/gel), was proven to be more effective 
against S. aureus than the equivalent gel supplemented with free van
comycin (VCM/Gel). VCM-NPs/Gel maintained the antimicrobial ac
tivity for more than 20 days, while the supplemented VCM/Gel lost it in 
less than 10 days. When tested in a rabbit model for osteomyelitis, VCM- 
NPs/gel controlled effectively the infection and accelerated bone 
regeneration (Tao et al., 2020). Finally, the wound dressing prepared by 
Cerchiara et al. with Spanish broom fibres impregnated with 
vancomycin-loaded chitosan NPs, demonstrated an increased inhibitory 
activity on S. aureus than that exerted by vancomycin alone, or by 
Spanish broom fibres combined with free vancomycin (Cerchiara et al., 
2017). 

3.3.3.4. Antibacterial activity of nanosystems carrying teicoplanin. As 
previously anticipated, in the three papers reporting about teicoplanin 
nanosystems (Table 2), the antibiotic was included in PLGA NPs func
tionalized with a S. aureus aptamer (Ucak et al., 2020), or covalently 
conjugated to magnetic Fe3O4NPs (Armenia et al., 2018), or finally 
encapsulated in nanoliposomes (Gonzalez Gomez et al., 2019). The 
different outcomes of these nanoformulations in terms of antibiotic ac
tivity are described in section 3.3.1.4. Hereby, we would like to high
light that the most comprehensive microbiological study used to 
describe the influence of nanoconjugation on the antibiotic activity is 
the one of Armenia et al. (2018), where different microbiological 
methods were used including disc diffusion agar test, broth dilution 
method, killing kinetic experiments, and transmission electronic mi
croscopy analyses. The integration of these approaches demonstrated 
that the nanoantibiotic was effective in inhibiting the growth of a panel 
of Gram-positive bacteria, including pathogens of clinical relevance as 
MRSA and VanB-type E. faecalis, with an efficacy that was only slightly 
reduced when compared to the free GPA. By fluorescence and trans
mission electron microscopy, Authors proved that naked Fe3O4NPs 
interacted with Gram-positive and Gram-negative bacteria, partially 
altering cell morphology and favouring the formation of cellular clus
ters, but their interaction was only transient and bacteriostatic, signifi
cantly different from the bactericidal action of the carried antibiotic 
(Armenia et al., 2018). 

3.3.3.5. Antibacterial activity of daptomycin-loaded nanosystems. As re
ported in section 3.3.1.5, nine papers describe daptomycin-carrying 
nanosystems (Table 3). The antibiotic was loaded on chitosan-coated 
alginate NPs (Costa et al., 2015) or on chitosan NPs (Silva et al., 
2015). Slightly different was the result in terms of antibacterial activity. 
In the first case, microdilution tests did not highlight any significant 
difference (p > 0.05) among the MICs of free or entrapped daptomycin 
over a panel of staphylococci (Costa et al., 2015). In the paper by Silva 
and co-Authors, the same technique revealed a decrease in antimicrobial 
susceptibility of 2-to-4 fold when daptomycin was encapsulated in the 
nanosystems; this reduction was imputed to chitosan, which may bind to 
the negatively charged bacterial surface and block daptomycin access to 
its binding sites (Silva et al., 2015). In a third paper, Li et al. demon
strated that loading daptomycin on flexible nanoliposomes could 
enhance its skin permeation capacity, maintaining the antibiotic 
bacteriostatic activity against S. aureus, indicating the potential of this 
nanosystem to be used for topical skin therapy (Li et al., 2013). 

When daptomycin was loaded onto inorganic nanocarriers, its anti
microbial activity was generally potentiated by the interaction of the 
metallic nanoclusters with the cell membrane, favouring the antibiotic 
mode of action (see section 3.2) (Zheng et al., 2016, 2019). Upon 
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treatment of S. aureus cultures, nanoformulations of daptomycin- 
conjugated Ag nanoclusters (Zheng et al., 2016) and of daptomycin- 
loaded Au nanoclusters (Zheng et al., 2019) showed an improved 
inhibitory effect compared to the bare antibiotic and to the mere mixture 
of daptomycin with the NPs. Combining daptomycin antibacterial ac
tivity with the photothermal stress induced by laser irradiation of the 
metallic nanocarrier was another approach giving promising results 
(Table 1). When daptomycin-Au nanoflowers were irradiated at 808 nm, 
an increased antimicrobial activity was observed not only against 
S. aureus, but also on E. coli, widening the antibiotic antimicrobial 
spectrum (Wang et al., 2020a). Irradiation of polydopamine (PDA)- 
coated Au nanocages loaded with daptomycin determined an additive 
eradication activity against different S. aureus strains. As already 
described in section 3.3.1.5, the efficacy and the specificity of the 
nanostructure was further improved by co-conjugating antibodies spe
cific for S. aureus surface proteins, whose recognition enhanced the 
nanoantibiotic localization at the bacterial cell surface and triggered 
daptomycin controlled release at infection sites (Meeker et al., 2016, 
2018). 

Finally, as anticipated in section 3.3.1.5, Tong and colleagues pre
pared nanocomposites in which reduced graphene oxide was used for 
simultaneously anchoring AgNPs and daptomycin (rGO@Ag@Dap). In 
vitro microdilution test, agar diffusion assay, confocal microscopy study, 
and kinetic-killing experiments, together with in vivo tests in mice model 
for skin infection, clearly demonstrated that rGO@Ag@Dap exhibited an 
enhanced antibacterial activity on S. aureus compared to AgNPs and free 
daptomycin (Tong et al., 2019). Authors hypothesized a slow release of 
Ag+ ions and daptomycin, with consequent membrane damage -as 
shown by confocal microscopy analysis-, stress induction and, ulti
mately, cell death (Tong et al., 2019). 

3.3.4. Nanoconjugated GPAs and daptomycin activity against biofilms 
If the comparison of the antimicrobial potency among the variety of 

NPs used to carry GPAs and daptomycin is challenging (as reported in 
section 3.3.3), the task becomes even more complicated for the anti- 
biofilm potential of these nanosystems due to the lack of standardized 
methods. Relatively few are the papers in the last decade dealing with 
the use of nanoantibiotics against biofilm formation, but their number 
has progressively increased during the last years, as highlighted in Ta
bles 1-3. This is not surprising due to the alarming incidence of difficult- 
to-threat infections caused by biofilm formation especially among hos
pitalized and/or elder populations (see Introduction) (Bowler et al., 
2020). 

3.3.4.1. Antibiofilm activity of vancomycin-carrying nanosystems. Among 
organic polymeric NPs used to carry vancomycin (Table 1), in the study 
of Chakraborty et al. -already cited in section 3.3.3.1-, free vancomycin 
and vancomycin-loaded folic acid-tagged chitosan NPs were compared 
in inhibiting the formation of VSSA and VRSA biofilms in borosilicate 
glass tubes. Crystal-violet staining proved that nanoconjugated vanco
mycin significantly decreased (p < 0.05) biofilm formation of both VSSA 
and VRSA strains, by 53.11 % and 42.86 %, respectively. Free vanco
mycin was effective only on VSSA, with an inhibition rate of 25.19 % 
(Chakraborty et al., 2012a). In another work, when a 4-day old MRSA 
biofilm grown on coverslip was treated for 12 h with vancomycin loaded 
on chitosan- and oleylamine-based LPHNs, a substantial biofilm eradi
cation was detectable (Hassan et al., 2020). Anti-biofilm activity was 
observable also for nanoliposomes co-encapsulating vancomycin and 
photothermal WS2 quantum dots under NIR irradiation (Xu et al., 2020), 
and for vancomycin loaded on LPDHs (Omolo et al., 2018). In the study 
of Fulaz and co-workers, biofilm penetration and anti-biofilm activity of 
MSNs with different surface functionalization (bare, amine, carboxyl, or 
aromatic) were compared. Positively charged MSNs (amine- or 
aromatic-functionalized) primarily localized around bacterial cells in 
MSSA and MRSA biofilms, while negatively charged MSNs (bare or 

carboxyl-functionalized) interacted more with the extracellular poly
meric matrix. The results indicated that nanoconjugated vancomycin 
showed a more pronounced activity than the equivalent concentration 
of free GPA and, among the different MSNs, positively charged MSNs 
performed better than negatively charged ones (Fulaz et al., 2020). On a 
contrary, co-conjugation of vancomycin and polymyxin B on MSNs by 
Gounani and co-workers resulted in higher MBIC (minimum biofilm 
inhibitory concentration) and MBEC (minimum biofilm eradication 
concentration) than free antibiotics towards S. aureus and P. aeruginosa 
biofilms (Gounani et al., 2019). Authors indicated as a possible expla
nation of this poor performance, the size (> 50 nm) of the nanosystem 
and its negative charge in electrostatic repulsion with the negatively 
charged biofilm matrix. 

Prosthetic joint infection, often exacerbated by biofilm formation, is 
one of the most devastating complications in orthopaedic surgery. 
Hence, in a handful of the studies already cited in sections 3.3.1.3 and 
3.3.3.3, efficacy of including vancomycin in nanocomposites in pre
venting or eradicating bacterial biofilms was evaluated (Auñón et al., 
2020; Chen et al., 2019; Croes et al., 2018; Pawar et al., 2018). For 
example, a S. aureus strain isolated from a 62-year-old patient with acute 
infection of hip prosthesis was used by Auñón et al. for colonizing bottle- 
shaped nanotubes made of Ti-6Al-4V alloy. The nanostructure, as-it-is or 
conjugated with gentamycin and vancomycin, was then implanted in the 
femur of a rabbit model, removed four weeks later and sonicated for 
releasing, if formed, the adherent biofilm. The results of the microbio
logical studies showed that, differently from the bare nanotubes, the 
nanocomposite releasing antibiotics was effective in preventing biofilm 
formation (Auñón et al., 2020). Similarly, chitosan-based coatings, 
engineered for treating implant-associated infections and incorporating 
AgNPs or vancomycin, were incubated for 1-to-6 days with bacterial 
suspensions of S. aureus. GPA-loaded coating was proved more effective 
than the Ag-carrying one in inhibiting biofilm: neither sessile, nor 
floating viable cells were recovered following the nanoconjugated 
vancomycin treatment. Higher antibacterial efficacy of antibiotic- 
loaded coating with respect to the AgNPs-loaded one was confirmed 
also in an in vivo tibia implant model (Croes et al., 2018). 

3.3.4.2. Antibiofilm activity of teicoplanin-carrying nanosystems. In the 
case of teicoplanin (Table 2), only the paper of Armenia and co-Authors 
indicated a possible application of the nanoconjugated antibiotic to 
control biofilm formation by MSSA. Nonconjugated and nanoconjugated 
teicoplanin inhibited the biofilm formation at a concentration of 2.5 μg/ 
ml and 5 μg/ml, respectively, while no inhibitory effect was observed 
after adding an equivalent amount of naked Fe3O4NPs. At the highest 
tested concentration (10 μg/ml), the effect of nanoconjugated GPA was 
significantly higher than the one of the nonconjugated antibiotic 
(Armenia et al., 2018). The antibiofilm activity of teicoplanin carried by 
Fe3O4NPs was recently confirmed by Berini et al.: the effect was 
potentiated, compared to free teicoplanin, by the possibility to attract, 
and therefore concentrate, the nanoantibiotic at the biofilm site using an 
external magnet (Berini et al., 2021). 

3.3.4.3. Antibiofilm activity of daptomycin-carrying nanosystems. For 
daptomycin, three out of the nine papers describing the antibiotic- 
carrying nanosystems reported on biofilm inhibition. Li et al. observed 
a clear effect on a 7-day-old S. aureus biofilm treated with daptomycin- 
loaded flexible nanoliposomes (see section 3.3.3.5) in comparison to 
untreated biofilms. This result was confirmed in vivo, in mice implanted 
with silicon membrane contaminated by S. aureus: 4 days after the 
administration of antibiotic loaded nanoliposomes, only scattered cells 
could be observed on the silicon membranes, differently from those from 
untreated mice that appeared thickly covered by viable bacterial cells 
(Li et al., 2013). In the two studies by Meeker and colleagues already 
discussed above (see sections 3.3.1.5 and 3.3.3.5), the PDA-coated 
daptomycin-loaded Au nanocages carrying different anti-S. aureus 
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antibodies were tested on MRSA biofilm, using a model of catheter- 
associated biofilm formation. Briefly, a coated catheter sample was 
inoculated with MRSA and incubated for 24 h at 37◦C. Upon treatment 
with the nanoformulations for 2 h, each catheter was NIR irradiated to 
elicit photo-thermal stress. After sonication, a significant reduction in 
cell viability, proportional to the irradiation time, was detected and the 
anti-biofilm activity was lasting for 24 h after irradiation (Meeker et al., 
2016, 2018). 

3.3.5. Nanoantibiotics and phagocytosis 
After oral intake or intravenous injection, nanoantibiotics, once in 

the bloodstream, can be rapidly taken up by the cells of the mononuclear 
phagocytic system that recognize them as foreign, and be then cleared 
by the reticuloendothelial system (Patra et al., 2018). Uptake by 
phagocytic cells, considered in many cases an obstacle, can provide 
great benefits in the treatment of infection diseases, such as those caused 
by MRSA. As anticipated in section 3.3, staphylococci are able to invade 
and survive inside phagocytic cells allowing them to act as ’Trojan 
horses’: the result is the dissemination of bacteria from the initial 
infection site, causing multiple simultaneous infections throughout the 
body and, as a consequence, complicating the antibacterial therapy 
(Bose et al., 2020). Hence, conjugating antibiotics active against Gram- 
positive pathogens with NPs that could be uptaken by the mononuclear 
phagocytic system is a strategy that has been increasingly investigated in 
the past years for the treatment of intracellular bacterial infections. 

Unfortunately, one of the most recurrent modifications of nano
antibiotics, i.e., functionalization with PEG molecules, designed to in
crease their stability and half-life in blood circulation, and to provide 
stealth capabilities to escape the host immune system (see, for instance, 
Chen et al. (2019), Cong et al. (2015), Esmaeili and Ghobadianpour 
(2016)), frequently hampers intracellular anti-MRSA activity. Hence, 
efforts were devoted to defining alternative formulations. A few are the 
papers listed in Table 1 where Authors evaluated the capability of 
vancomycin-carrying nanostructures for fighting intracellular in
fections. No information is, instead, available for nanosystems with 
teicoplanin or daptomycin. 

In the study of Salih et al., already cited in section 3.3.3.1, nano
vesicles formed by β-cyclodextrin and oleylamine (BCD-OLA), thanks to 
their lipophilic nature, reached the cytoplasmic environment of both 
human embryonic kidney cells (HEK 293) and THP-1 macrophages. In 
co-culture experiments with eukaryotic cells and MRSA, the 
vancomycin-loaded BCD-OLA system at a concentration equal to the 
antibacterial MIC showed a 459-fold reduction of intracellular bacteria 
in infected HEK 293 cells and an 8-fold reduction in THP-1 infected 
macrophages, compared to bare vancomycin. At 5x MIC, vancomycin/ 
BCD-OLA completely eradicated intracellular MRSA colonization 
(Salih et al., 2020). Equally promising as an intracellular carrier of 
vancomycin was the nanocomposite synthesized by Pei and co-workers, 
formed by a mixture of the PLGA, PEG, Eudragit E100, and ZWC 
(PpZEV-NPs) polymers (see section 3.3.2). Observed in time-lapse mi
croscopy, this NM, conveniently modified to carry a fluorescent deriv
ative of vancomycin with a BODIPY moiety, appeared to be rapidly and 
efficiently uptaken by J774A.1 macrophages: after 3 h, fluorescence 
signals were detected in cells incubated with the nanocarried fluorescent 
GPA, whereas no fluorescence was visualized in macrophages exposed 
to free BODIPY-derivatized vancomycin. When used to treat macro
phages infected by MRSA, Listeria sp., S. pneumoniae, E. faecium, or 
E. faecalis, vancomycin-loaded PpZEV-NPs showed a superior antibac
terial activity (up to 100-fold) than bare vancomycin (Pei et al., 2017). 
In another study, modulating the surface charge of LPHNs loaded with 
vancomycin (see section 3.3.3.1), and in particular moving from LPHNs 
incorporating zwitterionic lipids to cationic-LPHNs, increased macro
phage uptake (93 % for cationic-LPHNs vs 49 % with zwitterionic- 
LPHNs) and improved the nanosystem efficacy in fighting intracellular 
MRSA infections (Bose et al., 2020). 

Organic NPs are not the only type of nanosystems that could be 

uptaken by macrophages. Indeed, in the study by Lai et al., vancomycin- 
loaded AuNPs were rapidly engulfed by macrophages through endocy
tosis and proved effective in killing intracellular infection by MSSA and 
MRSA (Lai et al., 2015). Finally, Liu and co-Authors showed that hyal
uronic acid-modified organic metal framework material ZIF-8 (see sec
tion 3.3.1.3), carrying vancomycin, could eradicate MRSA in 
macrophages with high efficiency. The presence of hyaluronic acid acted 
in reducing agglomeration of the nanosystem, thus improving its water 
dispersibility. Moreover, Authors suggested that hyaluronic acid could 
specifically bind to CD44 receptors, highly expressed on macrophages, 
thus facilitating the intracellular uptake of the nanoantibiotic by endo
cytosis and enhancing its antibacterial potency (Liu et al., 2020). 

3.3.6. Evaluation of the safety of nanoconjugated GPAs and daptomycin 
Another aspect that is important to consider is that the interactions 

that NPs have with biological systems may elicit undesired effects 
(Fadeel and Alexiou, 2020). Indeed, it may occur that the efforts devoted 
to enhancing the therapeutic characteristics of NPs may result in the 
unintentional exacerbation of their toxicity (Shvedova et al., 2016). For 
instance, some NPs are known to cross biological barriers, such as blood- 
brain (Nguyen et al., 2021), blood-testis (Castellini et al., 2014), and 
placental barriers (Aengenheister et al., 2021), and, for this reason, they 
are considered promising candidates to act pharmacologically on rele
vant targets situated in difficult-to-reach body districts. For the very 
same reason, however, they can be quite dangerous since they penetrate 
in such specifically protected organs. These considerations are valid also 
for nanosystems conjugated to antibiotics. Consequently, several Au
thors investigated the safety of their newly synthetized nanosystems by 
means of toxicity tests. Almost half of the papers on GPAs and 
daptomycin-carrying nanosystems analyzed in this review reported on 
their cytotoxicity evaluation (see Tables 1-3). Most of the nanotoxicity 
tests were performed on cell cultures because several are the advantages 
of using in vitro systems, not last the compliance with the 3Rs concept, 
calling for replacement, reduction, and refinement of animal experi
mentation (Kirk, 2018). Looking at the information included in Tables 1- 
3, it becomes evident that the great majority of these in vitro studies 
evaluated the nanosystem cytotoxicity by measuring cell metabolic ac
tivity by means of the MTT assay (as done, for instance, by Lai et al. 
(2015), Ma et al. (2020), or Zhang et al. (2017)) as an indication of cell 
viability and proliferation. Other methods for quantification of viable 
cells that were used, although less frequently, are CCK-8 (e.g., Bose 
et al., 2020; Gu et al., 2016; Li et al., 2014), MTS (Pei et al., 2017; Suchý 
et al., 2017, 2019), Alamar Blue (Uhl et al., 2017), Resazurin (Efiana 
et al., 2019; Posadowska et al., 2016), or CellTiter-Glo (Armenia et al., 
2018; Harris et al., 2017) assays. Unfortunately, NPs are known to 
interfere with the readouts of the classically used cytotoxicity assays, 
MTT included (Almutary and Sanderson, 2016; Costa et al., 2016; Pem 
et al., 2018). Therefore, a careful evaluation of possible assay in
terferences due to the chemo-physical nature of the NM in use appears 
an essential step to adopt a trustable assay, although often under
estimated by several Authors. To give a practical example, it is recom
mended to introduce additional washing steps when MTT assay is used 
in presence of AgNPs and magnetic NPs (Pem et al., 2018) or, for fluo
rescence or photoluminescence assays, it is suggested to characterize the 
excitation-emission spectra of each nanoformulation (MacCormack 
et al., 2021). 

Much more variable is the choice of the cell lines that are employed 
for the tests. Some of the most recurrently used were murine RAW 264.7 
(e.g., Almeida Neto et al., 2019; Guo et al., 2020) and J774.1 (Bose et al., 
2020; Pei et al., 2017) macrophages, human hepatoma cancer cells 
(HepG2) (e.g., Mhule et al., 2018; Sikwal et al., 2016), human embry
onic kidney cells (HEK 293) (e.g., Gounani et al., 2019; Maji et al., 2019; 
Salih et al., 2020), human adenocarcinoma alveolar basal epithelial cells 
(A-549) (e.g., Kalhapure et al., 2017b; Sonawane et al., 2020), human 
breast cancer cells (MCF-7) (e.g., Hassan et al., 2020; Li et al., 2018; 
Omolo et al., 2018), and human cervix cancer cells (HeLa) (e.g., Sarkar 
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et al., 2017; Wang et al., 2019, 2020a). However, much longer is the 
complete list of cell lines identified during this literature survey, 
including, without being limited to, murine NIH3T3 and L929 fibroblast 
cells (Kimna et al., 2019; Pawar et al., 2018), human embryonic hepa
tocytes L02 (Cong et al., 2015), human colon cancer CaCo-2 cells (Uhl 
et al., 2017), human dermal keratinocytes HaCaT (Xu et al., 2020), or 
human osteosarcoma SaOS-2 cells (Suchý et al., 2017). In a few papers, 
the haemolytic activity of the nanoantibiotics was evaluated on red 
blood cells extracted from human, murine, or sheep blood samples 
(Gounani et al., 2019; Guo et al., 2020; Maji et al., 2019; Pawar et al., 
2018; Tong et al., 2019; Xu et al., 2020). As a general rule, cell lines 
should be chosen considering the most probable entry route in the body 
of the NM that has to be tested: lung cells are recommended for assessing 
air borne NPs, skin cells for NPs that are present in cosmetics or me
dicinal creams and ointments, and blood cells for nanodrugs. Peripheral 
blood leukocytes, Jurkat T-cells, lymphoid cells, acute myeloid 
leukaemia HL-60 cells, monocytes, macrophages, and dendritic cells 
might be used for immunotoxicity evaluation of NPs (Petrarca et al., 
2014, 2015; Tirumala et al., 2021), while stem cells (embryonic, 
mesenchymal, neural, and other stem cell lines) have become a common 
tool for assessing developmental toxicity (Hu et al., 2022), and Balb/3T3 
cells can be used to evaluate the morphological transformation potential 
induced by NPs exposure (Sabbioni et al., 2014). It cannot be denied, 
however, that, in most of the experiments hereby reported for testing 
NPs, the choice of cell lines does not follow the above guidelines and 
appears to be dictated more by a mere laboratory convenience than by a 
coherent experimental design. Equally varied are the protocols followed 
by the Authors for the toxicity assessment, as well as the concentrations 
of the nanoantibiotics investigated, or the controls introduced in their 
studies, thus making results comparison quite challenging, as previously 
indicated also for the antimicrobial and antibiofilm assays (sections 
3.3.3 and 3.3.4). 

Organic and inorganic NPs developed as vancomycin carriers passed 
the toxicity tests they were subjected to. Indeed, in all studies included 
in Table 1, reported cell viabilities were always above the 70 % 
threshold set by the guidelines for determination of in vitro cytotoxicity 
of medical devices (DIN EN ISO 10993-5) (Cerchiara et al., 2017). As an 
example, in the recent study of Guo and co-workers, MTT assay applied 
to RAW 264.7 murine macrophages treated with vancomycin- 
conjugated oleic acid-loaded polypyrrole NPs (Van-OA@PPy), high
lighted only a minimal reduction of cell viability up to 1 mg/ml con
centration. Negligible was also the haemolytic activity in vitro on mouse 
red blood cells, as well as the alterations in haematological data and 
blood biochemicals of Balb/c mice after injection with Van-OA@PPy 
(Guo et al., 2020). When vancomycin was co-loaded with polymyxin B 
on MSNs, NP functionalization influenced both antibacterial activity 
and cytotoxicity. Indeed, carboxyl-modified MSNs were contemporarily 
the most effective against bacteria (see section 3.3.1.2) and the less 
cytotoxic on three cell lines (HepG2, HEK 293, and human foreskin Hff-1 
fibroblasts), while showing also no haemolytic effect on human blood 
(Gounani et al., 2019). 

Numerous and well-detailed are the toxicity studies conducted on the 
nanocomposites (Almeida Neto et al., 2019; Babaei et al., 2019; Cer
chiara et al., 2017; Hassani Besheli et al., 2017; Karakeçili et al., 2019; 
Kimna et al., 2019; Lin et al., 2017; Suchý et al., 2017, 2019; Xiang et al., 
2018) and nanohydrogels (Aşik et al., 2019; George et al., 2017; Pawar 
et al., 2018; Posadowska et al., 2016; Sarkar et al., 2017; Tao et al., 
2020) carrying vancomycin and developed for orthopaedic applications 
or as wound healing materials, as reported in Table 1. For example, Liu 
and colleagues demonstrated the biocompatibility of titanium plates 
where vancomycin-loaded PVA/PLGA NPs were deposited on them: 
osteoblasts were more vital, osteogenic differentiation was promoted, 
and cell adhesion was enhanced in comparison to nude titanium scaf
folds (Liu et al., 2017). 

In the case of nanoconjugated teicoplanin (Table 2), only the paper 
by Armenia co-workers includes data on its potential cytotoxicity. Tests, 

conducted on the immortalized tumor cell line SKOV-3 and on primary 
mesenchymal stem cells extracted from human adipose tissue (hASC), 
highlighted that both cell lines responded to the exposure to the nano
antibiotic in a concentration-dependent manner. However, even when 
cells were treated with an amount of nanoantibiotic 3-fold higher than 
the antibacterial MIC, reduction in viability after 96 h was low. This 
toxic effect was significantly less pronounced than that exerted by un
conjugated Fe3O4NPs, thus demonstrating that antibiotic conjugation 
could improve the biocompatibility of metallic nanocarriers (Armenia 
et al., 2018). 

Regarding daptomycin, two out of the nine papers listed in Table 3 
dealt with the topic of nanotoxicity. When investigated through MTT 
assay, murine NIH3T3 fibroblasts exposed to 20 μg/ml of the nano
composite (rGO@Ag@Dap) synthesized by Tong et al. (see sections 
3.3.1.5 and 3.3.3.5) maintained ca. 80 % of their viability, while 
showing also a haemolytic rate lower than 2 % (Tong et al., 2019). In the 
study of Wang and colleagues, more than 90 % viability was observed in 
HeLa cells exposed to daptomycin-gold nanoflowers (Dap-Au6NFs), as 
well as to the free antibiotic, up to 200 μM. An equivalent concentration 
of nude nanoflowers, instead, reduced cell viability, thus further sub
stantiating the concept that covering the surface of metallic NPs with 
biocompatible molecules mitigate their intrinsic cytotoxicity (Wang 
et al., 2020a). When cytotoxicity tests were conducted following 10-min 
irradiation with 808-nm laser, the viability of cells exposed to Dap- 
Au6NFs dropped to 13 %: Authors considered this result an indication of 
the nanosystem potential for cancer therapy (Wang et al., 2020a). 

Very few toxicological studies of NPs carrying antibiotics have been 
performed in vivo. Only half a dozen papers (out of 96) reported on the 
safety of vancomycin-carrying NPs in mammalian models (Gu et al., 
2016; Guo et al., 2020; Ma et al., 2020; Liu et al., 2020; Yousry et al., 
2017; Zhao et al., 2017) (Table 1); only one was found for nano
conjugated daptomycin (Tong et al., 2019) (Table 3). An example is the 
study of Cardoso and co-workers, where in vitro studies on human retinal 
pigment epithelial cells and on hen egg chlorioallantonic membrane 
were followed by biocompatibility assessment in vivo. Intravitreal in
jection of vancomycin-loaded DMPEI NPs in rat eyes caused neither 
impairment in retinal functionality nor damages in ocular tissues, con
firming the potential of the nanosystem for endophthalmitis treatment 
(Cardoso et al., 2021). Vancomycin-loaded polymeric NPs were tested in 
vivo in rabbits by Yousry et al.: the nanosystem was proved non-irritating 
and safe for ophthalmic administration through Draize test (Yousry 
et al., 2017). Murine models for skin infection and pneumonia were, 
instead, used to prove the lack of toxicity of vancomycin encapsulated in 
hyaluronic acid-coated ZIF-8 (Liu et al., 2020) and of polydopamine NPs 
carrying vancomycin and AgNPs (Ma et al., 2020), respectively. As 
regards daptomycin, Tong and co-Authors included in their study an 
initial in vivo nanotoxicity assessment. When injected in Balb/c mice, 
reduced graphene oxide nanocomposites carrying daptomycin and 
AgNPs (rGO@Ag@Dap) did not cause any change in body weight, thus 
suggesting the biosafety of this NM (Tong et al., 2019). 

4. Conclusions 

The last decade’s progresses in manufacturing and testing a large 
variety of novel nanosystems clearly point out to their undeniable po
tential for contrasting the alarming diffusion of AMR. Many different 
inorganic, organic, and composite NMs have been intensively investi
gated both for their intrinsic antibacterial activity and as carriers of last- 
resort antibiotics. In this review, we have focused our attention on the 
medical need to prolong the clinical longevity of the frontline antibiotics 
that are currently in use to treat infections caused by MDR Gram- 
positive pathogens, i.e., the vancomycin-type GPAs and the lip
opeptide daptomycin. Our analysis illustrates that most of the nano
technology efforts have been applied to vancomycin, which, although 
still extensively used in clinical practice, is the oldest -and somehow the 
less performant- among the currently available GPAs. Teicoplanin 

F. Berini et al.                                                                                                                                                                                                                                   



Biotechnology Advances 57 (2022) 107948

28

nanoconjugation appears a promising alternative, although very poorly 
investigated yet. Teicoplanin has several advantages over vancomycin in 
the treatment of serious infections, as longer half-life and lower neph
rotoxicity and ototoxicity (Ziglam and Finch, 2001). Recent results 
indicate that teicoplanin is more active than vancomycin towards MSSA 
and MRSA biofilms, and that this antibiofilm activity is preserved by 
teicoplanin conjugated on magnetic Fe3O4NPs. Magnetic NPs offer the 
advantage to remotely address the antibiotic towards biofilms/infection 
sites by applying an external magnetic field, increasing its localized 
concentration and reducing side effects (Armenia et al., 2018; Berini 
et al., 2021). To the best of our knowledge, none Author has invested till 
now in nanoformulations of second-generation GPAs, i.e., oritavancin, 
telavancin, and dalbavancin. Since these recently approved GPAs are 
endowed with a better antimicrobial potency and a wider antimicrobial 
spectrum in comparison to vancomycin (Butler et al., 2014; Van Bam
beke, 2015), it would be interesting to transfer them the knowledge 
acquired on vancomycin- and teicoplanin-based nanosystems. This 
would be particularly relevant, for instance, considering the improved 
pharmacokinetics / pharmacodynamics of dalbavancin that, for its 
extended half-like of over 300 h in the human body, can be administered 
once a week (Butler et al., 2014). On the other side, it cannot be 
neglected that vancomycin use is well consolidated in many clinical 
applications, first of all in orthopaedics, and that this GPA is gaining an 
increasingly important role in curing C. difficile infections, too (Mada 
and Alam, 2021). Considering that the cost of second-generation GPAs 
largely exceeds that of vancomycin, it is reasonable to argue that 
restoring the clinical potential of vancomycin, without the need to 
develop alternative drugs, remains an important goal and nanotech
nology offers promising tools to reach it. Similarly, it emerges that an 
attractive perspective might be widening the nature of daptomycin- 
based nanosystems. Further work on nanoconjugation of daptomycin 
needs to be planned not only to improve topical application of this 
antibiotic, but also to mitigate the adverse side effects that currently 
limit its systemic application. Daptomycin represents the very last resort 
antibiotic towards severe MDR Gram-positive infections, including those 
that have acquired resistance towards GPAs (Heidary et al., 2018), but it 
has to be used under medical control due to its possible systemic 
toxicity. 

Undoubtedly, recent advances in the synthesis and in the chemical/ 
biological characterization of variegated classes of novel NMs nowadays 
guarantee optimal tailored solutions for improving existing drugs and 
their target-oriented delivery, potentially reducing their dosage and the 
associated risk of increasing AMR. We have herein reported several 
examples of antibiotic-loaded NPs or nanocomposites that exhibit a 
potentiated and prolonged antimicrobial activity at the site of infection, 
or that have acquired extended antimicrobial spectrum, covering both 
Gram-positive and Gram-negative bacteria, or that are used to protect 
medical devices and implants. Promising are the reports about the 
monocyte phagocytosis that allows nonantibiotics to treat intracellular 
bacterial infections, and those on their anti-biofilm activity, although 
further investigations are needed for a better comprehension of the in
teractions between different NMs and cellular components. 

Thus, we would like to conclude by pinpointing a few critical issues 
and make room for further developments. One critical persisting issue is 
the economical sustainability of producing at large scale the diverse 
types of NMs listed in this review, as well as of functionalizing them with 
last resort antibiotics such as GPAs and daptomycin. The current 
perception is that the cost of most of these NMs is still elevated and calls 
for most effective production methods to assure product profitability 
without creating economic barriers to antibiotic use in patients. Addi
tionally, the transition of NMs production processes towards a ‘green 
synthesis’ approach is still in its infancy. Indeed, increasing attention 
has been dedicated in the past few years to design safer, more sustain
able, less toxic, and energy-efficient synthesis procedures. However, 
larger investments for better defying biogenic approaches and/or 
developing ideal solvents systems, as well as for translating them from a 

laboratory-scale to an industrial-setting, are urgently required 
(Drummer et al., 2021). Lastly, the contradictory results obtained thus 
far on the safety profile of NMs, as well as on their stability in complex 
physiological environments, can limit or delay their translation into 
clinics. A complete assessment of nanosystem toxicity requires consid
ering their administration routes, distribution and stability inside the 
different body districts, factors that can be investigated only through in 
vivo studies. Since the whole is greater (and different) that the sum of its 
parts, it is not possible to completely infer the response of an organism to 
nanoconjugated antibiotics, only on the bases of in vitro evidence. Un
fortunately, experiments on mammalians, although predictive of what 
occurs in humans, are costly, they require specific facilities and skills, 
and have to be managed considering ethical concerns and regulatory 
constraints. Consequently, it is generally recognized that adequate 
alternative infection animal models are needed for testing NMs’ topic, 
oral, or systemic use in preclinical phases. Since genes and biological 
processes are highly conserved among vertebrates, other species with 
lower neural complexity, such as zebrafish (Vranic et al., 2019) and 
Xenopus (Bonfanti et al., 2020), may be preferred as alternative models 
to study the interactions between living systems and NPs at the organ
ismic level. Due to their great advantages (i.e., safe handling, low 
rearing costs, low antibiotic amount needed, no restrictions imposed by 
ethical and regulatory issues), invertebrate infection models could also 
help in rapidly solving the still-pending issues about in vivo efficacy and 
toxicity of nanoconjugated antibiotics, accelerating their transition from 
the preclinical studies to the clinical applications (Montali et al., 2020). 
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Auñón, Á., Esteban, J., Doadrio, A.L., Boiza-Sánchez, M., Mediero, A., Eguibar- 
Blázquez, D., Cordero-Ampuero, J., Conde, A., Arenas, M.Á., de-Damborenea, J.J., 
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Ruiz, F., 2019. Molecular mechanisms of bacterial resistance to metal and metal 
oxide nanoparticles. Int. J. Mol. Sci. 20, 2808. https://doi.org/10.3390/ 
ijms20112808. 

Nori, P., Cowman, K., Chen, V., Bartash, R., Szymczak, W., Madaline, T., Punjabi 
Katiyar, C., Jain, R., Aldrich, M., Weston, G., Gialanella, P., Corpuz, M., Gendlina, I., 
Guo, Y., 2021. Bacterial and fungal coinfections in COVID-19 patients hospitalized 
during the New York City pandemic surge. Infect. Control Hosp. Epidemiol. 42 (1), 
84–88. https://doi.org/10.1017/ice.2020.368. 

Okkeh, M., Bloise, N., Restivo, E., De Vita, L., Pallavicini, P., Visai, L., 2021. Gold 
nanoparticles: can they be the next magic bullet for multidrug-resistant bacteria? 
Nanomaterials (Basel). 11 (2), 312. https://doi.org/10.3390/nano11020312. 

Omolo, C.A., Kalhapure, R.S., Agrawal, N., Jadhav, M., Rambharose, S., Mocktar, C., 
Govender, T., 2018. A hybrid of mPEG-b-PCL and G1-PEA dendrimer for enhancing 
delivery of antibiotics. J. Control. Release 290, 112–128. https://doi.org/10.1016/j. 
jconrel.2018.10.005. 

Ortiz-Benítez, E.A., Velázquez-Guadarrama, N., Durán Figueroa, N.V., Quezada, H., 
Olivares-Trejo, J.J., 2019. Antibacterial mechanism of gold nanoparticles on 
Streptococcus pneumoniae. Metallomics 11 (7), 1265–1276. https://doi.org/10.1039/ 
c9mt00084d. 

Osorio, C., Garzón, L., Jaimes, D., Silva, E., Bustos, R.H., 2021. Impact on antibiotic 
resistance, therapeutic success, and control of side effects in therapeutic drug 
monitoring (TDM) of daptomycin: a scoping review. Antibiotics (Basel) 10 (3), 263. 
https://doi.org/10.3390/antibiotics10030263. 

Parent, M., Magnaudeix, A., Delebassée, S., Sarre, E., Champion, E., Viana Trecant, M., 
Damia, C., 2016. Hydroxyapatite microporous bioceramics as vancomycin reservoir: 
antibacterial efficiency and biocompatibility investigation. J. Biomater. Appl. 31 (4), 
488–498. https://doi.org/10.1177/0885328216653108. 

Patra, J.K., Das, G., Fraceto, L.F., Ramos Campos, E.V., Rodriguez-Torres, M.P., Diaz- 
Torres, L.A., Grillo, R., Kumara Swamy, M., Sharma, S., Habtemariam, S., Shin, H.S., 
2018. Nano based drug delivery systems: recent developments and future prospects. 
J. Nanobiotechnol. 16, 71. https://doi.org/10.1186/s12951-018-0392-8. 

Pawar, V., Topkar, H., Srivastava, R., 2018. Chitosan nanoparticles and povidone iodine 
containing alginate gel for prevention and treatment of orthopedic implant 
associated infections. Int. J. Biol. Macromol. 115, 1131–1141. https://doi.org/ 
10.1016/j.ijbiomac.2018.04.166. 

Pei, Y., Mohamed, M.F., Seleem, M.N., Yeo, Y., 2017. Particle engineering for 
intracellular delivery of vancomycin to methicillin-resistant Staphylococcus aureus 
(MRSA)-infected macrophages. J. Control. Release 267, 133–143. https://doi.org/ 
10.1016/j.jconrel.2017.08.007. 
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Monnet, D.L., Garner, S., Weist, K., ESAC-Net Study Group, WHO Europe AMC 
Network Study Group, 2021. Variations in the consumption of antimicrobial 
medicines in the European region, 2014-2018: findings and implications from ESAC- 
net and WHO Europe. Front. Pharmacol. 12, 639207 https://doi.org/10.3389/ 
fphar.2021.639207. 

Romero-Vargas Castrillón, S., Perreault, F., Fonseca de Faria, A., Elimelech, M., 2015. 
Interaction of graphene oxide with bacterial cell membranes: insights from force 
spectroscopy. Environ. Sci. Technol. 2 (4), 112–117. https://doi.org/10.1021/acs. 
estlett.5b00066. 

Sabbioni, E., Fortaner, S., Farina, M., Del Torchio, R., Olivato, I., Petrarca, C., 
Bernardini, G., Mariani-Costantini, R., Perconti, S., Di Giampaolo, L., Gornati, R., Di 
Gioacchino, M., 2014. Cytotoxicity and morphological transforming potential of 
cobalt nanoparticles, microparticles and ions in Balb/3T3 mouse fibroblasts: an in 
vitro model. Nanotoxicology. 8 (4), 455–464. https://doi.org/10.3109/ 
17435390.2013.796538. 

Sader, H.S., Flamm, R.K., Jones, R.N., 2013. Antimicrobial activity of daptomycin tested 
against Gram-positive pathogens collected in Europe, Latin America, and selected 
countries in the Asia-Pacific Region (2011). Diagn. Microbiol. Infect. Dis. 75 (4), 
417–422. https://doi.org/10.1016/j.diagmicrobio.2013.01.001. 

Safir, M.C., Bhavnani, S.M., Slover, C.M., Ambrose, P.G., Rubino, C.M., 2020. 
Antibacterial drug development: a new approach is needed for the field to survive 
and thrive. Antibiotics (Basel). 9 (7), 412. https://doi.org/10.3390/ 
antibiotics9070412. 

Saidykhan, L., Abu Bakar, M.Z., Rukayadi, Y., Kura, A.U., Latifah, S.Y., 2016. 
Development of nanoantibiotic delivery system using cockle shell-derived aragonite 
nanoparticles for treatment of osteomyelitis. Int. J. Nanomedicine 11, 661–673. 
https://doi.org/10.2147/IJN.S95885. 

Salih, M., Omolo, C.A., Agrawal, N., Walvekar, P., Waddad, A.Y., Mocktar, C., 
Ramdhin, C., Govender, T., 2020. Supramolecular amphiphiles of Beta-cyclodextrin 
and Oleylamine for enhancement of vancomycin delivery. Int. J. Pharm. 574, 
118881 https://doi.org/10.1016/j.ijpharm.2019.118881. 

Salleh, A., Naomi, R., Utami, N.D., Mohammad, A.W., Mahmoudi, E., Mustafa, N., 
Fauzi, M.B., 2020. The potential of silver nanoparticles for antiviral and antibacterial 
applications: a mechanism of action. Nanomaterials (Basel) 10 (8), 1566. https:// 
doi.org/10.3390/nano10081566. 
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Horný, L., Závora, J., Ballay, R., Denk, F., Sojka, M., Vǐstejnová, L., 2019. Evaluation 
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