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Abstract: Silver is an antimicrobial agent well known since

antiquity. With the emergence of multiresistant bacteria, it

has come back into the focus of research, and ionic as well

as nano-sized silver have been studied in vitro and in vivo.

The results are controversial, silver being discussed as the

“silver bullet” or a “wolf in sheep’s clothing”. A thorough

search of literature from chemistry, materials and environ-

mental science, biology and medicine led to this Review

which summarizes the potential use of silver and its com-

pounds in medicine, ongoing processes of dissolution and

the different methods by which this usefulness can be evalu-

ated. It also highlights the therapeutic window of silver,

mechanistic interactions of silver and biological media as

well as best practices for handling silver in a biomedical en-

vironment. This Review reflects the current knowhow and

observations, and may thus give hints and guidelines to un-

derstand and interpret the observed effects.
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1. Introduction

One of the most frightening global health threats is the rapid

development and spreading of microbial resistance to antibiot-

ics leading to the inability to treat infection diseases, but also

adding risks to many other medical treatments that require

surgery or immune suppression.[1] The WHO warns already

against the imminent accession into a post-antibiotic era if no

solution to this problem is found.[2] Already now 50000 people

are estimated to die each year from antimicrobial-resistant in-

fections in the EU and US, a number that is predicted to rise to

over 10 million worldwide in 2050.[1] Despite increasing global

awareness and action plans[3] emphasizing the importance of a

large reduction in the use of antibiotics, the antibiotic con-

sumption is still increasing (by 65% between 2000–2015 ex-

pressed as defined daily doses).[4] New classes of antibiotics are

unlikely to be available for the clinics soon.[5] The shorter the

time that the microorganisms need for resistance development

the lower is the profit a pharmaceutical company can earn

with the development of a new drug.[6] This impedes the com-

mercial research and development of new antibiotics.

Currently, new antimicrobial drugs and drug delivery sys-

tems are developed on the basis of nanotechnology with a

strong focus on metal-based systems (Cu, Ag, Zn).[7] They are

chosen for their broad range of antimicrobial activity at rela-

tively low doses that are well tolerated in humans. Moreover,

they are relatively cheap, offer long-term efficiency and are

easy to integrate into nanomaterials and nanocomposites. The

use of Ag for its antimicrobial activity is not new but nowadays

the advances in nanotechnology allow for the production of

well-defined nanoparticles and the precise control of the physi-

cochemical properties at the nanoscale leading to a higher

bioactivity than bulk materials.[7] Moreover, nanotechnology

offers ways to design multifunctional materials that can com-

prise diagnostic tools, targeting of specific biological sites, and

different therapeutic agents. An exponential rise since the

early years of 2000 and more than 1000 publications in 2014

show the potential of Ag as part of the solution to the antimi-

crobial resistance crisis.[8] For these reasons, nano-antimicrobi-

als turn out to be of particular value for the prevention of lo-

calized or topical infections in the form of wound dressings or

implant coatings. Thus, the next sections will provide insight

into the challenge of biomaterial-related infections and nano-

silver-based drugs as a potential solution.

1.1. Biomaterials

According to IUPAC a biomaterial is defined as a “material ex-

ploited in contact with living tissues, organisms, or microor-

ganisms”.[9] Williams gave in 2009 a narrower definition: “A bio-

material is a substance that has been engineered to take a

form which, alone or as part of a complex system, is used to

direct, by control of interactions with components of living sys-

tems, the course of any therapeutic or diagnostic procedure, in

human or veterinary medicine.”[10] In the past decades, pro-

longed life expectancies have led to an increased use of bio-

materials as natural tissue repair mechanisms start to fail more

frequently at high age. Tumor excisions, repair after severe

trauma or natural attrition of joints all require the use of bio-

materials to restore the function of the affected body part.

Thus, their use contributes to the objective of healthy ageing

with the replacement of degenerated joints in osteoarthritis

patients being one of the most obvious examples. One can

distinguish permanently implanted materials, such as artificial

joints, artificial heart valves, vascular prostheses, or dental im-

plants, and temporary devices that support healing (pulmonary

assist device, urinary or intravenous catheters). Used in medi-

cine for more than 70 years, their introduction meant a break-

through in many medical fields, for example, in the treatment

of bone fractures with the help of fixation devices that enabled

healing of the bone in the optimal position.[11] While in early

days, materials such as Pyrex, Bakelite or Vitallium have been

tested as biomaterials, nowadays, a great variety of metallic,

polymeric, ceramic or composite materials is used, sometimes

even biologically derived, such as blood vessel scaffolds.[11] The

biocompatibility of the implant describes the reactions of the

host tissue to the biomaterial. In contrast to vascularized tissue
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or vital cells, biomaterials are usually accepted by the immune

system without immune suppression, even if inflammation

processes, toxic or mutagenic effects, allergic reactions or in-

fections can occur as negative consequences of biomaterial

usage.[11]

1.2. Implant-associated infections

Biomaterial surfaces are not equipped with natural antibiotics

and hence attract microorganisms, leading to infection inci-

dences of 0.1% (contact lenses) to 16% (abdominal wall patch)

over lifetime, and 25% per month for voice prostheses and

33% per week for catheters.[12] In a “race to the surface”, bacte-

rial and tissue cells compete in adhering to the implant sur-

face.[13] If bacteria win this race, an infection results and the

biomaterial is not well integrated into the host tissue. Infection

rates reaching 7.4% and 10.4% for total knee and hip replace-

ment in 1971,[14] the infection rate for such surgery is still at

0.5–2% today.[15] The rates vary depending on the type of ma-

terial and the body part that the implant is replacing.[12] As the

use of biomaterials increases, also the total number of infec-

tions rises which correlates with a significant increase in the

costs for health care systems.

Implant associated infections are categorized according to

the time of their occurrence: early infections happen within

less than three months after surgery, delayed infections within

3–24 months after surgery and late infections occur even more

than two years after surgery.[15b] The latter are induced by the

hematogenous route, whereas early and delayed infections are

aroused by bacteria present during the operation or entering

the wound before healing (“exogenous infections”). Early infec-

tions often involve virulent strains while later infections are

also caused by organisms with lower virulence.[11] The patho-

gens found in periprosthetic joint infections are mainly coagu-

lase-negative Staphylococci such as S. aureus, with the fraction

of MRSA varying among different countries.[16] Also non-patho-

genic bacteria can sometimes cause implant infections, for ex-

ample, Propionibacterium acnes.[11] Polymicrobial infections

occur in 14% of cases,[16] while 5% of the periprosthetic joint

infections are reported to be culture-negative and dependent

on the antibiotic pretreatment and on how careful the culture

techniques are carried out.[17]

While the implants can be often preserved in the case of

hematogenous infections of less than three week duration and

early infections less than one month after surgery,[11] chronic

implant infection requires the removal of all foreign material,

as the formed bacterial biofilm is not susceptible to antibiotic

treatment. In repeated surgeries, the implant has to be re-

placed after the infection has cleared and the initial costs of an

implantation are then tripled.[12]

As few as 100 cfu (colony forming units) of S. aureus are suf-

ficient to induce an infection in the presence of biomaterials,[18]

while more than the 100000-fold is necessary without implants

present.[19] For hematogenous seeding, a bacteremia level of

103 cfumL�1 blood was enough to colonize 42% of the im-

planted cages.[20] Truly sterile conditions are impossible to ac-

complish, and it was estimated that ca. 270 bacteria per cm2

and hour contaminate the wound during surgery.[21] The high

prevalence (19%) of P. acnes in shoulder arthroplasty infections

suggests that such infections originate from the patient’s own

microbiome as this bacterium belongs to the microbiome of

the shoulder region.[22]

The choice of the material does not necessarily influence the

risk of infection.[11] In vitro studies revealed an increased bio-

film formation on titanium compared to stainless steel[23]—a

difference that could not be confirmed in vivo.[24] These find-

ings are comprehensible as proteins such as fibronectin, fibri-

nogen or laminin directly coat any implant surface as soon as

it gets in touch with the tissue during surgery. These proteins

are known to support cell attachment, no matter if it is bacteri-

al cells or host tissue.[11]

Besides successful tissue integration, a quick immune re-

sponse based on phagocytosis of the bacteria by macrophages

and granulocytes present in tissues around implants prevent

implant infections.[25] Zimmerli et al. reported that granulocytes

around a subcutaneous implant in an animal model did not ef-

ficiently kill Staphylococci, even though the opsonization of the

bacteria had taken place.[19] In vitro, a process called “frustrated

phagocytosis”[26] occurs, which means that the contact with

the non-phagocytosable implant surface activates the granulo-

cytes indicated by continuous production of reactive oxygen

species (ROS) and release of specific granules.[27] The presence

of the foreign body and the surgical trauma thus compromise

the immune response. The immune system is additionally chal-

lenged by the presence of wear particles from the implant.[28]

In the presence of polymeric particles, neutrophil granulocytes

partly lost their antimicrobial activity. Thus, cytokines released
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by macrophages upon phagocytosis of wear particles can

induce implant loosening due to bone resorption by osteo-

clasts.[29]

1.3. Biofilms

The main reason for the high persistence of implant-associated

infections is the formation of biofilms on the implant surface.

When bacteria adhere to the implant surface, they form micro-

colonies of numerous cells, which produce an extracellular

matrix (slime) made of exopolysaccharides, DNA and proteins.

This structure is called biofilm and can act like a multicellular

organism.[30] The biofilm develops in several stages: (1) initial

attachment (arrival of the first cells of planktonic origin), (2) ir-

reversible attachment: adhesion of the cells and beginning of

extracellular matrix production, (3) Maturation I : exponential

growth of the adherent cells protected by their slime, (4) Ma-

turation II : beginning of nutrient deficiency in the center, and

(5) dispersion. Biofilms offer mechanical protection, act as a re-

servoir for extracellular enzymes and enable the establishment

of long-term synergistic relations between the bacterial cells

like in a multicellular organism.[30,32] The biofilm helps in the

transfer and switching on or off of genes and the regulation of

pili, flagella and exopolysaccharides during maturation.[31] A

quorum sensing (QS) system is responsible for the production

and release of virulence factors that help the biofilm to per-

sist.[32] This chemical communication between the cells is corre-

lated to the population density and triggers processes that are

inefficient for single cells but beneficial for a larger number of

cells, for example, for nutrition and oxygen supply to inner

cells, also during periods with low nutrients, temperature varia-

tions, pH changes, exposure to antimicrobials, or damaging ir-

radiation.

Biofilms resist to the immune response of the host as well as

to antibiotic treatment because of the low penetration of the

antibiotics and the high diversity of the bacterial cells inside

the biofilm. Indeed, lack of nutrients and oxygen sets bacteria

into a dormant state with low metabolic activity (“persisters”)

that protects these bacteria from uptake of antibiotics.[33] Two

concentration gradients delay delivery and further impede an-

tibiotic uptake: first from the blood stream to the host tissue

and secondly from the host tissue to the biofilm, allowing for

an efficient enzymatic degradation of antibiotics by bacteria in

the biofilm.[33,34] Two classes of antibiotics have shown activity

against biofilms: rifampin and rifamycin for Staphylococci and

fluoroquinolones against Gram-negative bacteria.[11]

1.4. Implant protection

Zimmerli summarized current research strategies against im-

plant associated infections as follows:[11] (1) vaccination against

antigens synthesized during biofilm formation; (2) develop-

ment of inhibitors of bacterial QS, and (3) antimicrobial coat-

ings.

While it is still unclear if QS-inhibiting drugs are really benefi-

cial in biofilm combat, biomaterial coatings could be achieved

with antimicrobial peptides, traditional antibiotics, disinfectants

or antimicrobial metals, such as Ag, Cu or Zn. Problems arise

however from high regulatory barriers.[11,12] Surgical meshes or

tibial nails with gentamicin integrated into a biodegradable

matrix or antibiotic releasing bone cements are among exam-

ples that were successfully translated into clinics and typically

last a few days.[35] Temporary devices can be coated with non-

adhesive, antibiotic releasing, silver-impregnated or contact-

killing coatings.[12] For permanent devices, surface properties

that enable fast adhesion of the host cells are attractive solu-

tions, but also favor microbial attachment. Thus, multifunction-

al coatings are thus needed that provide adhesive sites for the

host cells and nonadhesive sites for bacterial cells which can

be achieved due to the differences in the size of both cell

types.[36] An antimicrobial coating should not impair the

immune response, support the tissue integration while killing

all present microorganisms, no matter if in active or dormant

state, and should last at least for 2–3 weeks after surgery. Yet,

long-term protection would be desirable, just as well as appro-

priate methods for their in vitro evaluation.

Requirements are different for revision surgery, for which

higher infection rates are usually observed.[12,37] Indeed, bacte-

ria survive in the peri-implant tissue,[38] inside osteoclasts, os-

teoblasts or macrophages.[39] Thus, applied antibiotics should

also exhibit activity against such intracellular species.

In order to mimic the “race to the surface”, bacteria and

tissue cells need to be cultured together, either in a static or

flow system, and relevant cell lines as well as microbial strains

should be chosen depending on the specific implant type, as

the design of the in vitro experiments severely influences the

results.[12] For instance, antibiotic containing bone cements

show biofilm growth under flow conditions and inhibition

without it.[40] Therefore, the microbial strains and the experi-

mental conditions, such as growth media or the presence of

certain proteins should be carefully chosen in order to avoid

bias.[12] Co-culturing of bacterial cells and eukaryotic cells are

still challenging, as the growth medium has to offer conditions

favorable for both types of cells, and needs further valida-

tion.[41] First results have shown that from a certain coverage

with mammalian cells, bacterial attachment can be impaired,[42]

but upon co-culturing host cells with S. aureus, the bacterial

cells adhere preferably, and thus faster.[41a]

Testing antimicrobial coatings in vivo in (small) animals is

problematic as their immune response is largely different from

the one in humans, and bacterial challenges have to be adjust-

ed according to the animal. Only subcutaneous implants are

tested due to the small animal size, which complicates any im-

plantation at the real implant site and does not reliably answer

the question by how much biomaterial related infections

would be reduced in clinical application. For translation into

commercial applications, human clinical trials would be neces-

sary, but due to the low infection rates of only a few percent,

they require a too large number of patients to prove a statisti-

cally significant reduction of the infection rates.[12]
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2. Ag as an Antimicrobial Agent

2.1. General applications of nanosilver

Silver nanoparticles (AgNPs) are used in numerous commercial

products leading to a production of several hundred tons of

nanosilver per year with the expectation to increase dramati-

cally.[43] They are used for their excellent broad-spectrum anti-

microbial properties in medical applications (catheters, implant

surfaces, plasters, wound dressings) and consumer products

(clothes, toys, household goods, disinfectants, water treatment,

paints, mobiles phones, washing machines, or refrigerators),[44]

but also in catalysis or imaging and immune-detection due to

their surface-enhanced Raman scattering (SERS) effect, where

the Raman scattering signal of a molecule adsorbed to the

AgNP surface is significantly enhanced due to excitation of lo-

calized surface plasmons.[45] Moreover, applications are report-

ed in the electronics field as transparent conducting films, elec-

trodes for flexible devices or in solar cells.[46] According to “The

Silver Institute”, a silver industry association, 93–311 tons of Ag

are annually used for the production of antimicrobial coatings,

with a double-digit growth predicted for the next 5–

10 years.[47] However, the more the Ag technology is evolving

and used in consumer products, the higher is the potential en-

vironmental exposure and spreading of Ag, emphasizing the

need of thorough risk assessment. A permanent release into

waste water from textiles,[48] deodorants and cosmetics, wash-

ing machines,[49] outdoor paints,[50] or disposal of other prod-

ucts might also be dangerous for the bacterial population in

sewage treatment plants.[46] Hazards for human health depend

on the possible exposure routes: inhalation of AgNPs from

sprays,[51] skin exposure through cosmetics,[52] or direct contact

to damaged tissue by wound dressings[53] or implant coatings.

2.2. Applications of Ag in medicine

The knowledge about the beneficial health effects of Ag dates

back to ancient Egypt and Rome,[46] Ayurvedic medicine in

India,[54] and traditional Chinese medicine.[55] Silver coins have

for instance been used to preserve drinking water or milk from

microbial contamination.[56] In 1954, silver was registered in the

US as biocidal material, but colloidal nanosilver suspensions

have already been used commercially at the end of the 19th

century and beginning of 20th century, for example, as Collar-

gol, Argyrol or Protargol for treatment of bacterial infections

(e.g. syphilis).[57] Nowadays, the interest in silver as antimicrobi-

al agent recurs in the context of the increasing resistance of

pathogens to the antibiotics developed throughout the 20th

century.[58] Such multidrug resistant microbes are surprisingly

susceptible to Ag as its antimicrobial action is based not only

on a single mechanism.[59] Another advantage of Ag in medical

products is the high temperature stability in contrast to organ-

ic antibiotics which enables for instance easy processing for

composite materials.[57] Silver can be used for its biocidal prop-

erties in form of salts, complexes, or nanoparticles with a great

variety of shapes (spheres, rods, wires, cubes, and triangles),

sizes or coatings (e.g. citrate, polymers, peptides, and sugars).

Some applications in the medical field are already well estab-

lished with wound dressings especially for burn wounds being

the most advanced product ; but also surgical meshes, vascular

prosthesis, ventricular drainage catheters and orthopedic im-

plant coatings based on Ag technology are already in clinical

use.[60] Despite the long-term application in medicine, there is

an ongoing debate about the risks, benefits and biological

mechanisms of nanosilver as antimicrobial product. In this con-

text, Reidy et al. stressed the importance of sufficient charac-

terization of the studied AgNPs.[46] As particles are subjected to

changes and ageing under physiological conditions, their inter-

action and toxicity might also alter over time, which compli-

cates the clarification of mechanisms. Detailed characterization

and description of the investigated NP systems, the used ex-

perimental conditions, and the changes of NPs in the used bio-

logical solutions, at the relevant temperatures and over the ex-

periment time scale are thus necessary to develop structure–

activity correlations and to ensure comparability between dif-

ferent studies.

2.3. Biological properties: How do AgNPs interact with bio-

logical systems?

The biological activity of nanosilver has to be reflected in the

context of the Ag speciation in an aqueous colloidal suspen-

sion. Compared to Ag bulk materials such as macroscopic foils

or Ag bars, the specific surface area of AgNPs is dramatically

increased, which leads to a higher dissolution of ionic Ag+ .[61]

For this reason, the biological effects of nanosilver can be at-

tributed to surface reactions of AgNPs, but also to Ag+ ions or

soluble Ag+ complexes. Toxicity pathways of nanoparticles are

controversially discussed in the literature, particularly with

regard to the attribution to ions, particles or combined im-

pacts like the Trojan horse effect.[62] Through this effect, very

high Ag+ concentrations can be reached locally as AgNPs

transport a high silver amount to sensitive target sites by at-

tachment to the bacterial membrane or by endocytosis before

degrading at these locations.[62b,63] For bacterial targets, this

mechanism supports the view of AgNPs as drug delivery

system for toxic Ag+ ions.[61b] The surface reactions of AgNPs

include the formation of ROS, catalytic oxidation of cellular

compounds, and adsorption of biomolecules like proteins, en-

zymes, or DNA, thus restraining their function. Similar effects

result from the binding of Ag+ ions to the functional groups

(e.g. amine or thiol moieties) of biologically relevant molecules.

The binding to the thiol groups of intracellular ROS scavengers

like glutathione (GSH) unbalances for instance the intracellular

redox levels.[61d]

2.3.1. Prokaryotic cells

The antimicrobial effects of Ag seem to be independent of the

bacterial strain. This broad-spectrum antibiotic activity, taken

together with the activity against antibiotic resistant strains,[64]

explains the high interest in antimicrobial Ag materials.[65] In

general, we distinguish Gram-positive and Gram-negative bac-

terial strains, which differ in the construction of their cell walls.
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Gram-positive bacteria possess a single membrane covered

with a thick, multilayered peptidoglycan layer. Their cell wall

contains 20–40 wt% teichoic acids which are not present for

Gram-negative strains. Instead, the cell wall of a Gram-negative

organism is composed of two membranes with a thin layer of

peptidoglycan in between. Despite the presence of two mem-

branes, it is much thinner than the cell wall of Gram-positive

bacteria. Several studies have reported a higher activity level

of Ag against Gram-negative strains compared to Gram-posi-

tive ones, claiming that the latter are better protected by the

thick peptidoglycan layer.[66] Investigation of the impact of Ag+

on the bacterial cells by electron microscopy showed indeed

less destruction for S. aureus than for E. coli.[67]

The minimum inhibitory concentration (MIC) as well as the

bactericidal concentrations (MBC) of different ionic and nano-

silver systems for a great variety of Gram-positive and Gram-

negative bacterial isolates have been reported and will here

serve as exemplary active concentration ranges.[64] Figure 1

shows the MIC90 values for the used materials for the four sub-

groups of MDR (multi-drug resistant) Gram-positive, MDR

Gram-negative, antimicrobial-susceptible Gram-positive and

antimicrobial-susceptible Gram-negative strains. The MIC90 cor-

responds to the MIC for 90% of the isolates for a certain spe-

cies or subgroup. The values are comprised between 6.75 and

�54 mgmL�1 Ag. The meta-analysis of available nanosilver

MICs/MBCs by Chernousova and Epple results in a similar

range of 0.1–20 mgmL�1.[68]

The antimicrobial mechanism of silver was already summar-

ized in several reviews.[46,61c,69] Ag+ and AgNPs mainly interact

with bacterial membrane proteins.[69a] The binding of Ag+ to

sulfur by replacing the proton in thiol groups blocks the bacte-

rial respiratory chain, thus interfering with electron transport

and ATP production.[70] The inhibition of ATP synthase as one

of the main proteins of the respiratory chain leads to lower

levels of ATP inside the cells and a dissipation of the proton

motive force.[71] Consequently, the metabolism of the cell is re-

duced and the permeability and damage of the membrane in-

creases as it cannot resist the external osmotic pressure result-

ing in leakage of cellular components and finally cell death.[8]

Membrane disruption can be promoted by Ag+ as it supports

the breaking of b-1-4 glycosidic bonds between peptidoglycan

blocks.[72] Moreover, the locally lower pH at the outer side of

the membrane (as low as pH 3.0) could enhance the dissolu-

tion of AgNPs.[73] The uptake of Ag+ ions into the bacterial cell

was shown to happen already after only 30 min of incuba-

tion.[74] Once the membrane is disrupted, Ag+ can enter even

more easily into the cytoplasm where it can bind the thiol or

amine groups of other proteins, changing their conformation

and thus impairing their function, especially for enzymes.[75]

One of its main intracellular targets are bacterial ribosomal

proteins with their denaturation leading to the inhibition of

protein biosynthesis.[74] Moreover Ag+ can interact with nucleic

acids preferring the nucleosides over the phosphate groups

and thus hindering DNA replication.[70a] Another important tox-

icity mechanism of Ag species is the generation of ROS.[76]

High ROS levels were found inside and outside the cells and

can also result from cell damage or the breaking of the respira-

tory chain.[61b] Antioxidative enzymes might not be able to reg-

ulate the ROS levels as their activity is known to depend on

thiol groups, which are blocked by the Ag+ . Choi and Hu were

able to correlate the toxicity of Ag+ , AgCl and AgNPs to the in-

tracellular ROS levels in nitrifying bacteria (Figure 2).[77] Kim

et al. showed a drastic decrease in antimicrobial efficacy by ad-

dition of N-acetylcysteine (NAC) as an antioxidant, supporting

thus the importance of ROS in the antimicrobial mechanism of

action.[78] Besides the release of Ag+ , AgNPs also contribute to

the antimicrobial effects by adhering to and altering the bacte-

rial membrane proteins and leading to structural damage and

increased permeability.[46,60,69a, c] If particles penetrate the mem-

brane, the same effects account for interaction with intracellu-

lar biomolecules and DNA resulting in condensed substance

seen as electron-light regions in the center of the cell by

TEM.[67,79] Uptake into bacteria cells and affinity to biomole-

cules depend on the size, surface charge and functionalizatio-

n.[79a] Generally, the antimicrobial mechanisms might change

with particle size und surface properties. Particles with high

ion release could act similar to Ag+ , while for larger ones, or

very small, or positively charged ones, particle related mecha-

nisms could dominate.[61c,80]

2.3.2. Mammalian cells

Unlike prokaryotic bacterial cells, mammalian cells contain a

variety of membrane-bound structures, called organelles, for

example, a nucleus that encloses most of the genetic material

or mitochondria that are, inter alia, responsible for the supply

with cellular energy. In general, these eukaryotic cells are much

bigger than prokaryotes with up to the 10000-fold volume.

Toxicity measurements for these cell types look at changes in

the cell morphology, at the generation of ROS, the metabolic

activity and/or the expression of stress markers.[54] The cell

lines for in vitro experiments should be chosen corresponding

to the potential target sites of toxicity. These depend on the

biodistribution of NPs in the organism, which can be deter-

mined in vivo. Experiments with rats report the accumulation

of AgNPs in the lung after inhalation but also their transport

into the liver and gastrointestinal tract.[81] After entry into the

Figure 1. MIC90 for AgNPs capped by citrate, PVP, or chitosan and silver sul-

fadiazine, silver nitrate and commercial AgNPs as controls for comparing the

tested MDR and antimicrobial-susceptible Gram-positive and Gram-negative

isolates. Adapted from ref. [64] , licensed under CC BY 4.0.
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body, AgNPs are able to cross the blood–brain barrier.[82] Intra-

venous injections into rats showed accumulation in all organs

(spleen, liver, lungs, and kidney) with a lower accumulation for

the smallest tested size (20 nm).[83] Such injection studies can

give an impression of potential targeted tissues but they ne-

glect that the change of the particle protein corona with the

exposure route can also influence the later biodistribution and

toxicity.[46,84] As typical exposure routes comprise penetration

through the skin, inhalation, and ingestion, liver or lung cell

lines are often chosen for studies that presume inhalation as

major exposure route. Human mesenchymal stem cells are es-

sential in wound healing and tissue regeneration and thus in-

volved for Ag applications in wound dressings and implant

coatings, as are fibroblasts and osteoblasts.

The exposure of AgNPs to mammalian cells is reported to

induce dose-dependent oxidative stress, inflammatory, geno-

toxic, and cytotoxic responses. Weak points of many studies

comprise a lack of time-resolved toxicity data, insufficient dif-

ferentiation between ionic and particulate Ag species, and the

application of excessively high, irrelevant doses.[46] The already

mentioned meta-analysis by Chernousova and Epple reports a

toxic concentration range of 1–10 mgmL�1 for Ag+ ions and

10–100 mgmL�1 for AgNPs.[68] The toxicity studies summarized

in a review by Rai et al. provide an overview on the potential

cytotoxic effects,[54] whereas Foldbjerg et al. review in detail

the cellular and molecular mechanisms behind AgNP toxici-

ty.[61d] Kaur and Tikoo found generation of ROS, cellular disrup-

tion, and increased expression of stress markers (pp38, TNF-a,

HSP-70) in skin or lung epithelial cells and murine macrophag-

es after exposure of 5–100 mgmL�1 AgNPs.[85] For murine mac-

rophages, the uptake of AgNPs was observed via scavenger re-

ceptor mediated phagocytosis and confirmed by microsco-

py.[86] The authors report mitochondrial damage leading to

apoptosis and cell death, which they trace back to the release

of Ag+ being 50 times faster in the cytoplasm than in water.

Grosse et al. emphasized the accumulation of AgNPs on the

cells damaging their membranes.[87] Sur et al. found the toxicity

to be surface chemistry related: citrate-coated AgNPs were

more toxic than lactose or oligonucleotide functionalized parti-

cles.[88] The localization of AgNPs after uptake into cells is re-

ported differently: they are mainly found in endosomal/lysoso-

mal structures,[61d,89] but also evenly distributed in the cyto-

plasm and nucleus,[90] eventually with resulting DNA damag-

ing.[91] Braydich-Stolle et al. observed also an impact on sper-

matogonial stem cells provoking the question of potential side

effects on reproductive and developmental processes.[89]

Also the inflammatory response is controversially discussed.

Yen et al. compared AgNPs to AuNPs of similar size and found

upregulation for TNF-a, IL-1, and IL-6 for Au but not for Ag.[92]

The authors suggest the different charge and the different

uptake pathway as potential reasons for the different respons-

es. In contrast, Trickler et al. suggest a dose and size depen-

dent proinflammatory response for AgNPs.[93]

Besides the cytotoxicity against mammalian cells, researches

also investigate the ecotoxicology, usually finding very low

toxic concentrations in the range of a few micrograms per lit-

er.[75b,80b] One of the key mechanisms for the toxicity against

fish and invertebrates is the blocking of the gill Na+ , K+-ade-

nosine triphosphatase resulting in a too low uptake of Na+ .[94]

2.3.3. Antiviral and other biological properties

In addition to the antimicrobial activity, Ag has also antifungal,

antiviral, antiplatelet and anti-inflammatory effects that might

be further exploited in Ag-nanomedicine.[46] In wound dressing

applications, the beneficial effects comprise not only the anti-

microbial properties, but also the support of healing via the

promotion of proliferation and migration of keratinocytes, the

reduction of collagen formation, and the modulation of cyto-

kine production.[60] Moreover, studies suggested a slight hor-

metic effect of AgNP and AgNO3 towards prokaryotic and eu-

karyotic cells.[95] Sublethal concentrations of both, AgNO3 and

NPs significantly increased the bacterial viability of an E. coli

strain compared to the control with no Ag.[73]

The antiplatelet effect of nanosilver serves as an example for

the interaction of AgNPs with proteins. AgNPs can prevent

Figure 2. Inhibition of nitrifying bacteria by 15 nm AgNPs (squares), 250 nm AgCl NPs (triangles) and Ag+ (circles). (A) Degree of nitrification inhibition with in-

creasing concentrations, (B) Correlation of intracellular ROS levels with the administered silver concentration. Reprinted with permission from ref. [77] . Copy-

right 2008, American Chemical Society.
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blood coagulation by slowing down the polymerization of fi-

brinogen, most probably due to inhibition of the enzymatic ac-

tivity of thrombin.[96]

Antiviral properties were shown against a broad range of

virus families: retroviridae, hepadnaviridae, paramyxoviridae,

herpesviridae, poxviridae, okthomyxoviridae and arenaviri-

dae.[97] Rai et al. review the antiviral activities against human

immunodeficiency virus, Hepatitis B virus, influenza virus,

Herpes simplex virus, and poxvirus among others.[54] Again,

there are few chances for resistance due to multiple ways of

interaction either with the viral surface itself or with the host

cell membrane receptors.[54] Metal NPs can inhibit the viral rep-

lication inside the host cell, block the entry of the virus particle

into the host cell, destroy the viral envelope or bind to viral

coating proteins. Also, the combination of NPs with existing vi-

rucidal or virustatic compounds could be a promising strategy

to enhance their activity. Given their unspecific antiviral re-

sponse, Ag or other metal NPs are not limited to a certain

virus family, which is of importance in clinical cases concerning

unknown viruses.

2.4. Therapeutic window

Recently, more and more studies are trying to cover both, cy-

totoxicity and antimicrobial activity, targeting at the determi-

nation of a therapeutic window. Albers et al. compared the cy-

totoxicity of various forms of silver (NPs, microparticles, Ag+)

on osteoblasts and osteoclasts with the antimicrobial effect on

S. epidermidis.[98] The amounts needed for antimicrobial activity

were found to be 2–4 times higher than the cytotoxic ones,

questioning the safe use of nanosilver coatings on implant ma-

terials. Chernousova and Epple emphasized that the toxic con-

centration ranges for prokaryotic and eukaryotic cells are over-

lapping, limiting the therapeutic window.[68] These results are

substantiated by a study of the same group comparing the

toxic concentrations against human mesenchymal stem cells

(hMSCs), peripheral blood mononuclear cells, E. coli, and

S. aureus, using the same culture medium (RPMI/ 10% FCS).[99]

RPMI was chosen for mimicking the in vivo conditions of the

potential antimicrobial application in a better way than bacte-

rial growth media. Moreover, the used AgNPs show colloidal

stability in RPMI whereas they agglomerate and precipitate in

lysogeny broth (LB) medium. Table 1 shows how small the

therapeutic window is, which was also confirmed in a study by

Jain et al.[100] Yet, Epple and co-authors mention as well several

studies of polymer–Ag composites and films that have bacteri-

cidal effects without harming mammalian cells.[99] Determina-

tion of the effective Ag concentrations for comparison is how-

ever difficult.

Hrkac et al. could show that the therapeutic window increas-

es dramatically on an Ag containing surface.[101] They com-

pared the bacterial and fibroblast growth on a surface in the

presence of dissolved silver nitrate and on TiO2 coatings with

varying Ag %. For Ag+ solutions, they found only a very

narrow therapeutic window whereas for the coatings, the

window was much larger (Figure 3). By comparison with an

Ag+ release experiment, they found coherence to the fibro-

blast toxicity but not to the bactericidal concentrations sug-

gesting an increased antimicrobial effect happening at the sur-

face. Similar results were reported with AgNPs immobilized on

functionalized glass slides, exhibiting a better antimicrobial ac-

tivity than firstly, the same mass of colloidal AgNPs, and sec-

ondly, a pure Ag plate, despite the Ag plate showing a higher

Ag+ release.[102]

Another recent study by Kaiser et al. reports the dependence

of the toxic concentrations on the media composition (chlo-

ride, organic compounds) and on cell culture conditions.[103]

They found no toxicity towards Caco-2 cells when they used

floating cell culture with the cells hanging upside down into

the medium, when cells were exposed only to the dissolved/

dispersed Ag-species in the upper part of the well. In contrast,

cells grown at the bottom of the well were highly affected by

the same silver dose. It is thus difficult to compare experiments

with eukaryotic cells attached on the well bottom to experi-

ments with planktonic bacterial cells for the determination of a

therapeutic window.

2.5. Dissolution of Ag nanoparticles

Despite the ongoing controversy about the mechanisms of

nanosilver toxicity, the release of Ag+ ions as active species

Table 1. Toxic concentrations against mammalian cells and bacteria according to the study of Greulich et al.[99]

E. coli

[MBC, 103 cfumL�1]

S. aureus

MBC, 103 cfumL�1]

T-cells Monocytes hMSCs

Ag+ [mgmL�1] 0.5 1.25 1.5 1 2.5

70 nm AgNPs [mgmL�1] 12.5 20 >50 30 50

Figure 3. Increased therapeutic window for Ag containing surface coatings:

Cumulative Ag+ release from Ag-TiO2 surface coatings with increasing Ag

content. The green bar represents the therapeutic window determined with

silver nitrate using the same experimental setup as for the surfaces. Adapted

with permission from ref. [101]. Copyright 2013, Elsevier.
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seems to be central. The dissolution kinetics of a given nanosil-

ver sample influence the antimicrobial activity, eukaryotic tox-

icity as well as the environmental impact and persistence, em-

phasizing thus the importance of understanding this phenom-

enon. As many other metal ions used in NPs are already

known to be toxic (e.g. Zn2+ , Cu2+ , Cd2+), researchers address-

ing NP toxicity are trying to differentiate between NP-specific

mechanisms and the impact of ions that dissolved from

them,[104] in order to develop nanosilver systems with con-

trolled Ag+ release and safe biological activity.

To be released as Ag+ ions, the Ag atoms of the AgNPs

need to be oxidized first. The oxidation/dissolution rate de-

pends on physicochemical properties of the AgNPs (intrinsic

factors, such as shape, size, crystallinity or surface coatings) as

well as on the composition of the solution (extrinsic factors

such as ionic strength, pH, dissolved oxygen concentration,

temperature and complexing ligands or precipitating

anions).[44] Size is controlled by the kinetics of precipitation and

growth, whereas the shape is influenced by the number and

distribution of twins within the particle and the growth kinet-

ics along different crystallographic axis.[44] The surface chemis-

try is determined by the capping ligands used in the synthesis

and can be altered by ligand exchange processes. The extrinsic

factors depend on the used setup in the release experiment or

the final application.

2.5.1. Dissolution mechanisms

The release of Ag+ ions is believed to take place via the inter-

mediate formation of Ag2O on the surface of the AgNPs by dis-

solved oxygen or hydrogen peroxide as oxidizing agents.[105]

Hydrogen peroxide is formed as metabolic product by many

living organisms. It is also postulated to form as intermediate

during the dissolution of AgNPs. Concentrations of 0.4 mm

H2O2 were detected by Ma et al. during the dissolution of cit-

rate capped AgNPs in air saturated water at pH 8.[99] Liu and

Hurt proved the evolution of ROS by performing peroxide sen-

sitive fluorescence assays with the Ag+ containing supernatant

of their dissolution experiment.[106] The first oxidation step of

the AgNPs leads to a core–shell structure with a metallic Ag

core and a thin Ag2O shell.[105a,107] The dissolution of this shell

releases the Ag+ ions, thus exposing again metallic Ag that is

oxidized again to AgI oxide [Eqs. (1) and (2)]:[107,108]

4AgðsÞ þ O2 ! 2Ag2OðsÞ ð1Þ

Ag2Oþ H2O ! 2 Agþ þ 2OH� ð2Þ

or including the intermediate formation of various ROS

[Eq. (3)]:[61b]

Agþ O2 ! Ag � � � O2

nHþ

�Agþ
���! R:O:I:

3 Agþð4�nÞHþ
�������! 3 Agþ þ 2H2O

ð3Þ

in which R.O.I.= reactive oxygen intermediates. Several studies

proved that the presence of oxygen is necessary for the Ag

dissolution to occur as no measurable Ag+ release was detect-

ed in deoxygenated water (Figure 4B).[106, 109] Sotiriou et al. in-

vestigated the dissolution of AgNPs before and after an addi-

tional reduction step with H2 and found significantly reduced

amounts of released Ag+ after H2 treatment.[105a] They could

quantify the released silver to correspond to 1–2 atomic layers

of oxidized silver on the NP’s surface. All release was finished

within 2 h and could not be triggered again by removal of the

released fraction. Pretreatment of AgNPs with ozone was re-

ported to significantly increase the Ag+ ion release rate, but

also changed the release profile introducing a sharper burst re-

lease compared to the non-treated samples, which corre-

sponded most probably to the dissolution of the preformed

oxide layer.[61b]

The mechanism via the formation of Ag2O is moreover con-

sistent with the increased dissolution rate under acidic condi-

tions, as protons are needed for the dissolution of Ag2O

[Eq. (3)] . Liu and Hurt followed the pH rise expressed in Equa-

tion (2) during their dissolution experiments.[106] pH dependent

release experiments revealed the importance of protons

during the release mechanism. Figure 4 D compares the re-

leased fraction of 2 mgmL�1 AgNP-suspensions after one day

at different pH values. Less Ag+ ions are released at pH 9 than

in deoxygenated water at pH 4, as confirmed by Peretyazhko

et al.[108]

The oxidative dissolution is a thermodynamically favored

process at room temperature, and for environmentally or bio-

logically relevant conditions, Ag+ ions are the only existing

species in thermodynamic equilibrium.[106] The Ag+ ion release

from Ag colloids is kinetically controlled and the complete dis-

solution is hardly observed. Among others, Kittler et al. and

Peretyazhko et al. determined the dissolution to follow pseudo

first order kinetics [Eq. (4)] ,[45,108] the rate constant k being af-

fected by intrinsic and extrinsic factors.

½Agþ�t ¼ ½Agþ�t!1ð1�expð�ktÞÞ ð4Þ

in which [Ag+]t [Ag+]t!1 are the concentration of Ag+ re-

leased at a certain time t and at t!1, respectively. Several re-

search groups studied the Ag+ release at different tempera-

tures revealing higher Ag+ release for higher temperatures,[45]

for example, 4.8�1.6 nm citrate-capped AgNPs released ca.

20% at 4 8C, ca. 50% at 20 8C and ca. 90% at 37 8C after one

day (Figure 4).[106] The time needed for complete dissolution

depended also on their initial concentration and varied from

about one week (0.05 mgL�1 AgNP) to more than 3 months

(2 mgL�1 AgNPs). Addition of these AgNPs to a AgClO4 solu-

tion resulted in an initial decrease of the free Ag+ concentra-

tion and an increase of the particle surface charge (zeta poten-

tial). These findings suggest that free Ag+ ions adsorbed on

the NP surface.[106]

In contrast, dialysis experiments with 50�20 nm AgNPs in

concentration ranges of 50–350 mgL�1 never reached a full

dissolution.[45] The authors concluded that neither the released

Ag+ concentration nor the amount of available oxygen (in

excess) are the decisive factors for the observed release kinet-

ics, but that the limiting value is an inherent characteristic of a

certain nanosilver system. Another study on the incomplete
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dissolution of AgNPs[75b] found that the dissolved Ag+ concen-

tration rose within 6 h and reached an equilibrium concentra-

tion after 24 h, which was relatively higher for lower starting

AgNP concentrations. The extent of release furthermore

changed significantly under real toxicological experiment con-

ditions.

Despite the different time frames needed for reaching an

equilibrium concentration (minutes[105a] until months[45]) and

the different Ag+ concentration ranges (mm[99,108]–mm[105a]), the

release profile is similar with a fast initial burst release followed

by a slower phase, that stabilizes finally at a certain Ag+ con-

centration. Molleman and Hiemstra offered a mechanistic ex-

planation by introducing the formation of subvalent Ag spe-

cies on the surface of AgNPs as a consequence of surface oxi-

dation.[110] First, they claim that Ag2O cannot form a stable

coating layer on a metallic Ag0 surface due to the longer Ag-

Ag distances in Ag2O compared to metallic Ag. Moreover, such

Ag2O would dissolve immediately upon contact with water,

which is inconsistent with most release experiments.[111] For

these reasons, they proposed the formation of subvalent

groups (zAg= +1/3) such as �Ag3OH
0 and the more stable oc-

tahedral species �Ag6O
0 on the AgNP surface, deduced from

structures that can be found in Ag minerals.[110] Their calcula-

tions and observations resulted in Equations (5), (6) and (7):

starting reaction : � Ag3OH
0 þ O2 þ 3Hþ,3Agþ þ 2H2Oþ OC

ð5Þ

circular reactions involving ROS for excess release :

OC þ H2O ) H2O2

ð6Þ

� Ag3OH
0 þ H2O2,3Agþ þ 3OH�þ � Ag0

3

Ag0
3 þ O2 þ Hþ þ H2O, � Ag3OH

0 þ H2O2

final reaction stabilizing the AgNP surface against further oxidation

� Ag0
6 þ OC, � Ag6O

0

ð7Þ

The surface �Ag3OH
0 groups are oxidized by molecular

oxygen setting free an oxygen radical [Eq. (5)] which can either

react immediately with the underlying bare Ag0 layer to form

the stable octahedral �Ag6O
0 species [Eq. (7)] or cause more

Ag+ release by a circular reaction [Eq. (6)] . These equations ex-

plain the restart of oxidative dissolution upon dilution of AgNP

suspensions. A layer of oxidized Ag would kinetically protect

AgNPs against full oxidation“.[110] In a refined model, they intro-

duced �Ag5(OH)2 as second relevant surface species besides

�Ag3(OH) and identified two pH-dependent mechanistic path-

ways for silver ion release:[111] The first one, fully described with

a thermodynamic and a kinetic Langmuir model, involves the

equilibration of the two subvalent surface species initiated by

dilution. The second pathway covers the fast Ag+ release at

low pH where dissolution of �Ag3(OH) is much faster than the

formation of �Ag5(OH)2, thus creating patches of dissolution

that grow laterally until full layers are removed. With increasing

Ag+ concentration, patch formation is stopped, so this mecha-

Figure 4. Ag+ release experiments with 4.8 nm citrate capped AgNPs by Liu and Hurt: (A) concentration dependence, (B) oxygen dependence, (C) tempera-

ture dependence, and (D) pH dependence (one day released fraction). Reprinted with permission from ref. [106]. Copyright 2010, American Chemical Society.
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nism is limited to the first day. Figure 5 summarizes this mech-

anistic model, allowing for the complete interpretation of the

pH, size and time dependency of the Ag+ release data for cit-

rate-capped AgNPs.

As all proposed mechanisms are surface processes, smaller

AgNPs dissolve faster than the larger ones, due to their high

surface-to-volume ratio. Indeed, the surface of smaller particles

contains more atoms at corners or edges and gaps in the crys-

tal lattice leading to a more reactive surface and thus to a

higher release.[44] These trends have been confirmed in several

studies with particles over a wide size range,[68,132] for example,

by Ma et al. who found only 1% released from 80 nm particles

over three months compared to 60% for 5 nm.[112] While a

piece of Ag foil dissolves at a five orders of magnitude lower

rate than NPs,[68] normalization to the surface area diminished

these differences to less than one order of magnitude. Hence,

correlations should be drawn between dissolution and surface

area rather than simple NPs size. However, since the surface

area is analytically not accessible in the suspended state, it is

calculated from the size and can be highly imprecise for poly-

disperse samples.[46]

2.5.2. Influence of the surface ligands and solution composi-

tion

Remaining capping ligands on the NP surface due to wet-

chemical synthesis will influence the Ag dissolution and inter-

act with the released Ag+ ions. Different surface coatings can

also alter the aggregation and like that the Ag+ ion release. As

the release into ultrapure water is a highly unrealistic scenario

for real applications and environmental risk assessment, experi-

ments in ultrapure water are only helpful to deduce the mech-

anism of oxidative dissolution and the impact of single intrinsic

factors. Biomolecules with functional groups are able to coor-

dinate the released Ag+ ions, while anions can lead to precipi-

tation of insoluble Ag+ salts. The ionic strength of such media

can also alter the dispersion stability and thus, for example, via

the formation of aggregates, the amount of released Ag+ . Es-

pecially chloride as well as thiol groups in biological media are

major sinks for the free Ag+ concentration. Only at very high

concentrations of chloride, soluble AgClx
(x�1)�(aq, x=1–4) spe-

cies form and increase the total amount of dissolved Ag+ .

Such Cl� concentrations occur for example, in mitochondria,

the cytoplasm, extracellular spaces, or seawater.[46] Levard et al.

investigated the influence of sodium chloride and showed that

the Ag+ ion release from PVP capped 33 nm AgNPs in HEPES

buffer is reduced below the level of the control in DI water

until a Cl/Ag ratio of 2675 (Figure 6).[113] A significant change of

the zeta potential to more negative values supports that the

released Ag+ precipitated in form of AgCl or nucleated as

AgCl onto the AgNPs below this ratio, while soluble AgClx
(x�1)�

species dominate the equilibrium at higher chloride levels. The

dissolved fraction after 12 days of ageing in presence of differ-

ent Cl� concentrations shows a similar trend (Figure 6B). Anti-

microbial testing of these aged suspensions against E. coli re-

vealed a clear correlation of the toxicity and the soluble frac-

tion, corroborating that the chloride concentration is a promi-

nent factor regulating the biological impact of AgNPs in ab-

sence of thiols or sulfides. In another study however, the AgCl

particles were not found on the AgNPs, but always separately

as new particles.[109] The binding constant to sulfide species is

so high (logK=13 for Ag+ and HS�) that in presence of excess

sulfides, their Ag+ complexes will form preferentially.[114] This is

of importance for the Ag+ speciation under environmental

conditions as excess sulfides and hence precipitation as Ag2S

decrease the toxicity significantly.[115] AgCl particles could be

dissolved completely by addition of GSH as model for thiol

Figure 5. Scheme of the Ag+ release mechanism proposed by Molleman

and Hiemstra. At high pH the H+ concentration is rate limiting, at lower pH

the O2 adsorption is rate limiting. Reproduced with permission from

ref. [111]. Copyright 2017, The Royal Society of Chemistry.

Figure 6. Ag+ ion release from 33 nm AgNPs in presence of different

amounts of chloride: (A) within the first 36 h by dialysis (B) by ultrafiltration

after 12 days ageing. The Cl/Ag ratios for A are realized by combining four

different AgNP concentrations with three chloride concentrations (0.5, 0.1

and 0.01m). Adapted with permission from ref. [113]. Copyright 2013, Ameri-

can Chemical Society.
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containing proteins,[116] leading to entities like Ag-GSH, Ag2-

GSH or high molecular weight silver GSH coordination poly-

mers. Despite the high binding constants, Ag+ was shown to

be exchangeable between different thiol ligands as well as in-

organic sulfur binding sites,[117] thus toxicity is not entirely sup-

pressed by Ag�S binding.[114] Moreover, it was observed that

AgNPs did not convert completely into Ag2S even in huge

excess of S2�.[115] The formation of a proposed Ag2S layer on

AgNPs was confirmed by Liu et al. in an Ag+ release experi-

ment with sulfide addition using Ag foils.[61b] As a conse-

quence, the silver release was completely blocked for Na2S or

thiol addition, while citrate addition only slowed it down (the

more citrate was added, the less free Ag+ was detected) com-

pared to the untreated AgNPs (Figure 7). In the simultaneous

presence of biological reductants and sulfur-containing bio-

molecules, the release trends followed the known binding con-

stants of these substances. In the presence of ligands with

multiple thiol groups, the dissolution of AgNPs occurs faster

the more thiol groups are present, whereby pre-orientation of

these thiol groups for chelation even enhances this effect.[118]

These experiments show that surface functionalizing ligands

like macromolecular coatings (dextran, starch, polyacryl amide,

etc.) and biological relevant molecules may reduce Ag+ release

by restricting the access to the Ag surface.[68] For citrate, the

authors suggest that the citrate molecules blocked the sites

for chemisorption of oxygen and additionally that Ag+ was re-

versibly bound to one of the free carboxylic acid groups of a

citrate molecule at the AgNP surface. The possibility of Ag+ re-

duction to Ag by citrate was discussed to explain the slower

rate and lower dissolution degree of citrate capped AgNPs

compared to PVP or gum arabic capped AgNPs of the same

size.[45,142] Complexation of free Ag+ by excess citrate and sub-

sequent adsorption on AgNPs, leading to a lower toxicity, was

also proposed.[119]

Nanoparticles exposed to real body fluids or full biological

media get immediately covered by a so-called protein corona.

For a variety of other nanomaterials like silica, polystyrene, or

Au, this phenomenon was studied in detail.[120] The composi-

tion of the protein corona depends on the initial surface coat-

ing, the surface charge and particle size and was characterized

for instance for a group of four different Ag colloids (110 nm-

PVP, 110 nm-citrate, 20 nm-PVP and 20 nm-citrate) in FBS-sup-

plemented cell culture medium (DMEM).[121] Levak et al. found

reduced release rates for Ag particles in presence of albumin

in seawater with high salinity, thus suggesting a very high per-

sistence of AgNPs if stabilized by proteins,[122] which also lead

to a decrease of the toxicity as removal of serum proteins sig-

nificantly increases their impact.[123] Citrate-capped AgNPs used

in the same study did not show this effect. Zook et al. found

average dissolution rates of 5%h�1 for AgNPs in DMEM sup-

plemented with BSA regardless of the used coating and only

minimal dissolution in moderately hard, reconstituted water

supplemented with humic acid,126 a result confirmed by Ivask

et al.[80b] While DMEM had only a weak effect on better dissolu-

tion, Liu et al. showed that BSA increased the dissolution of

AgNPs in artificial extracellular fluid as mimic of wound exu-

date (PECF, see Figure 8).[116] Their study investigated the path-

way from oral intake of AgNPs to the development of argy-

ria,[124] the irreversible blueish-grey coloration of light affected

skin caused by overexposure to silver. Increased dissolution of

AgNPs in gastric fluid enables the uptake of Ag+ into the sys-

temic circulation and bloodstream, resulting in their complexa-

tion by proteins with human serum albumin (HSA) as a likely

transporter. In near skin regions, Ag+–biocomplexes could be

easily reduced to AgNPs as Liu et al. showed in their photore-

duction experiments. These AgNPs can be transformed to Ag2S

and Ag2Se under biologically relevant conditions, thus possibly

explaining the formation of Ag/S/Se particles found in argyria

skin.

Stebounova et al. investigated the fate of AgNPs in artificial

interstitial fluid (pH 7.4) and artificial lysosomal fluid (pH 4.5–5)

as mimics for lung exposure.[125] They found only negligible dis-

solution (1%), but aggregation and sedimentation independ-

ent of the used particle coating and the medium, as attributed

to the high ionic strength of such media. Jiang et al. supposed

Figure 7. Dissolution from (A) 4.8 nm AgNPs and (B) Ag foil under addition of different surface coating ligands in varying concentrations for 24 h, at RT, in

pH=5.6 acetate buffer. Reprinted with permission from ref. [61b]. Copyright 2010, American Chemical Society.
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the same reasons for their moderate release determined in cell

culture medium at pH 4.5 (7.5%) and 7.0 (5%) after 24 h.[126]

Severe aggregation from AgNPs of 1.9 nm to 200 nm (DLS),

leading to lower Ag+ release, was observed in natural seawa-

ter, which was attributed mainly to the higher pH.[106] Addition

of natural organic matter (NOM, for example, Suwannee River

humic or fulvic acid) lowered the amount of release in a dose

dependent way.[106] Yet, other studies reported both increased

dissolution and stabilization of AgNPs through interactions

with organic matter.[46]

In conclusion, precipitation as AgCl, coordination to pro-

teins, aggregation, sedimentation, cellular uptake, and/or pho-

toreduction (and more) may compete with each other and

impede thus the unveiling of toxicity mechanisms. Liu et al.

summarized their findings in the schemes presented in

Figure 9 showing the various possibilities to control Ag+ re-

lease rates through surface modifications.

2.5.3. Determination of the intracellular AgNP dissolution

Although the experiments described above draw a compre-

hensive picture of the AgNP dissolution under various condi-

tions, the results are not sufficient to provide satisfactory ex-

planations for the observed biological effects. For this reason,

current research studies release experiments in the presence of

living cells, prokaryotes and eukaryotes, and intracellular Ag

speciation.

Bondarenko et al. tried to elucidate the antimicrobial mecha-

nism by investigation of the dissolution of three different

types of AgNPs [“uncoated” (30–100 nm), casein coated (5–

30 nm), and PVP coated (8–11 nm)] in bacterial growth

medium with (biotic) or without cells (abiotic) (Figure 10A).[63a]

They found the same release trends for all conditions and all

methods with the Ag+ concentrations decreasing in the fol-

lowing order: PVP-capped AgNPs>casein capped AgNPs>

“uncoated” AgNPs. All released fractions were slightly higher

under biotic conditions compared to abiotic ones with the

most dramatic difference for the intracellular Ag+ concentra-

tion determined by a bioluminescent Ag+ sensitive E. coli

strain (Figure 10B). Interestingly, the fraction of intracellular

Ag+ under biotic conditions was higher than the extracellular

Ag+ concentrations under both, biotic and abiotic conditions.

Thus, the usual determination of the released fraction mea-

sured in cell culture medium may underestimate the bioavail-

able Ag+ concentration. The observation that the intracellular

concentration of the E. coli biosensor strain is lower than the

external one if the bacterial cells are only exposed to Ag+ cor-

roborates the huge influence of cell–AgNP contact for high in-

tracellular Ag+ concentrations. At the same time, the presence

of the bacterial cells does not seem to greatly increase the ex-

tracellular dissolution.

In contrast, Joshi et al. did not observe the increase of the

intracellular Ag+ concentration upon exposure to AgNPs using

a bioluminescent E. coli strain, as bacteria died before Ag+

could be measured.[127] Hsueh et al. found that released Ag+

adhered to or was internalized by the cells mainly in form of

Ag2O, and surprisingly did not detect any sulfur in the sam-

ples.[128]

De Matteis et al. showed an increased release compared to

the cell culture medium only for the intracellular release kinet-

ics of AgNPs in HeLa and A549 cells.[129] Ag+ diffused through

the whole cell (cytoplasm, organelles, nucleus) and increased

significantly over time. An influence of the used fluorescent

probe on the kinetics could however not be excluded. Jiang

et al. have studied the fate of intracellular AgNPs in CHO-K1

cells.[126] They found a dissolved fraction of 55% for the uptak-

en Ag after 1 h incubation, respectively >80% after 24 h. In

parallel, the amount of Ag0 in the cell culture medium de-

creased from 80% to 40% after 24 h, while the remaining

20%, respectively 60% were found as Ag-S species.

Figure 8. Increased Ag+ ion release from 5 nm citrate capped AgNPs in gas-

tric fluid (pH 1.12) and BSA-supplemented pseudoextracellular fluid

(PECF+20 gL�1 BSA), compared to pure PECF (pH 7.52, 117 mm NaCl,

30 mm KCl, 300 mm NaHCO3, 26 mm KH2PO4). Reprinted with permission

from ref. [116]. Copyright 2012, American Chemical Society. Figure 9. Schematic summary of the interactions influencing the Ag+ release

at nanosilver surfaces. Reprinted with permission from ref. [61b]. Copyright

2010, American Chemical Society.
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Veronesi et al. found the released fraction in murine macro-

phages to increase from 9% to 39% between 6 to 24 h using

a dose of 5 mgmL�1.[130] Using instead a chronic dose of

1.25 mgmL�1 over 4 days, they found a higher released fraction

of 73%, but no increased cytotoxicity despite the uptake of

almost the double amount of silver.[130b] Human hepatocytes

showed a faster dissolution of citrate capped AgNPs compared

to PVP capped ones, with transformation into Ag-S species.[130a]

Depending on the cell type, the Ag�S bond lengths matched

either to a digonal coordination mode AgS2 that would corre-

spond to the formation of GSH complexes (murine macropha-

ges)[130b] or to a trigonal coordination mode AgS3 that was

found in metallothioneins (human hepatocytes),[130a] as con-

firmed by upregulation of metallothioneins in hepatocytes.

2.6. Methodologies for silver detection

The effect of Ag+ release on the particle size is usually negligi-

ble small : A released fraction of 10% means only 3.45% reduc-

tion of the diameter, for example, corresponding to 19.3 nm

for an initially 20 nm AgNP (Table 2). Hence, particle size meas-

urements are not sufficient to prove the stability of a certain

type of NPs.

AgNPs are usually separated from the ionic Ag+ by (ultra-

)centrifugation, ultra/nanofiltration or dialysis. The released

Ag+ can then be quantified by inductively coupled plasma

mass spectrometry (ICP-MS), inductively coupled plasma opti-

cal emission spectrometry (ICP-OES), or graphite furnace

atomic absorption spectrometry (AAS). Each separation

method faces some disadvantages. Firstly, Ag+ ions can stick

to the membranes of ultrafiltration devices or dialysis tubing

and centrifugation is not always complete, especially for very

small NPs. Addition of EDTA before centrifuging helps to sepa-

rate the adsorbed Ag+ on the AgNP surface.[131] When EDTA

was added 10 min prior to ultracentrifugation, the determined

released fraction doubled (from 5% to 10%) without changing

further over time.[132] Secondly, the separation method could

influence the release kinetics if it is faster than the separation.

Kittler et al. described in detail their experimental conditions

for dialysis and performed the necessary control experiments

excluding irreversible interactions of the released Ag+ with the

dialysis membrane (Spectra/Por Biotech, cellulose ester ; MWCO

100000).[45] While ionic silver could be recovered completely in

Figure 10. AgNP dissolution in bacterial growth medium under biotic and abiotic conditions by AAS, ISE and bioluminescent E. coli : (A) schematic explanation

of the experiment and (B) resulting dissolved fractions. Modified from ref. [63a] licensed under CC BY 4.0.

Table 2. Influence of the Ag+ release on the particle diameter calculated

exemplarily for 5, 20, 50 and 100 nm AgNPs assuming ideal spheres in a

constant number.[a] Significant changes in the released fraction might be

hard to detect solely by size changes.

Released fraction Theoretical diameter in [nm]

0% 5 20 50 100

10% 4.8 19.3 48.3 96.5

20% 4.6 18.6 46.4 92.8

30% 4.4 17.8 44.4 88.8

40% 4.2 16.9 42.2 84.3

50% 4.0 15.9 39.7 79.4

60% 3.7 14.7 36.8 73.7

70% 3.3 13.4 33.5 66.9

80% 2.9 11.7 29.2 58.5

90% 2.3 9.3 23.4 46.4

[a] Determined by using the expression

dnew ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� released fraction
3
p

� doriginal in which dnew=particle diameter

after Ag+ release and doriginal= initial particle diameter.
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the dialysate within a few hours, the AgNPs did not leak into

the dialysate. Complete renewal of the dialysate at each time

point leads to new burst releases[109] and maximizes the driving

force for release.[113] Third, AAS or AES are sensitive to matrix

effects, for example, the presence of chloride,[133] complicating

experiments in biological or environmental fluids.

Other methods for determination of the Ag+ concentration

are ion-selective electrodes (ISE) and ion chromatography.

They measure only the amount of “free” Ag+ ions and ignore

all precipitated or complexed forms,[75b] while Bondarenko

et al. reported twice as high released fractions measured with

AAS compared to ISE.[63a] Thus, values for “dissolved” Ag need

specification for the used method. With ISE reporting “free”

Ag+ and AAS/OES or MS reporting the fraction of free Ag+

ions together with low molecular weight complexes (e.g. cit-

rate, or AgClx
(x�1)�), they are not able to record Ag+ trapped in

high molecular weight complexes for example, with proteins,

humic acid or insoluble salts. One option is thus to measure

the remaining AgNP-fraction in a release experiment by corre-

lation to the area under the UV/Vis band of the LSPR,[104] allow-

ing to differentiate reduced Ag from any Ag in oxidized forms

(complexes, precipitates, ionic). Linearity of the Beer–Lambert-

law for the used NP system needs to be ensured, and the con-

tribution of scattering from for example, AgCl particles to be

taken into account. DLS experiments should backup the as-

sumption that the used NPs do not change their agglomera-

tion state within the dissolution experiment.

For differentiation between Ag+ and AgNPs in more com-

plex environments such cell lysate, a Triton X-114-based cloud

point extraction (CPE) method has been developed by the

group of Yin.[134] Na2S2O3 addition, pH adjustment to 3.5, short

incubation and slight centrifugation helped to separate the

Triton X rich phase with the AgNPs from the supernatant aque-

ous phase containing the Ag+ .

Another method uses a rosamine derivative with a macrocy-

clic ligand as a fluorescent probe for intracellular Ag+ quantifi-

cation.[135] A selective fluorescence enhancement upon binding

with Ag+ with a detection limit of 1�10�7
m. Ag+ uptake was

shown in MCF-7 cells exposed to the probe and afterwards to

Ag+ . For fluorescence detection of intracellular Ag+ in prokary-

otic cells, genetically modified bioreporter E. coli strains have

been developed that exhibit bioluminescence selectively in

presence of Ag+ .[136] They give a linear response to intracellular

Ag+ in the sublethal concentration range.[63a,127]

Wildt et al. proposed a microscopy analysis for detection of

intracellular release by visualization of AgNP uptake and disso-

lution by quantification of darker areas in live cell time lapse

microscopy images (nanoparticle associated cytotoxicity mi-

croscopy analysis, NACMA).[63c] The advantage of this technique

lies in the direct time correlation to the simultaneously deter-

mined cytotoxic effects, but conclusions remain difficult as ag-

glomerates or particles below 100 nm might not be detected.

Amongst others, Veronesi et al. used X-ray absorption spec-

troscopy (EXAFS and XANES) for the speciation of silver.[130b]

Linear combination analysis of the XANES data from reference

compounds (e.g. AgNO3, AgCl, AgGSH) and the sample gives

access to the released fraction, but also to the binding part-

ners of released Ag+ . Ab initio modeling of the EXAFS part

even allowed the determination of the Ag�S coordination

mode and bond lengths.[130b]

Altogether these methods enable the detailed analysis of

the intracellular fate of Ag for prokaryotic as well as eukaryotic

cells, and thus further elucidation of the biological mechanism

of action.

2.7. Biological impact of silver

In biological experiments, the effect of a Ag0 dose is often

compared to the equivalent amount of a silver salt as control.

Ag+ ions then usually show a higher activity at the same con-

centrations, while the effects are similar. For instance, Foldb-

jerg et al. determined the EC50 for the lung cancer cells A549

to be two times lower for Ag+ than for the studied AgNPs,[137]

an effect confirmed by Ivask et al. for a broad range of organ-

isms, from algae to bacteria or mammalian cells.[80b] Kittler

et al. could correlate the increased toxicity of AgNPs towards

human mesenchymal stem cells with storage time of the sam-

ples to the progression of oxidative dissolution leading.[45]

Also, AgNO3 was found three times more toxic than AgNPs

with respect to the total Ag amount. Bouwmeester et al. found

that concentrations up to 50 mgmL�1 of the AgNPs had no

effect on cell viability, whereas 2.5 mgmL�1 Ag+ were already

toxic.[138] The gene expression response and translocation of

silver was the same for AgNPs and Ag+ ions after 4 h. Upon

longer exposure, Foldbjerg et al. found indications for more

complex affection of A549 cells from AgNPs compared to Ag+

when looking at their gene expression.[139] This is in line with

other studies, which found biological effects that could not be

explained with only the released Ag+ fraction. Beer et al. for in-

stance compared the toxicity of nanosilver suspensions before

and after removal of the AgNPs by centrifugation.[140] For sus-

pensions with a Ag+ fraction of >2.6%, the toxicity of the su-

pernatant was the same than of the original AgNP suspension,

whereas below that, the presence of the AgNPs lead to addi-

tional toxicity. Suresh et al. found EC50 values for four types of

AgNPs to be lower or in the same range than for AgNO3.
[141]

The differences in toxicity for different AgNPs were attributed

to their surface coatings, altering the dissolution in vivo. Jiang

et al. found a clear time dependent correlation of the Ag+

amounts and the toxic effects,[126] supporting the Trojan horse

mechanism: first AgNPs uptake, then dissolution to Ag+ , and

then interaction with proteins and amino acids.[126] Increased

ROS production has also always been one of the toxicity mech-

anisms attributed to the presence of Ag particles,[119,142] yet its

mere detection or quantification leaves the question open if

particles or Ag+ are the underlying cause. Guo et al. reported

the same ROS levels for equivalent doses of Ag+ and AgNPs

(1 mgmL�1), but significantly higher levels of cytotoxicity for

the ions suggesting additional, different toxicity mechanisms

(Figure 11).[143] A pre-incubation with silver-binding N-acetylcys-

teine (NAC) or vitamin C as antioxidants were observed to re-

verse ROS generation for AgNPs and Ag+ , while only NAC

could also prevent the loss of mitochondrial membrane poten-

tial, DNA damage and apoptosis. Jiang et al. confirmed this
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positive effect of NAC on cell viability in their study, but found

it to be more pronounced for Ag+ than AgNPs.[126]

De Matteis et al. confirmed the above-mentioned Trojan

horse mechanism for the toxicity in mammalian cells,[129] and

showed the suppression of Ag induced ROS by addition of 2,3-

dithiopropanol (BAL) as another strong Ag+ chelator. However,

BAL could also act as antioxidant with ROS being induced by

AgNPs.

Ag uptake in the form of AgNPs and their subsequent intra-

cellular dissolution was revealed clearly by XANES/EXAFS stud-

ies and synchrotron based nano-beam X-ray fluorescence (XRF)

microscopy, which confirmed the binding of the released Ag+

to S in digonal or trigonal coordination modes as described

before.[130] In combination with TEM analysis, the observed hot-

spots with high Ag intensity were identified as intracellular

vesicles containing AgNPs, as confirmed by Herault et al. ,[144]

while no AgNPs were found in the cytosol. The experiments

also showed that the cells could handle much higher amounts

of Ag+ dissolved from AgNPs compared to the lethal levels if

administered in ionic form. With all the above-mentioned ad-

vanced studies in mind, the Trojan horse mechanism seems to

offer the best explanations for the toxic effects of AgNPs in

mammalian cells, supporting on one hand the strict correlation

of the toxicity to Ag+ as active species, but also offering a rea-

sonable explanation for correlations of particle properties with

biological effects.

Ecotoxicity is generally attributed to the amount of released

Ag+ .[145] Experiments of Lee et al. with Daphnia magna for cit-

rate stabilized and non-coated AgNPs showed significant lower

EC50 for the uncoated ones.[75b] The dissolved fractions in both

experiments showed Ag+ concentrations in the same range

that corresponded as well to the EC50 determined for AgNO3

(0.5 mgL�1 Ag). Yang et al. reported a linear correlation be-

tween dissolution and toxicity towards Caenorhabditis ele-

gans.[119] The toxicity of the AgNPs was sensitive to ionic

strength and chloride concentration, and reported to never

exceed the value of the same amount of Ag+ .[119] In the studies

with the algae Chlamydomonas reinhardtii, Ag+ was 18 times

more toxic than AgNPs based on the nominal Ag concentra-

tion, but the dissolved fraction of AgNPs (<1%) was not

enough to explain fully their toxicity.[146] Addition of cysteine as

strong Ag+ ligand eliminated the inhibition of the algae for

both species. The generally lower toxicity in the presence of

complexing ligands or precipitating anions is a hint at Ag+ as

active species. Indeed, Cl�reduced the toxicity towards fish,[147]

and thiols also towards bacteria.[61b,148] Xiu et al. could even at-

tribute the complete toxicity against bacteria to the Ag+ re-

lease by testing AgNPs under aerobic and anaerobic conditions

(Figure 12).[73] E. coli then demonstrated equal susceptibility to

Ag+ under either condition, while AgNPs were only antimicro-

bially active under aerobic conditions. They thus precluded

particle-specific antibacterial mechanisms.

In contrast, Jin et al. found that in artificial freshwater, the ef-

fective Ag+ concentration was the same regardless if NP or

Ag+ was added, yet the IC50 of silver nitrate was magnitudes

lower than for AgNPs, suggesting a different bioavailability de-

pending on the speciation resulting from either AgNP or ion

administration.[149] Ivask et al. observed that citrate capped

AgNPs had a size dependent toxicity towards various organ-

isms (crustaceans, algae, bacteria, mammalian cells).[80b] Nor-

malizing the EC50 values for the different organisms to the dis-

solved fraction found at the toxicological endpoint in the re-

spective medium, the values became always similar to the EC50

determined for Ag+ . Only the Ag colloid with the smallest par-

ticle size (10 nm) showed a significantly increased toxicity that

could not be attributed to the released fraction. Normalization

to the bioavailable fraction of Ag, which was determined by

exposure of sublethal AgNP concentrations to a Ag+ induced

bioluminescent E. coli strain, explained the higher toxicity of

the 10 nm AgNPs, at least for E. coli. This kind of experiment

opens up the questions if the bioavailability of Ag+ in bacteria

results from dissolution of the AgNPs in the growth medium,

or from intracellular dissolution, or from dissolution in close

proximity to the cells.

In experiments with xAg/SiO2 nanocomposites (x=wt% Ag),

a correlation of the antimicrobial activity with the release

trends, combined with an exceptional behavior for one of the

examined materials was observed.[80a] While the antimicrobial

activity for the Ag+ containing supernatants was equal to the

one of complete suspensions for samples of 1 mg(Ag)L�1 (Fig-

ure 13B, part I), materials with higher Ag wt% inhibited the

bacterial growth to a larger extend than the supernatant alone

Figure 11. Generation of ROS (A) and influence on the mitochondrial membrane potential of SHI-1 cells (B) upon exposure to 11 nm AgNPs or Ag+ with or

without addition of vitamin C or NAC. Generated with data from ref. [143].
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(Figure 13B, part II). This indicates that the antimicrobial activi-

ty of the bigger AgNPs with low released fraction is governed

by both, the Ag+ release and the presence of particles. Finally,

Bondarenko et al. hypothesized that AgNPs might not be toxic

to the cells per se, but that they serve as carriers to bring the

toxic Ag+ in close proximity to the bacterial cells[63a] as some-

times the determined released fraction is not enough to ex-

plain the toxicity if compared to the toxic concentrations of

silver nitrate.[80a,150] The dose–response curves measured for six

different bacterial strains were similar for silver nitrate (EC50

0.3–1.2 mgL�1), but differed significantly for the differently syn-

thesized AgNPs (EC50 0.35 to 46.1 mgL�1). As the dissolution

experiments under biotic and abiotic conditions (Figure 10)

suggested that AgNP-cell contact leads to higher intracellular

Ag+ concentrations, the strain specific AgNP toxicity might

thus be governed by a stronger adherence of the AgNPs to

the more susceptible strains, for example, P. aeruginosa.

McQuillan et al. suggested that type of mechanism already

earlier as “nanoparticle enhanced silver ion stress”.[151] They ob-

served a close association of the used AgNPs to the cell mem-

branes and in the cytosol by TEM imaging and could not ex-

plain the observed toxicity with the measured Ag+ concentra-

tion in the growth medium.

Hence, even though AgNPs may show the same bactericidal

effect than the amount of AgNO3 equivalent to their released

fraction, this does not prove that both act with the same

mechanism.[152] The investigation of the intracellular availability

of Ag+ in bioluminescent E. coli[136] gave an excellent correla-

tion with the found antimicrobial activity for five different

AgNP types and AgNO3. Table 3 shows how the differences in

Figure 12. Antibacterial efficiency of AgNPs in dependence of the oxygen

availability: (A) No effect under anaerobic synthesis and growth conditions,

dose dependent bactericidal effect for aged AgNPs and slight antibacterial

effect for anaerobic synthesis but aerobic growth conditions; (B) Huge varia-

tion of EC50 for different AgNPs against E. coli if expressed as total Ag

amount vanishing if expressed as released fraction. Reprinted with permis-

sion from ref. [73] . Copyright 2012, American Chemical Society.

Figure 13. (A) E. coli growth (fluorescence) in presence of 1 mg(Ag) L�1 xAg/

SiO2 nanocomposites with x as Ag content in wt%. The larger the Ag con-

tent, the bigger the AgNP size and the lower the released fraction. (B) E. coli

growth after 330 min incubation with different concentrations: 1 mg(Ag)L�1

(squares), 20 mg(Ag)L�1 (triangles) and 30 mg(Ag)L�1 (circles). In area I the

antimicrobial effect of only Ag+ containing supernatant is the same than of

the complete suspension. In area II removal of the particles lowers the anti-

microbial effect. Reprinted with permission from ref. [80a] . Copyright 2010,

American Chemical Society.
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the found IC50 values shrink with changing from the added

amounts of Ag to the released Ag+ ions in medium and again

to the bioavailable amounts of Ag, converging finally at the

limiting value of 2 mgL�1 for silver nitrate. The behavior of the

positively charged BPEI-AgNPs is especially striking: 27% of

the Ag were released as Ag+ ions, but 110% were measured

to be bioavailable, matching to the found high toxicity of

these particles not explainable otherwise. The bioavailable

amounts were higher than the dissolved amounts for all parti-

cles except for the biggest Ag-cit40 NPs.

These findings suggest that size and surface properties of

the AgNPs determine how much Ag is delivered to the bacteri-

al cells. Thus, positively charged BPEI-AgNPs adhere better to

the rather negative charged bacterial cell walls. Experiments

with E. coli single gene deletion strains to investigate the toxic-

ity pathways of the different AgNPs in comparison with AgNO3

and other NPs that do not contain Ag (Figure 14) showed that

some pathways seemed specific for Ag, whereas others seem

to be related to a nanoparticle specific mechanism. Positively

charged NPs interfered more with the bacterial electron trans-

port and lead to increased ROS production at the cell mem-

brane. ROS and damage of flagellar activity was found for

many Ag species. Effects on the lipopolysaccharides on the

outer cell membrane were rather classified as NP specific. In

conclusion, the antibacterial activity is mediated to a great

extent by Ag+ , but also involves particle specific pathways

that are highly dependent on their physicochemical properties.

In contrast to most studies, Choi and Hu found a higher tox-

icity of AgNPs than Ag+ at equivalent Ag levels on nitrifying

bacteria.[77] They found a correlation of the AgNP toxicity with

the amounts of intracellular ROS only for Ag<5 nm and sup-

posed that the smaller AgNPs are transported more easily

across the bacterial membrane. The results fit to the concept

of “bioavailable” Ag as well as to the dependence on the parti-

cle properties and strain specificity emphasized by the studies

of Ivask et al. and Bondarenko et al.[63a,80b,152]

For surfaces, the antimicrobial mechanism might be different

than for nanosilver suspensions. Cao et al. found a good anti-

bacterial activity, but almost no released Ag+ for nano-Ag

modified titanium surfaces.[153] They proposed the formation of

a micro-galvanic couple between the AgNPs and Ti, leading to

proton depleted regions that could disrupt the bacterial

proton electrochemical gradient, hinder their attachment and

survival.

2.8. Influence of surface chemistry

The surface charge of AgNPs is an important particle property

which is often expressed by the zeta potential as electrokinetic

potential in colloidal dispersions. It depends on the synthesis

pathway and the surface capping ligands and affects the col-

loidal stability. Exchange of surface ligands can lead to agglom-

eration or aggregation and thus change the released fraction.

They can also influence the biological activity by changing the

interaction with cellular components, which is sometimes ex-

ploited for targeting specific uptake.[61d] Penetration of cell or-

ganelles and therefore also higher cytotoxicity was for instance

shown for gum arabic coated AgNPs and did not happen if

the AgNPs were “uncoated” (hydrocarbon surface layer).[154] In-

versely, polysaccharide coated AgNPs were less toxic than hy-

drocarbon coated ones, suggesting a higher influence of

medium or cell type.[89] The surface charge should therefore be

also determined in the biological fluids used in the experi-

ments. For negatively charged particles, no correlation be-

tween the toxicity against Caenorhabditis elegans and the zeta

potential was detected.[119] For positively charged AgNPs, a cor-

relation with a higher toxicity against murine macrophages

and lung epithelial cells was however found,[141] along with an

enhanced bactericidal activity[152,155] due to enhanced adhesion

to the negatively charged bacterial cells.[156] It was also shown

how the adsorption of bacterial exopolysaccharides on the

AgNP surface changes the zeta potential and the colloidal sta-

bility of the particles.[157] The influence of electrostatic interac-

tions between the bacterial cells and the particles on the toxic-

ity was shown by altering the bactericidal activity of Ag encap-

sulated in mesoporous silica by changing the surface char-

ge.[155b]

Overall, surface ligands, and surface charge, seem to have a

significant influence on the toxicity as they can modulate the

bioavailability by the interaction with biological compartments

Table 3. 24 h IC50 values for growth inhibition of E. coli by different AgNPs and AgNO3 expressed as nominal concentrations, dissolved fraction and bio-

available fraction. Generated with data from ref. [152] .

Ag-cit10 Ag-cit20 Ag-cit40 Ag-PVP18 Ag-BPEI23 Ag-NO3

IC50, mg of added [AgL�1] 6.4 15.7 40.9 5.5 2.2 2

IC50, mg of dissolved [AgL�1] 0.49 (8%) 0.89 (6%) 1.92 (5%) 0.24 (4%) 0.59 (27%) 2

IC50, mg of bioavailable [AgL�1] 1.52 (24%) 1.2 (8%) 1.8 (4%) 2.1 (38%) 2.4 (110%) 2

Figure 14. “Self-organizing map analysis of E. coli gene deletion strains that

are more sensitive than the non-mutated E. coli strain to AgNO3 and the

tested AgNPs. Each hexagon represents a set of gene deletion strains that

respond similarly to stimuli. Ag-cit10 is the only AgNP that shows a moderate

correlation with AgNO3. Reprinted with permission from ref. [152]. Copyright

2014, American Chemical Society).
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or proteins and by altering the Ag dissolution. As the surface

chemistry is changed drastically in vivo compared to in vitro

experiments (due to the presence of different proteins in varia-

ble amounts for corona formation), the extrapolation of any in

vitro results to the in vivo situation remains ambiguous.[158]

2.9. Reverse reaction: Reduction of released Ag++

Besides considerations of the dissolution mechanisms, re-

searchers should as well focus on the possibility of the reverse

reaction. Released Ag+ might be reduced again to Ag0, thus

forming new nanoparticles or leading to the growth of existing

ones. TEM studies revealed that Ag undergoes severe changes

in contact with living cells. Initially well-defined Ag colloids lost

their shape and size distribution after uptake. Wildt et al.

showed for instance the presence of very small AgNPs with a

diameter of <5 nm in L929 fibroblasts by TEM and EDX analy-

sis.[63c] The formation of secondary AgNPs was also shown in

vivo after administration of Ag+ to rats.[159] In 2015, Wakshlak

et al. showed that silver continues to be bactericidal even if it

had already killed bacterial cells.[160] They separated the bacte-

ria killed by Ag+ from the supernatant medium and exposed

them to a fresh bacterial culture. If the bacteria were killed

with low amounts of Ag+ , the cells were more toxic, while if

higher concentrations were used, the supernatant showed a

greater effect. The authors found that the amount of adsorbed

Ag+ to the bacterial cells fits to a Langmuir adsorption iso-

therm. TEM investigations revealed that the Ag+ were reduced

to 5–10 nm AgNPs that were evenly distributed in the bacterial

cells, acting as Ag reservoir.

Without the presence of organic material, AgNPs are prone

to changes and tend to grow in size during dissolution.[108]

Figure 15 shows the normalized size distributions before and

after the dissolution of different small Ag colloids (6–13 nm) in

ultrapure water. While larger AgNPs (70 nm) did not dissolve

and increase in size, the authors attributed the growth of the

smaller AgNPs to Ostwald ripening by oxidative dissolution fol-

lowed by Ag+ reduction and deposition onto the bigger parti-

cles.

Yu et al. studied the dissolution and reduction processes of

AgNP suspensions in one experiment by using 107AgNP with

99.5% enrichment and 109AgNO3 with 99.81% enrichment (nat-

ural abundance: 52 (107)/ 48 (109) %). Isotope analysis enabled

the tracking of the dissolution and reduction separately. No re-

duction of 109Ag+ was found in ultrapure water over three

days even in presence of sunlight. Instead, the dissolution of
107AgNPs was observed, showing a higher rate in sunlight than

in dark. As soon as organic matter was added (Suwannee River

humic acid, SRHA), the free Ag+ was reduced to small AgNPs,

again with higher rates in sunlight. At the same time, also the

dissolution reaction took place, but at lower rates than without

SRHA.

Glover et al. showed that only AgNPs stored under exclusion

of humidity remain stable.[161] Under ambient conditions (hu-

midity and oxygen), Ag+ ions are released and reduced again

to new NPs (Figure 16). The reduction can be caused chemical-

ly or by light and was proven to happen within a few hours

Figure 15. Normalized size distributions of AgNPs before and after dissolution experiments in ultrapure water for 80 days by TEM: (A) 6 nm, (B) 9 nm,

(C) 13 nm, (D) 70 nm initial diameter. Reprinted with permission from ref. [108]. Copyright 2014, American Chemical Society.
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for a variety of different AgNPs by TEM imaging. Access to

light extends the degree of transformation. In order to rule out

that the beam of grids of the TEM investigations generated

these results, the experiments were confirmed using AFM. The

formation of new NPs under humid conditions was even ob-

served for macroscopic Ag objects. As copper objects showed

the same behavior, the authors concluded that the observed

effect might be of general nature so that many metal objects

could be a “natural” source of nanoparticles under certain envi-

ronmental conditions.

Overall, it can be concluded that nanosilver undergoes sig-

nificant changes upon exposure to biological or natural envi-

ronments and even during simple storage, thus changing oxi-

dation state, size, shape, and surface functionality. Hence, a de-

tailed characterization state of a nanosilver sample is time de-

pendent and needs to be performed at the same time and

under the same conditions of any biological experiment to

draw structure–function correlations. Age, storage conditions

and dissolved fraction are parameters that should be reported.

2.10. Resistance

Bacterial resistance to silver is known since a long time, but

the prevalence is still not sufficiently investigated. Clinically, a

low prevalence is reported,[46] but it is encoded on plasmids

which offer easy options of transfer to other bacterial

strains.[162] Emerging silver resistance might be avoided by sup-

plying silver amounts with high and rapid bactericidal activity.

In the context of potential resistance developments, the

spreading of silver use in consumer products should be han-

dled with care as a precautionary measure.

Bacteria that developed resistance to higher Ag+ concentra-

tions in natural environments use efflux pump mechanisms

and either a loss of outer membrane porins or an additional

periplasmic silver-sequestration protein.[163] Khan et al. reported

the tolerance of up to 200 mgL�1 nanosilver by Bacillus pumi-

lus, a sewage isolate, that “defends” itself by coating the

AgNPs with extracellular polymeric substances. Exposure of

AgNPs isolated after contact with the supernatant of a B. pumi-

lus culture to Ag sensitive control strains (E. coli, S. aureus and

M. luteus) resulted in a reduced inhibition compared to the

original “uncoated” AgNPs.[164] For engineered, silver-tolerant

E. coli, a Ag-binding peptide motif was introduced (AgBP2) and

the formation of nanoparticle-like structures was observed

upon Ag exposure.[165] Pseudomonas stutzeri AG259, a silver

mine strain, uses as well the mechanism of reducing Ag+ to

nanosilver in order to reduce the amount of bioavailable Ag.[46]

So far, resistance is only known for Gram-negative bacteria.

Kuehl et al. tried in 2016 to induce resistance in seven Staphy-

lococci strains by exposure to sublethal concentrations;[163a] 50

consecutive passages were however not enough to result in

any Ag+ resistance.

Pan�ček et al. described a new mechanism of resistance de-

velopment in Gram-negative bacteria specific towards AgNPs

in 2018.[166] This mechanism is based on the bacteria’s ability to

express increased levels of the protein flagellin that leads to

such severe aggregation of AgNPs that they precipitate and

are no longer bioavailable and toxic. The precipitation can be

seen by eye and was proven by UV/Vis spectroscopy and TEM

and occurred in liquid media as well as on agar plates. Flagellin

was reported to be the most abundant protein in the analyzed

extract from the culture medium. Addition of commercial flag-

ellin solution induced the same aggregation behavior of the

AgNPs. For inducing the resistance, the authors exposed the

bacteria to subinhibitory concentrations of AgNPs and subcul-

tured them 20 times. After each subculture, they determined

the MIC, finding the values to increase slowly from about

1.7 mgL�1 to >54 mgL�1 from the 6th to 13th step. Important-

ly the induced Ag resistance was reported to be a NP specific

mechanism as the MIC of AgNO3 for the parent “AgNP-suscep-

tible” strain did not differ from the final ”AgNP-resistant” strain.

Also, the same experimental set-up using AgNO3 instead of

the AgNP could not induce resistance. Addition of pomegran-

ate rind extract as a known flagellin inhibitor shifts the MIC

back to lower concentrations. Genome sequencing for the

“AgNP-resistant” and susceptible strains showed no significant

changes, meaning that the resistance mechanism via flagellin

expression does not require genetic changes.

Another strategy of bacteria to cope with heavy metal ions,

hence also silver, is the metal ion reduction, in the case of

silver to AgNP. This process can occur, for example, with anae-

robic species, such as Geobacter sulfurreducens or Shewanella o-

neidensis, which typically reduce metal ions in the environ-

ment, either in solution or in minerals. Reduction of metal ions

has been described to occur either by electron transport

through pili from inside to the outside of the bacterial cell,[167]

or by transport of the electrons via c-type cytochromes

through the periplasm to the outer membrane.[168] These

mechanisms allow such bacteria to cope with high levels of

potentially toxic metal ions, without however being absolutely

resistant.

Figure 16. (A) Formation of smaller AgNPs around larger parent AgNPs over

five weeks at 100% relative humidity. (B) Pathway for their formation pro-

posed by Glover et al. Reprinted with permission from ref. [161]. Copyright

2011, American Chemical Society.
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3. Conclusions

Understanding the chemistry of silver and silver nanoparticles

in biological environments is far from trivial. Being a d10-metal

ion, Ag+ has a closed electron shell, and while it typically pre-

fers an unusual linear coordination, the coordination number

can nevertheless vary depending on the donor atoms and the

ligand charge and size. The coordination of silver ions by N-, S-

and O-donor atoms of biomolecules or counter ions further-

more influences the redox properties of Ag+ , and complex re-

action sequences of AgNP formation and re-dissolution come

into play. It is therefore crucial to know as much as possible

about the experimental conditions, the chemical composition

and the external factors in vitro and in vivo in order to antici-

pate a certain reactivity of silver in this specific environment.

Some puzzle pieces are known and were described in this

Review, but one must expect further unknowns that remain

yet to be discovered, observed and interpreted. Experiments

with silver must therefore be carried out with the required

care and expertise, and observations made should be inter-

preted cautiously after evaluating the different possibilities of

reaction. It is thus not surprising that the current literature

about the use of silver in medicine may provide opposing re-

sults and many studies need to be repeated in order to com-

plete the details about the experimental conditions. A lot re-

mains thus to be done, following the best practices and giving

as many details as possible about all factors influencing the ex-

periments. In times of rising superbugs, silver remains thus still

a hope for its antimicrobial activities are various and include

many targets, therefore rendering resistance almost impossi-

ble. Understanding the chemistry of silver in medicine is thus

crucial for our future.
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