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ABSTRACT 

The increasing prevalence of multi-drug resistant pathogens 
has led to a renewed focus on the use of silver as an antibiotic-
independent antimicrobial. Unfortunately, the use of many silver 
formulations may be limited by an uncontrolled release of silver with 
the potential for significant cytotoxic effects. Silver carboxylate 
(AgCar) has emerged as an alternative formulation of silver with the 
potential to mitigate these concerns while still displaying significant 
bactericidal activity. This article reviews the efficacy of silver 
carboxylate formulations as a promising novel antibiotic-independent 
antimicrobial.  
This study was conducted through a search of five electronic 
databases (PubMed, Embase, MEDLINE, Cochrane Library, and Web 
of Science) for relevant studies up to September 2022. Searches were 
conducted for types of “silver carboxylate” formulations. Sources 
were compiled based on title and abstract and screened for inclusion 
based on relevance and study design. A review of the antimicrobial 
activity and cytotoxicity of silver carboxylate was compiled based on 
this search.   
Current body of data suggests that silver carboxylate shows promise 
as an emerging antibiotic-independent antimicrobial, with significant 
bactericidal effects while minimizing cytotoxicity. Silver carboxylate 
addresses several of the limitations of more primitive formulations, 
including controlled dosing and fewer negative effects on eukaryotic 
cell lines. These factors are concentration-dependent and largely rely 
on the vehicle system used to deliver it. Although several silver 
carboxylate-based formulations like titanium dioxide/ 
polydimethylsiloxane (TiO2/PDMS) matrix-eluting AgCar have shown 
promising results in vitro, and could potentially be utilized 
independently or in conjunction with current and future antimicrobial 
therapies, there is a need for further in vivo studies to validate their 
overall safety and efficacy profile. 
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Introduction 
 

Post-operational surgical site infections 
(SSIs) account for 20-30% of hospital acquired 
infections (HAIs).1,2 These infections have a high 
morbidity rate and often require revision surgeries 
which burden the healthcare system with increased 
costs.1,3,4 With the increased prevalence of 
multidrug-resistant pathogens,5–7 common 
antibiotics are becoming less effective at inhibiting 
pathogen growth, necessitating the development of 
alternative antimicrobial treatments.6,8  This need 
for alternative antimicrobial therapies is 
additionally heightened by the challenges of 
biofilms and persister cells. Rather et al. (2021) 
discuss the threat of biofilms and the “multifold 
microbial resistance exhibited by microorganisms 
dwelling within” them.9 Both Fisher et al. (2017) and 
Roy et al. (2018) also discuss the threat of persister 
cells, which also enhance the rising threat of 
antimicrobial resistance (AMR).10,11  

While antimicrobial resistance, along with 
biofilms, and persister cells, constitute an enormous 
threat to modern medicine, several avenues of 
combatting this resistance are currently being 
investigated. Pang et al. (2019) discussed the 
development of new antibiotics for treating 
Pseudomonas aeruginosa, including doripenem, 
plazomicin, and protein epitope mimetic (PEM) 
POL7001; however, they acknowledged the 
limitations and time-consuming aspects of such an 
approach.12 Coates et al. (2020) reviewed 
combination antibiotic therapies, concluding that 
“antibiotic combination therapy, exploiting 
synergies, old-drug rejuvenation and resistance 
reduction could provide the solution to AMR”.13 
However, it is unlikely that these strategies would 
be able to entirely eliminate the threat of AMR.13 In 
respect to biofilms, several advances in combatting 
their formation and resistance are currently being 
explored. Rather et al. (2021) elucidated several of 
these potential therapies, including different 
physical, chemical, and biological control 
strategies.9 Cascioferro et al. (2021) also 
performed a review of small molecule inhibitors of 
biofilm formation specifically for methicillin-
resistant Staphylococcus aureus (MRSA) and 
concluded that while significant progress has been 
made, further research is required to address MRSA 
biofilm formation.14 Potentially more promising, 
more recent micro- and nanotechnology 
developments have been explored by Rao et al. 
(2021).15 These technologies have the advantage 
of having both their own antimicrobial traits and 
also the ability to potentially act as antimicrobial 

delivery systems, acting synergistically to combat 
biofilms and persister cells.15 In respect to persister 
cells, Song and Wood (2020) studied the use of 
indoles and substituted indoles, which had originally 
been thought to increase persistence, as potential 
effective inhibitors.16 Kim et al. (2018) also 
reviewed potential persister cell treatments, 
specifically for MRSA, including targeting of 
growth-independent targets and augmentation of 
uptake and accessibility of current antibiotics.17 
Other antimicrobial resistance treatment agents are 
also in development, including antimicrobial 
peptides (AMPs).18 Peng et al. (2021) have 
explored the use of AMPs as an alternative to 
antibiotics, showing that a modified form of 
cecropin, called C18, has a multimodal 
antimicrobial effect on MRSA disrupting bacterial 
membranes as well as down-regulating virulence 
factor genes.18 However, this study did not study the 
cytotoxicity profile of C18 as it relates to human 
cell lines.  

As alternative next-generation 
antimicrobials are being developed, certain traits 
are important to consider for their viability: By 
potentially employing synergistic capabilities for 
augmenting antibiotic efficacy (as discussed in Kim 
et al. (2018)) or increasing antibiotic shelf-life, new 
antimicrobials could be even more effective. 
Preventing microbial adherence through 
compatibility with commonly used coatings and 
materials, such as implant materials, sutures, and 
surgical dressings, could also allow for a wider 
applicability of new antimicrobials.19–23 
Augmentation of penetration into areas where 
persister cells and biofilms thrive due to 
inaccessibility, such as pilosebaceous glands where 
pathogens like Cutibacterium acnes reside, would 
also enhance efficacy.20,24,25 Lastly, as previously 
discussed, the ability of the antimicrobial agent to 
be effective against persister cells and biofilm 
formation, in addition to general antibiotic 
resistance, is key to addressing the growing 
problem.  

While several of the previously discussed 
methods of addressing antimicrobial resistance are 
nascent in their discovery and development, silver 
has historically been used as an antimicrobial agent 
with potential to overcome bacterial resistance 
profiles due to its multimodal method of 
antisepsis.26,27 However, concerns exist regarding 
its cytotoxicity against human cells.26,28 To address 
these concerns, silver carboxylate, a more novel 
formulation, has emerged as a likely safer and 
more efficacious alternative, especially as it 
potentially possesses several of the key novel 
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antimicrobial traits mentioned previously.20,22,23,29–

32 Several studies on the formulation of silver 
matrices, antimicrobial activity, and cytotoxicity are 
currently being conducted to evaluate silver 
carboxylate as an effective clinical tool.22,23  

Historically, silver has been utilized as an 
antimicrobial in varying formulations, each with its 
own strengths and weaknesses.26 Ionic silver, silver 
nanoparticles (AgNPs), colloidal silver, and silver 
nitrate are all potent antimicrobial agents; 
however, these formulations are  limited by an 
uncontrolled release of silver ions, that can lead to 
cytotoxicity.26 Newer formulations of silver, such as 
silver sulfadiazine, silver oxide, and AQUACEL ® 
Ag SURGICAL Cover Dressing (ConvaTec, Berkshire, 
UK) improve upon the cytotoxic properties of the 
earlier silver formulations, but still have limitations, 
such as a high cost of treatment, and comparable 
alternatives for treatment with smaller side effect 
profiles.26  

Silver also has significant potential for the 
treatment of multidrug-resistant (MDR) pathogens. 
A proprietary formulation of silver carboxylate 
(AgCar) that has undergone extensive 
validation20,22,23,30 has emerged as a promising 
antimicrobial silver formulation due to a matrix 
chemistry that allows for a controlled and 
predictable loading and release of silver 
carboxylate.29–31 This modification has been 
reported to result in an increase in duration of 
action, a decrease in toxicity and is a potential 
solution to maintaining longer bactericidal activity 
with an improved safety profile.29–31 To date, there 
is no literature that reviews the current uses, 

efficacy, and limitations of silver carboxylate. 
Given the growing body of literature supporting 
AgCar as a novel antimicrobial, we aim to provide 
a comprehensive analysis of current research on 
silver carboxylate, its applications as a clinical 
antimicrobial, and its potential for an improved 
cytotoxicity profile.  

 
Literature Search 
A systematic search of PubMed, MEDLINE, Embase, 
Cochrane Library, and Web of Science was 
performed from the earliest available article to 
September 2022. Searches were conducted using 
the search term “silver carboxylate.” This resulted in 
a total of 148 articles, which were then screened 
for inclusion by authors based on title and abstract.  
Study Selection 
All study designs were deemed eligible, including 
randomized controlled trials, observational studies, 
reviews, meta-analyses, case series, and case 
reports. Studies were deemed eligible for inclusion 
if they discussed mechanism of action, antimicrobial 
capacity, or current limitations of silver carboxylate. 
For each eligible abstract, the full-length manuscript 
was read and evaluated based on study design 
and merit. Two reviewers worked independently to 
determine if a study met inclusion criteria, with the 
senior author (DRG) providing a final unbiased 
review when a consensus was not reached. A total 
of 10 studies were included through this screening 
process (Figure 1). Articles were compiled, sorted 
based on silver carboxylate formulation, and then 
used for draft creation. The results are organized 
based on formulation. 
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Figure 1: PRISMA Flow Diagram for Study Inclusion 

 
 
 
Silver carboxylate (AgCar) is a metal organic-
derived compound that falls into a newer category 
of antimicrobial delivery systems called metal-
organic frameworks (MOFs).26 Silver carboxylate is 
an attractive alternative or synergist to 
antimicrobials because its chemistry permits a 
controlled and predictable release of silver, which 
increases its duration of action while minimizing 
toxicity risks when compared to previous silver 
formulations.29–31 This predictable and controlled 
rate of silver ion release is thought to be due to the 
covalent bond strength between the silver ions and 
the carboxylated compound.31 The ability to control 
the rate of release allows for the chemistry to be 
tailored to the specific infection, especially when 
cytotoxicity may be a concern.26  
 

Silver Carboxylate (Metal Organic Frameworks) 
MOFs 

AgCar has been shown to be more 
effective than AgNPs in reducing bacterial growth 
and proliferation.33 Lu et al. (2014) synthesized Ag-
based metal-organic frameworks from aromatic 
carboxylic acids with hydroxyl and pyridyl groups 
as ligands and evaluated their antimicrobial 
activity using a minimal inhibition concentration 
(MIC) and inhibition zone testing. This study found 
that AgCar had a four-fold lower MIC and 50% 
larger zones of inhibition against both Gram-
negative bacteria, Escherichia coli, and Gram-
positive bacteria, Staphylococcus aureus, when 
compared to silver nanoparticles.33 The authors also 
quantified the release of silver ions in aqueous 
solution and found that silver MOFs release a 
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greater concentration of silver ions, and that this 
release is slower and persists longer than AgNPs.33 
This slow release of silver ions from the MOFs led to 
effective and long-term antimicrobial activity.33 
High-resolution transmission electron microscope 
images demonstrated that MOFs act by rupturing 
the bacterial membrane, resulting in bacterial 
death.33 

The authors also evaluated hematological 
toxicity of AgCar in the blood cells of mice. When 
treated with varying concentrations of MOFs at 
levels that inhibited growth of E. coli and S. aureus, 
both total WBC and RBC numbers did not 
significantly change and there was no significant 
change in the morphology of the blood cell.33 The 
authors concluded that silver carboxylate MOFs 
demonstrate significant bactericidal activity without 
significant cytotoxicity, demonstrating its 
biocompatibility as an antimicrobial agent.  

 
Titanium Dioxide/Polydimethylsiloxane (TiO2/ 
PDMS) Matrix Eluting AgCar 

Recent work has investigated the efficacy 
of AgCar in a TiO2/PDMS matrix as an 
antimicrobial coating for commonly used orthopedic 
implant materials and prosthetic liners.22,23,29 Tran 
et al. (2013) initially investigated the cytotoxic 
effects of silver carboxylate in a titanium/siloxane 
coating on both in vitro osteoblasts and in vivo 
intramedullary nails in a goat model. For the in vitro 
experiments, osteoblast proliferation and viability 
were assessed using the WST-1 assay (Roche 
Applied Science, Indianapolis, IN, USA) and 
Staphylococcus aureus growth was assessed via 
optical density.32 S. aureus growth was completely 
eliminated in the presence of 1.8% silver or more in 
the titanium/siloxane coating, and there was no 
significant reduction in osteoblast growth until 
reaching concentrations of 11.36% silver in the 
coating.32 Thus, there was minimal effect on the 
proliferation of osteoblasts in vitro at concentrations 
that effectively inhibited the growth of S. aureus.32 
The in vivo goat study consisted of two goats, each 
of which was subjected to an open tibial fracture 
that was inoculated with 2x104 CFU/ml of S. aureus 
and then repaired with an intramedullary nail, 
either uncoated or with a silver carboxylate  - 
titanium/siloxane coating.32 The treated goat lost 
7% of its weight compared to 8.4% in the 
untreated, was better able to ambulate, and was 
able to remove a fentanyl pain-reliever patch 2 
days postoperatively compared to 7 days in the 
untreated goat.32 Based on histological images, the 
treated goat also was healthier postoperatively, 
even though both goats still showed signs of S. 

aureus infection.32 After 5 weeks, the level of silver 
detected in either goat’s blood, liver, heart, spleen, 
brain, kidney, gallbladder, and small intestine was 
negligible as tested via Inductively Coupled Plasma 
(ICP) spectrometry, suggesting minimal systemic 
cytotoxicity.32 The authors concluded that there are 
concentrations of silver carboxylate that effectively 
inhibit in vitro S. aureus growth while displaying no 
significant osteoblast cytotoxicity, and that in vivo, 
their treated goat was healthier 5-weeks post-
operation.32 However, this study was limited by its 
sample size and further research is needed to assess 
the efficacy of AgCar in vivo. 

Tran et al. (2015) further explored the 
efficacy of a silver carboxylate titanium oxide-
polydimethylsiloxane hybrid matrix on typical 
orthopedic implant materials. The coatings used in 
the study benefited from the antimicrobial activity 
of silver ions, the biocompatibility of titanium 
dioxide, and the flexibility of the polymer.30 The 
coatings were successfully applied on discs of 
polyether ether ketone (PEEK), a material used 
commonly in spinal implants.30 The antibacterial 
property of these coatings was then assessed using 
Kirby Bauer assays. Three silver doped coatings 
with different titanium dioxide-PDMS ratios 
effectively inhibited the attachment and growth of 
Staphylococcus aureus and Staphylococcus 
epidermidis in a dose-dependent manner.30 The 
results of the Tran studies were an important step in 
the development of silver eluting antimicrobial 
coatings for orthopedic implants.30,32  

An additional study by Haglin et al. (2020) 
explored the antimicrobial efficacy and elution 
qualities of AgCar complexed with a TiO2/PDMS 
matrix on prosthetic liners for limb loss patients who 
have high rates of skin issues and malodor problems 
secondary to bacterial colonization. The study 
utilized dose response curves (DRCs ) and Kirby 
Bauer assays to explore the antimicrobial efficacy 
of the silver carboxylate complex and used 
Graphite Furnace Atomic Absorption Spectroscopy 
(GFAAS) to perform an analysis of the silver elution 
on the surfaces of several different commercially 
available prosthetic liners.29 The DRC results 
exhibited antimicrobial activity with varying 
degrees of inhibition against vancomycin-resistant 
E. faecalis, S. epidermidis, and A. baumannii.29 The 
GFAAS portion of the study also revealed that a 
95% 10x solution yielded a significant increase in 
silver elution over time.29 Overall, this study 
demonstrated promising results for the use of silver 
carboxylate to mitigate important bacterial 
pathogen strains, especially S. epidermidis, as it is 
the most common bacteria found on the skin of 
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amputees.29 In turn, it may be used on the skin-liner 
interface of prosthesis-wearing patients with 
amputation who are at increased risk of bacterial 
infection.29   

Garcia et al. (2021) investigated the 
efficacy of a silver carboxylate-doped TiO2-PDMS 
coating against Serratia marcescens, a multidrug-
resistant gram-negative pathogen increasingly 
prevalent in spinal SSIs.22 PEEK, stainless steel, and 
titanium (common spinal implant materials) were 
coated with 95:5 10x silver carboxylate, 100% 
AgCar, or left untreated.22 Adherence was 
quantified using scanning electron and confocal 
laser scanning microscopy.22 The 95:5 10x silver 
carboxylate coating reduced the adherence of S. 
marcescens on PEEK by 99.61% (p = 0.001), on 
titanium by 98.77% (p = 0.001), and on stainless 
steel by 88.10% (p = 0.001) after 24 hours.22 
Compared to uncoated implants, the average 
decrease in bacterial adherence with the 95:5 10x 
AgCar coating was 95.49%.22 Based on these 
results, the authors concluded that the application of 
a non-antibiotic, bactericidal coating such as 95:5 
10x AgCar prior to  spinal surgery implantation    
may prevent the adherence and proliferation of 
multidrug-resistant S. marcescens and thus decrease 
the incidence and overall burden of spinal SSI.22 

Another study by Garcia et al. (2022) 
followed a similar protocol in investigating the 
efficacy of a silver carboxylate-doped titanium 
dioxide-polydimethylsiloxane (TiO2-PDMS) coating 
on the adherence and biofilm formation of 
Cutibacterium acnes on PEEK and four other 
commonly used spinal implant materials, stainless 
steel, cobalt chromium, titanium, and titanium 
alloy.23 C. acnes is a gram-positive biofilm-forming 
facultative anaerobe found in the deep sebaceous 
follicles of the shoulder and back, and is gaining 
increased recognition as a pathogen involved in 
surgical site infections, especially in the presence of 
instrumentation.23 PEEK, stainless steel, cobalt 
chromium, titanium, and titanium alloy were either 
untreated, coated with a 10x AgCar 95:5 TiO2-
PDMS formulation, or coated with 100% silver 
carboxylate.23 C. acnes was then allowed to adhere 
for 4, 8, 12, 16, or 20 hours. Biofilm adherence and 
formation were analyzed via confocal laser 
scanning and scanning electron microscopy.23 The 
95:5 10x silver carboxylate coating significantly 
decreased C. acnes adherence and prevented 
biofilm formation on PEEK, both when C. acnes was 
given as little as 8 hours to adhere, or as many as 
20.23 Furthermore, the 95:5 10x silver carboxylate 
coating significantly decreased C. acnes adherence 
on all other implant materials, and no biofilm 

formation was seen on implants with this coating.23 
This study concluded that a 95:5 10x silver 
carboxylate coating may serve to decrease the 
prevalence of SSIs secondary to C. acnes, especially 
in cases using instrumentation. 

 
Silver Carboxylate Combined with Chlorhexidine 
Gluconate (AgCar:CHG) 
 A recent study published by Garcia et al. 
(2022) analyzed the combined antimicrobial 
efficacy of silver carboxylate with chlorhexidine 
gluconate against both methicillin resistant S. aureus 
(MRSA) and C. acnes. The authors utilized a Yucatan 
porcine skin model to demonstrate that this 
combination coating can penetrate deep into the 
pilosebaceous gland where C. acnes resides at a 
superior rate to CHG alone.20 DRCs for C. acnes and 
MRSA were generated to determine the optimal 
therapeutic ratio of AgCar to CHG.20 Coatings 
were applied to two different commercially 
available sutures, Ethicon Polyglactin-910 Coated 
VICRYL® Plus (Somerville, NJ; termed Ethicon® 
sutures), Arthrex FiberWire® (uncoated braided 
polyethylene core structure; Naples, FL; termed 
FiberWire® sutures), and Ethicon Triclosan Coated 
VICRYL Plus Antibacterial Sutures (termed Triclosan 
sutures), and antimicrobial efficacy was evaluated 
using Kirby-Bauer (KB) assays.20 GFAAS was used 
to measure AgCar elution from sutures over time.20 
Sutures coated with AgCar:CHG showed sustained 
antimicrobial activity against MRSA and C. acnes, 
and were significantly more effective than Ethicon 
Triclosan-Coated VICRYL Plus Antibacterial sutures 
(the antimicrobial control) over a three- to four-day 
period.20 These results suggest that the AgCar:CHG 
complex is a promising additional tool for 
prophylaxis of surgical site infections; however, 
more research must be conducted on its cytotoxicity 
to human cell lines.31  
 
Silver Carboxylate Colloidal Lignin Particles 
(AgCLPs) 

In Lintinen et al’s (2019) publication 
regarding AgCLPs, the investigators demonstrated 
antimicrobial efficacy of the silver carboxylate 
formulation against E. coli, P. aeruginosa, S. 
aureus.34 The study demonstrates the AgCLPs strong 
antimicrobial activity against E. coli at 5 mg L–1 
Ag+, with 90% inhibition of growth after an 
exposure of 24 hours.34 For P. aeruginosa, the Ag+ 
concentration in AgCLPs required for antibacterial 
efficiency was 20 mg L–1, leading to an inhibition 
of 94%.34 Lastly, for S. aureus, an equivalent of 20 
mg L–1 of Ag+ particles was required to inhibit 
growth of the bacteria by 96%.34 The results of this 
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study showed that silver present as a carboxylate 
is not only stable, it is also strongly antibacterial in 
physiological conditions with sustained antimicrobial 
activity.34 While this study shows promising results 
for antimicrobial activity, it does not explore the 
safety in terms of toxicity to eukaryotic cell lines. 
Other studies have shown that vehicles are 
necessary for slow elution of silver carboxylate 
particles to reduce cytotoxicity.31 Further 
elucidating the cytotoxicity profile of AgCLPs would 
assist in developing safer formulations for potential 
silver carboxylate treatments.  

 
Silver Carboxylate Complexed with Anti-
Inflammatory Ligands 
 Aldabaldetrecu et al. (2018) have 
investigated silver carboxylate complexes with 
anti-inflammatory ligands against Staphylococcus 
epidermidis, a  multi-drug resistant, biofilm-forming 
bacterial species found commonly on medical 
implants, dental photopolymers, and catheters.31 
These ligands are thought to stabilize the metallic 
center of the compound and to demonstrate 
biochemical stability upon exposure to UV 
radiation.31 This is important for topical applications 
of a silver carboxylate antimicrobial that may be 
exposed to subsequent radiation therapy 
treatments.31 Transmission electron microscopy 
demonstrated that these silver carboxylate-anti-
inflammatory ligand complexes work via 
membrane disruption, shedding of cytoplasmic 
material, penetration of microcrystals, and possible 
condensation of DNA, preventing DNA replication 
and cellular reproduction.31 The authors found a 
100% reduction in S. epidermidis after 8 hours of 
exposure to a 30µg/mL silver carboxylate 
complex.31 Furthermore, the MIC of these 
compounds against S. epidermidis did not 
significantly increase over a four-week period, 
showing minimal antibiotic resistance over the 
course of a four-week treatment.31 Finally, an MTT 
assay was conducted to determine cytotoxicity in 
fibroblasts and epithelial ovarian cancer cells. Cell 
viability was not significantly affected at 
concentrations used in the bactericidal studies 
mentioned above.31 The results support the use of 
silver carboxylate complexed with anti-
inflammatory ligands as a potent antimicrobial, with 
no significant cytotoxicity in fibroblasts or epithelial 
ovarian cancer cells at bactericidal 
concentrations.31 
 
 

 

N-heterocyclic Carbene*Silver Carboxylate 
Complexes 
 O’Beirne et al. (2021) have devised a 
formulation of silver carboxylate complexed with 
N-heterocyclic carbene (NHC). NHC is a ligand that, 
when complexed with silver carboxylate, allows for 
biological facilitation of transport and the slow 
release of silver to cells.35 Incorporation of 
virulence-factor-targeting carboxylate substituents 
and intracellular protein targeting moieties into the 
NHC scaffold improves antimicrobial efficacy by 
directly attacking bacteria.35 In vitro, NHC*silver 
carboxylate demonstrated inhibition of growth in E. 
coli (86% reduction in growth), Klebsiella 
pneumoniae (89%), MRSA (74%), Pseudomonas 
aeruginosa (87%), S. aureus (73%), and the fungi 
Candida albicans (95%) and Candida parapsilosis 
(77%).35 These compounds were then evaluated 
against biofilms of P. aeruginosa, MRSA, and C. 
parapsilosis, and significantly inhibited growth of 
MRSA and C. parapsilosis, but not P. aeruginosa 
biofilms.35 Finally, an in vivo murine thigh MRSA 
infection model was conducted in mice at doses of 
5, 10, 20, and 40 mg/kg.35 Although there was a 
dose-response decrease in CFUs, it was not as 
pronounced as standard clinical antimicrobials.35 
Furthermore, at 20 and 40 mg/kgs, there were 
significant toxicity issues - all test subjects died.35 
Overall, the authors concluded that these complexes 
may not be sufficient to clinically treat microbial 
infections, due to less efficacy when compared to 
clinical antimicrobials and pronounced toxicity 
issues at high concentrations, but could be adjuvants 
to frontline antimicrobial agents.35 Moreover, the 
NHC-silver carboxylate complex demonstrated 
100% lethality at concentrations that parallel the 
antimicrobial efficacy of current clinical 
antimicrobials35; however, an in vivo intramedullary 
nail coated with titanium oxide/siloxane polymer 
doped with silver did not result in fatality and 
suggested an improved recovery following tibial 
fracture, suggesting further comparison of different 
silver carboxylate modalities are required.32  
 
 
Conclusion 
 
 As antimicrobial resistance and nosocomial 
infections continue to rise, the development of 
clinically effective antibiotic-independent 
antimicrobials, such as silver, has become 
increasingly important. Current alternatives being 
explored include the development of novel 
antibiotics, combination antibiotic therapy, small 
molecular inhibitors, micro- and nano-technology 
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developments, and the use of indoles, among others. 
Regardless of formulation, an effective next-
generation antimicrobial will extend the shelf-life of 
current antibiotics through synergistic application, 
prevent bacterial adherence through compatibility 
with current antibiotic coatings, augment 
penetration of antibiotics into inaccessible areas 
where persister cells and biofilms propagate, and 
demonstrate bactericidal activity against both 
persister cells and biofilm dispersion. Silver 
carboxylate has promise to address each of these 
challenges. While other silver formulations have 
clinical limitations due to their negative effects on 
eukaryotic cell lines and unpredictable 
pharmacology, existing data on silver carboxylate 
shows the ability for controlled dosing and lowered 
potential for cytotoxicity. In comparison to 
alternative silver-based treatment methods, silver 
carboxylate’s antimicrobial capabilities and 
cytotoxicity profile look promising. Approaches such 
as metal-organic matrixes which control silver 
carboxylate elution like the silver carboxylate- 
TiO2-PDMS matrix appear to address most of the 
limitations of other silver formulations. However, 
more information on cytotoxicity, both in vitro and 
in vivo is still needed to fully determine the safety 
of silver carboxylate formulations in primary 
human-derived cell lines such as osteoblasts, 
musculoskeletal, endothelial, erythrocytes, 
fibroblasts, and keratinocytes. While the 
cytotoxicity of silver carboxylate was limited in in 
vitro fibroblasts, osteoblasts, epithelial ovarian 
cancer cells, and red blood cells,31–33 in vivo 
efficacy is mixed. As silver interacts with serum 
proteins, anions, and other sequestrants in the 
body,36 additional in vivo tests may show entirely 

different efficacy and dosing curves, further 
highlighting the need for more in vivo studies of its 
efficacy.  
 Although AgCar has shown significant 
potential as a translational antimicrobial, more 
research on in vivo models is needed to assess its 
potential for clinical use. Although silver 
carboxylate formulations show promise as 
antimicrobial agents, there is a lack of extensive 
research into their overall efficacy and safety. 
Therefore, it is imperative that a focus is placed on 
expanding this body of research to more fully 
explore the traits of different forms of silver 
carboxylate treatments, especially given the rise in 
antibiotic resistance. Furthermore, studies focused 
on comparing these different modalities may allow 
for further understanding and combination of 
different aspects of successful formulations. 
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