Preclinical performance testing of medical devices with antimicrobial effects:
shifting the focus from “bench” to “bedside”
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Abstract
The rate of infection must be considered throughout the product development
pathway, including the design and development of new technologies as well as
any adverse events that arise postmarket.
Microbial biofilm plays a key role in medical device-associated infections,
resulting in strong motivation for development of medical devices with
antimicrobial effects.
In this poster, we show how preclinical testing can be improved by shifting the
focus of in vitro performance testing from bench to bedside.
Researchers should incorporate clinically meaningful challenges, use realistic
simulated environments and conditions, and measure appropriate endpoints.
Material characterization and pharmacologic modeling, including computational
simulation, can bolster our understanding of the relationship between in vitro
test parameters and in vivo outcomes.
A systems approach is needed to understand the necessary relationships in vivo
that need to be recapitulated in vitro for a given device, anatomy and usage
scenario.
We introduce a rubric to standardize the systems approach in a scalable and
flexible manner.

The Product Development Pathway

Figure 1. The medical device product development pathway is an iterative process of
continual improvement. Pre-clinical testing is an essential part of a feedback loop
that precedes clinical testing and regulatory assessment.

Moving from Bench to Bedside
The in vitro testing of many antimicrobial biomaterials often shows high
performance in the literature. Large zones of inhibition, reductions in bacterial
CFU, strong inhibitory effects read by optical density. Current in vitro methods do
not predict clinical outcomes.
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 Antibiotic-loaded bone cement (ALBC) is a common approach to dealing with
prosthetic joint infections (PJI) that arise in orthopedic patients receiving
procedures such as total knee arthroplasty (TKA). A 2018 systematic review of
34,664 TKA patients revealed that ALBC did not reduce the prevalence of PJI
and cost more than plain bone cement.
 A similar “bench side / bed side” mismatch exists with wound dressings,
urinary catheters, and central venous catheters.
 Our literature review revealed that even when in vitro success is claimed,
clinical success only follows about 36% of the time. This disconnect may be due
to the microbial pathogenesis being more complex than a simple “race to the
surface.” There are multiple simultaneous interactions: bacteria and host,
bacteria and biomaterial, biomaterial and host, antimicrobial agent and host,
and antimicrobial agent and bacteria.

Current Preclinical Test Methods
In vitro methods should identify potential safety or efficacy issues before more
costly in vivo testing. But in vitro success does not always correlate with clinical
benefit. Improved preclinical testing methods would lead to reduced costs and
more efficient time-to-market for novel medical devices.

Figure 2. Top: surgical incision site; Bottom: biomaterial; Stars: eluting antimicrobial
agent; Pacman: immune cells. Mixed species colonies normally present on the skin
surface can invade deeper tissue at the incision site, where they colonize fibrotic
tissue and/or the surface of implanted biomaterials, resulting in inflammation and
tissue necrosis. The foreign material response and extracellular matrix of biofilm
both increase the challenge for immune cells to clear pathogenic microbes.
Biomaterials with antimicrobial surface effects can kill pathogens on contact but
are subject to passivation by biofouling or dead cells. Drug eluting materials can kill
bacteria in surrounding tissue, but are limited by dilution due to diffusion,
perfusion and neutralization of the antimicrobial. Some antimicrobials may hinder
the immune response or healing process and present toxicity to mammalian cells.

Ways to Improve Test Methods
1. Use more realistic endpoints. Antimicrobials can achieve a 3-log reduction in
bioburden (CFU) against lush, thick biofilm formed in a flow cell. But testing the
same intervention against a buildup biofilm—a multi-day biofilm exposed to
increasing concentrations of antimicrobials—may yield less removal. Explants
often resemble cells seen in buildup biofilm, which are more resistant to
antimicrobials. The duration of tests is also mismatched with clinical use time.
2. Incorporating the tissue environment into models. Bacteria have adhesins for
tissue surfaces. Compromised tissue may be a source of biological molecules
that signal and stimulate bacterial migration, growth, or virulence factors.
Tissue can absorb antimicrobials through direct binding or sequestration,
reducing their effectiveness. Where tissue is in contact with a medical device, it
may provide an alternative route for migration or colonization.
3. Implement microphysiological systems (MPSs). These live tissue models that
recapitulate some basic aspects of biological systems would provide even more
realism.

A Systems Approach
An ideal preclinical testing strategy needs to be scalable to incorporate
complexity of related testing (such as Biocompatibility), and flexible to
incorporate technological gains over time. A systems approach is a problemsolving paradigm that uses hierarchical grouping to address complexity.
Construction of the system is an iterative process using refinement and
convergence, which is confirmed through validation in the actual operating
environment. A systems approach could implement a rubric that would answer
questions like:
1. What is the anatomic location of the device? Where in the body is it located? Diagram the device
and local anatomy.
a. What is the material of the device? For example, is it metallic, polymer based, or ceramic? Does
it have materials with potential to degrade in vivo?
b. If an antimicrobial is to be eluted, what is the antimicrobial’s water solubility and its solubility in
organic content? What are the release characteristics of the antimicrobial, including its
dissolution and diffusion properties?
c. What is the nature and duration of contact between the device and the patient’s body?
2. Diagram any physiologic systems in contact with the device (mechanical stress, perfusion or fluid
flow, tissue compartments, etc.)
a. What are the mechanical forces that the device will experience?
b. What are the chemical and mass transport forces that would impact any elution of
antimicrobials?
3. Diagram sources of microbial contamination.
a. Are these sources a one-time event during device implantation, or are they ongoing sources
(such as protrusion through the skin, indwelling devices, etc.)?
b. What are expected types of bioburden based on literature or experimental data?
4. How will the clinical risk/benefit be determined?
a. What is the appropriate antimicrobial release profile?
b. What is the antimicrobial safety and effectiveness at the specified range of concentrations?
c. What is the safe and effective dose of the antimicrobial agent?
d. What are the toxicity risks?
e. What are the antimicrobial resistance risks?
5. What information is needed from in vitro tests? What in vitro tests and endpoints can be used to
obtain this information? What are the most important features of the physiological environment
that need to be present in testing?

Figure 3. a,b) Testing of a thick biofilm may overestimate antimicrobial
performance by not considering the importance of persister cells in infection risk;
c,d). Short term testing may show reductions in bioburden, but a longer-term
endpoint can reveal decreasing antimicrobial efficacy and a surface overrun by
rapidly multiplying cells.
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Conclusions

