
Recently Available in vitro methods for Assessing Skin Irritation, Sensitization, and Acute Toxicity of 
Medical Devices 
By Jim McKim, PhD, DABT, CeeTox, Inc. 
 
Abstract 
 
A medical device can cover a wide range of items, from a tongue depressor to a pacemaker for the heart. Their 
safety is regulated by the FDA/ISO 10993 guidelines in the United States, and by the Ministry of Health, Labor 
and Welfare (MHLW) in Japan.  
 
A key component in the development and marketing of a new device is to understand potential safety issues. 
The extent of safety testing required is dependent on the type of device, and the duration of exposure. Materials 
that are placed in direct contact for long periods of time require the most extensive safety testing. Although 
there are some accepted in vitro tests (cytotoxicity, gene toxicity, and hemocompatibility), there are many tests 
that still rely on animals. These include eye and skin irritation (rabbits), skin sensitization (guinea pig), and 
acute toxicity (median lethal dose, or LD50) (rodents). 
 
Medical devices are tested by preparing extracts of the device using polar and non-polar solvents. The extracts 
are then used in the safety studies. Discussions with medical device manufacturers reveal that the vast majority 
of eye irritation, dermal irritation, and sensitization assays are negative — meaning that a large number of 
animals are used to demonstrate a negative result. The advent of more advanced organo-typic cell and tissue 
models, combined with the identification of cellular pathways linked in a causal manner to the adverse outcome, 
means that there are new reliable, accurate, and in many instances validated in vitro test systems that can 
replace the standard animal model. One example is eye irritation assays validated by ECVAM/ICCVAM and 
approved by the OECD TG 437 and 438. Specifically, these include bovine corneal opacity and permeability 
(BCOP), and the cytosensor microphsyiometer. Newer and more advanced tools and methodologies are being 
introduced at a rapid rate, offering even greater promise for the replacement of animals in standard safety tests 
for medical devices. 
 
The need for alternative methods for safety testing has been driven by the ban on animal safety testing in 
Europe for chemicals or products used in the cosmetic industry. This strong European initiative has resulted in 
the development of many new non-animal methods for assessing safety. As the United States begins to accept 
and use alternative approaches, the need for non-animal tests to evaluate the safety of medical devices will 
increase. 
 
The primary aim of this presentation is to introduce several of the newer models for assessing dermal 
sensitization, predicting an acute oral LD50, and determining dermal irritation, with emphasis on how they 
could be applied for testing the safety of medical devices. The idea is that there are new in vitro methods that 
could be applied to the testing of medical device extracts that are not being used. As these methods improve and 
Europe begins to extend their testing strategies to other industries, the medical device safety testing scheme may 
become the next focus. 
 
 
Presentation 
 
Following the presentations discussing methods that are being used currently in the medical device field, both in 
vivo and in vitro, this next topic shifts gears a little and explores some developmental assays that are on the 
horizon – both for skin sensitization, some in current stages of ECVAM validation, as well as an acute oral 
toxicity model for predicting LD50s, which is really a systemic model. CeeTox has been owned by NAMSA for 
five years, and has been tasked with thinking about medical device applications in in vitro models. 
 



Given how widespread medical devices have become — deep brain neurostimulators, gastric stimulators, 
insulin pumps, foot drop implants, cochlear implants — a clear understanding of any safety implications is 
essential. Furthermore, the recent advance of some newer types of devices, such as an artificial trachea 
developed from stem cells of donor patients, signals a need to develop new testing methods, and new regulatory 
guidelines around the process. 
 
A striking fact about medical devices is that so many, more than 90%, of safety tests are negative in in vivo 
assays. At the same time, new alternative methods are being developed and coming into use.  
 
Given all these negative results in the in vivo tests, and the existence of new in vitro technology, there should be 
a way to switch the paradigm and consider that a negative result in vitro should be acceptable — and that only if 
an in vitro test is positive do we need to look at alternatives. Looking at the in vitro assays, many are more 
accurate, with fewer misses than in vivo tests. An in vitro negative result is more reliable. 
 
 
ISO/FDA test chart 
 
The ISO/FDA chart below describes the types of tests performed (across the top). The degree of testing required 
depends on the pervasiveness of the medical devices (essentially, how much blood or skin contact is involved). 
Devices that simply have skin contact call for basic cytotoxicity, sensitization, and irritation or intracutaneous 
reactivity testing, whereas if a device has contact with bone and tissue, almost every test available is involved.  
 



 
 
 
Many in vitro tests are already in use to determine medical device safety: cytotoxicity and genotoxicity under 
ISO (International Organization for Standardization) 10993 for the biological evaluation of medical devices, 
and hemocompatibility.  
 
Newer types of test include acute oral LD50s, which are really systemic, and sensitization tests. Several in vitro 
sensitization tests are in the validation process. These include the following: Direct Peptide Reactivity Assay, 
which is a cell-free assay that uses two tri-peptides, one with a cysteine residue and the other with a lysine 
residue to measure reactivity of test compounds (Gerberick et al, 2004); the human cell line activation test (h-
CLAT), which uses a human monocytic leukemia cell line THP-1) and measures expression of CD/85/54 
(Sakaguchi et al, 2009); the Keratinosense assay, which uses a human keratinocyte cell line (HaCaT) and the 
activation of the Nrf2/Keap/ARE signaling pathway (Natsch 2010 and Natsch et al, 2011); VITOSENS, which 
utilizes dendritic cells from human cord blood and the expression of CD34 (Hooyberghs et al, 2008); and 
SenCeeTox, a system that can be used with either the HaCaT cell line or with human reconstructed skin 
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cultured at an air-liquid interface (EpiDerm, MatTek Corporation) and uses concentration response, cell 
viability, chemical reactivity, and expression of several genes regulated by Nrf2/Keap/ARE in a tiered approach 
(McKim et al, 2010; and McKim et al, 2012). All of these systems have been evaluated in a CosEU study and 
all showed real promise for their ability to predict chemical sensitizers. A combination of approaches may in the 
end provide the most accurate and reproducible data and allow for chemicals to be placed into potency 
categories.  
 
An important consideration to keep in mind is that the development of new in vitro, alternative methods is 
primarily driven by the cosmetic industry in Europe, which has banned animal testing for safety. The ISO has 
caveats for looking at methods and changing the scope of an intended method, so most of the chemicals used in 
a validated method for skin irritation were chosen for the cosmetic industry or the chemical industry. Using that 
method might be appropriate when extended to other types of medical devices — but only if the right controls 
are used, and the right testing. The problem is that device extracts have very low concentrations, so sensitivity is 
always an issue. If the industry could come up with device controls that had extractable materials that give 
potent responses, so you could run these every time you run these assays. 
 
Systemic toxicity is toxicity that occurs after a chemical is absorbed into general circulation. With acute 
systemic toxicity, which is typically a single dose, and a short exposure period, we get the qualitative LD50 
value, which in truth many regulators do not use even though it is required for many of the tests.  
 
There is only one assay that has shown promise for predicting the acute oral LD50 value. This acute toxicity 
assay was developed in collaboration between L’Oréal Paris and CeeTox. The assay uses a rat hepatoma cell 
line (H4II#), combined with concentration response measuring cellular markers of cell health and receptor 
binding. An important component of this assay is the incorporation of physical and chemical data that describes 
solubility, LogP, and Pka. The assay has been evaluated in multiple blinded studies with more than 200 
chemicals that covered a wide application domain. The sensitivity and specificity of the assay ranges between 
84-90% depending on the type of chemical tested. This system may be an important test for medical device 
extracts that would address the need for acute toxicity data.  
 
Then, there is the subacute toxicity, typically a 14-day, repeated-dose study, where pharmaceutical companies 
do most of their safety testing. Finally, the subchronic toxicity is where we develop the quantitative values – 
NOAELs, LOAELs – that we need to set regulatory guidelines. Finally, there’s chronic. The goal of all of these 
types of studies is to predict human systemic toxicity. 
 
Although it would be ideal to go from human cells directly to human tissues, and skip animal tests all together, 
the problem has always been validation. How do we validate the data for humans, when all of the data is in 
animal studies? Answers can be found by using existing in vivo assays to build algorithms that can help 
translate that information to humans. What we’re really missing is the quantitative information – the NOAELs, 
LOAELs – that are needed for risk assessment, which will likely be developed in the next few years. 
 
CeeTox took a functional biology approach several years ago, with a $2.5 million, five-year project to look at 
phenotypic changes in cells: the functional biochemistry of cells, how does it change, how does it translate to 
blood concentration where you would see toxicity under steady state conditions in the animals. Initially the 
study used a series of functional endpoints for cell health. When these endpoints are combined and evaluated for 
concentration response, and compared to animal data, you can actually start building translational algorithms to 
understand how to predict toxicity in human cells. CeeTox obtained a patent on this with Pharmacia and Pfizer. 
 
Since that time, and since beginning to work with L’Oréal in Paris for at least the last four years at least to 
develop an acute toxicity model, CeeTox discovered that solubility and partitioning coefficients – the physical 
properties of the chemicals – have to be taken into account. For example, it is not possible to predict what is 
happening in the intestine if we don’t know PKa, if we don’t know protein binding, and metabolic activation. 
The other area of obvious importance is obtaining clearance. CeeTox started out by predicting blood 



concentrations that were toxic, working to understand, in particular, the dose that would kill half the animals 
(the LD50). It’s called reverse-dose response symmetry. These determinations require an understanding of 
clearance, bioavailability, volume and distribution, and pharmacology; which receptors are being hit. For 
example, nicotine has an LD50 of less than 25mg/kg in animals. But if you put it on a liver cell, there is no 
toxicity at all, because there are no nicotinic receptor cells on the liver cell. Thus, the toxicity is mediated 
through the pharmacology. 
 
CeeTox used multiple endpoints, believing that they provide a much better picture of what is happening with 
toxicity. Here’s an example of why that’s important.  
 
(Please provide original artwork of graph described in the paragraphs below – slide 9, “Multiple Endpoints are 
Essential for Correct Interpretation of Data” to be able to insert.) 
 
The colors represent endpoints – common, cell health endpoints in any laboratory self-proliferation, 
mitochondrial function, glutathione, GSH reduction, and you can see that we have a nice concentration response 
for two commonly used assays for toxicity: MTT (used to determine cell viability); and ATP (an assay that 
performs lysis on the cells and the following chemical reaction between the assay and ATP content of cells 
produces luminescence, which is then measured by a photometer). 
 
But when you put cell number on and, normalize to something in the dish, you can see that the cell numbers are 
being decreased quite substantially, and these two markers are basically following, or tracking that trend. So the 
truth is that this particular compound that we were testing in this rapid protoma cell line has no impact other 
than it’s a cytostatic drug, a cytostatic effect. And it does not kill cells; this is membrane leakage and so we get 
to a very high concentration. If you were only using one of these assays you’d get a very different answer than 
when you put several together. 
 
 
Development of an Acute Toxicity Model: In Collaboration with L’Oréal Paris 
 

 

      
 
 
CeeTox partnered with L’Oréal statisticians to analyze the data for 200 compounds, blind. In the chart, along 
the side: Global Harmonization category ranges for the different LD50 values; along the top are the predicted 
categories that we drop chemicals into, and red numbers represent the correct responses. When predicting into 



each category over 200 compounds, in a blinded way, predictions were about 70%. That result may not be good 
enough for a validation study, but it was good enough to confirm the research was on the right track.  
 
Previous Global Harmonization efforts indicated that if you start merging categories, the predictive power 
jumps up tremendously – nearly 80% (see second chart below, using 76 proprietary L’Oréal compounds for 
cosmetics, in addition to nearly 100 commercially available chemicals, both pharmaceuticals and environmental 
chemicals — a pretty broad chemical domain).  
 
 
 
 
 
 
 
 
 
Merging Thresholds Significantly Improved Predictive Power 
 

          
 
The block graphs below illustrate a L’Oréal statistical analysis that took each LD50 threshold: 300 milligram 
range, 500 milligram range and a 2,000. The graphs illustrate the changes in these patterns: yellow is used to 
show false negatives, red to show false positives. In this first version of the algorithms, there were a lot of false 
negatives. Bringing in other parameters reduced false negatives dramatically. 
 
False negatives and false positives also decreased together. In most in vitro assays, if you fix sensitivity, it 
affects specificity, or vice versa. This way they are both changing together. If that trend follows all the way 
down to the 2,000 mg/kg LD50 threshold, and at 2,000 mg/kg the one thing that is starting to change here we’re 
not getting much better in the false positives, but we don’t have any false negatives … its almost 98% accurate. 
This is especially encouraging considering that it did not involve any animal testing. This data has been 
presented at the world congress and a few other meetings, and the manuscript is being prepared for publication. 
The problem, though, is that there are too many endpoints, it is too cumbersome, it takes too long, and it is too 
expensive. It is, however, available, and it works, so right now we are working on improving efficiency for 
screening and making it cost-effective enough for practical use. 
  



Incorporation of Physical-Chemical Properties and Receptor Binding Improved Predictive Power 
 
 

         
 
 
 
Alternative Methods for Predicting Skin Sensitization 
 
Over the last few years, CeeTox has collaborated with NAMSA on a $2.5 million project that has advanced skin 
sensitization testing. The sensitization process involves an induction phase, which is the initial exposure phase, 
and then also an elicitation phase (the subsequent exposures). 
 
It involves the chemical, the first layer of skin (the keratinocytes, the epiderm) and then also the immune 
component (in this case the langerhans cells). Chemicals that are sensitized are also highly reactive; they bind 
peptides — a haptenization process. Some chemicals must be metabolized to react, or they might be directly 
reactive. Also, there are specific biochemical events and molecular events that occur in the keratinocytes in the 
skin when these chemical sensitizers enter the epidermal tissue. CeeTox tested these in a human Keratinocyte 
model that is a grown in standard cell culture, as well as in 3D reconstructed skin models — proving that this 
testing is possible with compounds that have low solubility, very high PKas, and even finished products. 
 
The top tests in the validation process 
The direct peptide reactivity assay, or DPRA, developed by Frank Gerberick, is probably the closest to being 
validated; followed by HaCaT – developed in Japan. The MUSST assay –developed by L’Oréal – has moved 
along quite nicely as well. Two others are KeratinoSense and CeeTox’s model, SenCeeTox. 
 
All of these models have limitations. One is solubility (which means exposure). The direct peptide reactivity 
assay is done without any cells, in a tube. It involves taking a tripeptide with a cysteine on it, and a tripeptide 
with a lysine on it, and looking at hard electrofiles, finding the lysine, or they can look at soft, finding the 
cysteine. 
 
With the MUSST assay, a standard cell culture assay, and the HaCaT, it is clear that if you have an aqueous 
media covering your cells, and you’re trying to do a medical device explant of non-polar extract – it’s not going 
to be exposed, it will float and if you are working with a chemical, or trying to test a finished product (and the 
CeeTox laboratory does not very often receive a pure chemical to work with; clients most typically send them a 



finished product such as a paste, a lotion, or a cream, often with color additives). So it is very important to think 
about these caveats. This is a great assay. 
 
These two (MUSST and HaCaT) focus on the immune component, and they work well when there is reasonable 
solubility. The CeeTox assay focuses really on the extension of Natsch’s work, which is looking at genes that 
are controlled by the antioxidant response element combined with cell viability and direct peptide reactivity in 
an integrated approach. We are looking at the binding direct reactivity assay using the DPRA assay as well as 
our own assays. Using both cell models, either the HaCaT for soluble compounds or the 3-D reconstructed 
model, focuses on the epiderm. And dose should not be forgotten. If a compound that was negative in animal 
studies is positive in in vitro assays, if a higher dose is used in the in vitro assay than in the in vivo tests, of 
course the response will be different. Even an extreme sensitizer can be treated at such low levels that it does 
not produce an effect. Other important considerations in the CeeTox method include penetration (if a molecule 
sits on top of the skin, it is probably not going to be a sensitizer) and haptenization (chemical binding to the 
protein). 
 
It is also a tiered approach. We call it SenCeeTox, our colleagues call it IVSA (in vitro sensitization assay) 
Need original artwork for pyramid slide, slide 18 to include — it is the same assay. It looks at solubility, 
chemical reactivity, cytotoxicity, gene expression, and human cell models (HaCat cells or human 3D skin 
models). The reconstructed skin models, by MatTek or SkinEthic, are important because they are grown on an 
air-liquid interface. Unlike cells grown under aqueous media, these are grown on top, providing a way to 
express dose as a mass per unit area. 
 
Important signaling pathways 
To activate the ARE pathway, you have to dissociate NrF2 from Keap 1, because when it is bound to Keap1, it 
is targeted for degradation, and that separation has been postulated to occur either by binding to assisting group 
in Keap1 that is causing a dissociation or by AKT kinates which disrupts it. What is important is that a chemical 
sensitizer activates it, and it leads to an expression of multiple genes. To show proof of concept of this method, 
reactivity assays were performed with a “training set” of 39 chemicals, in different potency categories — pure 
chemicals with reasonable solubility properties. Control –no loss-  
 
In the DRPA assay, with a blank, or control, the lactic acid, benzoic acid prompted little or no response, but the 
positive controls induced a massive response. (Need original artwork for graph of results, slide 24). 
 
The gene expression data included a non-sensitizer, a moderate and a strong. As you increase potency, you 
increase the number of genes responded increases. These genes all controlled by the ARE pathway, but they 
don’t all induce to the same degree. In the negative control, one of the genes, thioredoxin, is actually induced 
pretty well, but none of the other genes are. So if you only use one gene you can get the wrong answer; it’s not 
very effective.  
 
That was followed up with 58 compounds in a blinded study using Cooper’s statistics, and it turned out quite 
well, and showed good predictivity. Some commented that this is just another reactivity assay; simply 
measuring a reactive molecule that is activating NrF2, and therefore it is just the same as DRPA. CeeTox 
investigated that by looking at kinase pathways and discovered that there is actually a triad of kinases that are 
activated when these reactive materials enter the cell and increase oxidative stress, reduce glutathione, and 
activate PI3K … , which activates ERK, which can lead directly to allergic contact dermatitis or activate AKT, 
which activates the NrF2 pathways. That’s a direct relation. We know that these pathways are involved because 
we measured the endpoints. Here you can see the strong sensitizers, and the weak sensitizers and the maximum 
induction CCL5, TNF-α were inducing this pathway. This is an indicator that the test is predicting well, because 
it is directly linked with what is happening with allergic contact dermatitis. 
 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Allergic Contact Dermatitis (Sensitization) Requires Activation 
of Key Signaling Pathways 

 

 
McKim JM et al. (2012) Cutan Ocular Tox, Early On-line, Informa Press. 

 
 
An example with medical devices 



To connect these findings to medical devices, CeeTox worked on a collaborative project with 3M, exploring 
ways to start testing these chemicals in medical devices. Using a dental cement that had a methylaquelaide 
impregnated in it, 2-HEMA, and positive controls (benzoquinone, etc., the study achieved a good response.  
 
NAMSA also suggested looking analytically at how much 2-HEMA is actually extracted for the medical device. 
In vitro and in vivo (the guinea pig maximization test and the LLNA) assays were run at the same time. With a 
lower extraction, 480, there was no response; somewhere around 1,000, it pops up as positive in the in vitro, 
showing a threshold effect. Where there is no extraction, there is no sensitization. In collaboration with 
NAMSA and 3M, this proved to be a nice example of how medical device testing could start to work in these 
different assays, published in 2012.  
 
In summary, there are a lot of in vitro assays currently used — cytotoxicity, genotoxicity, and 
hemocompatibility, and there are new assays coming all the time. We have to remember medical devices are not 
like a pure chemical, we have to validate these methods also by including the polar, non-polar extracts and also 
adjusting for time exposure for a medical device extract, 24 hours might not work, we might have to use 48 or 
72 hours in order to start getting a response profile. 
 
Discussion 
 
Multiple endpoint assays 
McKim highlighted the necessity for multiple endpoint assays. Several years ago, a SkinEthic study showed 
that certain chemicals would knock out the basal layer, but not do anything to the top or vice versa. And when 
you did that, depending what you measured, you might see no effect, or a lot of effect. So it really is critical to 
get multiple endpoints assays. 
 
LD50 testing  
CeeTox is working on tweaking the LD50 assay, to tease a LOAEL out of it. While it is hard, even in the 
cosmetic industry, to find people who really want an LD50 value, it is a really a systemic toxicity test; you have 
to do a systemic toxicity test if your device is being implanted, such as cardiac implants. You have to have that 
exposure to ensure safety. If you realize this LD50 is really looking at systemic toxicity, and it’s based on blood 
concentration in a steady state, which means that everything is constant, we are able to eliminate a lot of 
variables and it is a very predictable test. It was noted that the pharmaceutical industry dropped the need for 
LD50, so ICH is no longer recommending that. It’s mainly for transplant reasons that we still need it. 
 
Acute systemic toxicity 
CeeTox used a two-dimensional cell line for its LD50 test, but in the medical device area, you have to deal with 
physiological and non-polar extracts. The test was developed in cosmetics and we CeeTox was looking at 
compounds that were reasonably soluble, and they have not been able to go to the 3-D models yet to test that. 
And part of the problem with that is the expense. This LD50 test is already too expensive, because we’re doing 
receptor binding and physical chemical properties. We can generate many of these properties in silico, but as 
long as the skin tissues cost $2,000 plus a plate, there is only so much a client will tolerate in terms of cost, 
especially in terms of screening. So we have to make these tests efficient and cost-effective. One approach is to 
use high-content screening, where you get multiple parameters across a single pathway. There is a group trying 
to develop the 3D models in the high-content platform; so now if you’ve got multiple parameters in a high-
content using 3D skin you’ve got it, because it’s really quick. Regarding 3D liver models, which are available, 
and whether or not they would be at least as adequate as the 3D skin models, CeeTox has used the 3D liver 
model in sphero platform, and worked with the hepatocytes … but again, hepatocytes are also too expensive. 
And when you’re screening these compounds and trying to get this information, the first focus is on whether or 
not the concept works, and the second focus is, can we make it cost-effective? Clients won’t pay $10,000 for it; 
at that point, they’ll say we may as well do in vivo (the only caveat: except in Europe where many are banned). 
 
Are irritants influencing the NrF2 pathways?  



CeeTox took a paper David Basketter wrote, and looked at the number of irritants that they had reviewed. It did 
turn on a little bit with SDS, which is a classic false positive, in the LLNA. But for many of the others it did not. 
And what CeeTox found is that some of those genes, like IL-1α, will go absolutely through the roof with an 
irritant, but other genes have a very low response. They might respond above that red line, but they are very 
low. This is an area where great progress is being made, but there is still a way to go. 
 
In vitro sensitization 
In CeeTox’s collaborative work with NAMSA, there were a lot of negatives in in vivo, but no data for the 
positives. That is because the data not listed are the extractions for animal studies, which were much lower than 
the extractions where we were getting a positive. We know there is a threshold of about 1,000. When you 
increase the dose above 1,000, you get a positive. They had that data but it wasn’t really presented. Therefore, 
one consideration is that if you’re going to use this model, you may need to use a different extraction ratio. 
Additionally, some data was not run concurrently; the LLNA had been run in a previous study. That is why 
there was a difference in the extraction concentrations. 
 
Are multi-cell assay types needed? 
Given the complexity of the immonogenetic response, on participant asked if there is a need for any multi-cell 
assay types --- for example systemic toxicity — or if single-cell type assays could suffice. Specific cell-types 
are needed to do organ toxicity, but not necessarily for general systemic toxicity. Rather than looking at 
systemic toxicity and focusing on a certain organ, regulators are really interested in whether the material is 
toxic, and can be linked to a blood concentration. The only caveat would be a drug … if it has a cardiac 
specificity over a liver specificity, that would be very important to know. If you want to look at organ-specific 
effects, you need to have those systemic models, and you need to look at inter-organ models. 
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