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ABSTRACT

Problem statement

The widespread use of organophosphorus pesticides (OPs) in agriculture and urban pest control has
seen significant morbidity and mortality. They are the most important cause of severe toxicity and
death from acute poisoning worldwide, with more than 200,000 deaths each year in developing
countries. OPs act to inhibit acetylcholinesterase in the nervous system, and may elicit acute and
long term health effects. Some commercially available OPs are also classified as Chemicals of
Security Concern by the Australian Government and are subject to special restrictions and
surveillance.

Occupational exposure may occur in manufacture, storage, transport, usage, disposal and in
emergency situations. For example, ambulance workers may be exposed when attending accidental
or intentional OP poisonings. The profiles may vary from short term high exposures for emergency
personnel, to long term low exposures for farming communities.

The World Health Organisation and a range of other agencies have determined that the continued

use of these chemicals represents an important public and occupational health issue.

A major route of exposure is skin absorption, and the use of protective chemical gloves is
recommended, especially for the concentrated product. Safety data sheets (SDS) are meant to
provide the user with information on appropriate glove protection. However, the concentrates are
typically formulated products with solvents and additives that may influence the glove permeation
behaviour of the active ingredient. Testing by glove manufacturers is rarely with the formulated

product, and pertains to room temperature experiments with new gloves. Cheap or disposable



gloves may not have been tested. In addition, the effects of elevated temperature, abrasion and
ultraviolet (UV) exposure are poorly understood.

Although these environmental factors are likely to be present in Australian workplaces, there is
scant evidence of their practical significance to inform risk assessment and interventions, including
glove selection and use. Apart from gloves, skin uptake may be influenced by high ambient
temperatures. The limited dermal toxicological research literature suggests that skin penetration
rates may be dramatically increased, with concomitant increases in health risk. Compounding the

problem is the situation where chemical is occluded between glove and skin.

Gap analysis

Based on a review of the occupational hygiene literature, knowledge gaps exist in three areas,
relating to glove performance and skin penetration.

Firstly, suppliers and formulators of agricultural OPs recommend the use of long length polyvinyl
chloride (PVC) gloves. Indeed, distributors stock cheap versions of such gloves, but as they are not
considered disposable, repeated use is the norm. Scientific uncertainty exists as to the protection
afforded under real world conditions of solar radiation, elevated temperature and abrasion.
Secondly, the chemical barrier performance of disposable gloves, as worn by ambulance workers in
poisoning episodes, has not been investigated.

Thirdly, it is known that skin absorption of chemicals depends on physicochemical properties such
as molecular size and water solubility. However, there appear to be no skin penetration studies

which have compared a range of OPs of different properties. Moreover, the studies that have been



conducted have often used a finite dose model. An infinite dose model is more applicable for worst

case occupational risk assessment.

Purpose statement

This research aims to provide a better understanding of dermal exposure to OPs (under simulated
real world conditions) and to generate data useful for predictive dermal risk assessment models and
optimising control measures. It is anticipated that the improved evidence base will assist in
reducing morbidity and mortality from OPs.

A case study approach will be used, addressing both routine users and those in an emergency

setting.

Broad Research Questions

The following questions were developed from a literature review and context scoping from

fieldwork observations.

1. How do the recommended PVC gloves (unused, exposed to UV and abrasion) perform against
OPs in various exposure conditions?
2. What are the effects of different variable conditions on the barrier performance of different

types of disposable gloves worn by ambulance workers and is the current practice suitable?



3. How is skin penetration affected by physicochemical properties of OPs, concentration of OPs
and elevated temperature?

Methodology

Four OPs widely used in Australia (omethoate, mevinphos, dichlorvos and diazinon) with differing
physicochemical properties (e.g. octanol-water partition coefficient) were investigated. Tests were
conducted at the full strength formulation (relevant for transport and mixing activities) and
application strength (relevant for spraying), and at two temperatures.

In the glove permeation studies, American Society for Testing and Materials (ASTM) permeation
cells were used at two temperatures (room temperature and 45°C).

Two case study scenarios were used, namely agricultural workers and ambulance workers.

For Case Study 1 two brands of elbow length PVC gloves recommended for handling OPs were
tested in new unused condition, and following UV exposure or abrasion. In Case Study 2
disposable nitrile and neoprene gloves used by South Australia Ambulance Service (SAAS)
workers were tested individually and in combination (as per current practice).

In the skin studies, human abdominal skin samples (heat separated epidermis) were exposed to the
OPs (infinite dose) in static Franz cells according to OECD protocols for up to 8 hours, at room
temperature and 37°C. Analysis for the OPs in both glove and skin experiments was undertaken

using HPLC and UV detection.
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Main Findings

Glove performance tests — Case Study 1

Differences were noted in breakthrough time and cumulative penetration at the end of the 8-hour
experiments for the two PVC glove brands. In general, PVVC gloves performed well against the four
tested OPs. Full strength formulations had shorter breakthrough times and greater cumulative
permeations. Breakthrough of diazinon did not occur unless at full strength at 45°C (120 - 180
mins). In contrast, breakthrough of dichlorvos was observed for all exposure conditions (between
60 to 240 mins) except for application strength at room temperature. Mevinphos, which was only
tested at room temperature, demonstrated breakthrough only for one brand of gloves. In the case of
omethoate, breakthrough was noted from 60 minutes onwards.

Permeation was uniformly higher at 45°C compared to room temperature. Gloves exposed to UV
light (approximately equivalent to a week or more of extreme sunlight) or abrasion (5% thickness

reduction) exhibited a small reduction in performance.

Glove performance tests — Case Study 2

In glove performance tests on gloves used by SAAS workers, disposable nitrile and neoprene
gloves demonstrated good protection against the four tested OPs in 4-hour experiments. In general,
the thicker neoprene gloves demonstrated longer breakthrough times than nitrile gloves.

At higher test concentration (full strength) of the four tested OPs, cumulative penetration at 8 hrs

increased, and this was observed at both test temperatures. Elevated temperature to 45°C shortened
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the breakthrough time (between 5 and 20 minutes) and resulted in greater cumulative penetration of
the OPs.

Combining the disposable gloves (nitrile on neoprene) as practised by SAAS workers demonstrated
better protection with longer breakthrough times and lower cumulative penetration of the tested

OPs, compared to individual gloves.

In vitro skin studies

Dichlorvos was found to rapidly penetrate the skin. Elevated temperature and higher OP
concentration resulted in faster penetration rate and increased cumulative penetration of the tested
OPs.

Comparison of the skin penetration data with Acceptable Daily Intakes (ADIs) of the respective
OPs showed that ADIs may be exceeded rapidly, with the order being dichlorvos, diazinon,

omethoate and mevinphos.

Novelty of the research

This research uses an experimental design based on real life scenarios.

Unlike most glove permeation and skin penetration studies this research used formulated OP
products that are commercially available in the market. All experiments were conducted using an
infinite dose model to simulate the worst exposure scenario (prolonged skin contamination from

spills and splashes), and thus to establish the maximum penetration rates for risk assessment.
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Similarly, tests were conducted at elevated temperatures and with gloves exposed to ultraviolet

(UV) and abrasion to mimic the common exposure conditions in real world scenarios.

Implications

The research has highlighted the importance of elevated temperature, and the dermal risks
associated with dichlorvos. The increased barrier protection afforded by double gloving (combining
relatively polar and non-polar materials), for OPs of different physico-chemical properties, was
shown. This is reassuring for ambulance workers who may encounter a range of OPs. Surprisingly,
the influence of UV exposure and abrasion on the performance of the thick PVC gloves was found
to be relatively minor, under the conditions examined.

Data on the influence of physicochemical properties, concentration, and temperature are useful for
refining dermal risk assessment models, and for worker education. On a broader public health level,
the findings will allow a more rational use of gloves as chemical protective clothing to protect the

population at risk from the danger of agricultural chemicals.

Conclusions and Recommendations

The data indicate that the use of concentrated OPs in warmer conditions will greatly increase skin

uptake. Dichlorvos demonstrated rapid and extensive skin penetration, but the data for all the tested

OPs suggest that toxicologically important uptake can occur in relatively short time periods without



skin protection. Glove permeation also increases with concentration, temperature, UV and abrasion.

The practice of double gloving by ambulance workers is supported by the evidence.

Following these exploratory studies, it is recommended that more glove permeation tests be
conducted under realistic exposure scenarios. The findings should be compiled in a database for
advisory purposes and made publicly accessible. Warnings for potential ADI exceedance should be
included on labels or SDSs of the OP products to alert the users of the risks when handling OPs.

Where changes may be made in the OP formulation by manufacturers, the suitability of glove

recommendations should be reviewed.
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Permeation

Penetration

GLOSSARY

A process that works by diffusion; the movement of molecules
through a layer from a high concentration area to an area of less
concentration. Permeation through gloves occurs by absorption,
diffusion and desorption of the chemicals

For a chemical to permeate a glove material, the molecules of the
chemical will absorb into the surface of the material, diffuse in the
material and desorb to the opposite side of the material. Then, the
chemical will come into contact with the skin and penetrates the
skin. For the purpose of this research, the term *permeation’ is used

for glove performance studies (Chapter 4 and 5).

Direct passage of molecules through porous materials, or
imperfections such as pinholes, cracks, tears and seams at a non-
molecular level. It is easier to understand by saying penetration is
relative to pressure. Therefore, penetration will occur at a faster rate
when a higher pressure is applied. An example of this is the pinhole
water test, which is done by filling in a glove with water and
squeezed to test for any signs of penetration. For the purpose of this

research, the term *penetration’ is used for in vitro skin studies.
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Flux

Breakthrough time

The rate of permeation or penetration (ug/cm®/min) of which the
amount of chemicals (pg) crossing a defined area (cm?) in a set time
(min). Flux is commonly used to define penetration and permeation

characteristics.

For gloves, breakthrough time (BT) is the time where the flux
reaches 1 pg/cm?/min as set in the AS/NZS 2161 standard. Although
BTs do not provide information on how much pesticide permeated
through the gloves, it may be used to judge the quality of gloves,
along with flux and cumulative permeation. Although some
chemicals may have the same cumulative permeation after a set of
exposure time, they may have different BTs. This information is
useful in the selection of the correct type of gloves for hand
protection.

However, breakthrough for the skin does not rely on the flux of the
tested substances. As soon as the substances were proven to
penetrate the skin regardless of the rate of penetration, it is

considered a breakthrough.
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THESIS OVERVIEW

The purpose of this overview is to assist the reader in rapidly appraising the content and key
messages of individual chapters of the thesis. Structurally, this thesis has a traditional chapter
format with a combination of introduction, literature review, research questions, methodology,
empirical research findings, discussion, conclusions and recommendations.

It utilises a case study approach, informing laboratory experimentation, to enable a better
understanding of dermal exposure to organophosphorus pesticides (OPs) in two settings; namely
routine agricultural use and emergency ambulance response.

This thesis is comprised of eight chapters, with content and messages tabulated as follows:

Chapter Chapter content Key messages

Large numbers of workers may be
exposed to organophosphorus
pesticides in manufacturing, storage,
transport, use and disposal as well as
in emergency situations. Significant
mortality is evident in developing
countries.

Twelve of the 96 chemicals of
security concern are
organophosphorus pesticides used in
Australian agriculture. The need for a
review of these 12 chemicals and the
issues associated with dermal
exposure, e.g. work in hot weather,
are highlighted.

This chapter provides an overview of
the working populations potentially
exposed to organophosphorus

1- Introduction and | pesticides (OPs). The public health
context and national security significance of
organophosphorus pesticides in
various settings are briefly described.

The objectives for the review are The dermal exposure assessment
described and the search strategy is literature on the 12 OPs of security
presented. The search yield is concern is sparse. A number of
. summarised to identify the research opportunities were evident.
2- Literature 2. :
) knowledge gaps pertaining to dermal | It was decided that the broad research

review : i :

exposure and glove protection. A questions would relate to skin

rationale for the selection of OPs and | protection and uptake for a range of
gloves for the proposed research is formulated OPs under a range of
given. The aims and broad research under-explored conditions, e.g.
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questions are derived from the
literature review, particularly in
relation to issues of formulated OPs,
UV exposure and abrasion. Out-of-
scope research aspects are defined.

elevated temperature and glove
abrasion. It was decided that four
OPs of varying physicochemical
properties would be examined in an
exploratory manner.

3- Materials and
methods

Materials used and methods in the
glove performance tests and in vitro
skin studies are explained in detail.
Statistical analyses used for
experimental data are also described.

Standardised methods for skin
penetration and glove permeation
testing are used in this research i.e. an
OECD protocol with static Franz
cells and an Aust NZ Std 2161
protocol with ASTM cells. HPLC-
UV was used for OP analysis. A UV
exposure chamber and the glove
abrasion technique are also described.

4- Case Study 1:
Protective
performance of
Polyvinyl Chloride
(PVC) gloves used
by agricultural
workers

This case study explores the
performance of PVC gloves used by
agricultural workers against
formulated OPs under variable
conditions of temperature,
concentration, UV exposure and
abrasion.

PVC gloves appear to perform well
when challenged with the four
formulated OPs (omethoate,
mevinphos, dichlorvos and diazinon)
particularly at application strength.
Some differences between the two
brands of PVC gloves tested were
noted. Significantly reduced
performance was observed for both
brands with elevated temperature, and
generally non-significant reductions
were observed following UV
exposure and glove abrasion.

5- Case Study 2:
Protective
performance of
disposable gloves
used by ambulance
workers

In this case study, disposable gloves
used by South Australia Ambulance
Service (SAAS) workers were
challenged with OPs. Gloves are
tested individually and in
combination (as currently in practice)
under reasonable worst case
conditions.

The current practice of double
gloving method of disposable gloves
provides good protection against
formulated OPs, and superior to
gloves worn individually. The use of
combination of gloves (nitrile on
neoprene gloves) also indicates
protection against a wider range of
OPs of different polarities. Again,
significantly reduced performance is
observed with elevated temperature.

6- Skin penetration
studies of
omethoate,
mevinphos,
dichlorvos and
diazinon

Skin penetration of four formulated
was assessed using an in vitro
approach, at different concentrations
under two temperature conditions.
Extrapolated, worst case penetration
data were compared with acceptable
daily intakes.

Skin penetration outcomes vary
across the four formulated OPs
tested. Acceptable Daily Intakes
(ADIs) can be rapidly exceeded (0.5
minutes) for skin contact with
concentrated OPs, irrespective of
temperature conditions.
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Real world conditions, e.g.
potentially elevated temperature and
use of formulated products at variable
strengths, influence skin penetration
and glove performance. The use of
double gloving using complementary
glove polymers is advantageous,
particularly for unknown OP
mixtures.

The novelty and significance of the
research are highlighted and the
findings discussed in the context of
7- General the international literature. The
discussion generalisability of the findings are
discussed and strengths and
limitations of the research are
presented.

The research has raised a number of
questions about real world exposures
and the evidence needed for practical
control. It is recommended that
further research be conducted, e.g.
under intermediate conditions, with
used gloves and with consideration of
co-solvents. A database on glove
performance under various conditions
IS recommended.

Conclusions from the research

8- Conclusion and | findings are presented followed by
recommendations | recommendations for researchers and
specific stakeholders.

The specific content and orientation of each chapter is outlined as follows:

Chapter 1 General Introduction

It is argued that the extensive use of organophosphorus pesticides worldwide is a significant public
health issue. Evidence is provided for large scale health impacts in developing countries. Given the
availability, toxicity and possible misuse of OPs, the Australian government has classified some
OPs as Chemicals of Security Concern. On the basis of ongoing impact and the national concern,
the general topic of OPs was considered worthy of further research.

It is well known that skin absorption is a major route of exposure of OPs, and it is self-evident that
a good understanding of both skin penetration and the effectiveness of skin protection is needed.
However, this knowledge needs to be contextualised in real world conditions, where formulated
products rather than pure active ingredients are used, and where work may be conducted in hot

environments.
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In order to provide a focus, the topic (and subsequent literature review) is limited to those OPs of

security concern and the occupational hygiene issues associated with dermal exposure.

Chapter 2 Literature Review

This chapter rationalises the development of the research questions. It starts with the objectives of
the review, followed by the search strategy and a tabulation of the yield for each of the 12 OPs of
security concern. A cross-cutting narrative review of existing dermal exposure-related literature is
undertaken, highlighting the limited number, and types, of published glove permeation and skin
penetration studies. The gaps in knowledge are summarised, justifying the aims and broad research
questions. A case study approach, based on two real world situations, is proposed for subsequent
research. A set of complementary glove and skin experiments, using a selected sample of
formulated OPs, would allow exploration of the impact of high temperatures and practical issues
such as glove abrasion and sunlight exposure. Finally, the scope of the proposed research is

delineated.

Chapter 3 Materials and Methods

The test chemicals, equipment, instruments and methods used are described in this chapter. The
arrangements for glove permeation testing according to Australian/New Zealand Standard
2161.10.3:2005 are outlined, along with a description of the PVC, nitrile and neoprene gloves, and
formulated OPs under investigation. Details of the human skin samples, and the procedures for skin
penetration testing, according to an OECD protocol are presented. A UV exposure chamber is
described, along with a technique for glove abrasion. HPLC equipment and conditions for chemical

analysis are presented.

XXXill



Finally, the statistical tests used in the research are outlined. Apart from the glove abrasion and UV-

exposure techniques, these represent standardised methods.

Chapter 4 Case Study 1: Protective performance of PVC gloves used by agricultural workers
against OPs

Unused gloves were subjected to realistic worst case conditions, up to 8-hour duration. The
resultant glove permeation data indicate that PVC gloves provide good protection against the four
tested formulated OPs. When challenged with concentrated OPs, 8-hour cumulative chemical
permeation is increased beyond that observed for application strength OP, especially under elevated
temperature conditions. There is some variation between two brands of ostensibly the same glove.
Reduced protective performance is noted for PVC gloves subjected to UV radiation (approximately
equivalent to one continuous week of extreme sunlight) and abrasion (5% reduction in overall glove
thickness, and 10% of the PVVC coating). Statistically significant differences were noted for effects
of concentration and temperature. The effects of UV and abrasion on gloves were relatively minor.

The findings are discussed in terms of complementary research previously conducted in Tasmania.

Chapter 5 Case Study 2: Protective performance of disposable gloves used by ambulance
workers against OPs

This case study simulates worst case OP dermal exposures for ambulance workers handling
accidental or intentional poisoning patients. The permeation resistance of disposable nitrile and
neoprene gloves used by SA Ambulance Service workers is examined. Cumulative permeation
increased significantly with concentration and temperature. However, the data show that the current
practice of double gloving by South Australian ambulance workers offers good short term

protection against the tested formulated OPs. Wearing a combination of gloves is better than
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individual gloves, and this may be attributed to the thickness, and the relative polarities of OPs and
the glove materials. Consideration should be given on frequent changing of gloves when exposed to

concentrated OPs under elevated temperature conditions.

Chapter 6 In vitro skin studies of omethoate, mevinphos, dichlorvos and diazinon

This Chapter reports on in vitro human skin penetration studies conducted with four OPs under
conditions of variable concentration (application vs full strength OP) and temperature (room
temperature to 37°C). An infinite dose arrangement was used with exposures up to 8 hours.
Statistically significant increases were noted with increased concentration and temperature, and
some significant differences between the formulated pesticides were also observed. Comparisons
of extrapolated cumulative penetration with Acceptable Daily Intakes indicate rapid exceedances

when concentrated OPs are handled with unprotected hands.

Chapter 7 General Discussion

This chapter begins by emphasising the novelty and significance of the research.

Unlike most glove permeation and skin penetration studies this research used formulated OP
products that are commercially available in the market. All experiments were conducted using an
infinite dose model to simulate the worst exposure scenario (prolonged skin contamination from
spills and splashes), and thus to establish the maximum penetration rates for risk assessment. By
combining glove and skin studies, a more complete picture of dermal exposure is available. The
performance of the gloves was not only tested in new (unused) condition, but also after exposure to
UV radiation and abrasion to reflect the common condition of gloves being used by agricultural
workers. The effect of elevated temperature was shown to be important for both gloves and skin

and is discussed in a real world context. Four OPs with differing physicochemical properties were
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selected for comparison of glove permeation and skin penetration. The skin data can potentially be
used for predictive dermal risk assessment models, although no simple trends between OPs were
discerned.

The generalisability of the research outcomes is discussed, and the chapter is completed with a

discussion of the strength and limitations of the overall research.

Chapter 8 Conclusion and Recommendations

The data indicate that the use of concentrated OPs in warmer conditions will greatly increase skin
uptake. Toxicologically important uptake can occur in relatively short time periods without skin
protection. Glove permeation also increases with concentration, temperature, UV and abrasion, and
this needs to be better understood by users. The practice of double gloving by ambulance workers is
supported by the evidence. Recommendations are made for future researchers, the glove users,

manufacturers and suppliers of OPs and gloves as well as regulatory and enforcement bodies.

Broad Research Questions

The following questions were developed from the literature review and from preliminary field

observations.

e How do the recommended PVC gloves (unused, exposed to UV and abrasion) perform against
OPs in various exposure conditions?
e What are the effects of different variable conditions on the barrier performance of different

types of disposable gloves worn by ambulance workers and is the current practice suitable?
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How is skin penetration affected by physicochemical properties of OPs, concentration of OPs and

elevated temperature?

Specific Research Questions

RQ1 Arethe recommended PVC gloves suitable for protection against formulated OPs?

RQ2 What are the effects of UV radiation on gloves with respect to formulated OP
permeation?

RQ3 How does abrasion of the PVVC glove materials affect permeation of formulated OPs?

RQ4 What are the effects of variable experimental conditions (diluted and undiluted
concentration, room temperature and hot conditions) on the protection provided by
the disposable gloves used by ambulance workers?

RQ5 How do individual gloves perform in terms of protection afforded, as compared to
when gloves worn in combination?

RQ6 To what extent are the workers protected when implementing double gloving
(combination of nitrile and neoprene gloves) as currently in practice?

RQ7 How do skin penetration outcomes differ between formulated OPs?

RQ8 How does the concentration of OP formulations and an elevated temperature affect
skin penetration?

RQ9 How does the amount of OPs penetrated through the skin compare to the respective

Acceptable Daily Intake (ADI)?
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