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Abstract

The utilisation of plants directly as quantifiable natural sensors is proposed. A case study

measuring surface wettability of Aucuba japonica, or Japanese Laurel, plants using a novel

smartphone field interrogator is demonstrated. This plant has been naturalised globally from

Asia. Top-down contact angle measurements map wettability on-site and characterise a

range of properties impacting plant health, such as aging, solar and UV exposure, and pollu-

tion. Leaves at an early age or in the shadow of trees are found to be hydrophobic with con-

tact angle θ ~ 99˚, while more mature leaves under sunlight are hydrophilic with θ ~ 79˚.

Direct UVA irradiation at λ = 365 nm is shown to accelerate aging, changing contact angle of

one leaf from slightly hydrophobic at θ ~ 91˚ to be hydrophilic with θ ~ 87˚ after 30 min.

Leaves growing beside a road with heavy traffic are observed to be substantially hydrophilic,

as low as θ ~ 47˚, arising from increased wettability with particulate accumulation on the leaf

surface. Away from the road, the contact angle increases as high as θ ~ 96˚. The results

demonstrate that contact angle measurements using a portable diagnostic IoT edge device

can be taken into the field for environmental detection, pollution assessment and more.

Using an Internet connected smartphone combined with a plant sensor allows multiple mea-

surements at multiple locations together in real-time, potentially enabling tracking of param-

eter change anywhere where plants are present or introduced. This hybrid integration of

widely distributed living organic systems with the Internet marks the beginning of a new

bionic Internet-of-things (b-IoT).

Introduction

Sensors are transforming the Internet from a passive to an active smart Internet-of-things

(IoT) network system, or systems, with future global reach that have the capacity to transform

society. For example, globally tracking pandemics in real-time [1] can transform health to

quickly suppress outbreaks. As the full potential grows our understanding of the IoT, including

the concept of smart cities, needs revaluation from the way consumers engage to how society
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functions [2]. The management of such systems involves long term developments in signal

processing, both passive and active, potentially opening genuine artificial intelligence in time.

However, traditional sensors in IoT are not always robust nor reliable long term, and their fab-

rication involves substantial deleterious climate impact that has largely been ignored. An

exception has been the significant effort to develop self-powered devices that can operate

indefinitely. Despite these efforts, the sensor itself remains unchanged in concept—a low-cost,

traditionally manufactured simple structure often targeting an individual parameter. In this

paper, we offer a different approach to sensing that foresees a future of climate friendly envi-

ronmental monitoring using instead natural sensors that can, in principle, be integrated into

the network. These bring additional benefits, including health and wellbeing for the wider

community and environment [3]. To demonstrate this, a common plant species across Asia,

aucuba japonica (or Japanese Laurel), which has also become naturalised in many locations

elsewhere, is explored as an environmental sensor. Aucuba japonica (Fig 1A), a popular orna-

mental shrub in China, is a compact evergreen plant with green-yellow variegated leaves [4]

used in natural medicine [5]. It was introduced in the southern UK from Japan in 1783 and

found to have recognised in woodlands by 1981 [6, 7]. The high global prevalence of this plant,

including in Australian subtropical zones in the southern hemisphere (Fig 1B) [8–12], makes

it a potential candidate for a distributed sensing network that can help address global chal-

lenges such as climate change.

Plants make ideal practical, low-cost sensor alternatives to contemporary physical hardware

traditionally used to monitor a range of environmental parameters such as air quality and

health. Of interest is the robustness of this plant over time. Aucuba japonica has a relatively

thick top cuticle layer, composed of cutin, a wax-like hydroxy fatty acid that protects the plant

from direct UV irradiation and retains water internally whilst keeping the surface relatively

dry by repelling it. In humid climates, these properties play an important role in plant robust-

ness and keeping it free from disease. That, in turn, makes them the ideal choice for sensor

evaluation. Aucuba japonica’s value as a specific living sensor coupled with a smartphone diag-

nostic is proposed and used to monitor the immediate surrounding environment. The pro-

cesses described here, although focused on smartphone analysis, can be automated using

drone technology and/or direct camera imaging on a site that is remotely coupled to the Inter-

net. This would enable remote automation. Such integration of living and non-living technolo-

gies can form the beginnings of what can be described as a bionic Internet-of-things, or b-IoT.

With the selected sensor, the key technology component becomes the choice of portable

and remote operating diagnostic. To recognise further the potential of this approach, this

work focuses on using a widely available consumer product, the smartphone [15, 16], which

can allow general community access to diagnostics. This simply recognises that practical envi-

ronmental monitoring requires as much social and community engagement as technology and

insight, and so a future is envisaged that develops accessible natural and “green” technology to

foster such engagement. The underlying principles demonstrated here have significant ramifi-

cations for policy more broadly in other sectors, including industrial and agriculture–simply

having healthy plants on site can greatly relax monitoring demands for all site workers, for

example. On agricultural land, plants offer other enormous benefits in recycling soil virility

over time and improving local climate. The possibility exists of using crops themselves in a

similar fashion for sensing, a novel form of agricultural or farm-based sensing. Importantly,

plants generally bring aesthetic and wellness features both for humans and the environment

more broadly.

In a well-known example, plant colour changes when pH changes, especially in the presence

of Al which raises soil toxicity [17]. There are many other plant-derived parameters that can

provide ongoing information of more subtle changes in a sensor format. Monitoring Aucuba
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japonica’s leaf surface properties can provide information about the plant’s health, its rate of

photosynthesis and as well the surrounding environment whilst being well away from toxicity

[18, 19]. In particular, there are reports that leaf surface wettability is affected by air pollutants

[20, 21]. By extension, this would suggest that knowing contact angle (CA or θ) values can pro-

vide information and insight on the surrounding environment over time. However, the use of

Fig 1. (a) Painting by Dutch artist A.J. Wendel, 1868. Reproduced from [13]; (b) Distribution of Aucuba japonica

throughout the world mapping the potential coverage of a natural sensor network. The data was updated on 29/12/

2021 by GBIF.ORG [14].

https://doi.org/10.1371/journal.pone.0265856.g001
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CA for this purpose is not practically feasible because conventional side view CA measure-

ments are restricted to benchtop instruments requiring samples to be brought to a laboratory

[22]. Real or near real-time measurements are currently not feasible. Importantly, direct side

view measurements are limited to sample edges and often will not correlate with the interior

surface of a leaf [23]. Transport and cutting of the leaf imply a need for the preservation of con-

ditions, limiting broader mapping of wettability. This has confined the study of plants and

other organisms to curious scientific interests. In this work, this approach is disrupted, show-

ing how surface wettability of distributed plants, if applicable in the field, can be a powerful

tool for environmental monitoring. Coupled with smart devices such as smartphones, a pow-

erful new bionic sensing approach can address shortcomings, including sensor limits, reliabil-

ity, and sustainability in current IoT technologies for environmental monitoring.

To demonstrate proof of concept, a simple smartphone-based top-down CA measurement

instrument was developed, taking the previous laboratory-based top-down contact angle map-

ping [24] into the field. Measuring and mapping the CA across a whole surface can be carried

out easily by imaging multiple droplets either in quick succession or simultaneously. This

addresses all issues with current instruments. Its potential is demonstrated by studying Aucuba

japonica, comparing young and old leaves under various conditions, studying the exposure of

the leaf to UV light, and assessing the effect of local environmental pollution from vehicles.

Experimental section

Instrument and measurements

Measuring the wettability of organisms can be challenging. For leaves this is because there is

surface irregularity arising from varying curvatures, roughness, absorption, and reflection

from its unique cuticle structure, features that make side measurements of contact angle unre-

liable. To access the interior of the leaf involves cutting samples into pieces. Top-down CA

imaging (where the drop is imaged from the top and the CA extracted from diameter measure-

ments) can circumvent these problems and map CA distribution over the actual leaf, providing

substantially more information and data about a leaf’s overall wettability. To enable this in the

field, a smartphone is used as the image capturing and measurement tool for on-the-spot diag-

nostics, taking CA measurements out of the laboratory. Importantly, using a connected device

such as a smartphone opens opportunities to later couple multiple devices in various loca-

tions–so-called swarm technologies such as those proposed for addressing pandemics [1].

Cloud analytics can simultaneously collect, integrate, and analyse the data to provide addi-

tional information and insight that can be sent back to multiple users. Existing IoT frame-

works can be used–for example, amazon cloud services are used to gather instrument data and

analyse it accordingly [25]. These will, of course, change as new players enter the field by the

time this technology has matured. Presently, Azure IoT Hub, Azure Digital Twins and other

tools provide the IoT building blocks when building customised solutions for complex IoT sce-

narios. This solution is a suitable fit for various technical and business solutions with Cloud

although its scalability over time is unclear. The advantage of networked sensors is providing

large data generation that can help circumvent challenges involved with less accurate individ-

ual measurements–these networked super instruments generate resilience to individual instru-

ment error. Together, this will form the basis of novel, hybrid organic-inorganic bionic IoT.

The contact angle analyser

The CA analyser prototype constructed in this work is illustrated in Fig 2. A smartphone

(Model: Meizu 17) with a camera (SONY IMX686 COMS, 64 MP) is used to capture both top-

down and side-view images of droplets so that they can be directly compared. A small aperture
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with a certain diameter was placed beside the sample for imaging calibration within the algo-

rithm used to calculate the CA. A homemade attachment on which the smartphone sits

(dimensions x,y,z = 114 × 97 × 128 mm) together with a protruding structure (dimensions x,y,

z = 110× 109 × 98 mm), is designed to allow both side and top-down imaging of a drop at the

same location.

A pipette (V = 0.5 to 10 μL; accuracy ± 5%) is used to create the droplets that have a volume

V = (4 ± 0.2) μL. Drops at this small volume ensure that surface tension is greater than the

gravitational force so that an approximate spherical-shaped caplet is obtained. From the diam-

eter of this caplet, the contact angle can be readily derived in both hydrophilic and hydropho-

bic regimes (or omniphilic and omniphobic for liquids other than water).

A ring-shaped LED white light source is used to uniformly illuminate the samples. The

smartphone LED, and torch functions are intentionally avoided because they are offset from

the smartphone CMOS detector, which will generate drop shadows at the bottom of the attach-

ment, effectively decreasing the CA values measured without additional algorithmic post-pro-

cessing [26]. A ring-shaped LED light offers superior illumination compared to a single LED

light that requires the drops to be precisely centred to avoid shadowing. The configuration

used is found to give robust and reliable measurements.

Contact angle calculation

The diameter, ϕ = 2r, of the spherical caplet segment in a top-down image, can reflect one of

two different situations, shown in Fig 3. Hydrophilic surfaces have a CA lower than θ = 90˚

and hydrophobic surfaces have a CA higher than θ = 90˚. Superhydrophobic surfaces are char-

acterised with CA θ> 150˚ [24].

When the radii of the circles in the top-down images are measured, representing the yellow

circles in Fig 3, it may be unclear which domain the measurement is in, i.e., whether the maxi-

mum visible radius is rcap or r. In practice, the smartphone measures diameter, d, and divides

by two to get rcap. If the measured drop caplet base radius is rcap, the volume of the spherical

caplet is given by

Vcap ¼
ph
6
� 3r2

cap þ h2

� �
ð1Þ

If the volume is known, then using rcap the height h can be calculated. If it is hydrophilic h
will be less than rcap. However, if it is larger, then the volume is not correct and instead, the

Fig 2. (a) 3D model of custom attachment. Top-down imaging occurs at the top using a white light-emitting diode

(LED) ring to uniformly illuminate the drop evenly from the top. (b) contact angle analyser in a simple schematic of an

ecosystem with plants used in this work.

https://doi.org/10.1371/journal.pone.0265856.g002
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following volume is used to obtained h [27]:

Vcap ¼ prh
2 �

ph3

3
ð2Þ

The CA is given in both cases by:

y ¼ 2 tan� 1 h
rcap

 !

ð3Þ

In practice, visual observation can show which regime one is in because the hydrophobic

case has a band structure edge rather than a sharp edge, characteristic of two observable diam-

eters, whereas the hydrophilic case only has the caplet base diameter. A flow diagram of the

process used is shown in Fig 4.

The advantage of top-down CA measurement is the ability to directly image multiple drops

over a surface and therefore map wettability anywhere over that surface. Having this in the

field means near real-time measurements are feasible.

Experimental validation

To validate the measurement, a piece of tempered glass, similar to Corning Gorilla glass [28],

was tested. It is an alkali aluminosilicate sheet glass with a highly compressive thin layer at the

surface formed by ion exchange. The glass is said to be hydrophobic because of the fabrication

process, which makes it easier to clean. The sample dimensions are x,y,z = (70.4 x 153.4 x 0.6)

mm. Both top-down and side view results are presented in Fig 5. Side view CA are measured

from cut samples and used to benchmark the top-down approach. To reduce or eliminate

errors that may be created by gravitational deformation, small water drops of volume V = 4 μL

are used to standardise these experiments. On the tempered glass, this leads to hydrophobic

caplets with spherical diameter ϕ = 3.1 ± 0.3 mm.

Fig 5 shows that the top-down and side view CA measurement methods produce similar

results with low standard deviation demonstrating reliable top-down CA measurements using

the smartphone.

Fig 3. Schematic drawing of top-down imaging drop dimensions for a) hydrophilic and b) hydrophobic surfaces.

https://doi.org/10.1371/journal.pone.0265856.g003

PLOS ONE Towards a bionic IoT: Environmental monitoring using smartphone interrogated plant sensors

PLOS ONE | https://doi.org/10.1371/journal.pone.0265856 February 10, 2023 6 / 16

https://doi.org/10.1371/journal.pone.0265856.g003
https://doi.org/10.1371/journal.pone.0265856


Plant measurements

To assess the instrument and initially reduce uncertainty from site measurements, sample

leaves of Aucuba japonica are gathered from different locations in one place and measured.

This ensures identical temperature and environment conditions, helping to identify and assess

variations arising from the instrument itself. Times from collection to measurement are t = 10

mins. To preserve the initial environment and surface properties of these leaves when fresh

and dismiss any effects that can distort surface properties, as well as ensure rapid measure-

ments, the transported samples are kept in sealed bags and the measurements carried out

immediately after collection and transport.

Three characteristics are measured and studied with CA mapping.

(1) Comparing young and old leaves. Depending on location and planting times, the age

of the plants varies and needs to be considered. Young leaves grow at the top of Aucuba japon-

ica, displacing older leaves–these youngest leaves tend to be highest whilst oldest leaves tend to

be lowest. Fig 6 summarises the measurements obtained. In general, young leaves are observed

to be more hydrophobic than mature ones. This is explained by noting the mature ones are

more heavily exposed to environmental variables over a longer time period, including solar

Fig 4. Flow diagram showing the decision-making process to distinguish between hydrophilic and hydrophobic

cases.

https://doi.org/10.1371/journal.pone.0265856.g004
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radiation, chemicals, wind, temperature changes and rainfall [29, 30]. The pH of water can

also vary depending on location.

The mean CA for the young leaf is θ = (99 ± 4)˚, and for the mature leaf θ = (82 ± 6)˚, a

notable difference of Δθ ~ 17˚. There is an observable change in surface wettability from

hydrophobic for a young leaf, to hydrophilic for a mature leaf. The origin of this difference can

be attributed to aging over time with exposure to solar radiation and wind in the field.

It was observed that for leaves directly exposed to sunlight compared to those sitting more

in shadow without direct solar exposure (Fig 6E and 6F)) have a mean CA of θ = (79 ± 6)˚,

which is lower than that of the mature, shadowed plant. That difference can be explained by

higher UV exposure and is consistent with the suggestion that it may arise from a leaf that is

Fig 5. a) Contact angle, CA, measured by the top-down analysis; b) CA measured by side-view analysis using a

tangential fit. The mean and standard deviation is shown below the figures a) and b); c) plot of CA versus #

corresponding to the sequence of the measured drops in a) and b).

https://doi.org/10.1371/journal.pone.0265856.g005
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overexposed to solar radiation for an extended period such that the epicuticular cuticle might

be ruined, burnt or partially destroyed [30]. Accelerated aging should, in principle, be induced

with exposure to an artificial UV light source something that can be tested. Correlating such a

property would provide a novel approach to reliable solar monitoring in the environment over

time.

(2) Exposure to near UVA light (λ = 365 nm). To explore if solar radiation can accelerate

plant aging, or affect the surface properties of Aucuba japonica’s leaves, the leaves were

exposed to near UV (UVA) light with wavelength λ = 365 nm from a UV diode (power P = 6

W, irradiance I = (6.75 ~ 7.5) × 106 mW/cm2, distance d = 9 mm). Fig 7A shows the mean CA

for the leaf without UV is θ = (91.6 ± 2.8)˚ and after exposure to UV light for time t = 20 min

(after 10 minutes, the orientation of leaf would change 180˚, total irradiance I ~ 1.4 J). The

mean CA dropped to θ = (90.4 ± 3.0)˚ (Fig 7B). Fig 7C shows the same leaf exposed to UV

Fig 6. CA measured over the surface of a, b) a young leaf; c, d) a mature leaf; and e, f) a leaf overexposed under

sunlight. Images on the left show the measured data overlain on the image of the leaf with drops shown on the right.

https://doi.org/10.1371/journal.pone.0265856.g006
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radiation for another t = 30 min—after 15 min, the orientation of the leaf is rotated by 180˚ to

help ensure even exposure. The total irradiance is I ~ 2.2 J. The mean CA changed to θ =

(86.8 ± 2.5)˚, and the leaf on average is hydrophilic, although the standard deviation shows

substantial variance. After a much longer continued exposure of t = 10 hrs (during the night),

the exposure site turned black, indicating that the epidermal microstructures are altered under

continued UV radiation. These results show that the leaves of Aucuba japonica will become

gradually more hydrophilic over time with solar radiation. This aging process suggests the

cuticle layer, made of a hydroxy fatty acid common to many plants, may be slowly ablated

until at some point UV light can directly strike the leaf underneath, which then burns. In

Aucuba Japonica, the cuticle layer is estimated to be d ~ (2–3) μm thick, slightly thinner than

the cell layer [31]. It is the epidermal layer that is thickest d ~ 40 μm. From this reference, the

lower cuticle layer at d ~ 1 μm is indeed less than the top layer, explaining the observed differ-

ences in exposure times.

(3) The effect of pollution on leaf wettability. To test the potential of this natural sensor

for environmental monitoring the impact of pollution on surface wettability is examined. Pol-

lution can drastically affect an environment, and so it would be expected to have an impact on

Fig 7. CA and mapping for leaves under UV light: a) CA of the leaf without UVA exposure; b) CA of the leaf after

exposure to UVA for t = 20 min; c) CA of the leaf after further exposure to UVA for t = 30 min; d) shows the UVA (λ =

365 nm) source and distance from the sample; and e) shows the area of the leaf under UVA light and the measured

irradiance, I (mW/cm2) at selected points; e) shows the difference between the top layer and bottom layer; and (f)

schematic of a typical leaf layer showing typical cuticle layers above and below a leaf [32].

https://doi.org/10.1371/journal.pone.0265856.g007
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both plant and human health. Consequently, the plant can also act as a monitoring instrument

for assessing such pollution. For example, in densely populated cities, particulate matter from

cars is a known health problem [33, 34]. The concentration of particulate matter will be highest

near heavily used traffic. Whether this matter was detectable through CA changes on the leaves

of plants growing at and near a street is examined. Fig 8 shows the location chosen.

Fig 8. Image of Aucuba japonica: (a) plants sheltering under a tree away from a busy street and (b): plants next to a

busy street. A striking difference is observed in yellow coloration and general plant vigor related to their local

environment. The plants are exposed to varying conditions, including particulate matter released from vehicle exhaust,

sun, wind, and rain.

https://doi.org/10.1371/journal.pone.0265856.g008
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Compared to previous measurements of leaves away from traffic, three tested leaves (Fig

9A–9C) are found to be much more hydrophilic. Mean numbers are θ = (58 ± 11)˚, θ =

(52.6 ± 2.5)˚ and θ = (46.7 ± 4.0)˚. There is a significant change in CA of Δθ ~ (30–40)˚, which

is consistent with a layer of particulate matter that absorbs and spreads water on the leaf and

tries to keep it away [35, 36]. This matter stems from the exhaust of vehicles from passing traf-

fic (Fig 8B). Among these leaves, there were poor drop shapes because of ridges on the leaf and

other factors where particulates may aggregate in larger quantities. In this case, these drops

were not measured as they no longer approximated a spherical caplet and will not be accu-

rately described by Eq’s (1)–(3). Moving away from the street, the surface properties were

observed to change with increasing CA of θ ~ (88.5 ± 4.7)˚, (92.6 ± 2.2)˚and (96.0 ± 2.2)˚,

going back to hydrophobic (Fig 9D-9F). Similar results are obtained by lightly brushing the

leaves near the road to remove the particulate matter. This dramatic change on CA shows how

effective a layer of dust is in protecting the leaf from UV degradation as well as blocking photo-

synthesis, reducing plant growth.

Discussion and conclusion

Smartphone-based top-down CA mapping measurements are effective as a tool that can be

taken close to the sensor site in the field and used to collect data, making near real time mea-

surements feasible. The quality of the measurements is competitive with side-based

Fig 9. CA mapping for leaves beside the road with heavy traffic (refer to Fig 8). Various leaf images are shown. Top:

a), c), e) show calibrated drops on leaves without brushing, whilst b), d), f) show calibrated drops on leaves after

brushing. Further, a), b) are for a leaf under sunlight without shelter, whereas c), d), e), f) are for leaves near the

concrete pillar in Fig 8. All the bottom images below show the location and measured contact angles overlain on the

top images.

https://doi.org/10.1371/journal.pone.0265856.g009
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measurements that rely on more expensive laboratory bench equipment but have the advan-

tage of ease of measurement and portability. This offers a convenient, reliable way to measure

surface wettability on-site for complex samples such as leaves. In addition, the top-down

approach allows an entire surface to be easily mapped—this translation of a smart IoT tool

into the field enables reliable measurement and mapping of properties of leaves in near real-

time, illustrating the value of plants as intrinsic environmental sensors. For botanists, this tech-

nology presents a scientific breakthrough enabling large data generation that can provide reli-

able information about plant evolution and the environment it is in.

Combining smartphones with natural plant sensors is a hybrid technology that opens a

novel approach to environmental monitoring, the basis of a bionic Internet-of-things (b-IoT).

Here, specifically, the use of Aucuba japonica, a robust plant that has wide regional distribu-

tion, has been characterised and significant changes in parameters were detected that make

such bionic sensor networks feasible. Very highly sensitive detection of particulate matter

deposited by the environment on the leaf was possible, offering large dynamic sensor range.

The long-term performance of the sensors compares favorably with the need for continual

maintenance required with electronic versions. To improve accuracy and reliability over lon-

ger time periods, changes arising from aging and impact need to be understood and calibrated

into analysis. For example, young leaves are a little hydrophobic while mature ones are slightly

hydrophilic, reflecting a degree of aging in the environment attributed to the degradation of

the leaf cuticle over time. The role of UV exposure in aging the sensors was explored and con-

firmed, providing a novel tool for recording and tracking solar measurements over time. Deg-

radation of the protective waxy layer occurs before the plant itself is exposed and destroyed. It

was found that under the leaves, which do not require access to the sun and are less exposed,

the cuticle layer is likely to be much thinner and therefore, removal is faster where the epider-

mal and cell layers burn earlier. The conjecture on different thicknesses at the top and bottom

of the leaves is supported by existing literature that has measured this [31], confirming the

validity of the measurements here. In fact, the difference in layers is partly responsible for the

way leaves turn outwards to collect sunlight, effectively a multilayer thin film stress effect.

This form of bionic instrumentation is particularly attractive because it couples low cost,

low maintenance, aesthetically pleasing and naturally growing sensors with smartphone diag-

nostics. In principle, other technologies could be integrated into the b-IoT, including for

example, bionic jellyfish or scorpion skins which mimic natural organisms [37, 38]. Here, we

directly integrate living organisms though in principle the b-IoT can use both. They blend into

an environment, creating aesthetic, health and wellness improvements for people and animals,

a feature that contrasts strongly with current IoT sensor technologies and networks. Aucuba

Japonica is an example that is regionally widespread offering a sensing tool that can be used to

map responses across the globe, all collated at one point. Through the Internet, the sensor data

from each plant can be brought together so that mapping across regions where potentially

thousands of routine measurements are taken in near real-time. They are linked through the

same cloud diagnostics into which each edge computer communicates. A smart tool such as a

contact angle analyser on a phone means that this technology is widely accessible to the con-

sumer, perfect for citizen engagement in a networked super diagnostic for environmental

monitoring and, by extension, potentially for climate change analysis. The totality of the inte-

grated plant-Internet system marks a first step towards a b-IoT, a crucial technology develop-

ment that can directly monitor environmental impact through several causes, including

natural and human-induced impact. It can potentially expand the scope of tools in the assess-

ment of climate change more broadly whilst simultaneously enhancing human health and

wellbeing.
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