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Abstract: Nanozymes are advanced nanomaterials which mimic natural enzymes by exhibiting
enzyme-like properties. As nanozymes offer better structural stability over their respective natural
enzymes, they are ideal candidates for real-time and/or remote environmental pollutant monitoring
and remediation. In this review, we classify nanozymes into four types depending on their
enzyme-mimicking behaviour (active metal centre mimic, functional mimic, nanocomposite or
3D structural mimic) and offer mechanistic insights into the nature of their catalytic activity. Following
this, we discuss the current environmental translation of nanozymes into a powerful sensing or
remediation tool through inventive nano-architectural design of nanozymes and their transduction
methodologies. Here, we focus on recent developments in nanozymes for the detection of heavy metal
ions, pesticides and other organic pollutants, emphasising optical methods and a few electrochemical
techniques. Strategies to remediate persistent organic pollutants such as pesticides, phenols, antibiotics
and textile dyes are included. We conclude with a discussion on the practical deployment of these
nanozymes in terms of their effectiveness, reusability, real-time in-field application, commercial
production and regulatory considerations.

Keywords: degradation; detection; enzyme; heavy metal; nanomaterial; nanoparticle; peroxidase;
pesticide; pollution; sensor

1. Introduction

1.1. General Introduction to Nanozymes

Nanozymes are advanced nanomaterials which possess unique physicochemical properties
with the precise structural fabrication capability to mimic intrinsic biologically relevant reactions.
Specifically, nanozymes mimic natural enzymes and exhibit enzyme-like properties. The enzymatic
catalytic reactions are highly effective, with reactions occurring rapidly even under mild conditions,
and more importantly, such reactions are also highly selective. The high efficiency and selectivity
are immensely desirable properties for sensing and monitoring applications. However, natural
enzymes including proteins suffer from limitations such as low thermostability and narrow pH
window, which will denature the enzymes and greatly reduce and inhibit their enzymatic activities.
Low thermostability also places stringent requirements on the storage, transportation and handling
of natural enzymes, which can be labour- and infrastructure-intensive for the users. Susceptible
denaturation adds complexity to the interpretation of sensing and monitoring outputs, which may
yield a false positive/negative outcome. From this perspective, nanozymes address these limitations by
offering high structural durability and stability, while maintaining the desirable catalytic activities.

By incorporating the unique physicochemical properties and enzyme-like activities, nanozymes
exhibit promising applications in different fields such as the biomedical sector (in vivo diagnostics/and
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therapeutics) and the environmental sector (detection and remediation of inorganic and organic
pollutants). The biomedical and clinical translation of nanozymes have been extensively reviewed [1–4],
from their applications in immunoassays [5–10] to cancer diagnostics and therapeutics [11–15]. As
nanozymes offer better structural stability over their respective natural enzymes, with wider physical
(e.g., temperature) and chemical (e.g., pH) operational windows, they are ideal candidates for real-time
and/or remote environmental monitoring and remediation. This is especially so given the challenging
and unpredictable nature of the outdoor environment (compared to a more physiologically stable
in vivo or in vitro environment which has a more defined and narrower operational window). In this
review, the current environmental translation of nanozymes into a powerful sensing or remediation
tool through inventive (i) nano-architectural design of nanozymes and (ii) transduction methodologies
will be reviewed, as well as the practical deployment of these nanozymes in terms of their functionality
and recyclability.

1.2. Types of Nanozymes

Over the last few decades, various types of nanomaterials have been reported to have intrinsic
enzyme-like activities [16,17]. Natural enzymes exhibit intrinsic catalytic ability, usually at a single
active site, to catalyse a specific chemical transformation [18,19]. Since nanozymes lack such an active
site, different strategies have been devised to enhance the catalytic properties of these nanomaterials,
enabling them to selectively and effectively react with target molecules. In this review, we categorise
nanozymes into four types based on their mode of natural enzyme-mimicking behaviour (Figure 1).

Figure 1. Types of nanozymes based on their mode of natural enzyme-mimicking behaviour.

One strategy utilises constructed metal sites (type I nanozymes), such as metal oxides or metal
sulphides, to mimic the metal catalytic active site found in metalloenzymes [20]. An early example
of such nanozymes is iron oxide (Fe3O4) nanoparticles, as reported by Gao et al. [6], which exhibit
peroxidase-like activity similar to the natural horseradish peroxidase (HRP) enzyme. Peroxidases
catalyse the oxidation of a chromogenic substrate, such as 3,3′,5,5′-tetramethylbenzidine (TMB),
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), o-phenylenediamine dihydrochloride
(OPD), in the presence of hydrogen peroxide, H2O2. The smallest Fe3O4 nanoparticles (out of 30, 150
and 300 nm) were found to have the highest catalytic activity, which showed that the high surface area
of the Fe3O4 nanoparticles was responsible for the peroxidase-like activity. Gao et al. [6] postulated that
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the active surface ferrous and ferric ions in the nanoparticles were the key components that enabled this
catalytic activity, mimicking the iron–heme binding site in HRP. Cerium oxide (CeO2) nanoparticles
also utilise their metal as a nanozyme due to its similarity in structure and biochemistry to the iron
ion, particularly in binding to proteins [21]. In fact, CeO2 nanoparticles are multifunctional catalysts
whereby they exhibit catalase-like (breakdown of H2O2 into O2 and H2O) and superoxidase-like
(dismutation of O2

•− into O2 and H2O2) activities in addition to bearing peroxidase-like activity. The
multifunctional catalytic behaviour arises from the coexistence of Ce(III) and Ce(IV) oxidation states.
The switch between the III/IV valence resembles the mechanism of redox enzymes, which use metals
as cofactors to catalyse a range of reversible redox reactions [16]. As such, reactions comprising redox
cycles between Ce(III) and Ce(IV) oxidation states make it possible for CeO2 nanoparticles to react
catalytically with oxygen radicals and hydrogen peroxide, thus mimicking the function of two key
antioxidant enzymes, namely superoxide and catalase [22]. Similar to the Fe3O4 nanoparticles, the
enzyme-mimicking behaviours of CeO2 are also size-dependent, whereby the smaller CeO2 (5 nm) have
superior catalytic activity to that of larger (28 nm) nanoparticles [23]. This is further exemplification
that the catalytic activities of the nanozymes are dependent on the amount of catalytically active atoms
exposed on the surface (where the catalytic mechanism is related to changes in metal valence), which
is usually inversely proportional to the diameter of the nanoparticles.

Other common metal–heme centres found in metalloenzymes include copper, cobalt and
manganese ions (Table 1). As such, nanoparticles synthesised from cobalt oxide (Co3O4) [24],
cobalt sulphide (Co9S8) [25], copper oxide (CuO) [26] and manganese dioxide (MnO2) [27,28] are also
known to possess either peroxidase, oxidase and/or catalase-mimicking activities.

Table 1. Examples of metalloenzymes.

Metal Centre Enzymes

Zinc Carbonic anhydrase, alcohol dehydrogenase, organophosphate hydrolase
Iron Catalase, peroxidase, cytochrome oxidase

Manganese Enolase, hexokinase
Copper Tyrosinase, lysyl oxidase, laccase
Cobalt Dipeptidase

While the type I metal compound nanoparticles are those that mimic the metal–heme redox centre
of metalloenzymes, other metal nanoparticles that catalyse the same reactions as natural enzymes
are classified as type II nanozymes. These metal nanoparticles are synthesised from metals which
are known to exhibit intrinsic catalytic behaviour for various heterogeneous reactions. Such metals
include gold, silver, platinum, palladium and iridium [29–31]. Rossi and co-workers reported that gold
nanoparticles, under controlled conditions (unprotected “naked” nanoparticles, 3.6 nm diameter, in the
presence of excess glucose) could initially catalyse reactions similar to glucose oxidase and thus serve
as a mimic for glucose oxidase [32]. Moreover, gold nanoparticles also showed peroxidase-mimicking
activity [33,34]. Chen and co-workers [33] demonstrated that unmodified gold nanoparticles had
significantly higher catalytic behaviours towards peroxidase substrates, which indicated that the
superficial gold atoms were the key component to the observed peroxidase-like activity. Modified gold
nanoparticles with different surface charges (positive or negative) also exhibited peroxidase-mimicking
activity [34]. In fact, it was found that their enzyme-mimetic activities could be modulated by changing
the pH of the environment (i.e., pH-switchable). Gao and co-workers [35] demonstrated that gold,
silver, platinum and palladium nanomaterials exhibited peroxidase-like activities at acidic pH and
catalase-like activities at basic pH [35]. The pH-switchable phenomenon was further investigated
by Nie and co-workers using 1–2-nm platinum nanoparticles, which showed that the catalase-like
activity was evident under basic conditions while the peroxidase-like activity was more dominant
under acidic conditions [36]. The catalytic mechanism of the metal nanoparticles is different from the
metal compound-based nanozymes and is related to the adsorption, activation and electron transfer of
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substrate (e.g., TMB, ABTS or OPD) on metal surfaces rather than a change in the metal valence of
the nanomaterial.

Another intriguing aspect of metal-based nanozymes is that they can form alloys with different
elemental compositions [37]. By combining the independent electronic characteristics of two metals,
bimetallic nanoparticles can further exhibit unique properties through the synergetic effect of the
two metals [38]. Thus, this makes it feasible to tailor the enzyme-mimicking activities by adjusting
alloy compositions, classified here as type III nanozymes. In one example, He et al. showed that for
Ag-M (M = Au, Pd, Pt) bimetallic alloy-based peroxidase nanozymes, the efficiency of the catalytic
activity could be tuned by gradually changing the ratio of the two metals [39]. They suggested that
the composition-dependent activity was from the electronic structure due to alloying. In another
example, further enhancement of the multi-enzymatic activities was demonstrated by Yin, Wu and
co-workers [40] using Au-Pt bimetallic nanoparticles by controlling the Pt and Au molar ratio to
exhibit oxidase, peroxidase and catalase-like activities. An enhanced peroxidase-like activity of Ir-Pd
nanocubes was obtained by depositing an Ir atomic layer on the surface of Pd nanocubes [41]. It was
postulated that the adsorption energy of the Ir-Pd(100) surface was larger than that of the Pd(100),
making it more energy-efficient to dissociate hydrogen peroxides into hydroxyl radicals.

Non-metallic nanozymes such as carbon-based nanomaterials, including fullerene and their
derivatives, carbon quantum dots, carbon nanotubes and graphene oxide, are showing great promise
with enzyme-mimicking capability owing to their intrinsic catalytic properties. The peroxidase, catalase
and oxidase-like activities have all been reported [42–47]. In one example, Shi et al. [44] reported that
carbon quantum dots exhibited peroxidase-like catalytic activity. It was concluded that the catalytic
mechanism came from an increase in the electron density and mobility in the carbon quantum dots
acting as effective catalytically active sites. Qu and co-workers [45] also reported that carboxyl-modified
graphene oxide exhibited peroxidase-like activity, with electron transfer occurring from the top of
the valence band of graphene to the lowest unoccupied molecular orbital of hydrogen peroxide. To
further lower this band gap and improve the peroxidase-like behaviour, Kim et al. [46] co-doped the
graphene oxide with nitrogen and boron and demonstrated a much higher catalytic behaviour than
undoped graphene oxide. Besides peroxidase-like behaviour, the catalase-like behaviour was reported
by Ren et al. [47] using graphene oxide quantum dots.

Metal–carbon nanocomposites have also been investigated as a strategy to further improve
the catalytic activities of carbon nanozymes [48–51]. An oxidase-like nanozyme, catalysing an
oxidation–reduction reaction involving oxygen as an electron acceptor, was constructed using
a metal–carbon nanocomposite hybrid through doping a N-rich porous carbon with Fe nanoparticles [51].
The group suggested that the N-doped porous carbon acted as the binding sites to trap and transfer O2

molecules to catalytic sites and subsequently catalysed their redox reaction with the Fe nanoparticles.
In another example, Guo, Zhang and co-workers [48] integrated graphene quantum dots with Fe3O4

nanoparticles and demonstrated superior peroxidase-like activities compared to individual graphene
quantum dots and Fe3O4 nanoparticles. This superiority was attained from the synergistic interactions
between graphene quantum dots and the Fe3O4 nanoparticles. Compared to the native HRP, this
nanocomposite showed comparable, if not better, removal efficiencies for some phenolic compounds
from aqueous solution, rendering it useful for industrial wastewater treatment [48].

All metal-, metal-compound- and carbon-based nanozymes rely on the high surface area, enabled
either through small particle size (of the order of tens of nanometres for metal- or metal-compound-based
nanozymes) or porous structure (carbon-based nanozymes) to maximise the exposure of the catalytically
active atoms. Metal–organic frameworks (MOFs) which consist of metal ions as nodes and organic
ligands as linkers also have highly porous structures that can be utilised as nanozymes. In this
construct, the transition metal nodes containing the MOFs themselves can act as biomimetic catalysts,
while the high porosity structure created by the metal–organic linkers can serve as the binding sites
for the substrates. Their tuneable pore sizes, highly specific surface areas and exposed active sites
provide MOFs with high catalytic efficiency [52]. In one example, Li and co-workers [53] demonstrated
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the use of a nanosized MOF, Fe-MIL-88NH2, as a peroxidase mimic. The catalytic mechanism was
proposed as follows: hydrogen peroxide was adsorbed onto the surface or into the mesopores of
Fe-MIL-88NH2, and the hydrogen peroxide was decomposed into hydroxyl radicals by iron. Other
than the Fe-MOF, Cu-MOF [54], Ni-MOF [55], Pt-MOF [56] and Co/2Fe MOF [57] are also known
to exhibit peroxidase-like behaviours. The bimetallic-MOF, Co/2Fe-MOF, exhibited dual enzymatic
activities, peroxidase and oxidase. Additionally, Min, Chu and co-workers showed that CeO2-MOF
acted as a hydrolase mimic (breakage of a chemical bond using water) to remove a phosphate group,
PO4

3−, from phosphopeptides [58]. Prussian Blue nanoparticles are an analogue of MOFs which can
simultaneously behave as multienzyme mimics (peroxidase, superoxide dismutase and catalase-like
activities) and were used effectively as a scavenger for reactive oxygen species [59].

Although the aforementioned metal-compound-, metal-, carbon-, nanocomposite- and MOF-based
nanomaterials show promising enzyme-mimicking abilities, achieving the same level of binding affinity
and specificity as natural enzymes remains a challenge. The limiting factors include (i) the density of
the catalytically active surface ions (such as the metal ions) and functional groups (such as the carboxyl
group in the carbon nanomaterials), and (ii) the efficiency of the catalytic mechanism. It has been
demonstrated that nanozymes with a low density of active sites show much lower catalytic activities [60].
Additionally, the elemental composition and facet structure of these nanozymes cause the catalytic
mechanism of nanozymes to be different and are usually more intricate than natural enzymes [37,61].
These limitations constrain the extensive applications of these standard nanozymes. Consequently, new
strategies have emerged to mitigate these constraints through spatial or three-dimensional structural
mimicking of the active sites of natural enzymes [62,63]. These structural mimics can be achieved by
mimicking the geometry of pre-existing metal binding centres, the binding sites at the peripheral or
the confined and empty space at the centre of natural enzymes (type IV nanozymes).

Single-atom nanozymes resemble spatial structures to mimic the electronic, geometric and
chemical structure of the pre-existing metal binding centre of metalloenzymes. For example, the FeN4

in iron-based single-atom nanozymes mimic the active sites of oxymyoglobin, HRP and cytochrome
P450 enzymes which contain a single heme Fe with a proximal ligand (Figure 2) [64,65]. In particular,
Huang, Zhu and co-workers reported that densely isolated FeN4 single-atom nanozymes exhibited
outstanding peroxidase-like activities [66]. Both their experimental and theoretical analyses showed
that FeN4 led to strong adsorption of hydrogen peroxide, weakened the bonding between the single
Fe atom and the two adsorbed hydroxyl groups and lowered the energy barrier for the formation of
hydroxyl radicals to boost the peroxidase-like activities. Additionally, other metals such as cobalt and
zinc could also be used to create CoN4, and ZnN4 single-atom nanozymes that exhibited peroxidase-like
activities [66]. The addition of an axial N coordination to form FeN5 single-atom nanozymes enhanced
the oxidase-like behaviour of the Fe based single-atom nanozymes [62]. The FeN5 structure had
the most adsorption energy, by promoting strong oxygen adsorption that led to weakening of the
O–O bond. Wang, Dong and co-workers [62] postulated that the weakening of the O–O bond was
a result of the electron donor via the electron push effect of the axial-coordinated N in the FeN5

single-atom nanozyme.
Other structure-mimicking strategies have been achieved through the creation of binding sites,

such as nano-channels at the nanozymes, by resembling the binding sites of natural enzymes either
at the periphery or in the centre (usually a confined empty cavity); see Figure 3. In a pioneering
example, Schuhmann, Tilley, Gooding and co-workers designed a nanoparticle that mimicked the 3D
architecture of a natural enzyme by using surfactant-covered PtNi bimetallic nanoparticles [63,67]. In
their design, the surfactant-covered PtNi particles were selectively etched to create nano-channels that
were specific for catalysing the reduction reaction of oxygen. The group reported that the oxygen
reduction reaction activity normalised by the electrochemically active surface area was enhanced by a
factor of 3.3 for the nanozymes compared to the unetched PtNi nanoparticles.
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Figure 2. A comparison of the HRP enzyme and FeN4 single-atom nanozyme showing the high
structural similarity of the single-atom nanozyme to the active centre (iron-heme group) of HRP.
(Adapted with permission from [64]. Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany).

 

Figure 3. Illustration of a nanozyme as a 3D geometric architectural mimic of an enzyme. (Reprinted
with permission from [63]. Copyright© 2018, American Chemical Society).

1.3. Catalytic Mechanisms

The most important advantage of nanozymes is their size-/composition-dependent activity, which
enables the architectural design of nanomaterials with a broad range of catalytic activities by varying
the shape, structure and composition. These nanozymes share certain similarities, such as that they
need to be within a certain range of size, shape and surface charge to enable them to mimic natural
enzymes. It is useful to acquire a basic insight into how these factors affect the catalytic performance of
nanozymes. Thus, a fundamental understanding of the catalytic mechanisms behind the enzymatic-like
activities is critical for further creative design of nanozymes with improved catalytic performance. In
this section, we summarise the general mechanisms and analyse the catalytic mechanisms according to
the types of nanozymes as introduced in the previous section.

Natural enzymes are internationally classified into six classes: oxidoreductases, transferases,
hydrolases, lyases, isomerases and ligases. The majority of nanozymes are known to mimic the catalytic
activities of oxidoreductases and hydrolases (Figure 4). Oxidoreductases catalyse oxidations and
reductions in which hydrogen or oxygen atoms or electrons are transferred between molecules. Natural
enzymes such as oxidases (including laccases), superoxide dismutases, peroxidases and catalases
belong to the oxidoreductase family. Hydrolases catalyse the hydrolysis of various bonds and include
enzymes such as phosphatase, nuclease, protease and peptidase.
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Figure 4. Schematic of the major reactions catalysed by oxidoreductases (oxidases, superoxide
dismutases, peroxidases and catalases) and hydrolases.

The mode of catalytic reactions of natural enzymes involves two types of mechanisms, namely
chemical and binding mechanisms. Chemical mechanisms include (i) acid-base catalysis (reactions
involving H+ and OH− and are pH-dependent), (ii) covalent catalysis (reactions involving formation
of a transient covalent bond) and (iii) metal ion catalysis (reactions involving redox changes and
stabilisation of charges). Binding mechanisms involve (iv) proximity/orientation-assisted catalysis,
(v) transition state stabilisation-assisted catalysis, and vi) electrostatic catalysis. Natural enzymes
use one or a combination of these actions to catalyse a chemical transformation. Understandably,
nanozymes also employ one or more of these mechanisms to mimic natural enzymes.

Metal compound-based nanozymes rely on changes in metal valence to catalyse the redox reaction,
and this usually involves the use of transition metal elements which have variable oxidation states.
These are also the metals commonly found in the metal–heme centre of metalloenzymes as well.
Metal-compound-based nanozymes include Fe3O4, Co3O4, CeO2, CuO and Mn3O4, in which the
metal elements can be converted between variable valence states, making them promising nanozyme
candidates. Using Fe3O4 nanoparticles as an example, Smirnov and co-workers [68] reported that the
peroxidase-like activity of iron oxide originated mainly from the interaction of hydrogen peroxide
with the ferrous ions on the surface of the nanoparticles (rather than from the dissolution of metal ions
from the nanoparticles). These may follow Fenton reactions [69], which can be written as Equations
(1)–(3). Other transition metals (M) follow similar Fenton reactions comprising redox cycles between
M(n) and M(n + 1) oxidation states.

Fe3+ + H2O2 → FeOOH2+ + H+ (1)

FeOOH2+ → Fe2+ + HO2
• (2)

Fe2+ + H2O2 → Fe3+ + OH− + HO• (3)

The catalytic mechanism of metal nanoparticles differs from metal-compound-based nanozymes
and is related to the adsorption, activation and electron transfer of the substrate (e.g., TMB, ABTS
or OPD) on metal surfaces. As mentioned in the previous section, metal-based nanozymes exhibit
intrinsic pH-switchable peroxidase and catalase-like activities [35]. The pH-switchable ability arises
from the acid-base type of catalysis of the metal-based nanozymes, which consists of the adsorption and
decomposition of hydrogen peroxide under different pH conditions. Adsorption of hydrogen peroxide
first occurs on the metal surface to initiate the catalytic reaction; then, the adsorbed hydrogen peroxide
undergoes two different decomposition pathways depending on the pH of the micro-environment [35].
Under acidic conditions, hydrogen peroxide follows a base-like decomposition pathway to exhibit
peroxidase-like activity, whereas under basic conditions, it follows an acid-like decomposition pathway
exhibiting catalase-like activity. Figure 5 illustrates the decomposition mechanisms under acidic and
basic conditions. Similar to the peroxidase and catalase-like activities, the catalytic mechanism for
oxidase-like behaviour was demonstrated by Wu, Gao and co-workers [37] using density functional
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theory to involve the adsorption of oxygen to the metal surface, followed by the dissociation of
oxygen. The proposed mechanism for the oxidase-like activity is shown in Equations (4) and (5). The
same catalysis mechanisms as shown in Figure 5 and Equations (4) and (5) were also applicable to
bimetallic [35,37,40,70,71] and MOF-based [72] nanozymes.

O2 = 2O∗ (4)

O∗ + S→ H2O∗ + Sox (5)

* is used to indicate species adsorbed on metal surfaces. S is a chromogenic substrate; Sox is the oxidised
chromogenic substrate.

Figure 5. Calculated reaction energy profiles (unit: eV) for hydrogen peroxide decomposition on an
Au(111) surface in (A) acidic and (B) basic conditions. Asterisk (*) is used to indicate species adsorbed
on the metal surface. TS stands for transition state. (Adapted with permission from [35]. Copyright©
2015, Elsevier Ltd. All rights reserved).

Unlike metal-compound- and metal-based nanozymes, the catalytic mechanism of carbon-based
nanozymes is not as well documented. However, it follows a catalytic route as for the metal-based
nanozymes involving the adsorption, activation and electron transfer of the substrate at carbon
surfaces. Qu and co-workers [43,73] completed a comprehensive study of the mechanism of the
peroxidase-like activity of graphene oxide quantum dots, which stemmed from their ability to catalyse
the decomposition of hydrogen peroxide and generate highly reactive hydroxyl radicals. These catalytic
reactions occur at two sites, reactive and substrate-binding sites: the functional groups –C=O act as
the catalytically active sites for converting hydrogen peroxide to hydroxyl radicals, and the O=C–O–
groups serve as the substrate-binding sites for hydrogen peroxide (Figure 6). In a separate study, Zhao
et al. [74] also reported a similar catalytic mechanism where the hydrogen peroxide attacked the –C=O
group and H2O2 decomposed to form a hydroxyl radical.

For nanozymes that rely on structural analogy with the natural enzyme as the strategy to achieve
the desired enzyme-mimicking properties, the high structural similarity maximises the binding energy
of the substrate and lowers the activation energy required to initiate the catalytic reaction. Single-atom
dispersion (for single-atom nanozymes) also generates the most sufficient size effect and provides
maximum surface-active site exposure [75] because the catalytic mechanism depends primarily on
the steric configuration of active centres instead of the size or structure of the nanoparticles as seen in
the metal- and metal-compound-based nanozymes [62]. Using single-atom nanozymes with carbon
nanoframe-confined FeN5 active centres, Wang, Dong and co-workers [62] reported both experimental
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and theoretical studies of the catalytic mechanism of their oxidase-like activity. The sterically configured
metal active centres (FeN5) have a strong O2 adsorption to the surface, weakening the O–O bond and
giving rise to a larger extent of O–O bond elongation, thereby promoting the oxidase-like activity.
Additionally, Xu et al. [76] also reported a similar catalytic mechanism for the peroxidase-like activity
of single-atom nanozymes with the adsorption of hydrogen peroxide to the sterically configured active
centres and the decomposition of hydrogen peroxide into reactive radicals.

Figure 6. The catalytically active sites (for hydrogen peroxide) and binding sites (for the chromogenic
substrate) of graphene oxide quantum dots which exhibit peroxidase-like activity. (Adapted with
permission from [73]. Copyright© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany).

Instead of using the single-atom dispersion approach to maximise the surface-active site exposure,
Calle-Vallejo et al. [77] introduced the concept of “coordination–activity plots” to predict the geometric
structure of the optimal active sites. This involved counting the number of neighbouring atoms to the
reaction active site rather than using the more conventional Sabatier principle to predict the activity of
the catalyst based on the strength of the adsorption and desorption of key intermediates. Benedetti
et al. [63] utilised the “coordination–activity plot” to design their nanozymes to structurally mimic the
natural enzyme using a bimetallic alloy with etched nano-channels and demonstrated an improvement
in the electrocatalytic performance of such a nanozyme.

In the following sections, the environmental applications of nanozymes will be discussed in greater
detail. In particular, the administration of nanozymes for pollutant detection and degradation are
intricate functions of the physicochemical properties of different types of nanozymes. Therein, (i) the
ability to structurally manipulate the nanoparticles with atomic precision which affords specificity
towards the detection of targeted pollutants, (ii) the surface engineering, such as the coatings applied,
to improve the sensitivity of the detection and efficiency of biodegradation, and (iii) the transduction
methods applied to enable the detection and biodegradation of pollutants are reviewed.

2. Detection of Metal Ions

2.1. Introduction

The persistence of toxic heavy metals in the environment is an important concern that can lead
to adverse effects on human health. Heavy metals occur naturally in water, food and soil but also
arise from industrial activities such as mining, smelting, electroplating, wood preserving and leather
tanning [78]. In comparison to organic contaminants, inorganic ions are not biodegradable and tend to
accumulate in the environment and organisms and enter the food supply chain. Effects from heavy
metal exposure include nausea, vomiting, diarrhoea, abdominal pain, kidney dysfunction and, in
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extreme cases, death [78]. Therefore, there is a critical need for highly sensitive and selective sensors
for monitoring metal ions. The Australian Drinking Water Guidelines for selected metals are listed in
Table 2 [78].

Analytical instrumentation such as atomic absorption spectroscopy (AAS), inductively coupled
plasma–optical emission spectroscopy (ICP-OES) and inductively coupled plasma–mass spectrometry
(ICP-MS) [79] can address the needs of highly accurate and sensitive metal ion detection but require
sample processing and analysis back in the laboratory as well as operation by trained personnel. Due
to the high cost of this instrumentation, it are not easily accessible. Even where access to analytical
laboratory testing facilities is available, the cost for analysis of a single sample is of the order of AUD
50–100 (USD 35–70) with a turnaround time of 2–5 days. This inherently limits the frequency of
sampling as well as the number of collection points, which, in some instances, reduces the ability to
rapidly identify the pollutant and its source.

Table 2. Australian Drinking Water Guidelines for Selected Metals [78].

Metal Guideline Value (mg/L) Potential Source

Arsenic 0.01 From natural sources and
mining/industrial/agricultural wastes.

Cadmium 0.002 Indicates industrial or agricultural contamination; from
impurities in galvanised (zinc) fittings, solders and brasses.

Chromium (VI) 0.05 From industrial/agricultural contamination of raw water or
corrosion of materials in distribution system/plumbing.

Copper 2 From corrosion of pipes/fittings by salt, low-pH water.

Lead 0.01 Occurs in water via dissolution from natural sources or
household plumbing containing lead (e.g., pipes, solder)

Mercury 0.001 From industrial emissions/spills. Very low concentrations
occur naturally.

Silver 0.1 Concentrations are generally very low. Silver and silver salts
occasionally used for disinfection.

Ideally, sensors which are portable and amenable for in-field sensing can reduce analysis times
and provide real-time information as to the health state of the environment. Solid-state sensors that rely
on colorimetric or electrochemical transduction can address these challenges as they are more compact
and simpler to operate than lab-based analytical instrumentation. These sensors will ultimately lead
to cost savings, as timely reporting allows rectifying actions to be taken before conditions worsen.
Moreover, humans, animals and aquatic life will be prolonged by reducing the risk of exposure to
these toxic elements.

Most colorimetric [80,81] or electrochemical transduction techniques [82,83] rely on a chemically
sensitive material to interact with the metal ion of interest via coordination, adsorption or precipitation
to induce a change in output signal. Detection of metal ions using metal nanoparticles generally involves
the aggregation of nanoparticles to induce a colour change [84]. The aggregation of nanoparticles is
facilitated by surface ligands which bind to the metal ion of interest and crosslink the nanoparticles,
resulting in a shift in the surface plasmon resonance. Ionophores and porphyrins are also ligands
that have been used to coordinate metal ions with high selectivity [85] and can be tethered directly
to a substrate or immobilised within a polymer matrix. Not surprisingly, oligopeptides, DNA and
enzymes [82,86–88] have also been studied for metal chelation since, in nature, metal ions play a key
role in their interaction with living organisms. Metal ions can be highly toxic to enzymes since the
thiol or methylthiol groups of amino acids near the active centre of enzymes can be blocked by heavy
metals and inhibit their function [89].

In the past decade, several research groups have explored the use of nanozymes for the detection
of metal ions [90–93]. Similar to natural enzymes, the peroxidase, oxidase or catalase-like activity of
nanozymes can be inhibited or enhanced by the presence of metal ions. Many studies exploit the intrinsic
peroxidase-like activity of nanozymes and are mainly type II metal nanoparticles [94–101]. These metal
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nanoparticles form an amalgam upon interaction with a metal ion or agglomerate through binding
of the metal ion with the surface ligands of nanoparticles, changing the enzyme-like activity. The
peroxidase-like activity of type I nanozymes such as cysteine-stabilised Fe3O4 magnetic nanoparticles
(MNPs) [102], chitosan-functionalised MoSe2 [103] and Co9S8 [104] can also be triggered by metal
ions. Nanocomposite type III nanozymes have also been explored through the synergistic combination
of metal nanoparticles, graphene-based materials or MOFs [56,105–109]. These nanocomposites
can serve to enhance the catalytic activity or are dual-purpose nanozymes for the adsorption and
detection of the metal ion of interest. Studies exploiting the oxidase [110,111] or catalase-like [112,113]
activity of nanozymes for metal ion detection are limited. Whilst most peroxidase-like nanozymes
exhibit high metal ion selectivity, the demonstrated examples of catalase-like nanozymes were
cross-selective [112,113] with the ability to detect multiple metal ions under various conditions. The
proceeding sections will review the various metal ions and their detection using nanozymes.

2.2. Mercury Detection

Mercury is a highly toxic heavy metal which naturally occurs in water, soil and even food.
Due to its wide range of adverse effects on human health, including tremors, mental disturbances
and gingivitis [78], many efforts have been focused on developing highly sensitive and selective
Hg2+ sensors.

Long et al. [101] first reported a colorimetric sensor for Hg2+ based on the peroxidase-like
enhancement of gold nanoparticles. TMB, a chromogenic substrate, can be oxidised by H2O2 in the
presence of citrate-capped gold nanoparticles, resulting in a visual colour change from colourless to
light blue. Remarkably, the addition of trace Hg2+ to the citrate-capped gold nanoparticles dramatically
enhanced the oxidation of TMB, with the colour intensity proportional to the Hg2+ concentration.
Compared to other metal ions at 25 times higher concentration, including K+, Na+, NH4

+, Ag+, Ba2+,
Mg2+, Co2+, Ni2+, Zn2+, Cu2+, Mn2+, Pb2+, Cd2+, Al3+, Cr3+ and Fe3+, the extent of oxidation of
TMB was unaltered. The enhancement of peroxidase-like activity due to Hg2+ was attributed to
two processes. In the first step, Hg2+ was reduced to Hg0 by sodium citrate, which also acted as a
stabilising agent for the nanoparticles. Subsequently, the reduced mercury dispersed across the gold
nanoparticle surface, forming a Hg-Au amalgam, and improved the peroxidase-like activity of the
nanoparticles. The altered nanoparticle surface enhanced the formation of •OH radicals on the surface
due to bond breakage of H2O2. Similar phenomena were also observed with MoS2-Au [108], Cu@Au
nanoparticles [94] and Au/Fe3O4/graphene oxide [109]. In the latter case, the catalytic activity of
Au/Fe3O4/graphene oxide was improved in the presence of Hg2+, resulting in ultrasensitive detection
of Hg2+ down to 0.15 nM [109]. Furthermore, mercury was able to be removed (>99% efficiency) from
the surface of Au/Fe3O4/graphene oxide by the application of an external magnetic field, allowing
reuse up to 15 times. In an approach towards rapid, on-site testing [114], Han et al. have developed a
paper-based analytical device for Hg2+ detection based on citrate-stabilised gold nanoparticles (see
Figure 7a). The device was designed so that multiple samples could be analysed simultaneously by
having separate zones for reagent loading, absorbents and detection. By varying the number of drops
of the test sample, colorimetric signal amplification due to the catalytic reaction of TMB and H2O2

could be realised.
Whilst the peroxidase-like activity of gold nanoparticles was stimulated by Hg2+, the application

of platinum nanoparticles resulted in enzyme inhibition. Similar to gold, the mechanism for a change
in catalytic activity of platinum-based nanoparticles was a result of Hg-Pt amalgam formation at the
Pt surface, affecting the electronic structure and active Pt0 proportion. However, Hg2+ can interact
directly with Pt0 via metallophilic interactions due to their matched d10 configuration, resulting in
catalytic inhibition [91]. Li et al. [95] were the first to demonstrate in 2015 that the peroxidase-like
activity of Pt nanoparticles stabilised by bovine serum albumin (BSA) could be inhibited through
interactions between Hg2+ and Pt0, allowing the detection of Hg2+ down to 7.2 nM in 20 min without
significant interference from other metal ions. Similarly, Zhou et al. [96] have used citrate-stabilised
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Pt nanoparticles for the detection of Hg2+ ions. The OPD colorimetric signal was inhibited through
the reduction of Hg2+ by citrate, resulting in a Pt-Hg amalgam (see Figure 7b). To enable screening
in-field in various water bodies and public drinking water distribution systems, Kora and Rastogi [115]
have developed a green approach for the synthesis of platinum nanoparticles using chloroplatinic
acid and a nontoxic, biodegradable plant exudate gum as a reducing and stabilising agent. These
nanoparticles (with an average size of 4.4 nm) showed excellent tolerance to temperature and pH
changes and exhibited peroxidase-like activity.

(a) 

(b) 

Figure 7. (a) Detection of Hg2+ ions by inhibition of OPD activity by formation of a Pt-Hg amalgam.
(Reprinted with permission from [96]. Copyright© 2017, Elsevier B.V. All rights reserved.) (b) Detection
of Hg2+ by enhancement of TMB activity by formation of an Au-Hg amalgam. (Reprinted from [114].
Copyright© The Authors. Distributed under a Creative Commons BY (CC BY) license).

Although the majority of Pt-based nanomaterials exhibit peroxidase-like activity, the oxidase-like
activity has also been demonstrated, which is more ideal for environmental detection since unstable
H2O2 is not required. Doping of Pt nanostructures with Se showed oxidase-like activity [110] due to
an acceleration of electron transport and the anchoring of Se to Pt nanoparticles. The presence of Hg2+

inhibited the catalytic activity, enabling a facile colorimetric assay for Hg2+ down to 70 nM.
The enzyme-mimicking properties of nanomaterials can also be enhanced or inhibited through

surface modification. Iron oxide nanoparticles are known to exhibit peroxidase-like activity, but
their activity can be inhibited through blockage of the active Fe sites [6]. Cysteine-modified Fe3O4

nanoparticles [102] exhibited almost no colour change in the presence of TMB and H2O2 under pH
4.0 conditions. However, the presence of Hg2+ triggered the peroxidase-like activity of Fe3O4 due
to the formation of a cysteine–Hg2+–cysteine complex (Figure 8). Excellent sensitivity was achieved,
with a detection limit of 5.9 nM. Detection of Hg2+ was also enhanced using gold nanoparticles
modified with chitosan [97]. Hg2+ can react with chitosan via the NH2 groups. By using TMB as a
chromogenic substrate, and with 10-min incubation at 50 ◦C in pH 4.2 acetate buffer, the absorption
peak at 652 nm was dramatically improved due to Hg2+. Selenium nanoparticles have also been shown
to catalyse the oxidation of TMB by surface modification with chitosan. Compared to BSA and sodium
alginate Se nanoparticles, the chitosan Se nanoparticles had the highest activity, which was attributed
to the involvement of reactive oxygen species that may react more favourably with chitosan [111].
The oxidase-like activity of chitosan-stabilised Se nanoparticles could be inhibited by Hg2+ due to
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the extremely high affinity of mercury for selenium. High selectivity for Hg2+ (5 μM) was afforded
when evaluated under the same conditions as Cd2+, Pb2+, Cu2+, Na+, K+, Ca2+, Mg2+, Zn2+, Mn2+,
Al3+ and Fe3+ (100 μM). Similarly, Huang et al. [103] have demonstrated that chitosan-functionalised
molybdenum (IV) selenide exhibited peroxidase and oxidase-like activities. The chitosan surface
functionality enabled the reduction of Hg2+ ions to Hg0 and further enhanced the enzyme activity.
The selectivity of the nanozyme to Hg2+ (2 μM) was well-demonstrated over other ions at 10 μM.

Figure 8. Principle for sensing of Hg2+ based on Hg2+-triggered peroxidase-mimicking activity of
Cys-Fe3O4 nanoparticles. (Adapted with permission from [102]. Copyright© 2018, Elsevier B.V. All
rights reserved.).

The use of nanocomposites has also been gaining popularity as enzyme mimics. Combining metal
nanoparticles with support materials such as graphene and MOFs is highly attractive as they may result
in higher activities owing to synergistic interactions [56,105,108,109]. Gold nanoparticles dispersed onto
a porous amino-functionalised titanium-based MOF exhibited peroxidase-like behaviour [105] that was
higher than the individual gold nanoparticles and titanium-based MOF. Furthermore, kinetic analysis of
the nanocomposite revealed a lower Michaelis constant value, Km (i.e., a higher affinity for the substrate),
than HRP. The presence of cysteine inhibited the peroxidase-like behaviour but could be reactivated
by Hg2+ due to the strong affinity of Hg2+ for the thiol group of cysteine. The detection of Hg2+

was interfered with by Cu2+ and Ag+ but could be partially masked with ethylenediaminetetraacetic
acid (EDTA) and Cl−. MOFs have also been decorated with Pt nanoparticles [56]. Combining the
high peroxidase-like activity of Pt nanoparticles with the high porosity and surface area of MOFs
provided a rapid technique for the measurement and removal of Hg2+ ions. Hg2+ ions inhibited the
peroxidase-like activity, with high sensitivity and a Hg2+ detection limit of 0.35 nM, without significant
interference from coexisting metal ions. Furthermore, by using 5 mg of the nanocomposite, effective
removal (>99%) of Hg2+ (up to 50 mg/L) could be demonstrated after 12-h incubation. It is envisaged
that advances in nanomaterials would result in the rise of more dual-purpose materials that can be
used for both sensing and adsorption of metal ions.

2.3. Lead Detection

Lead is a cumulative poison that can have a major detrimental effect on the central nervous
system [78]. Considering the potential health effects, the permissible Pb(II) level for Australian drinking
water is set at 10 μg/L [78]. Thus, it is imperative to provide simple methods for monitoring Pb2+ in
a variety of samples (environmental and food). Natural enzymes, such as DNAzymes [116], have
high catalytic activity for Pb2+ and have been employed as biosensors for Pb2+. In recent years,
enzyme-mimicking nanomaterials for the detection of lead ions have gained popularity, involving
enhancement and inhibition strategies. Gold nanoclusters modified with glutathione exhibit weak
peroxidase-like activity [98] but the presence of Pb2+ ions can induce the aggregation of the gold
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nanoclusters due to binding with glutathione (Figure 9). The catalytic activity of TMB could be
increased ten-fold upon aggregation, with a Pb2+ detection limit of 2 μM. Other bivalent metal ions
(Ca2+, Cd2+ and Zn2+) capable of forming complexes with glutathione interfered with the detection
of Pb2+, but at much higher concentrations. Au@Pt nanoparticles [117] have also been used for
the determination of Pb2+ ions through inhibition of the peroxidase-like activity. In the presence of
sodium thiosulfate, Pb2+ ions accelerated the leaching of gold, which induced slight aggregation of
the gold nanoparticles from a hydrate size of 35.5 to 75.0 nm. The aggregated nanoparticles exhibited
weakened peroxide activity and could be correlated to Pb2+ concentration without interference from
other metal ions. A detection limit of 3.0 nM Pb2+ was achieved. In another example, layered WS2

nanosheets [118] also showed peroxidase-like activity which could be inhibited by Pb2+ ions. The
high selectivity towards Pb2+ was attributed to the layered structure of the nanomaterial, which had a
stronger adsorption capacity for Pb2+ than other metal ions. The nanozyme also offered high sensitivity
(detection limit of 4 μg/L), which provided an easy method to distinguish whether the permissible
Pb2+ level was exceeded even with the naked eye.

Figure 9. Absorption spectra and image (inset) of 500 μM TMB in the presence of (a) 10 mM H2O2,
(b) 10 mM H2O2 and 5 μg/mL−1 Au nanoclusters, and (c) 10 mM H2O2, 5 μg/mL−1 Au nanoclusters and
250 μM Pb2+. (Reprinted with permission from [98]. Copyright© 2017, Royal Society of Chemistry.).

2.4. Silver Detection

Silver is widely used in the electrical, photography and pharmaceutical industries and has resulted
in increased levels of silver in the environment. Bioaccumulation of silver in the human body can lead
to argyria, which results in bluish-grey metallic discolouration of the skin, hair, mucous membranes,
mouth and eye [78]. Thus, it is vital to monitor the presence of silver in environmental and biological
samples. Nanozymes for Ag+ detection based on catalytic enhancement [106] and inhibition [99,100]
have both been demonstrated. To more closely mimic natural enzymes, Zhang et al. [99] have modified
Pd nanozymes with histidine. Amino acids are attractive surface modifiers for nanoparticles due to
their biocompatibility and metal chelation ability. Histidine-modified Pd nanoparticles prepared by
using histidine as a stabiliser and NaBH4 as a reducing agent offered enhanced TMB colour formation
(peroxidase-like activity) compared to bare Pd particles, which were formed in the absence of histidine.
In the presence of Ag+, specific binding to histidine resulted in the Pd nanoparticles being exposed,
and the peroxidase-like activity was suppressed. A limit of detection down to 4.7 nM was achievable.
No significant suppression of the TMB colour was observed in the presence of Hg2+, K+, Na+, Mg2+,
Ca2+, Mn2+, Cd2+, Ni2+, Cu2+, Au3+ or Fe3+ ions at the same concentration as Ag+ (Figure 10). In
another example of peroxidase-like inhibition, Au clusters stabilised by BSA were developed by Chang
et al. [100]. The introduction of Ag+ as low as 0.204 μM selectively reacted with Au0 through redox
reaction, which suppressed the oxidation of TMB by the BSA-stabilised gold clusters.
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(a) (b) 

Figure 10. (a) Mechanism for the peroxidase-like activity of histidine-modified Pd nanoparticles and its
effect in the presence of Ag+. (b) Selectivity of the Pd nanoparticles for Ag+ compared to other metal
ions as demonstrated by a decrease in oxidised TMB colour formation. (Reprinted with permission
from [99]. Copyright© 2018, Elsevier B.V. All rights reserved).

In order to shift away from the high cost of noble metal nanozymes, Li et al. [106] have developed
zeolitic imidazolate frameworks-9/graphene oxide (ZIL-8-GO) as a peroxidase-mimicking nanozyme.
The introduction of Ag+ greatly enhanced the peroxidase-like activity and there was no significant
interference from other metal ions even at 250 μM. Detection of Ag+ was achieved visually by spotting
filter paper with the reagents, offering the practicality of testing real samples. The Ag+ detection
limit using the naked eye was 0.1 μM, compared to 1.43 nM using UV–Vis spectrophotometry in a
sample cuvette.

2.5. Copper Detection

Constant monitoring of Cu2+ in environmental and drinking water is necessary since an intake of
excess Cu2+ can cause liver or kidney diseases [78]. Many colorimetric assays have been developed
for Cu2+ sensing [119,120] but the use of nanozymes has been limited. Recently, urchin-like Co9S8

nanomaterials [104] with needle-like nanorods were found to be intrinsically catalytic due to their
ability to facilitate electron transport as a variable-valence metal sulphide between TMB and H2O2.
The addition of cysteine switched the Co9S8 sensor to its “off” state due to TMB radical restoration
by the thiol functionality of cysteine. However, the presence of Cu2+ reactivated the sensor back to
its “on” state, with the ability to achieve excellent selectivity and a Cu2+ detection limit of 0.09 μM.
Glutathione can also influence the catalytic activity of nanozymes such as Pt nanoparticles and play
an important role in Cu2+ detection [121]. Pt nanoparticles exhibit oxidase-like activity as they can
effectively catalyse the oxidation of TMB by O2. Glutathione inhibited the oxidase-like activity but its
activity could be regained in the presence of Cu2+ due to oxidation of glutathione. Cu2+ detection was
demonstrated in human serum but could also potentially be applied to environmental systems.

2.6. Chromium Detection

Elevated levels of chromium in the environment exist due to industrial activities such as the
prevention of corrosion on metal surfaces [122]. Cr(VI) is highly toxic and can easily spread and
bioaccumulate. Wang et al. [107] have developed an oxidase-like nanozyme that can detect Cr(VI) over
a range of 0.03–5 μM with high selectivity. The presence of Cr(VI) and cerium oxide nanorod-templated
MOFs boosted the oxidation of TMB substrate. The applicability of the nanozyme was demonstrated
in spiked water samples, illustrating the potential for trace metal analysis in environmental waters.
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2.7. Arsenic Detection

Arsenic poisoning stemming from long-term exposure to contaminated drinking water is a serious
concern. In some parts of Australia [78], and in countries such as Argentina, Bangladesh, Chile, China,
India, Mexico and the United States of America, concentrations of naturally occurring arsenic may
exceed safe levels [123]. Despite the importance of arsenic detection, there are only a few examples of
nanozymes being used for arsenic detection, all of which were published recently [124,125]. Cobalt
oxyhydroxide (CoOOH) nanoflakes exhibit peroxidase-like activity [125] and can bind specifically to
arsenate, As(V), via electrostatic attraction and As-O interactions. As(V) inhibited the oxidation of ABTS,
resulting in a colorimetric detection limit of 3.72 ppb. By exploiting the redox conversion between ABTS
and ABTSox, electrochemical detection of arsenate via chronoamperometry at a CoOOH-modified
glassy carbon electrode resulted in even higher sensitivity, with a detection limit of 56.1 ng/L. Similarly,
Zhong et al. [124] demonstrated an electrochemical and optical method for the determination of As(V)
by using the peroxidase-like activity of iron oxyhydroxide (FeOOH) nanorods. The presence of As(V),
as low as 0.1 ppb, inhibited the ability of the nanorods to catalyse the oxidation of ABTS substrate by
hydrogen peroxide.

2.8. Detection of Multiple Metal Ions

Most of the reported nanozymes exhibited high selectivity, which is ideal for monitoring a specific
metal ion. However, due to the coexistence of multiple metal ions in environmental waters, a simple
test that can monitor a suite of metal ions is highly desirable. Depending on the nature of the nanozyme,
some were sensitive to multiple metal ions. Metallothionein-stabilised copper nanoclusters displayed
catalase-like activity [113] due to their ability to decompose H2O2 and inhibit the oxidation of TMB.
Interestingly, Pb2+ and Hg2+ ions were able to induce the conversion of the catalase-like activity
to peroxidase-like activity (Figure 11), with detection limits down to 142 and 43.8 nM, respectively.
The assay displayed potential for simultaneously monitoring toxic Pb2+ and Hg2+ in environmental
water samples.

 
Figure 11. Oxidation of TMB by H2O2 (product a), catalase-like activity of metallothionein-stabilised
copper nanoclusters (product b) and peroxidase-like activity of metallothionein-stabilised copper
nanoclusters in the presence of Pb2+/Hg2+ (product c). (Reprinted with permission from [113].
Copyright© 2019, Springer-Verlag GmbH Austria, part of Springer Nature).

Mercury and silver usually coexist in water, and peroxidase-like nanozymes have been developed
that are sensitive to both metal ions. Surface modification of Au@Pt nanoparticles with sodium dodecyl
sulfate effectively shielded most metal ions via complexation, except for Hg2+ and Ag+ [126]. The
detection limits for Hg2+ and Ag+ were 3.5 and 2.0 nM, respectively. To discriminate Hg2+ and Ag+,
cystine was added to shield Hg2+ as a result of cystine–Hg2+ binding interaction (Figure 12). In a similar
approach, Zhao et al. [127] have used EDTA to mask Hg2+, providing a sensitive and selective means
to detect both Hg2+ and Ag+ using the peroxidase-mimicking ability of polyvinylpyrrolidone-coated
platinum nanoparticles.
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Figure 12. Selectivity of Au@Pt nanoparticles towards various metal ions in the presence of sodium
dodecyl sulfate. (Reprinted with permission from [126]. Copyright© 2017, Royal Society of Chemistry).

Han et al. [112] have exploited the pH-sensitive catalase-like activity of Co3O4 MNPs to discriminate
metal ions. The nanoparticles were insensitive to pH in the range of 6 to 11 but highly influenced by
the nature of the metal ion (Ca2+, Fe3+, Hg2+ and Mn2+). For instance, the catalase-like activity of
Co3O4 MNPs was inhibited by Fe3+ at pH 7.0 but enhanced at pH 10.0. Conversely, the nanozyme
was enhanced by Mn2+ at pH 7.0 but inhibited at pH 10.0. This could provide a powerful approach to
discriminate metal ions (Figure 13).

(a) (b) 

Figure 13. Influence of metal ions on the catalase-like activity of Co3O4 nanoparticles at (a) pH 7.0 and
(b) pH 10.0. (Reprinted with permission from [112]. Copyright© 2018, John Wiley and Sons).

2.9. Summary

Nanozymes are highly promising materials for the determination of metal ions with high sensitivity
and selectivity. The vast majority of the nanozymes were reliant on the peroxidase-like activity, which
could be enhanced or inhibited in the presence of metal ions through amalgam formation or surface
modifiers. However, those that are based on oxidase-like activity are more desirable since they do not
rely on unstable H2O2 or its addition to environmental samples.

Nanozymes have demonstrated their applicability for in-field measurements where sample
processing is conducted on-site. Most of the reported nanozymes are based on peroxidase-like
activity and operate optimally under mildly acidic conditions (pH 4), requiring dilution in sodium
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acetate/acetic acid buffer solutions, with colour development ranging from a few minutes up to half
an hour. Such sample processing can limit the practicality of in-field measurements, and although
neutral pH operation is possible, this could be at the sacrifice of sensitivity. Nanozymes deposited
on solid supports such as paper are attractive as they offer recyclability of the nanozyme, parallel
sample measurements and signal amplification. Nowadays, advances in mobile phone technology
have allowed the colour signal to be easily interpreted from built-in or custom-made applications,
rather than relying on a UV–Vis spectrophotometer. However, accomplishing low detection limits with
mobile phone technologies can be a challenge without extending the measurement time. Furthermore,
approaches to more environmentally benign nanozymes or economically non-metal-based nanozymes
are emerging. In particular, nanozymes that can serve multiple purposes, such as sensing and
adsorption, are highly desirable in tackling environmental pollution.

3. Detection of Pesticides

3.1. Introduction

Pesticides have been extensively used in modern agriculture to control and eliminate pests by
interfering with their metabolism, life cycle or behaviour. Their widespread use poses an enormous
threat to human health and the ecosystem when released into the environment, food and water supplies.
Exposure to pesticides is most likely through contact with crops or household products, via the skin,
breathing or ingestion. Due to their high toxicity, environmental agencies have set maximum levels for
pesticides in drinking and surface water [78].

Pesticides can be classified as insecticides, herbicides, fungicides or other types depending on
their purpose, and they involve different classes of chemicals such as organophosphates, pyrethroids,
carbamates, arsenic and nitrophenol derivatives [128]. Organophosphate pesticides (OPPs) are
synthetic pesticides whose acute toxicity is associated with their ability to inhibit acetylcholinesterase
(AChE) enzyme in the central nervous system, resulting in the accumulation of the neurotransmitter
acetylcholine [129]. Symptoms of organophosphate exposure include headaches, nausea, diarrhoea
and respiratory arrest.

Classical techniques for detecting pesticides include liquid or gas chromatography coupled with
mass spectrometry (LC-MS, GC-MS) [130,131], which offer excellent sensitivity in the nanomolar range.
However, they are not amenable to rapid on-field detection of pesticide residues and require operation
by a highly trained technician. Enzyme activity inhibition methods are promising alternatives due to
their ease in operation and rapid response. These assays rely on a change in enzyme activity upon
exposure to pesticides. For instance, acetylcholinesterase and butyrylcholinesterase are irreversibly
inhibited by OPPs, providing a means for indirect pesticide detection. A range of enzyme assays have
been developed including colorimetric Ellman assays, electrochemical assays, fluorescence assays and
chemiluminescence [132–135].

Enzymes also form the basis of bioremediation strategies to reduce the impact of pesticides
in the environment by degrading and transforming pollutants into less toxic forms [136]. There
are several types of enzymes involved in the detoxification of pesticides including oxidoreductases,
hydrolases and lyases [136,137]. Oxidoreductase enzymes catalyse the transfer of electrons from one
molecule to another and often require additional cofactors to act as electron donors, acceptors or both.
Hydrolases are commonly involved in pesticide remediation by hydrolysing esters, peptide bonds,
carbon–halide bonds, etc., and generally operate in the absence of redox cofactors, making them highly
attractive for remediation. For example, alkaline phosphatase is a hydrolase enzyme responsible for
removing a phosphate from organophosphate pesticides. Lyases are a smaller class of enzymes than
oxidoreductases and lyases. They catalyse the cleavage of carbon–carbon bonds and carbon bonds
with phosphorus, oxygen, nitrogen, halides and sulfate in the absence of redox cofactors and water.
As bioremediation involves the use of microorganisms and their enzymes, several environmental
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parameters such as temperature, moisture content and pH can affect microorganism growth, which, in
turn, can affect the rate of pollutant degradation.

3.2. Nanozymes for Pesticide Detection

Recent years have seen the emergence of nanozymes for the monitoring and degradation of
pesticide residues on plants, crops, soil and water samples. Some of the strategies for pesticide
detection are reliant on enzyme-like inhibition assays [138–140] or exploit the phosphatase-like activity
for pesticide degradation [141–143]. Those that are based on the phosphatase-like activity are type I
nanozymes involving nanoceria [141–143], whereas those based on the peroxidase-like activity are
mainly type I Fe3O4 nanoparticles [140,144,145] or type II metal particles [138,146–148].

There are several studies which rely on inhibition of the oxidase or peroxidase-like activity of
nanomaterials by pesticides. Nara and co-workers [138] have developed a sensitive and selective
colorimetric assay for malathion detection using palladium–gold nanorods. The nanorods exhibit
high peroxidase-like activity in the pH 2 to 6 range and better kinetic parameters than HRP. The
peroxidase-like activity was quenched by the presence of malathion, with the OPD colour output
being diminished. A low detection limit of 60 μg/L could be achieved, with no cross-reactivity from
other analogous organophosphates or metal salts. Xia et al. [149] developed a colorimetric assay for
pyrophosphate by exploiting the peroxidase-like activity of MoS2 quantum dots. By aggregating the
quantum dots via the addition of Fe3+, the peroxidase-like activity could be enhanced. However, when
pyrophosphate coexisted with Fe3+, the enhancement effect diminished due to the strong coordination
between pyrophosphate and Fe3+. A detection limit of 1.82 μM pyrophosphate was able to be achieved.
Kushwaha et al. [150] reported the oxidase-like activity of Ag3PO4 nanoparticles for the colorimetric
detection of chlorpyrifos using TMB as a substrate. Ag3PO4 was able to oxidise chlorpyrifos to
chlorpyrifos oxon and sulphide ions. The sulphide ions interacted with Ag3PO4 and inhibited the
catalytic activity through a negative feedback loop. As a result, chlorpyrifos as low as 9.97 mg/L
could be detected. In other work, Biswas et al. [146] have shown that the peroxidase-like activity of
gold nanorods can be inhibited by malathion by interacting with the surface of the nanorods. They
hypothesised that the positive charge of the nanorod surface coated with cetyltrimethylammonium
bromide had a high affinity for the sulfanyl group of malathion. This interaction masked the enzymatic
activity and enabled detection of malathion down to 1.78 mg/L. Other organophosphates such as
chlorpyrifos and parathion lack a sulfanyl group; thus, the colorimetric assay for malathion was highly
selective. Furthermore, potential interference from metal salts containing Zn2+, Pb2+, Co2+ or Mg2+ as
sulfates or nitrates was less than 0.01%.

Highly specific strategies for pesticide detection using aptamers have been designed by
Weerathunge et al. [147]. Firstly, they exploited the intrinsic peroxidase-like activity of tyrosine-capped
silver nanoparticles. Subsequently, a chlorpyrifos-specific aptamer was incorporated onto the surface
of the nanoparticles which switched the nanozyme to the “off” state. To realise sensing of chlorpyrifos,
the nanozyme sensor was switched back to its “on” state due to aptamer desorption from the
nanoparticle surface as a result of aptamer–chlorpyrifos binding (Figure 14). High specificity of the
nanozyme sensor was afforded as the presence of other organophosphate pesticides did not lead
to aptamer desorption and a detection limit as low as 11.3 mg/L was possible. Based on the same
principle [148], tyrosine-capped gold nanoparticles as peroxidase-like nanozymes have also been used
for the specific detection of acetamiprid. Compared to surface-enhanced Raman spectroscopy using
silver dendrites [151], the detection of acetamiprid using nanozymes was five times more sensitive,
with a detection limit of 0.1 mg/L.
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Figure 14. Working principle of tyrosine-capped silver nanoparticles used for the detection of
chlorpyrifos (Chl). (Reprinted with permission from [147]. Copyright© 2019, Elsevier B.V. All rights
reserved).

To target a suite of pesticides, nanozyme sensor arrays based on graphene oxide, nitrogen-doped
graphene and sulphur-co-doped graphene with peroxidase-like activities have been developed
(Figure 15) [139]. The interaction of the graphene materials with the aromatic pesticides lactofen,
fluoroxypyr-meptyl, bensulfuron-methyl, fomesafen and diafenthiuron decreased their peroxidase-like
activities. Molecular dynamics calculations confirmed that the enzyme-mimicking active sites (graphitic
nitrogen in nitrogen-doped graphene, and carboxyl groups in graphene oxide) were blocked by the
pesticides. Discrimination of the five pesticides (at 11 different concentrations) was demonstrated
by using the three types of graphene prepared in a 96-well plate along with TMB and H2O2 in pH
4.0 sodium acetate buffer. By using linear discriminant analysis, the colorimetric response patterns
were transformed into 2D canonical score plots which showed good clustering of the pesticides into
five groups.

Figure 15. An array of peroxidase-mimicking graphene materials (graphene oxide (GO), nitrogen-doped
graphene (NG) and sulphur-co-doped graphene (NSG)) used for the detection of five types of aromatic
pesticides in the presence of TMB and H2O2. (Reprinted with permission from [139]. Copyright ©
2020, American Chemical Society).

There have also been significant advances in using the peroxidase-like activity of Fe3O4

nanoparticles for the detection of pesticides. Guan et al. [144] have reported the chemiluminescent
switching of Fe3O4 nanoparticles in the presence of pesticides. The nanoparticles catalyse the
decomposition of dissolved oxygen to generate superoxide anions, enhancing the chemiluminescent
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intensity of luminol. The chemiluminescent signal could be quenched by the addition of ethanol as
a radical scavenger; however, it was inhibited by a non-redox pesticide, ethoprophos. The strong
surface coordinative reactions enabled the detection of ethoprophos down to 0.1 nM. Structurally
analogous pesticides such as profenofos were also able to switch on the chemiluminescence, whereas
the signal intensity from dylox and 2,4-dichlorophenoxyacetic acid was much lower. Therefore, the
high specificity of the luminol-Fe3O4 system was attributed to the detection of organophosphorus
esters with a P-S bond. Liang et al. [140] have also developed an assay for organophosphates based
on Fe3O4 nanoparticles as a peroxidase mimic in combination with the enzymes AChE and choline
oxidase (CHO). AChE and CHO catalyse the formation of H2O2 in the presence of acetylcholine, which
can then be detected colorimetrically by Fe3O4 nanoparticles using TMB as a substrate. The reaction
scheme is detailed in Equations (6)–(8). The presence of organophosphate compounds acephate and
methyl-paraoxon as representative pesticides, and nerve agent Sarin, inhibited the activity of AChE and
decreased the colour output. Compared to the traditional enzyme activity-based methods, the Fe3O4

peroxidase-like nanoparticles were more sensitive due to the catalytic activity of the nanoparticles,
allowing concentrations as low as 1 nM Sarin, 10 nM methyl-paraoxon and 5 μM acephate to be
detected. Boruah and Das [145] have successfully demonstrated that Fe3O4-TiO2/reduced graphene
oxide nanocomposites could be used as a colorimetric assay for atrazine as well as photocatalytic
degradation of atrazine. The nanocomposite was highly effective towards the oxidation of TMB at a pH
of 3. However, the absorbance intensity at 652 nm was diminished by atrazine, which was attributed
to hydrogen bonding between the pesticide and TMB. The detection limit for atrazine was found to be
2.98 μg/L. The degradation of atrazine was monitored by UV–Vis spectroscopy at 221 nm and it was
shown that over 99% degradation was achieved within 40 min. This dual-responsive material is highly
promising as it is also magnetically separable and could be recycled up to ten times.

acetylcholine + H2O AChE→ choline (6)

choline+O2
CHO→ H2O2 (7)

H2O2+TMB
Fe3O4→ oxidised TMB (8)

Organophosphorus hydrolase is a useful phosphatase enzyme for detecting and degrading
organophosphate pesticides with high specificity. As a degradation strategy, Wei et al. [141] have used
nanoceria as a phosphatase mimic for the hydrolysis of organophosphate pesticides to p-nitrophenol
using methyl-paraoxon as a representative compound. The hydrolysed product exhibited a bright
yellow colour, which was analysed spectroscopically and with a smartphone. Under the optimal
condition of pH 10, a detection limit of 0.42 μM was achieved. Dried plant samples were analysed
by extracting the pesticide residues with ethyl acetate, evaporated to dryness and reconstituted in
water. Potential interferents such as Na+, K+, Mg2+, glucose, alanine, ascorbic acid, sodium acetate
and tyrosine were evaluated. All substances except ascorbic acid demonstrated negligible interference.
The same researchers [142] have also combined the remarkable phosphatase-mimicking activity of
nanoceria with carbon dots for the fluorometric determination of pesticides. Carbon dots are attractive
as fluorescent probes as they exhibit low toxicity compared to conventional semiconducting quantum
dots. The hydrolysis of methyl-paraoxon to p-nitrophenol is yellow and largely overlaps with the
excitation spectra of carbon dots. Thus, fluorescence quenching of the carbon dots was observed by
the generated p-nitrophenol. The limit of detection for p-nitrophenol was calculated to be 0.376 μM.
Electrochemical detection of the degradation product of methyl-paraoxon has also been demonstrated
using nanoceria. Sun et al. [143] have exploited the bifunctionality of nanoceria as a phosphatase mimic
to degrade methyl-paraoxon to p-nitrophenol, followed by electrochemical detection of p-nitrophenol
at a nanoceria-modified glassy carbon electrode (Figure 16). The electrochemical method was highly
sensitive, with a methyl-paraoxon detection limit of 0.06 μM.
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Figure 16. Schematic of nanoceria as a bifunctional material for catalysis and electrochemical detection
of methyl-paraoxon. (Reprinted with permission from [143]. Copyright© The Authors. Distributed
under a Creative Commons (CC BY-NC-ND 4.0) license).

3.3. Summary

With further development, colorimetric assays can be configured for rapid, low-cost, in-field
detection of pesticides. However, the sensitivity towards trace pesticide residues remains a significant
challenge as most nanozymes can only achieve sub-micromolar detection limits. Strategies to amplify
the signal and improve specificity include aptamer surface modification and the use of molecularly
imprinted polymers. Electrochemical and fluorometric methods have also been explored as alternate
sensitive transduction strategies.

Although the detection of pesticides is important, their removal is also paramount since they
can last several years in the environment before breaking down. Nanozymes have emerged with the
capability to breakdown or degrade pesticides into more benign products and will be covered in more
detail in Section 5. This section has covered the use of nanozymes for the detection of pesticides, the
most prevalent type of persistent organic pollutant. Section 4 will discuss methods to detect other
types of persistent organic pollutants.

4. Detection of Other Persistent Organic Pollutants

Persistent organic pollutants are compounds that can persist in the environment for extensive periods
and be transported by wind and water or through the food chain. They include organophosphorus
compounds, phenolic compounds, dyes and antibiotics. As discussed in the previous section,
organophosphorus pesticides are the most widely encountered persistent organic pollutant. Phenolic
compounds such as chlorophenols and bisphenols are also broadly used as pesticides, including as
wood preservatives and disinfectants [152], and are commonly detected in ground water and soil. They
are a major cause for health concern as they can be carcinogenic, neurotoxic, affect the reproductive
system and disrupt the endocrine system. For the detection of phenol [153], Barrios-Estrada used
Pt3Au1 nanoparticles decorated with few-layer MoS2 nanosheets as peroxidase mimics. The oxidative
coupling of phenol with 4-aminoantipyine in the presence of H2O2 resulted in the formation of a pink
colour, with an optimum pH of 8.0–9.0. Nanozymes have also been shown to be highly promising
candidates for the degradation of phenols [154–158] and will be discussed in Section 5. The efficiency
in the removal and degradation of textile dyes will be covered in Section 5. Many organic dyes are
toxic and not easily degraded in wastewater treatment plants [159]. These dyes serve as chromogenic
substrates for the nanozymes, with the colour diminishing over time [160,161]. Antibiotics are classified
as emerging pseudo-persistent organic pollutants as they are resistant to biodegradation due to their
antimicrobial nature [162]. They are used in human and veterinary medicine and are mainly released
into the environment through excretion [163]. Antibiotics are also used in agriculture, resulting in their
presence in animal-derived food products, and can lead to serious side effects such as allergic reactions,
hearing loss and kidney damage [164]. Zhao et al. [164] have developed an aptamer-modified gold
nanoparticle sensor for the colorimetric detection of streptomycin. The gold nanoparticles exhibited
peroxidase-like activity, which was diminished by coverage with streptomycin-specific aptamers.
The presence of streptomycin as low as 86 nM resulted in re-establishment of the colorimetric signal
from ABTS due to the formation of a streptomycin–aptamer complex. The sensor was highly specific,
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with little interference from tetracycline, oxytetracycline, carbamazepine, penicillin, amgoxicillin
and diclofenac. Despite the gold nanoparticles appearing red in colour, a greyish-green colour was
well observed from the streptomycin sample (Figure 17). Sharma, Bansal and co-workers [165] have
similarly exploited the high specificity of ssDNA aptamers coupled with the intrinsic peroxidase-like
activity of gold nanoparticles for the detection of kanamycin. A rapid visual readout was possible
within 3–8 min, with a detection limit of 1.49 nM.

Figure 17. Selectivity of aptamer-modified gold nanoparticles for streptomycin. From left to right:
streptomycin, amoxicillin, tetracycline, oxytetracycline, carbamazepine, diclofenac and penicillin added
to aptamer-modified gold nanoparticles, ABTS and H2O2. (Reprinted with permission from [164].
Copyright© The Authors. Distributed under a Creative Commons (CC BY-NC) license).

5. Environmental Remediation with Nanozymes

5.1. Introduction

Human activities have resulted in significant contamination of our environment [3,166,167]. Many
toxic pollutants, including heavy metals, dyes, other organic and inorganic substances, are generated
during the production of items for our consumption and also during their use. These include pesticides,
pharmaceuticals and clothes. Due to a lack of regulation and awareness, many toxic compounds have
been discharged into the environment, particularly aquatic environments (lakes, rivers and oceans)
without a second thought. These pollutants have caused significant damages to our ecological systems,
including humans, plants, animals and microbes. They have been established to be the cause of
toxic and carcinogenic effects on humans through contamination of drinking water and foods [167].
Significant efforts have been devoted to the remediation work to remove these pollutants and/or
degrade them to less harmful products [92,166,168].

Methods for the removal of contaminants from aquatic environments include adsorption,
membrane filtration, distillation, oxidation, biocatalytic and photocatalytic degradation [166,168].
Biocatalytic methods (enzymatic and microbial) have been investigated as effective means for the
degradation of organic pollutants. The advantages of these biocatalytic methods are that they can
be operated under mild and natural environments. Additionally, microbes and enzymes themselves
could decompose into benign compounds when their mission is completed, thus eliminating unwanted
environmental pollution from the treatment agent itself [136,137]. However, microbes and enzymes
can only be functional and effective in narrow thermal and pH windows. The cost of producing
enzymes, their lack of recyclability and the fact that biodegradation can be quite slow have hindered
their large-scale, widespread application in environmental pollutant remediation [92,166].

Efforts to overcome the limitations of enzymatic methods have driven investigations into using
nanozymes as remediating agents for environmental pollutants. Nanozymes have been shown
to demonstrate catalytic properties, e.g., peroxidase- and oxidase-like, which are utilised in the
degradation of pollutants by natural enzymes. Nanozymes could overcome enzyme limitations in
terms of cost of production, recyclability, higher rate of reactions and wider operational windows (pH
and temperature) [3,92,168]. The previous section has shown that nanozymes are effective for the
detection of heavy metals and organic pollutants in the environment. Nanozymes could also be used
to degrade environmental pollutants. In this section, applications and future prospects of nanozymes
in environmental pollutant remediation will be discussed, focusing on the degradation of persistent
organic pollutants.

Persistent organic pollutants include phenolic compounds, pesticides, dyes and organophosphorus
compounds [169]. Phenolic compounds, particularly chlorophenols, have been widely used in
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pesticides, dyes and other synthetic compounds [156,168,170]. Chlorophenol pollutants can cause
serious problems for the environment as they are highly toxic and resistant to chemical and biological
degradation in the environment. These compounds are classified as top priority pollutants by the
US EPA (Environmental Protection Agency) and other environmental regulators around the world.
Current methods for phenol removal include solvent extraction, physical adsorption, pervaporation,
wet air oxidation, ozonolysis, wet peroxide oxidation, electrochemical oxidation, photocatalytic
oxidation, supercritical water gasification, electrical discharge degradation and bio-degradation [156].
Nanozyme-mediated degradation of phenolic compounds is a highly promising method with significant
advantages over current methods [168].

There are many types of textile dyes currently in use (including phenolic dyes), and many of
these are recalcitrant and toxic compounds that are not easily degraded in wastewater treatment
plants [159]. On a global scale, approximately 700,000 tonnes (in 2005) of textile dyes are consumed
yearly [171]. Textile manufacturing activities are currently concentrated in developing countries, where
the treatment of organic dyes will need to be low-cost to be more widely applicable. Here, nanozymes
could have significant advantages due to the low cost and high recyclability of certain nanozyme
materials such as magnetic Fe3O4.

Organophosphorus compounds (OPPs, chemical warfare nerve agents and flame retardants),
particularly OPPs, widely exist in the environment [136,172,173]. The increased use of highly toxic
OPPs has made these compounds major contaminants in water, fruit and vegetables. OPPs have highly
detrimental effects on human health and hence a method to remove them from the environment is
invaluable [141].

Herein, the application of nanozymes in organic pollutant remediation will be discussed according
to the nanozyme type classifications as proposed in the Introduction of this review.

5.2. Type I Nanozymes: Active Metal Centre (of Metalloenzyme) Mimics

Table 3 lists recent studies of type I nanozymes for the remediation of environmental pollutants.
Since the report by Gao and co-workers [6] that Fe3O4 MNPs possessed enzymatic-like activity similar
to naturally occurring peroxidases, they have been widely used for the oxidation of organic substrates
as a detection method in the treatment of wastewater. Iron oxide nanoparticles, especially Fe3O4

MNPs, have been most widely investigated for the degradation of various environmental pollutants
due to their peroxidase-like activity and the fact that Fe3O4 MNPs could be conveniently prepared
from cheap and abundant precursors [168].

As can be seen in Table 3, the overwhelming enzyme-like catalytic activity marshalled by type I
nanozymes in the degradation of phenol compounds and dyes is the peroxidase-like activity. Of the
17 examples listed above, only two examples where MnO2 nanoparticles and Cu complex displayed
laccase-like activity are non-peroxidase-like examples [172,173]. Laccases promote the oxidation of
phenolic compounds with the reduction of oxygen to water. Fe3O4 was the most common material of
the metal oxides investigated for environmental pollutant degradation.

The first example of using ferromagnetic nanoparticles to facilitate the decomposition of phenols
was reported in 2008 [154]. Phenols were removed from wastewater by the peroxidase activity of
the Fe3O4 nanoparticles. The hydroxyl radical formed in the reaction between Fe3O4 and hydrogen
peroxide catalytically degraded phenols. More than 80% of phenols were removed at 16 ◦C and pH 3
and the nanozyme could be reused several times. Fe3O4 MNPs (5.7 nm in size) could also effectively
degrade and mineralise 2,4-dichlorophenol. Fe3O4 MNPs were effective as heterogeneous sono-Fenton
catalysts for the degradation of bisphenol A (BPA) in a reasonably wide pH range of 3–9. However, the
rate of the degradation was still too slow for practical application [174]. Magnetic Fe3O4 nanoparticles
at 30 nm in size were demonstrated to be highly effective for the degradation of 4-chlorophenol by
Cheng et al. [75]. In the presence of hydrogen peroxide and Fe3O4, 4-chlorophenol was degraded to
Cl−, HCOOH (formic acid), CH3COOH (acetic acid) and by-products. Adsorption of 4-chlorophenol
onto the iron oxide particle surfaces was shown to be only minimal (around 10%) and an acidic pH
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of 5 was the optimal pH for the highest activity. These Fe3O4 nanoparticles could be reused with no
decrease in reactivity. In fact, an increase in their reactivity for the degradation of 4-chlorophenol
was observed. A plausible mechanism was proposed for the catalytic degradation of 4-chlorophenol
(Figure 18). Fe3O4 converted H2O2 via its peroxidase-like activity, to form the highly active hydroxyl
radical HO•, which, when reacted with 4-chlorophenol, triggered a chain of reactions leading to the
formation of chloride ion, formic acid, acetic acid and other by-products.

Table 3. Examples of type I nanozymes in environmental pollutant remediation.

Nanozyme Pollutant
Enzyme-Like

Activity
Year Ref.

Fe3O4 MNPs Phenol Peroxidase 2008 [154]
Fe3O4 MNPs Rh B Peroxidase 2010 [175]
Fe3O4 MNPs Sulfamonomethoxine Peroxidase 2011 [176]

Humic acid-Fe3O4 MNPs Sulfathiazole Peroxidase 2011 [177]
Fe3O4 MNPs BPA Peroxidase 2012 [174]
Fe3O4 MNPs 2,4-Dichlorophenol Peroxidase 2012 [178]

CuO porous structures Phenol Peroxidase 2014 [155]
Fe3O4 MNPs 4-Chlorophenol Peroxidase 2015 [170]

Fe3O4 nanorod bundles Crystal violet Peroxidase 2015 [160]
CuO nanoparticles Phenol Peroxidase 2015 [156]

Fe2O3·0.5H2O (ferrihydrite)
and hematite (Fe2O3) Methylene blue Peroxidase 2016 [161]

VOx nanoflakes Rh B Peroxidase 2016 [179]
MnO2 nanomaterials ABTS Laccase 2017 [172]

MNPS@chitosan Phenol Peroxidase 2018 [157]

Fe3O4 nanorods Rh B, methylene blue and
methyl orange Peroxidase 2019 [180]

Cysteine-histidine Cu 2,4-Dichlorophenol and
other phenolic compounds Laccase 2019 [173]

CeO2 nanoparticles

Rh B, fluorescein, xylene
cyanol FF, Brilliant Blue
G-250, and Coomassie

Brilliant Blue R-250

Peroxidase 2020 [181]

Figure 18. Illustration of the mechanism of catalytic oxidation of 4-chlorophenol by Fe3O4 nanoparticles.
(Reprinted with permission from [75]. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany).
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Fe3O4 MNPs tend to aggregate and hence lead to the reduction of catalytic activity. To increase
the catalytic ability and stability of Fe3O4 MNPs, Jiang and co-workers [157] synthesised ferromagnetic
chitosan (MNP@chitosan, an alkali polysaccharide) nanozyme with particle sizes of around 12 nm.
The MNP@chitosan was shown to be effective for the decomposition of phenol. The optimum pH for
this catalytic activity was pH 4. The MNP@chitosan was also found to be recyclable; however, the
degradation rate slowly decreased with each reuse cycle.

Fe3O4 MNPs or nanorods have also been successfully used in the degradation of Rhodamine B
(Rh B) [175], crystal violet [160,180], methylene blue [161,180] and methyl orange [180] in the presence
of hydrogen peroxide with peroxidase activity. Humic-acid-coated ferromagnetic nanoparticles (Fe3O4

10–12 nm in size) were effective for the removal of sulfathiazole from aqueous media in the presence of
H2O2. The catalytic efficiency was higher at lower pH (as low as pH 3.5) and higher temperatures, up
to 60 ◦C [177].

Fe3O4 MNPs can activate persulfate anion S2O8
2− to generate the powerful sulfate radical SO4

•−,
which has high potential for the degradation of organic pollutants. The method was demonstrated to
degrade sulfamonomethoxine (an antibiotic) in the presence of S2O8

2− [176].
Ferric oxides (Fe2O3) such as 2-line ferrihydrite (2LFh, Fe2O3·0.5H2O, average size 5 nm) and

hematite (Fe2O3, average size 100 nm) could also catalyse the degradation of methylene blue [161].
The more highly crystalline hematite was found to be more effective in degrading methylene blue than
ferrihydrite. The author concluded that the ordered crystal planes of the hematite nanoparticles had a
greater influence on the catalytic activity than the high surface area of 2LFh nanoparticles. A slightly
basic pH of 8 was the optimal pH.

Other metal oxide nanoparticles have also shown peroxidase-like activity in the degradation of
organic pollutants. Examples include CuO [155,156], CeO2 [181], MnO2 [172] and VOx [179].

CuO micro-/nanostructures with clean surfaces were prepared and demonstrated to have high
peroxidase activity using TMB as the model substrate. These CuO structures could also degrade
phenol, illustrating their promise as a reagent for wastewater treatment [155]. Feng and co-workers
have shown cupric oxide nanoparticles to be highly efficient in the degradation of phenol, catechol,
hydroquinone and other by-products [156]. Larger particles (30 nm) were found to be inefficient for
phenol degradation. While no explanation was provided, the enhanced surface area to volume in
smaller particles is likely to be a contributing factor. The optimal pH range was 3–7; above pH 7, the
catalytic activity dropped off quite rapidly. In a highly acidic environment (pH 2), the phenol removal
efficiency was very low as CuO particles dissolved to Cu2+ ions, which have low peroxidase activity.

Wang et al. [173] constructed a laccase-mimicking nanozyme by coordinating Cu+/Cu2+ to
cysteine-histidine dipeptide to form an inorganic polymer CH-Cu which possessed good catalytic
efficiency for the degradation of chlorophenol and bisphenol in the absence of H2O2 (Figure 19). CH-Cu
was also highly robust and could operate at pH 3–9, temperatures −20 to 90 ◦C, high salinity and could
be stable for more than 3 weeks. The CH-Cu nanozyme could be reused multiple times.

 
Figure 19. Cysteine-histidine Cu nanozyme for the oxidation of phenolic pollutant. (Reprinted with
permission from [173]. Copyright© 2019, Elsevier B.V. All rights reserved).
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Wang and co-workers showed that the degradation of various organic dyes such as Rh B,
fluorescein and Brilliant Blue G-250 in the dark by CeO2 could be enhanced using fluoride ions at
low-pH conditions [107].

Manganese oxide, MnO2, nanomaterials were demonstrated to have laccase-like catalytic reactivity
and could catalyse the oxidation of pollutants in wastewater treatment in the absence of H2O2. G-MnO2

was the most efficient catalyst for the degradation of ABTS and 17-β-estradiol (E2) amongst the different
manganese oxide nanomaterials tested [172] (Figure 20).

Figure 20. Degradation of ABTS with different manganese oxide materials. (Reprinted with permission
from [172]. Copyright© The Authors. Distributed under a Creative Commons (CC BY) license).

Zeb et al. [179] reported that mixed-phase VOx nanoflakes could be conveniently prepared in
a single step and be a highly effective Fenton reagent, which could fully decompose Rh B within
60 s (Figure 21). The VOx nanoflake also possessed peroxidase-like activity and could oxidise TMB
efficiently, with Vmax of approximately 27 times more than HRP. These results indicated that VOx

nanoflakes could be used for the effective degradation of environmental pollutants.

Figure 21. VOx nanoflakes as efficient catalysts for the oxidation of TMB and decomposition of Rh B.
(Adapted with permission from [179]. Copyright© 2016, American Chemical Society).

5.3. Type II Nanozymes: Functional Mimics

There are few examples of type II nanozymes that have been shown to degrade environmental
organic pollutants (Table 4). Peroxidase-like activity was the dominant activity observed [182–184];
however, oxidase-like activity [185] was also observed.
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Table 4. Examples of type II nanozymes in environmental pollutant remediation.

Nanozyme Pollutant Enzyme-Like Activity Year Ref.

Fe(0) nanoparticles 4-Chloro-3-methyl phenol Peroxidase 2011 [183]
Carbon nanodots Azo dyes (methyl red and methyl orange) Peroxidase 2012 [182]

Cubic boron nitride Rh B Peroxidase 2016 [184]
Graphitic carbon nitride TMB Dual oxidase-peroxidase 2019 [185]

Xu et al. [183] investigated Fe(0) particles as heterogeneous Fenton-like catalysts for the removal
of 4-chloro-3-methyl phenol. It was found that lower pH led to higher catalytic activity and the
reaction was still quite efficient up to pH 6.1. A range of intermediates and products were observed by
LC-MS, and the final products after 60 min of reaction included chloride ion, oxalic acid, acetic acid
and formic acid. The catalytic activity decreased with time and the recyclability of the material was
not demonstrated. It is worth noting that Fe(0) was oxidised to Fe(IV) (FeO2+) during the catalytic
reaction; hence, the Fe(0) particles are best considered to be a pre-catalyst in this work.

In a communication, Safavi and co-workers [182] reported the preparation of carbon nanodots
using a microwave-assisted method in ionic liquids. These carbon nanodots could degrade azo dyes
methyl red and methyl blue via their peroxidase-like activity.

Chen et al. [184] showed that cubic boron nitride possessed peroxidase-like activity and could
oxidise TMB. The cubic boron nitride could be reused multiple times. The catalytic activity was highest
at acidic pH 5 and at temperatures around 40–50 ◦C. Cubic boron nitride also catalysed the degradation
of Rh B in the presence of H2O2.

Zhang and co-workers [185] reported modified graphitic carbon nitride as a metal-free nanozyme
which has dual oxidase–peroxidase functions as a cascade photocatalyst for the oxidation of TMB.
Whilst the work was not directed towards applications in environmental pollutant degradation, the
fact that TMB (a substrate in the colorimetric test that has a similar structure to many organic dyes) is
efficiently oxidised to its blue form is a strong indication that the graphitic carbon nitride is likely to
be effective in dye removal. The bifunctional oxidase–peroxidase activities of the material would be
highly advantageous in large-scale applications as there would be no need for hydrogen peroxide.

Noble metal nanozymes have been shown to be applicable for the detection of environmental
pollutants and in medicinal diagnosis. They have not been widely applied in the degradation of
environmental pollutants. The high cost of noble metals is likely to be a prohibitive factor in the
application of noble metal nanozymes for environmental pollutant remediation. Consequently, there
have not been many studies on using noble metal (Au, Pt etc.)-based nanozymes for environmental
pollutant remediation.

5.4. Type III Nanozymes: Nanocomposites

Recently, nanocomposite materials including metal/metal oxides on carbon materials, MOFs
and bimetallic alloys (core-shell) have been investigated extensively as agents for environmental
remediation. As shown in Table 5, peroxidase-like activity is the predominant catalytic activity utilised
by composite nanozymes in the degradation of organic pollutants. The recalcitrant organic pollutants
investigated in these studies included phenolic compounds [48,158,186–189], dyes [159,190–196] and
organophosphorus compounds [197,198].

Magnetic Fe3O4 on carbon materials [48,186–188,191,192,195,199–202] are the most studied class
of composite nanozymes for environmental degradation. Carbon materials by themselves have
been used in wastewater treatment for a long time. Composites of Fe3O4 with carbon materials are
expected to deliver significant benefits such as recyclability and dual adsorptive–catalytic activities in
pollutant degradation applications. The excellent review by Ribeiro et al. [202] is an important source
of information for readers who have special interest in the application of hybrid magnetic carbon
nanocomposites for the degradation of organic pollutants in water treatment.
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Table 5. Examples of type III nanozymes in environmental pollutant remediation.

Nanozyme Pollutant
Enzyme-Like

Activity
Year Ref.

Fe3O4 MNP/MWNT composites Phenol Peroxidase 2009 [186]
Fe2(MoO4)3 Acid Orange II Peroxidase 2011 [190]

G-FeOOH/(reduced graphene oxide) Phenol Peroxidase 2011 [187]
Fe3O4/CeO2 nanocomposites 4-Chlorophenol Peroxidase 2012 [158]

Fe3O4/MSU-F-C
(magnetite-loaded mesocellular carbonaceous material) Arsenic, phenol Peroxidase 2012 [188]

FexOy-MWNT Orange G Peroxidase 2012 [199]
MIL-101 (chromium(III) terephthalate metal organic

framework) (chelated to N,N-dimethylamino pyridine) Paraoxon Hydrolase 2013 [197]

Porous Co3O4 nanorods–reduced graphene oxide Methylene blue Peroxidase 2013 [191]
Fe3O4/reduced graphene oxide nanocomposites Methylene blue Peroxidase 2013 [200]

graphene oxide quantum dots/Fe3O4 composites Phenolic
compounds Peroxidase 2014 [48]

graphene oxide/Fe3O4 nanocomposites Acid Orange 7 Peroxidase 2014 [192]

Polyprrole/hemin (PPy/hemin) nanocomposite Methyl orange and
Rh B

Pollutant
adsorbent (not

enzymatic activity)
2014 [193]

Fe3O3/graphene oxide Rh B Peroxidase 2014 [201]

CeO2/G-Fe2O3

Parathion-methyl,
nerve agents

soman and VX
Peroxidase 2015 [198]

Fe3O4/Al-B
(Fe3O4 MNPs decorated Al pillared bentonite) Rh B Peroxidase +

adsorption 2015 [194]

Fe3O4/CNTs Orange II Peroxidase 2016 [195]
C-CoM-HNCs (HNC = homobimetallic hollow cages),

(C-CoM-HNC M = Ni, Mn, Cu and Zn) Rh B Oxidase 2019 [196]

DhH6-c-ZrMOF (deterohemin-peptide on Zr metal organic
framework) Phenol Peroxidase 2020 [189]

Cellulose incorporated magnetic nano-biocomposites, Fe3O4
on cellulose

Methyl orange,
textile effluent Peroxidase 2020 [159]

Different kinds of carbon materials have been investigated as nanocomposites with metal/metal
oxide nanoparticles. Examples include carbon nanotubes, multiwalled carbon nanotubes (MWNTs),
graphene, graphene quantum dots, graphene oxide, mesoporous carbon, etc. [202]. Zuo et al. [186]
synthesised Fe3O4 MNP/MWNT nanocomplexes with peroxidase-like activity. In the presence of
H2O2, the nanocomplex could efficiently catalyse the oxidative degradation of phenols to insoluble
polyaromatic products that could be easily separated from aqueous solutions. Magnetically recoverable
FexOy-MWNT was active in the degradation of Orange G dye [199]. The Fe3O4 nanoparticles (7 nm
in size) that were grown on carbon nanotubes were shown to have higher catalytic reactivity as an
enzyme mimic for the decomposition of the dye Orange II than Fe3O4 nanoparticles [195].

Peng [187] reported the synthesis of graphene-templated formation of ultrathin (2.1 nm) 2D
lepidocrocite G-FeOOH and showed that these nanostructures could catalyse the degradation of phenol
in the presence of H2O2. Nanocomposites between graphene oxide quantum dots (graphene sheets
with lateral sizes less than 100 nm) and Fe3O4 nanoparticles were also shown to be effective for the
degradative removal of phenolic compounds via peroxidase-like reactivity [48]. The high reactivity of
the nanocomposite (higher than HRP) was attributed to the unique properties of the graphene oxide
quantum dots, namely high electron conjugation and better aqueous dispersion ability compared to
graphene oxide sheets, and the synergistic interactions between graphene oxide quantum dots and
Fe3O4 MNPs. Fe3O4/reduced graphene oxide [200] and Fe3O3/graphene oxide [201] were reported
to be efficient for the degradation of methylene blue and Rhodamine B at neutral pH, respectively.
In a report by Zubir and co-workers [192], graphene oxide–Fe3O4 nanocomposites were found to be
efficient in the degradation of acid orange dye. In comparison with Fe3O4 MNPs, the Fe3O3/graphene
oxide had similar reactivity in the first 45 min of the catalytic cycle. However, while Fe3O4 was
completely deactivated after one use, the nanocomposites retained good reactivity for the entire course
of the reaction.

Porous Co3O4 nanorod-reduced graphene oxide (PCNG) (Figure 22) was shown to have high
peroxidase activity in the degradation of methylene blue [191]. The improved catalytic activity of the
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nanocomposites could be the result of the synergy between the functions of porous Co3O4 nanorods
and reduced graphene oxides. Here, due to the π-π stacking between methylene blue and the aromatic
areas of reduced graphene oxide, methylene blue was more easily adsorbed on the surface of the PCNG.
Electrons from methylene blue are donated to the PCNG, which leads to an increase in electron density
and mobility in the PCNG. Electron transfer from PCNG to H2O2 is accelerated, thus increasing the
reaction rate of methylene blue oxidation by H2O2. The PCNG had high thermal stability and was
stable in the presence of an organic solvent, e.g., ethanol, tetrahydrofuran and N,N-dimethylformamide.

Figure 22. Procedure used in the preparation of porous Co3O4 nanorod-reduced graphene oxide,
PCNG. (Reprinted with permission from [191]. Copyright© 2013, American Chemical Society).

Chun et al. [188] showed that magnetite (Fe3O4)-loaded meso-cellular carbonaceous material,
Fe3O4/MSU-F-C, was very efficient in the Fenton-like reaction as well as an adsorbent for the removal
of phenol and arsenic (Figure 23). The material could be easily separable by applying a magnetic field
due to its strong magnetic property.

 
Figure 23. Removal of arsenic and phenol using Fe3O4/MSU-F-C as a catalytic adsorbent. (Reprinted
with permission from [188]. Copyright© 2012 Elsevier Ltd. All rights reserved).

In short, the increase in the performance of nanocomposites between magnetically separable iron
species (and other metal species) and carbon-based materials was attributed to several synergistic
effects which include: (i) the pollutant molecules are brought closer to the active sites by the increased
adsorptive interactions of the carbon phase; at the active sites, strongly oxidising HO• radicals are
generated and react with the pollutant. The HO• radical would have lower probability of partaking in
the non-productive parasitic reaction with H2O2, thus increasing the efficiency of H2O2 consumption;
(ii) iron–carbon nanocomposites usually have good structural stability and lower leaching of metal
species due to the confinement effect imposed by the carbon phase; (iii) the regeneration of the active
sites is enhanced either by electron transfer features or delocalisation of π electrons of the carbon-based
materials; (iv) the active sites are highly dispersed as the result of the high specific area of the carbon
phase; and (v) some carbon materials also have peroxidase-like activity on their own [202]. Several of
these nanocomposites have been shown to be effective for environmental pollutant degradation at
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neutral pH [199–202], which is a significant advantage as the treated water (in a wastewater treatment
plant) would not be required to undergo a neutralisation step.

In addition to carbon materials, other materials have also been utilised in the preparation
of nanocomposites for environmental pollutant degradation. Wan et al. [194] showed that Fe3O4

nanoparticle-decorated Al-pillared bentonite (Fe3O4/Al-B) had higher ability for the adsorption and
degradation of Rh B than bare Fe3O4 (Figure 24). The composite also showed high stability and could
be conveniently recycled.

 

Figure 24. Fe3O4-decorated Al-pillared bentonite (Fe3O4/Al-B) as a peroxidase-like nanozyme for the
degradation of Rh B. (Reprinted with permission from [194]. Copyright© 2015 Elsevier B.V. All rights
reserved).

Fe3O4/CeO2 nanocomposites (5–10 nm in size) were reported by Xu and co-workers [158] to
be effective for the degradation of 4-chlorophenol at acidic pH of 3 in the presence of H2O2 via the
peroxidase-like activity. 4-Chlorophenol was decomposed by the HO• radical including surface-bound
and in-solution radicals. The material could be reused several times. The proposed mechanism for
the generation of hydroxyl radical HO• from H2O2 and the interactions between different oxidation
states of iron and cerium ions to facilitate HO• formation is given in Figure 25. Janoš et al. [198]
synthesised magnetically separable composites consisting of Fe2O3 grains and CeO2 nanocrystalline
surface (CeO2/c-Fe2O3) and applied them as a “reactive sorbent” for the decomposition of dangerous
organophosphorus compounds including organophosphorus pesticide parathion-methyl.

 

Figure 25. Proposed reaction mechanism of the H2O2 activation by Fe3O4/CeO2 catalyst under acidic
pH. (Reprinted with permission from [158]. Copyright© 2012, American Chemical Society).
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Deuterohemin-peptide conjugated onto metal–organic framework, DhHP-c-ZrMOF, acted as
a peroxidase mimetic catalyst for the degradation of phenol [189]. The schematic summary of the
synthetic process is outlined in Figure 26. It was found that the hemin attached onto the MOF was
significantly more active for the degradation of phenol and could operate in a wider pH range.

Figure 26. Schematic illustration of the synthesis of DhHP-c-ZrMOF. (Reprinted with permission
from [189]. Copyright© 2019 Elsevier B.V. All rights reserved).

Chromium(III) terephthalate metal organic framework (MIL-101) was demonstrated to be effective
in facilitating organophosphorus ester degradation using paraoxon as the model substrate [197].
The MIL-101 had an optimal activity at a basic pH of 10. The degradation of paraoxon (Figure 27)
generates two acidic products which are likely to be removed in basic pH by the reaction with hydroxyl
functional group.

 

Figure 27. MIL-101 with chelated aminopyridines as a catalyst for organophosphorus ester degradation.
(Reprinted with permission from [197]. Copyright© 2013, American Chemical Society).

Li and co-workers [196] showed that the active sites in MOF-derived homobimetallic
hollow nanocages are highly efficient as multifunctional nanozyme catalysts for biosensing and
organic pollutant degradation. They fabricated Co-based homobimetallic hollow nanocages
(HNCs)(C−CoM−HNC, M =Ni, Mn, Cu and Zn) and showed that the material acted as an efficient
nanozyme for biosensing based on the excellent oxidase-like activity and for the degradation of an
organic pollutant (Rh B).

Examples of other types of composite nanozymes were also reported. Polypyrrole/hemin
nanocomposites were prepared and shown to have biosensing, dye removal ability and photothermal
therapy [193]. The dye removal ability is not related to the catalytic activity of the nanocomposite and
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was established by the author to be an adsorbent effect. Cellulose-incorporated iron oxide magnetic
nano-biocomposites as a peroxidase mimic have the potential to be a low-cost, recyclable option for
the remediation of textile dyes, using the azo dye methyl orange as well as a textile effluent [159]. Niu
et al. [203] prepared alginate/Fe@Fe3O4 core/shell structured nanoparticles (Fe3O4@ALG/Fe MNPs) for
the defluorination and removal of norfloxacin (a fluoroquinolone antibiotic). The Fe3O4@ALG/Fe MNPs
have higher efficiency for norfloxacin degradation compared with the Fe3O4 nanoparticle–H2O2 system,
with 100% of the norfloxacin removed within 60 min. Mixed metal oxide, iron molybdate (Fe2(MoO4)3),
was prepared and shown to act as a heterogeneous Fenton-like catalyst for the degradation of the dye
Acid Orange II. The heterogeneous catalyst worked efficiently in a relatively wide pH range of 3 to 9.
Good mineralisation of Acid Orange II was achieved [190].

5.5. Type IV Nanozymes: 3D Structural Mimics

There are only a limited number of studies using type IV nanozymes for the degradation
of environmental pollutants (Table 6). The technical challenge in the construction of these 3D
nanostructures is likely to be a contributing factor to this limitation.

Table 6. Examples of type IV nanozymes in environmental pollutant remediation.

Nanozyme Pollutant Enzyme-Like Activity Year Ref.

Porous Fe3O4 nanospheres Xylenol Orange Peroxidase 2011 [204]
3D nano-assembly of Au

nanoparticles on Au@Ag@ICPs
TMB and

methylene blue Oxidase 2015 [205]

Iron single-atom nanozyme, FeN4 TMB and OPD Peroxidase, oxidase and catalase 2019 [206]

Zhu and Dao [204] prepared porous Fe3O4 nanospheres (Figure 28) and showed that they were
highly effective as catalysts for the degradation of xylenol orange with H2O2 as the oxidant in aqueous
solution. The porous Fe3O4 could be recycled multiple (7) times, with only a slight drop in activity
after each cycle.

 

Figure 28. Preparation of porous Fe3O4 nanospheres. (Reprinted with permission from [204]. Copyright
© 2011, American Chemical Society).

Wang et al. [205] fabricated three-dimensional nano-assemblies of noble metal nanoparticle
(NP)–infinite coordination polymers (ICPs) through the infiltration of HAuCl4 into hollow
Au@Ag@ICPs core-shell nanostructures and its replacement reaction with Au@Ag nanoparticles
(Figure 29). These 3D nano-assemblies possess specific oxidase-like activity. TMB was oxidised to
generate its blue product using surface-adsorbed O2 on the surface without using H2O2. Methylene
blue was also degraded using the oxidase-like activity of the 3D assemblies.

Porphyrin-like single Fe sites on N-doped carbon nanomaterials (iron single-atom nanozymes,
FeN4) were constructed by Zhao and co-workers [206] using highly specialised high-temperature
techniques (Figure 30). These iron single-atom nanozymes exhibited excellent peroxidase-, oxidase-
and catalase-like activities. The catalytic activities could be up 40 times higher than those of Fe3O4.
The enhanced reactivity could be attributed to the FeN4 sites, which are similar to the natural
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heme-containing enzymes, the high surface area of the MOF (ZIF-8) structure and the large pore
diameter (0.45 nm). These last two factors are beneficial for the mass transfer of reactant and product.
TMB and OPD were the two substrates used for their colorimetric investigation, which showed
promising results. The material was effective in the degradation of phenol in aqueous solution.

 
Figure 29. Three-dimensional assembly of gold nanoparticles on Au@Ag@void@infinite coordination
polymers with oxidase-like activity for the degradation of methylene blue. (Reprinted with permission
from [205]. Copyright© 2014, Royal Society of Chemistry).

 

 
(a) (b) 

Figure 30. (a) Schematic illustration of the synthesis of iron single-atom nanozymes and (b)
macrostructures and active sites of natural enzymes, nanozymes and iron single-atom nanozymes.
(Reprinted with permission from [206]. Copyright© 2019, Royal Society of Chemistry).

5.6. Potential Applications of Nanozymes in the Treatment of PFAS (Per- and Polyfluoroalkyl Substances) as
Emerging Pollutants

Per- and polyfluoroalkyl substances, PFAS, are a large group of chemicals which have been used
extensively in many commercial products including fire-fighting foams, lubricants, coatings, etc. These
chemicals can travel great distances in the environment and have been known to be bioaccumulative.
Although the toxicity of these compounds has not been fully understood, they are suspected to be the
cause of carcinogenesis, mutagenesis and reproductive problems. They are now considered as emerging
pollutants [207,208]. A number of technologies have emerged for the remediation of PFAS pollutants;
however, the high stability of C-F bonds presents a great challenge in devising an effective method for
the degradation of PFAS under mild conditions [207–209]. Recent works have shown that microbial
and enzymes could affect the degradation of certain PFAS compounds. HRP successfully catalysed
the degradation of perfluorooctanoic acid [210] and laccases could also catalyse the degradation of
perfluorooctanoic acid [211]. Given the fact that many nanozymes have been demonstrated to have
peroxidase and laccase activities as well have significant advantages over natural enzymes, nanozymes
could play an important role in PFAS pollutant remediation efforts.
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5.7. Summary

The peroxidase-like catalytic activity has been the activity most explored for the degradation of
environmental pollutants such as phenols, Rh B, dyes (methylene blue, acid orange), etc. Nanozymes
have several advantages including low cost, ease of preparation, high stability and recyclability.
Zero valent metal-based nanozymes have been least utilised as catalysts for environmental pollutant
remediation. Noble metals are expensive for large-scale applications and zero valent non-noble
metals tend to be highly prone to oxidation and degradation. Moreover, 3D-structured materials that
possess high specificity (moulded in active sites) have great potential in disease diagnosis. However,
in pollutant degradation, high selectivity and specificity is often not required. Additionally, the
manufacturing of 3D structures still requires significant technical efforts.

Composite nanozymes, particularly those with Fe3O4 MNPs nanoparticles on carbon materials or
MOFs, have been shown to exhibit higher catalytic efficiency than metal-/metal-oxide-based nanozymes.
One of the attractive features of these nanocomposites is that they have dual adsorption and degradation
activities. The adsorptive ability of the base material, i.e., carbon or MOF, could bring the pollutant to
the proximity of the active sites and increase the degradation efficiency of the composite nanozyme.

Most nanozymes were only efficient in the degradation of environmental pollutants under acidic
pH conditions. This means that in wastewater treatment application, the treated wastewater will
need to undergo an additional and potentially costly neutralisation step. Finding nanozymes that can
degrade pollutants under neutral conditions would remarkably boost the application of nanozymes in
this area.

6. Conclusions and Future Perspectives

Nanozymes have gathered increasing research interest since their first discovery less than
15 years ago [6] because they exhibit catalytic properties and offer improved tolerance to harsh
conditions compared to natural enzymes. They have demonstrated applications in the biomedical and
environmental fields, including diagnostics and therapeutics, sensing, environmental monitoring and
remediation of environmental pollutants. In this review, we detailed the classification of nanozymes,
their general catalytic mechanisms, as well as their recent progress in environmental applications
through discriminating their diverse detection and remediation platforms.

Public concerns about environmental safety call for innovative and informative analytical
techniques to meet the (i) detection requirements of high sensitivity and specificity, and (ii) remediation
requirements of degradation efficiency to transform pollutants into another form less toxic to the
environment. Nanozymes have emerged as an excellent tool to address both environmental detection
and remediation requirements. Recent works have shown that nanozymes have fascinating catalytic
properties, with added advantages over natural enzymes for environmental applications. Not only do
they have wider operational windows (resistance to harsh environments), higher stability (long shelf
life) and better recyclability, but they also offer tuneable surface functionality. The highly dynamic and
active research has given rise to great opportunities in this field. It is believed that in certain applications,
the combination of nanozymes with natural enzymes may lead to positive synergistic effects. However,
an in-depth understanding of the fundamental principles of nanozymes for environmental quality and
safety detection and remediation remains limited, which makes their applications largely empirical. To
support sustainable growth and to realise the implementation of nanozymes in the environmental
field, there is still scope for improvement.

1. Selectivity: Natural enzymes often have a defined size and morphology and catalyse a specific
substrate or a class of analogues. However, nanozymes do not possess as high a substrate
(target) selectivity as natural enzymes and their catalytic behaviours can be influenced by ions
in the microenvironment, particularly anions. Consequently, more work in innovative surface
engineering of nanozymes is still required to create target-tuneable catalysis which can perform
selective recognition of the target.
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2. Real-time in-field application: To meet the goal of real-time in-field detection of environmental
pollutants, further studies are required to minimise sample pre-treatment (such as sample filtration,
pH adjustment, solvent extraction, etc.). The vast majority of nanozymes for environmental
pollutant monitoring and remediation are based on peroxidase-like activity, which has two
drawbacks: (i) they require the addition of unstable hydrogen peroxide, and (ii) acidic pH
adjustment to enhance signal. Ideally, nanozymes that can operate under neutral pH conditions
without cumbersome sample modification can make the test more user-friendly. Furthermore,
implementation of new and/or existing nanozymes into portable devices such as lateral flow
assays and microfluidic chambers, coupled with the ability to capture data using portable optical
readers such as smartphone cameras (for colorimetric detection), and combined with the fast data
processing capability of a smartphone, will help to realise this goal.

3. Effectiveness and reusability of nanozymes: Nanocomposites between MNPs and carbon materials
or MOFs have been shown to be remarkably more effective in the degradation of organic pollutants.
The improved efficiencies are a result of the combined adsorption and catalytic abilities of the base
materials and the MNPs and synergistic interactions between the two materials. Furthermore,
while most nanozymes have optimal catalytic activity at acidic pH, examples of composite
nanozymes which are highly active at neutral pH are also known. Accordingly, further studies
into the development of nanozymes that are highly active at neutral pH will be beneficial for both
the detection and the remediation of pollutants as this will reduce sample pre- and post-treatments,
e.g., no acidification or post-neutralisation steps are required. Additionally, nanozymes that can
be regenerated are also helpful, particularly in the remediation of environmental pollutants (such
that they can continue to degrade more pollutants). Thus, reusability and ecological compatibility
are also valuable considerations when designing new remediation strategies.

4. Commercial production: Currently, most nanoparticles used in research studies are synthesised
in small batches using methods which are usually labour-intensive and time-consuming. Since
nanoparticles have a large surface area to volume (and mass) ratio with greater reactivity and
mobility, they have the tendency to agglomerate into larger microparticles, losing their distinctive
nano characteristics. Small synthetic batches are also prone to batch-to-batch variability and a
wide particle size distribution, which can significantly affect the yield of production. While small
batches are adequate for early studies, this limits the translation of promising nanozymes for
commercial deployment in environmental applications, where orders of magnitude more material
are required. Development of methodologies such as flow chemistry techniques that can produce
gram quantities per hour of highly reproducible nanozymes, combined with coating strategies to
reduce agglomeration at the commercial scale, is important to support scale-up production.

5. Industrial standards and regulation: There is no doubt that nanozymes provide industries with
many advantages. However, there are concerns related to the impact of nanoparticles on the
ecological system, especially when deployed at large scale for remediation. Current regulations
establish metal content limits without consideration of particle size. While implementing
nanozymes as an environmental remediation tool, the development should be coupled with
appropriate measurement techniques that can quantify both concentrations and particle sizes
with appropriate quality assurance and quality control. As well as size and composition, it is
evident that the surface properties of nanoparticles will be fundamental in determining the fate
and toxicity in the environment and that these properties will need to be considered in any
hazard ranking. Consequently, it is necessary to develop computational models to correlate the
physicochemical properties of such nanozymes with their potential nanotoxicity. These models
can also support public needs and industrial regulations for future remediation designs.
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Abbreviations

AAS atomic absorption spectroscopy
ABTS 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonate)
AChE acetylcholinesterase
BPA bisphenol A
CHO choline oxidase
EDTA ethylenediaminetetraacetic acid
GC-MS gas chromatography–mass spectrometry
HRP horseradish peroxidase
ICP-MS inductively coupled plasma–mass spectrometry
ICP-OES inductively coupled plasma–optical emission spectroscopy
LC-MS liquid chromatography–mass spectrometry
MNP magnetic nanoparticles
MOF metal–organic framework
MWNT multiwalled carbon nanotube
OPD o-phenylenediamine
PFAS per- and polyfluoroalkyl substances
Rh B Rhodamine B
TMB 3,3′,5,5′-tetramethylbenzidine
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Abstract: The demand for point-of-need (PON) diagnostics for clinical and other applications is
continuing to grow. Much of this demand is currently serviced by biosensors, which combine a
bioanalytical sensing element with a transducing device that reports results to the user. Ideally, such
devices are easy to use and do not require special skills of the end user. Application-dependent,
PON devices may need to be capable of measuring low levels of analytes very rapidly, and it is
often helpful if they are also portable. To date, only two transduction modalities, colorimetric lateral
flow immunoassays (LFIs) and electrochemical assays, fully meet these requirements and have been
widely adopted at the point-of-need. These modalities are either non-quantitative (LFIs) or highly
analyte-specific (electrochemical glucose meters), therefore requiring considerable modification if they
are to be co-opted for measuring other biomarkers. Förster Resonance Energy Transfer (RET)-based
biosensors incorporate a quantitative and highly versatile transduction modality that has been
extensively used in biomedical research laboratories. RET-biosensors have not yet been applied at the
point-of-need despite its advantages over other established techniques. In this review, we explore
and discuss recent developments in the translation of RET-biosensors for PON diagnoses, including
their potential benefits and drawbacks.

Keywords: FRET; BRET; CRET; point-of-care; on-site; on-the-spot; microfluidics; PADs;
time-resolved FRET

1. Introduction

Over the last 50 years, there has been a substantial trend to developing point-of-need (PON)
diagnostic testing, also known as “on-the-spot” or “point-of-care”, putting rapid testing into the
hands of first responders, processors and consumers. The development of such diagnostics is seen
across healthcare [1,2], food and beverage [3,4], and industrial quality control applications [5,6].
Ideally, a PON test delivers accurate and repeatable results in short time periods, with minimal
sample preparation, minimal user expertise and minimal resource requirements. PON testing can
be enabled by the miniaturization of a range of technologies such as ultrasound [7], MRI [8] and
spectroscopy [9]. However, imaging and spectroscopic technologies tend to be limited to anatomically
apparent pathologies and require significant on-site analysis and end-user expertise to interpret results.
Biosensors that combine a biological recognition element with a transduction modality for the detection
of a range of analytes are ideally placed to meet the requirements for accurate and repeatable PON
diagnostics without deep analytical expertise on the part of the end-user. The biological recognition
elements selected are proteins or nucleic acids that have been honed by natural selection to be highly
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sensitive and specific for their target analytes. The range of such elements includes enzymes, antibodies,
receptor proteins, DNA and RNA. Biological recognition elements can be coupled to a mechanical,
electrical or optical transduction mechanism, to enable rapid signal readouts, and many different
biosensor transduction mechanisms have been used in research and diagnostic laboratories. For
example, fluorescence [10], Surface Plasmon Resonance (SPR) [11] and Surface Enhanced Raman
Spectroscopy (SERS) [12] have recently attracted significant interest in research for PON biosensing.
However, only two transduction mechanisms have been widely adopted at the PON, namely lateral
flow immunoassay (LFI) and electrochemical (EC) readouts.

LFI is widely used in many fields, including medicine [13], veterinary [14], food [4], agricultural [15]
and industrial process control [16]. As an example, the most commonly used LFI is the pregnancy
test, which is available on many pharmacy shelves. The principle of LFIs is based on the movement
of a liquid sample via capillary action through a paper-based strip containing antibodies with which
analytes of interest interact to produce a colorimetric readout [17]. While LFIs are simple, cheap and
portable, the results obtained are qualitative or at best semi-quantitative [18], limiting them to use
as a screening tool. Additionally, many LFIs are not sensitive enough to measure trace amounts of
analytes in complex samples [19], and they are sometimes unreliable due to the limited control of
sample volumes and user error [20,21].

Electrochemical transduction, as the name suggests, utilizes outputs of a voltage or current when
biological-recognition elements immobilized on an electrode interact with the target analyte. The
best-known application of electrochemical biosensors is for the quantification of glucose for diabetes
management [22].

Electrochemical biosensors offer the advantage of simplicity, low cost and reliable quantitative
detection even with complex sample matrices. However, they tend to be challenged when detecting
trace amounts of analytes and suffer from biosensor drift and surface effects on the electrodes after
repeated exposure to biological or chemical matrices, further reducing the sensitivity [23,24]. Very
recently, as a means to respond to the worldwide healthcare crisis, rapid detection of SARS-CoV-2
has been demonstrated [10]. With the aim of moving rapid tests from laboratory settings to the PON,
CRISPR-based technologies are now being adapted to give either an electrochemical readout [25] or to
be carried out on a paper strip [10] similar to that of LFIs.

In this study, we investigated whether there are opportunities for emerging transduction modalities
to bring new diagnostic tests to the point-of-care. Specifically, we focused on a class of luminometry,
namely Förster Resonance Energy Transfer (RET), that was elaborately developed for research and
laboratory use. We explored to what extent, and under what conditions, RET might open up new
opportunities in biosensing at the point-of-need.

2. Förster Resonance Energy Transfer Sensing Principle

RET is a distance- and orientation-dependent non-radiative energy transfer from an energy
donor to an acceptor fluorophore or quencher [26]. Resonance Energy Transfer usually occurs at
distances of 1–10 nm, which can vary dependent on the combination of donor and acceptor and
the relative orientation of their transition dipole moments [27–29]. Due to its extreme sensitivity to
spatial changes on a nanometer scale, RET has been extensively used as the transduction modality
in lab-based biosensors for the analysis of a wide range of analyte types, such as kinase [30] and
protease activity [31–33], G-protein-coupled receptors [34,35], antibodies [36], small molecules [37,38]
and protein–protein interaction [39–41].

Biosensors have been realized through the incorporation of RET components into biological
recognition elements in such a way that the presence of an analyte affects the spatial relation between
the donor and acceptor molecules (Figure 1). The versatility of this approach facilitates theoretically
infinite options for sensing applications. In contrast, glucose meters rely on a specific enzymatic
reaction causing the oxidation of glucose [42]. Such a mechanism cannot be readily translated for the
detection of other analytes.
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We can identify three different classes of RET according to the identity of the incorporated energy
donor: (1) Fluorescence Resonance Energy Transfer (FRET), (2) Bioluminescence Resonance Energy
Transfer (BRET) and Chemiluminescence Resonance Energy Transfer (CRET) (Figure 1a). FRET is,
arguably, the most frequently applied RET technique in lab-based testing, where energy transfer is
initiated through the excitation of a fluorescent molecule, such as a fluorescent protein, organic dye,
quantum dot or rare earth element, using an external illumination source. Unlike FRET, BRET and
CRET employ endogenous “light” sources by the incorporation of enzymes or chemical catalysts as the
energy donor. They require suitable chemical substrates to generate luminescence. Formally speaking,
BRET is a subclass of CRET but will be discussed separately because it has several distinct features.
The selection of energy donor has profound implications for the technical requirements testing outside
the research laboratory, by determining how the optical response of the RET biosensors is initiated.
External illumination can generate significant noise due to light scattering, autofluorescence, and
bleed through and crosstalk of the exciting radiation. BRET/CRET can therefore deliver reduced noise
levels, particularly in complex samples such as blood [43]. Since noise is often limiting for sensitivity,
BRET/CRET is potentially well-suited for PON applications, enabling more reproducible measurements
and the use of smaller sample amounts. As no external light source component is required, the design
of miniaturized BRET/CRET detection devices is simplified compared to in the use of FRET biosensors.

Luciferases have been applied in biolanalytics for decades, but, until recently, bioluminescence
and BRET transduction techniques were not considered for point-of-need applications. Their low
optical signal output was particularly challenging for miniaturized applications, where low amounts
of biosensors are used. However, considerable progress has been made in recent years in the
development of brighter and more stable luciferase-luciferin combinations [44,45] coupled to superior
acceptors [46,47] and in combination with sensitive BRET detection devices [48].

Enzyme degradation, substrate instability or substrate inhibition can affect the amount of light
produced by the luciferase oxidation reaction. However, the variation of emitted photons can be
alleviated by using excess substrate and by using ratiometric measurements, as, to a certain extent,
a lower light generation is not accompanied by a change in signal ratio. However, some luciferases
exhibit flash-type kinetics, demanding a timed detection system, which can be a drawback compared
to using FRET as the signal transduction modality.

3. Signal Measurements

RET signals within the context of on-site suitable techniques are usually measured either by
sensitized emission or fluorescence lifetime. Sensitized emission is commonly applied for all RET
systems and describes the measurement of donor and acceptor signal intensities in relation to each
other (RET ratio). Close proximity between donor and acceptor molecules results in higher RET ratios
than more distant RET components.

Ratiometric measurements exhibit a dose-independent normalization, as the RET ratios for
10 molecules are theoretically the same as for 100 molecules. This makes RET techniques more robust
to interfering effects, compared to fluorometric or luminometric approaches, where only the signal of a
single fluorophore/luminophore is measured. RET therefore enables homogeneous assays without the
need for washing steps. Another way of achieving internal normalization is to analyze the fluorescence
lifetime of the donor (time-resolved FRET). The time between donor excitation and photon emission
is prolonged if there is RET to an acceptor molecule. Fluorescence lifetimes are usually in the nano-
to micro-second range, requiring sophisticated analytical equipment. Fluorescence lifetime is the
method of choice for Lanthanide RET (LRET) systems, where rare earth elements with remarkably
long fluorescence lifetimes are incorporated as energy donors [49,50].

Whether it is RET ratio or fluorescence lifetime that is measured, these parameters are usually
calibrated against standard concentrations of the target analyte, to generate results that are meaningful
to the end-user.
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Figure 1. (a) Overview of different variations on the Resonance Energy Transfer principle, together
with a range of different types of biological recognition element. Red domains indicate recognition
elements, and orange domains indicate targeted analytes. (b) Examples of different ways that energy
donors and acceptors can be combined with biological recognition elements. All illustrations are
simplified and not shown to scale. Images were taken from the following sources: The “Fluorescent
proteins” image illustrates the Green Fluorescent Protein (doi:10.2210/rcsb_pdb/mom_2003_6). The
“Organic dyes” structure shows cyanine. The quantum dot image was taken from Reference [49]. The
“Luciferase–Luciferin” image is composed of the Firefly luciferase (doi:10.2210/rcsb_pdb/mom_2006_6)
and D-Luciferin as its substrate. The structure of horseradish peroxidase was taken from the Protein
Data Bank (1W4E, doi:10.2210/pdb1W4W/pdb). The dark quencher is the black hole quencher BHQ1
from atdbio (https://www.atdbio.com/content/35/FRET-fluorescence-quenchers).

4. PON-Suitable RET Applications

In a laboratory environment, RET biosensors are usually deployed in micro well plates and read out
in a sophisticated plate-reading instrument. Such instruments tend to be too expensive and cumbersome
for PON use. Alternative instruments have been developed that generally feature two simplifications.
Firstly, micro titer plates are replaced by a medium, such as microfluidic channels, paper-strips or
cartridges, that makes it easier to analyze small sample volumes with high reproducibility. Secondly,
a PON-specific device is used to detect and interpret RET signals. Approaches include the use of
compact integrated devices, modified microscopes or digital cameras.

It is noteworthy that the overall sensitivity of a biosensing test, either lab-based or at the PON,
depends on the sensitivity of the biological element used, the transduction modality and the equipment
used. In the case of PON, it is possible that sensitivity or quantification may be reduced as a tradeoff
for using more convenient equipment. Consequently, the sensitivity of a test depends on all of the
components involved. As an indication of the performance of each type of technology, we have listed
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approximate assay times and sensitivity levels in the respective figures summarizing the technologies
reviewed in this article.

4.1. RET Detection Using Microfluidics in Combination with a Compact Detection Device

Microfluidics offers several advantages, such as low cost, reduced reagent consumption, small
sample volumes, increased reaction rates and faster analysis times for portable detection devices [51].

4.1.1. Fluorescence Resonance Energy Transfer-Based Systems

The detection of FRET biosensors in PON microfluidic devices has previously relied on using
a fluorescence microscope to measure FRET signals. For example, Son et al. developed a microfluidic
protease sensing system for monitoring cancer cell function through the release of the cancer-related
protease Matrix metalloproteinase-9 (MMP9) [52]. Micro wells containing a hydrogel incorporating a
FRET-linked peptide were integrated into a configurable Polydimethylsiloxane (PDMS) microfluidic
device and visualized using a fluorescence microscope (Figure 2a). Cancer cells in suspension were
trapped by immobilized antibodies in the hydrogel and the activity of MMP9 secreted from the trapped
cells was monitored by following the cleavage of the FRET-linked peptides.

Cao et al. [54] developed a high-throughput multi-channel microfluidic chip to detect the
interaction of fluorescently labeled aptamers with cancer cells. The surface of the chip was coated with
graphene oxide (GO), which non-covalently binds to and quenches the fluorescence of the organic
aptamers. Incubation of cancer cells on the chip led to the release of the fluorescent aptamers from the
GO coating and recovery of the previously quenched fluorescence (Figure 2b). A single wavelength
was used to measure the quantity of released aptamers.

A more compact and miniaturized sensing device for FRET signals used a laser to irradiate
the microfluidic chip and optical fibers to deliver the emitted photons to photon-multiplier tubes
(PMTs) [53]. This was used to detect three cancer markers simultaneously. Multiplexing was achieved
by labeling three different aptamers with quantum dots having distinct emission spectra (Figure 2b).
These were bound to GO-coated chips as in the single marker system. Signals were acquired by PMTs
equipped with optical band-pass filters tailored to the different quantum-dot emission spectra. This
system was capable of quantifying cancer markers in nanoliter-sized droplets of serum. The total
assay time was 3 h. This might be too time-consuming to be considered as a classic point-of-need test;
however, it could proof useful as a cancer diagnosis tool in remote settings if appropriate follow-up
treatments are available. FRET quenching, as used here, does not have the advantages of being
ratiometric, as only the activated fluorescence of the donor can be measured. On the other hand, the
assay follows a “lights on” format, which is inherently more sensitive than “lights off”.

4.1.2. Bioluminescence-Resonance-Energy-Transfer-Based Systems

Replacing FRET with BRET as the transduction modality markedly decreases optical noise and
also means that a source of illumination, such as a laser, is no longer required. The BRET2 system,
comprising a variant of the Renilla luciferase, such as RLuc8, coupled to GFP2, a large Stokes-shift
variant of the Green Fluorescent Protein, is a highly sensitive RET tool. It exhibits an unusually large
Förster distance [28,29] that can increase detection sensitivities, particularly when the radius of the
biological recognition element is significantly greater than 1 nm. However, BRET2 exhibits low and
transient bioluminescence [58] that has to be accommodated for.

Our group initially demonstrated a proof of principle by using a BRET2 thrombin sensor deployed
in a PDMS microfluidic channel, with the BRET signal relayed through a microscope objective to two
filter-equipped PMTs [59]. Subsequently, the microscope was dispensed with and ratiometric BRET2

were made in micro liter volumes, using two filter-equipped PMTs combined with fiber optics, in
close contact with the microfluidic device [60]. Although this device achieved the measurement of
thrombin protease activities in buffer [60] and maltose detection in beer samples [61], it still lacked true
point-of-need capability, as it was bulky and did not support on-chip incubation.
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Figure 2. Examples of point-of-need (PON)-suitable applications using compact RET detection
devices in combination with microfluidics. In one example, Bioluminescence Resonance Energy
Transfer (BRET)-based biosensors are run on a microfluidics chip integrated into a compact device
containing micro photon multiplier tubes (μPMTs). In other examples, FRET biosensor signals are
recorded by using a fluorescence microscope or laser excitation followed by detection using PMTs.
(a) Lymphocytes secreting Matrix metalloproteinase-9 (MMP9) are trapped by antibodies in a micro
well located on a microfluidic chip. The peptides are labeled with Fluorescein isothiocyanate (FITC) and
4-(dimethylaminoazo)benzene-4-carboxylic acid (DABCYL), and they contain MMP9-specific cleavage
sites. These are immobilized close to the micro wells, to detect any MMP9 activity released by the
cells [52]. (b) Aptamers, labeled with quantum dots (QDs), specific for cancer-related cells or protein
markers are attached on a graphene monoxide layer. Binding of the target cells or proteins to their
specific aptamer results in a release of the aptamer from graphene oxide, activating the fluorescence
signal of the quantum dot/organic dye [53,54]. (c) CYBERTONGUE® protease biosensors consist of the
Renilla luciferase RLuc8 connected through a peptide linker, containing specific recognition sites for
the target protease, to the Green Fluorescent Protein variant GFP2. Proteolytic activity exerted on the
connecting peptide results in the dissociation of GFP2 from RLuc8, leading to a profound change in BRET
ratio [48,55,56]. (d) The CYBERTONGUE® lactose biosensor consists of a lactose-binding protein tagged
with RLuc8 and GFP2 that undergoes a conformational change upon binding to lactose [57]. Binding of
lactose results in the distancing of the two BRET components, thereby changing the BRET ratio.

In order to shrink the device’s footprint, micro photon multiplier tubes, instead of large and
energy-intensive valve-based PMTs, were placed directly above and below the sample detection
chamber. This was implemented within a controlled microenvironment enabled by a thermoelectric
block bringing the concept of a compact table top device, termed the Cybertongue® device, to
fruition [48] (Figure 3a). The Cybertongue® device is a microfluidics-based platform that can run a
variety of homogeneous sensing applications tailored to different analyte types with assay times of
1–10 min. The device combines many of the advantages of the aforementioned examples, such as small
sample volumes, ratiometric RET signal measurements, a miniaturized device and rapid analysis times.
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Figure 3. Overview of the Cybertongue® BRET analysis device: (a) functional schematic of the
measurement device, (b) schematic design of a microfluidic chip used for protease assays and (c)
image of compact microfluidics device with closed lid. Figure was taken from Weihs et al. [48],
with permission.

The microfluidic channels are etched into a reusable glass chip (Figure 3b) that can be used
repeatedly in an on-site setting, benefitting from the fact that glass is relatively inert to a variety of
chemicals [62]. Chips with different microfluidic architectures can be inserted into the device, according
to the type of assay. Options include a chaotic mixer, followed by serpentine channels, to improve
fluid mixing on chip, or an incubation chamber for performing analyte–biosensor pre-incubations,
if required.

Captured BRET signals are automatically interpreted via a Bluetooth-connected laptop, which
further minimizes handling steps, from sample mixing to results. This setup has allowed the fabrication
of a compact sensing system weighing 6.5 kg, suitable for on-site testing (Figure 3c).

4.1.3. Chemiluminescence-Resonance-Energy-Transfer-Based Systems

CRET relies on light emission generated by a redox reaction between luminol and hydrogen
peroxide in the presence of a suitable catalyst, such as horse radish peroxidase or metal ions. Its
advantages are similar to those of BRET, as it does not require an external illumination source, reducing
optical noise, and detection devices can be easily miniaturized [63]. Homogeneous CRET-based
assays have been described for the detection of several analytes, including ochratoxin A [64] and
thrombin [65,66], using aptamer-mediated analyte binding or for the analysis of estradiol levels [67],
C-reactive Protein [68] and Neuron-specific enolase [69] using antibody-based approaches.

However, while a range of commercially available on-site tests using chemiluminescence without
RET do exist (allergy tests, flu tests, forensics, air pollutants, etc. [70]), the integration of CRET into
suitable on-site testing systems has not been reported. One of the factors that may contribute to this
lack of progress is that a number of biologically relevant molecules suppress CRET, such as human
serum components [67]; biogenic amines; and thiols, amino acids, organic acids, and steroids [71].
The removal of these molecules via microchip electrophoresis prior analysis could resolve detection
issues [71], but potentially adds complexity to a potential on-site test.

4.2. RET Detection Using Paper-Based Analytical Devices (PADs) in Combination with a Digital Camera

An alternative pathway to PON-compatible RET technologies is based on paper-based analytical
devices (PADs). The low cost, portability and accessibility in low-resource settings of PADs has drawn
considerable interest in recent years. Paper-based devices eliminate bulky instrumentation, such as
plate readers combined with easy-to-carry-out procedures.

Filter or chromatography paper by Whatman are commonly used for paper-based assays. However,
depending on the application, other paper selections can be of importance in the construction of
paper-based sensing devices, as differences in porosity, hydrophobicity, pore size, thickness, fiber
structure or grammage (mass per unit area) can affect performance of the supported biosensor
system [72].
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4.2.1. Bioluminescence-Resonance-Energy-Transfer-Based Systems

Antibodies are important biomarkers for the diagnosis and surveillance of fast-evolving infectious
diseases and life-threatening allergies. Due to the urgency associated with such medical conditions, PON
detection of antibody biomarkers could offer rapid answers and better health outcomes. An example of
PON antibody detection was demonstrated for LUMABs (LUMinescent AntiBody Sensor) BRET-based
biosensors (Figure 4a) [73,74]. These biosensors incorporate the highly luminescent luciferase
NanoLuc [75] that enables BRET signal detection beyond a compact and controlled environment, such
as in the Cybertongue® device. To directly quantify antibody in blood plasma, the authors were first
able to carry out the homogenous BRET assay in solution, using a smartphone to measure the photon
output within 20 min. To further improve the applicability of the test at PON, they then developed and
applied the antibody assay on a paper support [74]. This fully integrated paper-based analytical device
is composed of vertically assembled functionalized layers that facilitate blood plasma separation.
This reduces the handling steps and simply requires the application of a drop of blood on the device.
Similar to the corresponding homogenous assay, the results are obtained within 20 min, following
photographic analysis with a smartphone. This system enables highly sensitive measurements of
three antibodies against HIV, influenza and dengue, in blood, at low nanomolar concentrations (2.8
nM–19.3 nM detection limits). However, the LUMABS design is only applicable to antibodies that
recognize linear epitopes, excluding the majority of antibodies that bind to conformational epitopes [76].
LUMABS were further developed to enable the detection of small molecules, such as dinitrophenol or
creatinine, by the introduction of non-natural amino acids (pAzF) in place of the linear epitopes [77]
(Figure 4b). This strategy can also be used to sense antibodies binding to conformational epitopes, if
those are small molecules. However, paper-based detection of pAzF-LUMABS biosensors has not been
reported yet.

A different sensor design also utilizing the NanoLuc luciferase, termed Luciferase-based indicators
of drugs (LUCIDs), was followed by Johnsson and co-workers for the monitoring of small molecule
drugs [79] and later applied for use on paper-based strips, in combination with a digital camera [80,81].
For this purpose, lyophilized biosensors were mounted onto filter paper and liquid samples, such
as human serum or whole blood including the luciferase substrate, were added to the paper strip.
The reaction between the biosensor and the analyte occurs on paper, and the bright luminescence of
NanoLuc is detected by taking a photograph of the paper strip, followed by a software-guided photon
analysis. The combination of the lyophilized stabilized biosensor system and the use of low-tech, easily
accessible analytical equipment, such as a digital camera, facilitates the translation of such a technology
to point-of-need. Following this first LUCIDs PON application, a range of LUCID biosensors were
developed for the detection of analytes, such as phenylalanine or glutamate [80] and the clinical drugs
methotrexate, theophylline and quinine (Figure 4c) [81]. The detection of such analytes in whole blood
at PON is of high interest due to their clinical relevance for monitoring children and pregnant women
suffering from phenylketonuria.

MicroRNAs (miRNAs) provide vital information about many diseases and are of great interest in
the diagnosis and monitoring of cancer [90]. Analyses of miRNAs usually require a time-consuming
amplification step and a PCR instrument. Wu and co-workers recently developed a BRET-based
point-of-care suitable technique for the detection of miRNAs [82]. This was achieved by coupling a
paper-based isothermal rolling circle DNA amplification with detection by biosensors incorporating
NanoLuc and mNeonGreen fused with DNA sequence-specific Zinc Finger Proteins (ZFPs). Human
serum can be applied on a paper disc containing lyophilized components required to amplify the target
miRNAs through circular single-stranded DNA amplicons. Only the presence of the target miRNAs,
acting as primers, enables the amplification of the DNA amplicons. Subsequently, another paper disc,
one that contains miRNA complementary oligonucleotides and BRET biosensors, is applied on top of
the amplification disc. If miRNAs were present in the sample, the complementary oligonucleotides
form double-stranded DNAs with the amplicons that are, in turn, recognized by NanoLuc-ZFP and
mNeonGreen-ZFP (Figure 4d). In absence of the miRNAs, both fusions remain dispersed and no BRET
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can be observed. Signals were detected via a smartphone camera. The speed of point-of-care diagnosis
can be less relevant to cancer diagnoses, since these usually do not require quick diagnoses. However,
such a system might be of value when it important to monitor biomarkers during treatment visits or to
diagnose in remote and resource-limited settings.

 

Figure 4. Examples of PON-suitable applications using a digital camera or smartphone in combination
with micro plates or paper-based devices. BRET-based biosensors are spotted on paper-based analytical
devices (PADs), and signals are recorded with a digital camera or smart phone. FRET biosensors require
an additional source of excitation, such as a light-emitting diode (LED) or UV-lamp. (a) LUMABS
biosensors (LUMinescent AntiBody Sensor) biosensors (LUMinescent AntiBody Sensor) are comprised
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of the luciferase NanoLuc and the fluorescent protein mNeonGreen connected through a linker
containing linear epitopes for antibodies of interest. In the absence of the antibody of interest, NanoLuc
and mNeonGreen dimerize through the connector domains [73,74,78]. (b) LUMABs were modified
by replacing linear epitopes with unnatural amino acids acting as a chemical handle to introduce
analogues of analytes of interest. An antibody binding to these analogues is introduced, separating
NanoLuc and mNeonGreen. In the presence of the analyte, antibodies preferentially bind to the analyte
instead of its analogues incorporated in the LUMAB biosensor [77]. (c) LUCIDs (luciferase-based
indicators of drugs) are protein fusions comprising NanoLuc, a receptor protein for the drug of
interest and the self-labeling enzyme SNAP. A SNAP-functionalized organic dye Cy3 is attached to
an analyte analogue, which is covalently incorporated by the SNAP protein. In the presence of the
analyte, the receptor preferentially binds the analyte over its SNAP–Cy3-bound analogue [79–81].
(d) If target miRNAs are present in a sample, miRNA templates are amplified through a rolling circle
amplification (not illustrated). Complementary oligonucleotides form double-stranded DNAs that
are recognized by fusions of NanoLuc and mNeonGreen with zinc finger proteins that specifically
bind to different but nearby sequences [82]. (e) Quantum dot (QD)–organic fluorescent dye conjugates
joined by a peptide-containing protease-specific recognition site are immobilized on paper. In the
absence of proteolytic activity, FRET occurs between the QD and the organic dye, resulting in a
yellow/orange emission signal. If the peptide is cleaved due to the proteolytic activity of the protease
of interest, the dye diffuses away from the QD, leading to a green emission from the QDs [83].
(f) Paper-immobilized quantum dot–oligonucleotides and free Cy3–oligonucleotides contain different
DNA segments complementary to the target gene fragment. In a sandwich format, the target gene
serves as a hybridization bridge for the QD–oligonucleotide and Cy3–oligonucleotide, which in turn
enables FRET between QD and Cy3 [84–87]; (g) A Cy3-labeled kanamycin-specific aptamer partially
hybridizes to an anchor/connector oligonucleotide immobilized on glass. The connector oligonucleotide
is conjugated to Cy5. Binding of kanamycin spatially separates Cy3 from Cy5 components, leading to a
lower FRET efficiency [88]. (h) An upconversion nanoparticle (UCNP) consisting of ytterbium (Yb3+)
and thulium (Tm3+) is conjugated to the organic dye rhodol. FRET occurs between the UCNP and
rhodol, while organophosphonates perform a nucleophilic attack on rhodol, inactivating it as a FRET
acceptor [89].

4.2.2. Fluorescence-Resonance-Energy-Transfer-Based Systems

A range of FRET biosensors have been developed for paper-based devices and analyzed by using
a digital camera. For instance, Petrayayeva et al. developed a paper-based assay to monitor protease
activities at the PON or in low-resources settings [83]. The biosensor consisted of on-paper spots of
quantum dots (QDs) and organic fluorescent dyes covalently linked by a peptide sequence specific to
the protease of interest. In the absence of proteolytic activity (Figure 4e), FRET occurs between the QD
and the organic dye, resulting in a yellow/orange emission signal. If the peptide is cleaved due to the
proteolytic activity of the protease of interest, the dye diffuses away from the QD, leading to a green
emission from the QDs. To bring this sensing method suitable to the PON, the authors demonstrated
that a battery-powered LED as the excitation source and a smart phone can be used to quantitatively
determine protease activities within 5 min.

Krull and co-workers developed different sensing systems deployed at PON, using a paper-based
design. The biosensors are based on the transduction of nucleic acid hybridization [84,85,87,91,92] and
both a direct and a sandwich format assay were developed, both based on paper-immobilized quantum
dot-oligonucleotide conjugates (Figure 4f, sandwich assay format shown) [92,93]. Hybridization events
in both formats brings the QD into close proximity with Cy3 [92]. Although the technology was
first developed using lab-based epifluorescence, the researchers then moved to more PON-friendly
equipment. They reported the adaptation of the test to paper substrate, combined with a handheld UV
lamp as the excitation source and an iPad camera for the ratiometric fluorescence emission analyses.
In comparison with the use of sophisticated laboratory equipment—in this case, an epifluorescence
microscope—the authors reported a sensitivity approximately one order of magnitude less sensitive
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when using the portable equipment. The PON test described above was also used as the basis of rapid
diagnostic tests, to detect a single nucleotide polymorphism indicative of spinal muscular atrophy [87]
and a three-base replacement used in the diagnosis of cystic fibrosis [86].

Krull and co-workers also used a similar oligonucleotide-based system where a quantum dot was
conjugated to a single-stranded DNA aptamer that specifically binds the cancer biomarker protein
epithelial cell adhesion molecule (EpCAM), immobilized on paper [84]. A conjugate of Cy3 with an
oligonucleotide complementary to the aptamer is added to the immobilized construct. FRET between
the QD and an added Cy3-DNA conjugate could be observed in the absence of EpCAM. When EpCAM
is present, it displaces the Cy3-DNA conjugate from the aptamer, resulting in a loss of FRET signal
(Figure 4g). Multiple biosensors can be delivered in this way at the PON, including smaller aptasensors,
which have been used to detect antibiotics in milk [88]; however, these approaches have not yet been
adopted commercially.

4.2.3. FRET Incorporating Upconversion Nanoparticles (UCNPs)

Luminescence resonance energy transfer (LRET) is a type of RET between upconverting
nanoparticles (UCNPs), such as lanthanides, and a FRET acceptor. Translation of LRET biosensors
for PON applications was also achieved by using PADs by Krull and co-workers [94]. The authors
used UCNPs as the FRET donor and QDs as the acceptors to build a multiplexed paper-based assay
for the simultaneous detection of three diagnostic markers for the bacterium E.coli [95]. Although
multiplexing of the biosensor devices was achieved on paper, analyses of the paper strips were carried
out by using an epi-fluorescence microscope, which is incompatible with PON applications. This
highlights the limitations sometimes encountered with FRET-dependent systems that have only been
demonstrated by using bulky, sophisticated laboratory equipment.

In another example of UCNP-based sensing, Wang and co-workers successfully adapted
a nanosensor for PON detection of an organophosphonate nerve agent (Figure 4h) [89]. The biosensor
development was initially carried out by using sophisticated laboratory equipment, after which the
authors also reported that the exposure of the paper-strip biosensor to the nerve agent of interest leads
to the emission of blue light that is visible with the naked eye.

4.2.4. FRET-Based Systems Using Time Resolved Measurements

Time-resolved FRET (TR-FRET) involves measuring the fluorescence lifetimes of the FRET
components instead of taking ratiometric measurements between donor and acceptor signal.
Traditionally, TR-FRET has required heavy and complex lab-based machines, such as plate readers.
For instance, commercially available assays, such as BRAHM’s TRACE® assays, are applied on the
KRYPTOR device [96], which is a 54 kg benchtop device, which is less suitable for on-site testing.
Recently however, ProciseDx has produced a more PON-friendly device [97]. The shoe-box-sized
device will allow the analysis of complex fluid samples, such as finger prick whole blood that can be
inserted into the device via cartridges that contain the biosensor reagents, followed by their automatic
analysis. Another user-friendly feature lies within the automatic mixing of sample and biosensor in the
cartridge, removing a source of error through pipetting. No assays for the ProciseDx are commercially
available at this point, but it has been announced that the first assay will be a 5 min test to quantitate
the inflammatory marker C-reactive protein [98].

The translation of TR-FRET from bulky bench-top devices into reliable portable detection devices
would open up a myriad of options for on-site applications, as a wide range of TR-FRET assays is
already commercially available [96,99] A range of other TR-FRET assays have also been described,
including for the diagnosis of sepsis, cancer, disorders, virus infections [100] or celiac disease [101]
(Figure 5).
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Figure 5. Examples of Lanthanide-FRET (LRET) applications that are potentially suitable for on-site
testing. (a) Commonly applied TR-FRET technologies rely on a sandwich-based homogeneous assay,
where two antibodies targeting different epitopes of the analyte are labeled with a lanthanide energy
donor, while the other is labeled, with an organic dye or fluorescent protein, as the energy acceptor.
Binding of both antibodies enables FRET between the lanthanide and acceptor which is measured by their
altered fluorescence lifetimes. (b) Protein L, an antibody light-chain-binding protein [102], is labeled
with Europium. Antigens to an antibody of interest are labeled with the organic dye AlexaFluor647
(LFRET) [103]. If a sample contains antibodies against the antigen–dye fusion, FRET occurs between
Protein-L-Europium bound to the light chain of the antibody and the Antigen–AlexaFluor647 fusion.
Image of the ProciseDx device was used with permission from ProciseDx.

5. Conclusions and Perspectives for RET-Based PON Systems

In recent years, we have seen tremendous progress in translating a range of laboratory-based RET
biosensors into detection methods suitable for point-of-need testing. Improvements have occurred
in multiple areas. These involve improved optical donors and acceptors, expanding the range of
molecular architectures so as to creatively link an ever-expanding variety of biological recognition
elements, developing improved assay matrices and miniaturizing suitable detection devices. While
it is unlikely to see handheld all-in-one detection tools, such as the glucose meter, any time soon,
due to their necessity of at least a photon-collecting component, RET-assays are quantitative and can
be highly sensitive. This opens up their application to areas where trace-level analyses, such as for
protease activity or antibiotics, and/or where quantitative measurements are needed rather than simply
flagging the presence of an analyte at some (difficult to standardize) threshold. In the clinical area,
such requirements often occur in the case of measuring inflammatory or metabolic markers.

A majority of RET-based techniques that can be applied at the point-of-need are amplification-free,
allowing tests that deliver results within a few minutes. Gold standards such as PCRs for the
detection of miRNAs or gene fragments, HPLC for the analysis of small molecules and ELISAs for
the quantitation of proteins and small molecules are still too time-consuming, are user unfriendly
and require specialized instruments to be deployed at the point-of-need, despite ongoing attempts
to mitigate these disadvantages. On the other hand, RET-techniques hold the potential to deliver
a step-change improvement in the speed and simplicity of point-of-need testing. Ultimately, the
use-case is what determines the assay-time requirements. For example, clearing a food-processing line
of allergens before commencing with a different product demands rapid, sensitive and quantitative
results. Similarly, certain medical conditions, such as drug intoxication or infection, may benefit from
test results that can be delivered within minutes.
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Although no RET-based point-of-need applications are fully commercial yet, we see a clear
drive towards developing FRET methods to meet the requirements at the PON. However, the
inherent requirement of FRET for bulky illumination sources, such as fluorescence microscopes [52,54],
lasers [53,104], arc lamps [85] or LEDs [83], is hindering the development of miniaturized or portable
devices. In addition, FRET-based techniques suffer from high background levels in most complex
samples, especially those containing autofluorescent molecules. The use of infrared-shifted FRET
systems, enabling excitation wavelengths that do not trigger autofluorescent molecules, or applying
TR-FRET can circumvent issues stemming from high background levels. Especially, TR-FRET is a
rapid and sensitive alternative to sensitized FRET techniques, which could be a game changer at the
point-of-need when smaller detection devices, such as the ProciseDx, with an easy-to-handle cartridge
system, become widely available.

Striking progress has been seen in the field of RET biosensors that do not require an external light
source, especially for biosensors incorporating BRET as the transduction modality. The Cybertongue®

technology is approaching PON acceptance through a solid state BRET detection system within a
microfluidics- and temperature-controlled reaction environment [48]. This system can be applied at
the point-of-need, for instance in food production facilities, with minimum sample preparation and
limited need for operator training while maintaining highly reproducible results. Another approach
focuses on truly portable sensing systems that are applied on PADs and analyzed by using a smart
phone [73,74,81]. Such tools lend themselves to applications in resource-limited or highly time critical
settings, such as for certain medical conditions; however, it remains to be seen if they can meet
regulatory standards for sensitivity and reliability in clinical use. We expect their developers to focus
strongly on demonstrating these features in the short-to-medium term.

With all of these development pathways occurring in parallel, we hope to see further rapid
advances in the field, particularly as the advantages of different systems are combined and adapted.
Moreover, we are reasonably optimistic that the next five years will see some of the technologies we
have briefly reviewed herein taking their place in the clinic and the factory, alongside well-established
LF and EC platforms.
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Abstract: RuO2 thin films were prepared using magnetron sputtering under different deposition
conditions, including direct current (DC) and radio frequency (RF) discharges, metallic/oxide cathodes,
different substrate temperatures, pressures, and deposition times. The surface morphology, residual
stress, composition, crystal structure, mechanical properties, and pH performances of these RuO2 thin
films were investigated. The RuO2 thin films RF sputtered from a metallic cathode at 250 ◦C exhibited
good pH sensitivity of 56.35 mV/pH. However, these films were rougher, less dense, and relatively
softer. However, the DC sputtered RuO2 thin film prepared from an oxide cathode at 250 ◦C exhibited
a pH sensitivity of 57.37 mV/pH with a smoother surface, denser microstructure and higher hardness.
The thin film RF sputtered from the metallic cathode exhibited better pH response than those RF
sputtered from the oxide cathode due to the higher percentage of the RuO3 phase present in this film.

Keywords: ruthenium dioxide; magnetron sputtering conditions; thin film characterisation;
pH performance

1. Introduction

The sensing of pH is very important in several chemical and biological processes, such as for
applications in water and food quality monitoring, and wearable systems for chronic diseases [1].
In order to optimise the desired response and to eliminate unwanted reactions, pH measurement,
and control are both required in many applications, such as blood monitoring, environmental
monitoring, water quality monitoring, and various clinical tests. The glass electrode sensor has
been commonly used for pH measurement due to its high accuracy, fast response, and ideal Nernst
behaviour. However, with the increasing requirements for different applications, glass electrodes
exhibit drawbacks such as instability in high temperature environments, poor mechanical properties
in high pressure environments, and difficulties in miniaturisation [1]. Therefore, many other pH
measurement techniques have been developed recently, one of which is the solid-state metal oxide thin
film sensor, based on oxides such as PtO2, IrO2, RuO2, SnO2, and Ta2O5, that has been demonstrated
to exhibit excellent pH sensing performance at high temperatures and pressures and these are
promising candidates for a future generation of pH sensors. Among these metal oxide materials,
magnetron sputtered RuO2 thin films show outstanding properties with near Nernstian pH sensitivity,
high conductivity, and excellent mechanical strength and corrosion resistance [2–5], as such it has been
researched extensively.
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Magnetron sputtering is one of the most attractive physical vapor deposition processes (PVD)
for an extensive range of metal oxide materials due to its outstanding advantages, such as high
deposition rate, excellent reproducibility, high density, and good quality of deposited thin films [5].
Many researchers have reported excellent pH response for radio frequency (RF) sputtered RuO2 thin
films [6–8]. There have been many studies on the effects of different sputtering conditions on the
properties and pH performance of RF sputtered RuO2 thin films, such as sputtering temperatures in
the range of room temperature to 500 ◦C [9,10], deposition time/thin film thickness [11], and Ar/O
ratios ranging between 10 and 2.3 [12,13]. However, there are few reports comparing the differences
between direct current (DC) and RF sputtering of RuO2 thin films and their characteristics and pH
response. Furthermore, the effects of different cathodes (either metallic or metal oxide) have not been
investigated extensively.

In this study, RuO2 thin films were sputtered under different sputtering conditions, including
DC/RF discharges, metallic/oxide cathodes (Ru/RuO2), different substrate temperatures (100 ◦C,
150 ◦C and 250 ◦C), sputtering pressures (1.0 Pa and 2.0 Pa), and thicknesses (~200 nm and
~600 nm). The structure and properties of the deposited RuO2 thin films studied include surface
morphology, residual stress, crystal structure, composition, hardness, and elastic modulus. In addition,
electrochemical experiments were conducted in terms of pH sensitivity and pH stability. The effect
of different sputtering conditions on the RuO2 thin film properties, especially the effect of different
discharges and different cathodes, were studied. Furthermore, the effect of the presence of RuO3 in
these RuO2 thin films and the correlation between the pH response and—structural characteristics
are discussed.

2. Materials and Methods

2.1. Thin Film Fabrication

RuO2 thin films were deposited using a magnetron sputtering system equipped with an axial
turret magnetron head and power supply (AJA DCXS-750, Scituate, MA, USA). The turret head was
mounted vertically in the bottom of the vacuum system. The target materials used for sputtering were
metallic (Ru) cathode and oxide (RuO2) cathodes of high purity (>99.0%). The nominal size of the
sputter targets was 50 mm in diameter and the distance between the cathodes and the substrate was set
at 60 mm. The films were deposited onto (100) conducting silicon wafers with a resistivity of 0.05 Ω-cm.
The substrates size was 25.0 mm × 25.0 mm. The substrates were electrically grounded. The deposition
system was equipped with rotary and cryogenic pumps and a controlled gas introduction system.
A base pressure of 1 × 10−4 Pa was attained in the chamber before the deposition. The oxygen reactive
gas and argon inert gas were introduced into the chamber depending on the sputtering target used.
The deposition pressure could be set independently of the gas flow by adjusting a throttle valve. The RF
or DC powers were set at 100 W or 125 W, respectively. The deposition times varied between 15 to
40 min. The film thickness variation across the substrate was in order of 10.0%. Three groups of RuO2

thin films were prepared as outlined in Table 1.

Table 1. Deposition conditions for all samples, direct current (DC) and radio frequency (RF)

Sample S1 S2 S3 D1 D2 D3 D4 T1 T2

DC/RF RF RF RF DC DC RF RF DC DC
Pressure (Pa) 2 2 2 2 2 2 1 2 2

Power (W) 125 125 125 100 100 100 100 100 100
Deposition time (min) 20 20 20 15 15 20 20 40 40

Temperature (◦C) 100 150 250 R.T. 250 250 250 250 150
Cathode target Ru Ru Ru RuO2 RuO2 RuO2 RuO2 RuO2 RuO2
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• Samples S1–S3 were deposited by reactive RF sputtering from a metallic cathode target (Ru) with
a fixed oxygen partial pressure (Ar/O2 ratio of 4/1), total pressure (2.0 Pa), RF power (125 W),
and deposition time (20 min). The substrate temperature was varied from 100 to 250 ◦C.

• Samples D1–D4 were sputtered from an oxide cathode target (RuO2). D1 and D2 were deposited
by DC sputtering with fixed total pressure (2.0 Pa), DC power (100 W), and deposition time
(15 min). The substrate temperatures were room temperature and 250 ◦C respectively. D3 and D4
were deposited by rf sputtering with fixed substrate temperature (250 ◦C), RF power (100 W) and
deposition time (20 min). The deposition pressures were 2.0 and 1.0 Pa, respectively.

• Thicker samples, T1 and T2, were deposited by DC sputtering from an oxide cathode target
(RuO2) with a fixed total pressure (2.0 Pa), DC power (100 W) and longer deposition time (40 min).
The substrate temperatures were 150 and 250 ◦C, respectively.

2.2. Film Characterisation

In order to measure the surface morphology of the thin films, a Bruker SPM ICON atomic
force microscope (AFM) was employed to determine the roughness and the grain size. The residual
stress in the thin films was calculated from the bending height that was measured by a Dektak 3030
surface profilometer and the thickness was determined by scanning electron microscopy (SEM) (ZEISS
AURIGA) from the cross-section of the films.

X-ray photoelectron spectroscopy (XPS) measurements of all samples were performed in a SPECS
SAGE 150 XPS System using Mg Kα radiation at 10 kV and 10 mA. The system operated at 100 W.
The base pressure in the sample chamber of the spectrometer was <1 × 10−7 mbar. The pass energy
was 30 eV with a step size of 0.5 eV for broad scanning and was 20 eV with a step size of 0.1 eV for
high resolution scanning. The instrumental resolution was 1.3 eV as measured from the FWHM of the
4f7/2 line for Au at 84.0 eV. Curve fitting of the high-resolution scans and peak area calculations were
carried out using Casa XPS software.

Raman scattering measurements were made using a confocal RENISHAW inVia instrument in
back-scattering geometry. A solid-state laser with a wavelength of 514 nm was used as the excitation
source. The laser power was 1.4 mW and the laser beam was normal to the sample surface. The laser
light was focused to a spot size of about 700 nm in diameter onto the sample with an optical microscope.
An exposure time of 20 s was used. The signal was detected by a charge coupled device camera and a
2400 lines/mm monochromator. The resolution of the system was about 1 cm−1.

The crystal structure of the RuO2 thin films was characterised by conventional θ−2θ X-ray
diffraction using an Empyrean XRD Diffractometer with a Cu Kα (λ = 1.5406 A) source. The hardness
and elastic modulus of the thin films were determined by nanoindentation tests with a Hysitron
Triboindenter TI 900 using a standard Berkovich indenter. The loading force was set as 2000 μN for all
samples. The pH sensitivity and stability of the RuO2 thin films was measured using the open circuit
potential (OCP) method in a commercial pH buffer solution (Merck) of different pH values (pH = 2, 4,
7, 10) with a large input resistance.

3. Results and Discussion

3.1. Surface Morphology

The AFM analysis of samples in the S group and D group are shown in Figures 1 and 2.
The roughness values, Ra, for these samples are listed in Table 2. The roughness is assumed to increase
as the grains tend to coarsen with increasing substrate temperature. From Figure 1b, the sample
deposited at 150 ◦C shows deep voids and protruding grains which leads to a higher roughness than
that for sample S3. However, based on Figure 1c, the thin film deposited at 250 ◦C is denser than that
deposited at 150 ◦C, which is expected in accordance with the higher temperature. The likely reason
behind this is that increasing the substrate temperature significantly enhances the lateral mobility of
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the condensing sputtered target atoms. Temperature-activated incoming depositing atoms tend to fill
up the voids instead of self-shadowing, which in turn densifies the film material.

Figure 1. Atomic force microscope (AFM) images of the S group samples; (a) S1—100 ◦C; (b) S2—150 ◦C;
(c) S3—250 ◦C.

Figure 2. AFM images of D group samples; (a) D2, (b) D3—and (c) D4.

Table 2. Surface roughness of the RuO2 thin films.

No. S1 S2 S3 D1 D2 D3 D4 T1 T2

Ra (nm) 12.9 27.1 15.4 3.44 4.61 7.72 5.68 5.20 2.77

In the sample D group, when comparing the AFM images for samples D2 and D3 (Figure 2a,b),
the RF sputtered thin film has a rougher surface and larger grain size than the DC sputtered thin film.
This is due to the difference in the sputtering plasma. The applied potential will vary significantly
between RF and DC sputter deposition. One of the major influences on the film morphology will
be the bombardment of the film by high energy (charged) species. The ions within the plasma have
higher energy during RF sputtering compared to DC sputtering, which is beneficial for grain growth
during deposition [14]. The grain coarsening leads to a higher surface roughness. Samples D3 and D4
in Figure 2b,c indicate that the RuO2 thin film has a smoother surface and smaller grain size when
deposited at a lower sputtering pressure. Similar behaviour was also observed in the case of DC
sputtered iridium oxide films deposited onto Si substrates [15]. Samples in the T group (data not
shown for brevity) exhibit a relatively low roughness as they were DC sputtered.

There is a significant difference in the roughness between S group sputtered from a metallic
cathode (Figure 1c) and D group sputtered from an oxide cathode (Figure 2a). This is because thin
films sputtered from the metallic cathode were in an oxygen environment. The oxidation reaction
occurs near the Si substrate.

3.2. XPS Analysis

All peaks in the spectra were charge corrected with respect to the C 1s peak (284.6 eV). The Ru
doublet peak (Ru 3d3/2 and Ru 3d5/2) and Ru 3p peaks were identified in the wide spectral scan.
Since the adventitious C 1s peak at 284.6 eV coincides with the Ru 3d3/2 peak, the use of the Ru 3d
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peaks for qualitative and quantitative analysis is not reliable, but there have been a few studies using
the assignment of Ru 3p peaks for ruthenium oxides, especially for RuO3 peaks [16]. Thus, fitting of
the Ru 3d peaks is used for identification, while the Ru 3p3/2 peak fitting is used for ratio calculations.
Figure 3 shows the peak fitted spectrum for both O 1s and Ru 3d for sample S1.

Figure 3. (a) O 1s and (b) Ru 3d peaks region for sample S1.

From the peak fitting analysis for both the O 1s and Ru 3d peaks of sample S1 (Figure 3), two types
of ruthenium oxides are identified that contribute to the structure of the deposited thin films. The peak
fittings of all samples are similar, indicating that all the samples consist of two different oxide species.
According to data from the published literature presented in Table 3, the reported values of RuO2 and
RuO3 match the binding energies of the Ru 3d and O 1s peaks from the present XPS measurements
for all samples. In this case, the ruthenium oxides present in these thin films are identified as RuO2

and RuO3.

Table 3. XPS binding energies of different RuOx compounds from the literature.

RuOx O 1s (eV) Ru 3d5/2 (eV) Ru 3d3/2 (eV) Ru 3p3/2 (eV) Ref.

RuO2 528.9–529.4 280.1–281.3 284.8–285.0 462.2 [16–20]
RuO3 530.7–531.2 281.7–282.5 286.6–287.0 [16–20]
RuO4 282.6–283.3 [16,17,19]

The peak fitting for Ru 3p3/2 has approximately the same FWHM for both RuO2 and RuO3 (3.4 eV).
The results of RuO2/RuO3 ratios of all samples are listed in Table 4. The results show that the RuO2

is the dominant oxide species in the thin films deposited at the lower substrate temperatures and
especially in the non-oxygen sputtering environment. An obvious trend can be observed according to
the samples in the S group that were reactive RF sputtered in an O2 environment, that is, the percentage
of RuO3 increases as the substrate temperature increases.

Table 4. RuO2/RuO3 ratios for all samples.

No. S1 S2 S3 D1 D2 D3 D4 T1 T2

RuO2/RuO3 ratios 1.74 2.61 3.63 4.58 3.78 3.80 3.02 2.46 3.09

3.3. Residual Stress and Raman Spectroscopy

The results of the residual stresses in the thin films were calculated using the Stoney’s formula [20],
which are listed in Table 5. The residual stress normally increases with increasing substrate temperature
as the thin film becomes denser. In the S group, the compressive residual stress increases at first, but then
decreases and converts to tensile stress with a further increase in temperature. The higher compressive
residual stresses at higher substrate temperatures may be related to the denser microstructure
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that formed. However, greater grain growth at higher temperatures may also contribute to stress
relaxation [21]. In addition, the tensile stress can linearly increase from the thermal mismatch between
the thin film and the substrate with increasing deposition temperature [21]. In the case of sample
S3, that was deposited at the highest temperature, grains coarsen, and the thermal tensile stress may
exceed the intrinsic compressive stress, which resulted in a tensile residual stress in this thin film.
The effect of sputtering pressure on the residual stress can also be observed from samples D3 and D4.
At a lower sputtering pressure of 1.0 Pa, the compressive residual stress is higher in this thin film.
The reason is that the lower sputtering pressure can give a lower sputtering rate, which is beneficial to
deposit a denser thin film.

Table 5. Residual stress for all samples.

No. S1 S2 S3 D1 D2 D3 D4 T1 T2

σ (GPa) 0.25 0.53 −0.30 0.50 0.77 0.34 0.82 0.40 0.41

The Raman spectra for samples in groups S and D are shown in Figure 4. Three Raman-active
modes, e.g., A1g and B2g can be observed in the Raman spectra and analysis of spectra for these
films can provide insight into the phase constitution of each sample. The B1g mode is too weak to
be observed. For the thinner films, there is a combination of RuO2 and Si peaks at the, e.g., mode
region for each sample. The possible reason is that the RuO2 thin film is deposited with a nm-scale
thickness onto the Si substrate, so the incident laser penetrates the RuO2 thin film and interacts with
the Si substrate. In this case, peak fitting is applied to specify the position of the, e.g., frequency mode
and is also used to assign the peak position of the A1g and B2g modes for RuO2.

Figure 4. Raman spectra for samples in the (a) S group (b) D group with deposition pressure, RF and
DC sputtering and deposition temperature variations.

The three major Raman-active modes, e.g., A1g and B2g for single-crystal RuO2 are located at 528,
644, and 716 cm−1, respectively [22,23]. In this experiment, all the three Raman-active modes show a
red shift in the peak location. The red shift has a linear relationship with the residual stress according
to Meng and Dos Santos [24]. In fact, the stress should have an influence on all modes, but the stress
effect on A1g mode is greater than the others [24]. Figure 5 shows the relationship between the A1g
peak position and the residual stress of the S and D groups. In the case of the group D samples,
films D1, D2, and D3 show that the Raman shift increases with the residual stress linearly. Sample D4
(stress = 0.82 GPa) falls out of the trend as it is the only sample deposited at a lower pressure (1.0 Pa)
than the other three samples deposited at 2.0 Pa. The deposition pressure influences the bombardment
energy of the depositing atoms resulting in the modifications of the properties of the films such as
texture, morphology, composition and stress. The data of the group S show a non-linear relationship.
This difference in the trend can be attributed to the surface morphologies and film texture between the
two groups of samples. In addition, the increasing percentage of RuO3 for group S sputtered from the
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metallic cathode that alters the O/Ru ratio. Parker et al. [25] indicated that the Raman peak positions
are dependent on the O/Ti ratio in TiO2 films.

Figure 5. The relationship between the residual stress and Raman shift for the A1g mode.

Chan et al. [26] assigned the peak at 800 cm−1 to RuO3 using surface-enhanced Raman spectroscopy.
However, here the Raman results do not indicate a peak at 800 cm−1. This is likely because the region
of the composition that XPS measures is only the near surface region of the thin film, while the region
of the structure that Raman spectroscopy measures is much deeper into the thin film and hence the
substrate (that is, a strong Si peak can be observed in the Raman spectra). The surface region may
consist of RuO2 and RuO3, while the bulk region of thin film may only consist of RuO2. In this case,
the RuO2 thin film can be considered as a layered structure. This is in agreement with the work of
Chou et al. [8].

3.4. X-ray Diffraction Analysis

From Figure 6, for films deposited (S group) at both 100 and 150 ◦C, the preferred crystal orientation
of RuO2 thin film is (101). With increasing substrate temperature up to 250 ◦C, there is a peak at (110)
which increases in intensity with temperature. This result is similar to that recorded previously [27–29],
where the RuO2 thin films show a preferred orientation along the (101) over the temperature range
from 100 ◦C to 300 ◦C. There is a relatively weak (200) peak at the highest temperature of 250 ◦C,
which was reported to increase with the temperature increases to above 300 ◦C [23]. All observed
peaks of the RuO2 films were assigned to the tetragonal rutile structure with lattice parameters of
c = 4.50 Å and c = 3.05 Å.

Figure 6. X-ray diffraction patterns of samples from the S group.
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For the sample prepared by RF sputtering at the lower pressure of 1.0 Pa, the thin film exhibits
relatively weak crystallinity (Figure 7a). From Figure 7b, the thin film prepared by DC sputtering
shows a polycrystalline structure when compared to that prepared by RF sputtering. The rf sputtered
thin films exhibit the (101) preferential orientation. As the temperature increases to 250 ◦C, there is
a change in preferential orientation from (101) to (110). For the sample prepared by DC sputtering
at room temperature, (not shown here) the thin film exhibits a dominant crystal orientation of (101),
which is different from the reported results where the RuO2 samples, prepared by RF sputtering,
showed an amorphous structure at room temperature [27,28]. The XRD patterned of DC sputtered
film deposited at 150 ◦C (T2) is shown in Figure 7c, exhibiting a dominant crystal orientation of (101),
A broad peak was located at around 55◦ that indicates a short-range periodic arrangement of RuO2

(211). Compared to the samples sputtered from the metallic Ru cathode, which have polycrystalline
structure (Figure 6 (S3) and Figure 7b (D3)), the thin films prepared from the RuO2 oxide cathode have
a preferential (101) orientation. This is presumably because the oxidation reaction of the metal target
atoms at the substrate causes the change in the deposition behaviour of the oxygen species. Compared
to the sample prepared under the same condition, but with a thinner film (Figure 7b (D2) and (Figure 7c
(T2)), the thicker thin film shows a strong preferential (101) orientation. In the XRD measurements,
no peaks of the RuO3 phase were observed for all the samples studied here. As indicated earlier, the
RuO3 phase was identified with the XPS technique which is a surface sensitive technique (~5 to 10 nm
depth) where the sensitivity depth of the XRD analysis is in the micrometers range. Therefore, due to
the different depth sensitivity of these techniques, one may obtain different information if the film is
not homogenous with thickness. We deduce that the RuO3 is present only on the outer surface of the
films and not in the bulk since no XRD peaks assigned to RuO3 were observed.

Figure 7. X-ray diffraction patterns of the D group samples (a) RF discharge: 1.0 Pa and 2.0 Pa;
(b) DC/RF difference; and (c) T2 with thicker thickness (~700 nm).
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3.5. Hardness and Modulus Results

The load-unload curves for samples in the D group and T group all show good homogeneity.
Figure 8 shows the load-unload curves for sample D1. The load-displacement (p-h) curves for samples
in the S group, however, show a greater variation, which is mainly because of the non-ideal sample
surface for these samples. The high roughness and the relatively small thickness may also contribute to
this effect. In this case, the deviations of the data are large, and the results are unreliable. The hardness
and elastic reduced modulus values for all samples are listed in Table 6.

Figure 8. Load-unload curves of sample D1 under 2000 μN maximum loading force.

Table 6. Hardness and elastic reduced modulus for all samples.

Sample Hardness (GPa) Elastic Reduced Modulus (GPa)

S1 6.1 144.8
S2 3.8 120.9
S3 6.2 133.9
D1 13.6 164.9
D2 17.2 190.4
D3 10.3 157.8
D4 11.5 156.7
T1 12.3 176.1
T2 12.0 172.7

In brief, however, the hardness increases as the substrate temperature increases because the thin
films become denser at high temperature. Residual stress also influences the hardness; compressive
stress makes thin films harder, while tensile stress makes thin films softer. Sample D2, that retains
the highest compressive residual stress, exhibits the highest hardness. Although the hardness result
for sample S3 that is under a tensile residual stress is not reliable, based on its p-h curves, it can still
be observed that this thin film exhibits a relatively low hardness. The low hardness of all samples in
group S may be attributed to the greater grain size and the presence of RuO3.

Sample D3, prepared by RF sputtering, is softer than sample D2 prepared by DC sputtering.
This is because of the different plasma effect of RF discharges that makes the grains coarsen. Sample D4
deposited at a lower pressure exhibits a higher hardness than sample D3 due to its denser microstructure
at a lower sputtering rate. The thin film hardness is highly dependent on the sputtering conditions.
Búc et al. [9] reported that a sputtered RuO2 thin film exhibited a hardness of 9.4 ± 1.7 GPa, while
Zhu et al. [29] reported that the thin film exhibited a hardness of 20.4 ± 2.4 GPa. The hardness results
obtained in this experiment are in the range of these reported values.
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3.6. Electrochemical Results

Figure 9 shows the potential of saturated calomel electrode (SCE) versus pH values for the different
groups of samples. The pH sensitivity of all samples is listed in Table 7. Samples S1, S3, T1, and T2
show near-Nernstian slopes of 53.6, 56.4, 57.4, and 54.1 mV/pH, respectively.

Figure 9. pH sensitivity of samples (a) S group; (b) D group; (c) T group.

Table 7. pH sensitivity and linearity of all samples.

Sample Sensitivity (mV/pH) Linearity

S1 53.6 0.9735
S2 45.0 0.9882
S3 56.4 0.9708

D1 49.3 0.9907
D2 49.1 0.9835
D3 41.8 0.9896
D4 33.6 0.9846

T1 57.4 0.9986
T2 54.1 0.9980

The poor pH sensitivity for sample S2 could be attributed to its high porosity. From its AFM image,
shown in Figure 1b, the surface exhibits deep voids and protruding grains indicating significant pore
formation in the RuO2 thin film. The enhanced pore formation increases the scattering of the charge
carriers and thus reduces the carrier mobility [30,31], which in turn results in the low pH sensitivity of
this thin film. Furthermore, sample S2 also exhibits a potential drift. This is attributed to the trapping
of hydrogen and hydroxide ions when they diffuse into the pores of the thin film [32].

When comparing the results of the pH sensitivity and the percentage of RuO3 in the thin film,
from samples S1 to S3 and T1 to T2, it can be also seen that RuO2 thin films with a higher percentage of
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RuO3 have a better pH sensitivity. This is because a higher percentage of RuO3 leads to the higher
oxygen ratio in the thin film, which increases the redox reaction speed.

In the D group, sputtered from the RuO2 cathode, it can be seen that thin films prepared by DC
sputtering have a higher pH sensitivity than thin films prepared by RF sputtering. Both samples D3
and D4 exhibit the lowest pH sensitivity probably due to their smaller thickness, which is in agreement
with the published literature [33], where the pH sensitivity of RuO2 electrodes decreases as their
thickness decreases. This can also be seen in samples D2 and T1, which were prepared under the
same sample conditions, but with different thicknesses. The pH sensitivity of the thicker sample T1 is
highest. The poor pH response of the thinner RuO2 films indicates that there is insufficient RuO2 in
the coating to react with the solution. This would result in the extensive exposure of the underlying
Si substrate, which could form a pH dependent galvanic couple between the substrate material and
solution and thus reduce the pH sensing performance.

All the samples show a stable output potential for all pH values over time, except sample S2 that
exhibited a potential drift for both acidic and alkaline solutions. Figure 10 shows the potential versus
time at different pH buffer solution of sample S3 as a representative example where the stability of the
output is clearly evident.

Figure 10. pH stability of sample S3.

4. Conclusions

In this study, the effects of magnetron sputtering conditions, including DC/RF discharge,
metallic/oxide cathode target, different substrate temperatures, pressures, and thicknesses, on the
characterisation and pH performance of the RuO2 thin film have been investigated.

• The effects of metallic/oxide cathode. The thin films sputtered from the metallic cathode were
much rougher than those sputtered from the oxide cathode due to the oxidation reaction near the
substrate/as-deposited thin film and the bombardment of negative oxygen ions during sputtering
process. This leads to a higher proportion of RuO3 in the thin film. The thin films sputtered from
the oxide cathode were found to be much harder.

• The effects of DC/rf discharge. The RuO2 thin films deposited by RF sputtering were rougher than
that deposited by DC sputtering. The rf discharge is beneficial to the grain growth in the thin film,
which leads to a softer film. The DC sputtered thin films have a higher pH sensitivity response
than the RF sputtered thin film.

• The effects of substrate temperature. The RuO2 thin film is rougher and denser at higher substrate
temperatures due to greater grain growth. The compressive residual stress increases with
increasing temperature. The percentage of RuO3 in the RuO2 thin film increases as the substrate
temperature increases.
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• The effects of sputtering pressure. The RuO2 thin film are rougher and less dense when deposited
at a higher sputtering pressure due to the higher sputtering rate. At a lower pressure, the thin film
retains a higher compressive residual stress, which results in a higher hardness. The percentage of
RuO3 is higher at lower sputtering pressure.

• The effects of the presence of RuO3. The presence of RuO3 in the RuO2 thin film results in the thin
film to be rougher and softer. The higher percentage of RuO3 in the thin film leads to a better pH
response. The Raman red shift is related to both the residual stress and the O/Ru ratio.

• Sample S3 RF, sputtered from a metallic cathode at 250 ◦C, and thick sample T1, DC sputtered
from the oxide cathode at 250 ◦C, have near-Nernstian pH sensitivities of 56.4 and 57.4 mV/pH,
respectively. The RuO2 thin film RF sputtered from the metallic cathode at higher temperature
exhibits a good pH performance with a thinner thickness. However, the thin film is rougher,
less dense, and softer. The RuO2 thin film DC sputtered from the oxide cathode at higher
temperature exhibited a good pH performance with a smoother surface, denser microstructure
and higher hardness.
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Abstract: Technology for rapid, non-invasive and accurate determination of fruit maturity is
increasingly sought after in horticultural industries. This study investigated the ability to predict
fruit maturity of yellow peach cultivars using a prototype non-destructive fluorescence spectrometer.
Collected spectra were analysed to predict flesh firmness (FF), soluble solids concentration (SSC),
index of absorbance difference (IAD), skin and flesh colour attributes (i.e., a* and H◦) and maturity
classes (immature, harvest-ready and mature) in four yellow peach cultivars—‘August Flame’,
‘O’Henry’, ‘Redhaven’ and ‘September Sun’. The cultivars provided a diverse range of maturity
indices. The fluorescence spectrometer consistently predicted IAD and skin colour in all the cultivars
under study with high accuracy (Lin’s concordance correlation coefficient > 0.85), whereas flesh
colour’s estimation was always accurate apart from ‘Redhaven’. Except for ‘September Sun’, good
prediction of FF and SSC was observed. Fruit maturity classes were reliably predicted with a high
likelihood (F1-score = 0.85) when samples from the four cultivars were pooled together. Further
studies are needed to assess the performance of the fluorescence spectrometer on other fruit crops.
Work is underway to develop a handheld version of the fluorescence spectrometer to improve the
utility and adoption by fruit growers, packhouses and supply chain managers.

Keywords: flesh colour; flesh firmness; index of absorbance difference (IAD); machine learning;
non-destructive measurements; pigments; sensor; ripeness; skin colour; soluble solids

1. Introduction

Fruit maturity indices are used to inform harvest logistics and supply chain management decisions
for the delivery of fruit with optimal quality to consumers. Soluble solids concentration (SSC),
flesh firmness (FF), starch concentration, titratable acidity, skin and flesh colour, fruit size and shape,
ethylene production and respiration rate are useful indices used for stone and pome fruit maturity
assessment [1,2]. However, until more recent times, the determination of these parameters has been
mostly carried out destructively on small sample sizes, leading to time-consuming operations, expensive
labour and often subjective data influenced by operators’ skills. Only in recent years, the introduction of
spectrometers has led to the increasing adoption of non-destructive devices for food quality estimation
(e.g., near-infrared, fluorescence meters, mid-infrared and multispectral/hyperspectral imagery) [3–6].
Based on the maturity index of interest, one technology can be more reliable than others. The handheld,
non-destructive Delta Absorbance (DA)meter was introduced by Ziosi et al. in 2008 [7] to determine
the index of absorbance difference between 670 and 720 nm (IAD) and has often been used for maturity
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estimation in stone fruits thereafter [8,9]. The IAD measures chlorophyll a concentration in peach
fruit and it has been shown to correlate with ethylene production and respiration rates [7]. Currently,
the Australian stone fruit industry recommends the use of FF and IAD for maturity assessment, whilst
SSC and fruit size are mostly used as quality parameters. Near-infrared (NIR) spectrometers have been
reliably adopted for the estimation of SSC and dry matter in many different fruits—e.g., apple [10–12],
pear [13,14], kiwifruit [15] and stone fruits [16–19]—as different wavelengths in the NIR region are
very well correlated with the absorbance and reflectance of water and soluble sugars. Prediction of
FF in stone fruits via NIR spectrometry is not as reliable as for SSC and dry matter, as this index is
influenced by a combination of several physiological and physical factors (e.g., changes in soluble
sugars and structural carbohydrates, pectins and physical damage) and does not consistently correlate
with specific spectral wavelengths [19]. Other non-destructive technologies such as magnetic resonance,
although very precise for the estimation of some maturity indices [20], remain too costly for wide-scale
use by industry.

In yellow peaches, skin ground colour and flesh colour have been previously associated with
maturity [1,21–25]. Both these parameters are not susceptible to the influence of light. Therefore,
during the ripening process, their colour typically turns from green to yellow to orange-red. However,
several new yellow peach cultivars have been bred for uniform red skin colouration, that in combination
with high SSC represent important key quality parameters for consumers in Australia and south-eastern
Asian markets—the most relevant export destinations for Australian stone fruits. This has led to
reduced presence or absence of skin ground colour in some cultivars, making skin colour not an ideal
candidate for maturity determination in yellow peach cultivars. On the other hand, flesh colour is a
more stable attribute among yellow peach cultivars, but its determination requires sample destruction.

Flesh colour is traditionally determined by visual assessments, but colour-measuring devices
can be used to determine colour attributes in the CIELAB space [26]. This three-dimensional space is
characterised by L* (i.e., a lightness coefficient ranging from 0 (black) to 100 (white)), a* (i.e., a scale of
redness to greenness ranging from −60 (true green) to + 60 (true red)) and b* (i.e., a scale of yellowness
to blueness ranging from −60 (true blue) to + 60 (true yellow)) [27]. Hue angle (H◦) and chroma (C*)
colour attributes can be calculated from L*, a* and b* [28]. The H◦ is calculated as the arc tangent of
b*/a* and represents a 360◦ wheel where 0 or 360◦ is true red, 90◦ is true yellow, 180◦ is true green and
270◦ is true blue; C* represents colour saturation or “vividness”—diluted with white or darkened with
black, with more positive values being brighter and more negative values being duller and is calculated
as the square root of (a*)2 + (b*)2 [29]. Flesh a* has been associated with maturity in clingstone
peaches [21,22] and, more specifically, to carotenoid content, the most characteristic pigment in the pulp
of yellow peach [24]. However, being on a scale from green to red, a* does not take into consideration
the yellow colour component—mostly given by carotenoids—that is instead part of H◦. Therefore,
flesh H◦ has also been linked to maturity in yellow peach [30] and apricot [31]. In mature yellow
peaches, flesh tends to be more orange or red than immature fruit, with a difference of approximately
5◦H [30]. Slaugther et al. [30] also observed that flesh H◦ is a better indicator of maturity than flesh
firmness in yellow clingstone peaches. Skin or flesh H◦ in yellow peaches was predicted using a
Vis/NIR interactance spectrometer [32] and a portable fluorometer [26]. Fluorescence spectroscopy
has been linked to the concentration of pigments such as chlorophylls, anthocyanins, flavonols and
carotenoids in fruit tissues [33–35], with these pigments showing reflectance and absorbance features
in the 400–800 nm spectral range [36,37].

The general aim of this study was to assess the ability to non-destructively predict the maturity
of yellow peach cultivars using a fluorescence spectrometer. More specifically, the accuracy of the
prediction of well-established and less-adopted maturity indices expressed in continuous variables
such as SSC, FF, IAD, skin and flesh colour attributes, and three maturity classes expressed in a
categorical variable (i.e., immature, harvest-ready and mature) were investigated. The hypothesis
was that multivariate analyses of pigment fluorescence spectra may lead to accurate estimations of
maturity (>75%).
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2. Materials and Methods

2.1. Experimental Site, Plant Material and Fruit Sampling

The experiment was carried out at the Tatura SmartFarm, Agriculture Victoria, Australia (36◦26′7′′ S
and 145◦16′8′′ E, 113 m a.s.l.) between January and March 2020 on 5–7 years old trees of four
yellow peach cultivars (Prunus persica L. Batsch, ‘August Flame’, late ‘O’Henry’, ‘Redhaven’ and
‘September Sun’). The experimental orchard’s soil had clay-loam texture and trees were irrigated,
fertigated, pruned and pest/disease managed following established local commercial practices. Fruit of
the four cultivars were harvested based on the IAD maturity classes reported by the Victorian
Horticulture Industry Network [38]. A DA-meter (TR Turoni, Forlì, Italy) was used to determine the
IAD and fruit were harvested at the harvest-ready (onset of ethylene) maturity stage [38], with the
exception of ‘Redhaven’ fruit that were harvested late (i.e., mature—peak of ethylene emission)
due to temporary unavailability of the DA-meter. Two hundred fruit per cultivar were picked in
mid-January 2020 (‘Redhaven’), mid-February 2020 (‘O’Henry’ and ‘August Flame’) and early-March
2020 (‘September Sun’). Fruit were hand-picked early in the morning (i.e., before 0800 h, AEST) from
different orchard rows and trees, and with a sampling strategy of selecting a wide range of fruit
size, shape and skin red colour coverage within each cultivar. After harvest, fruit were brought to
the laboratory and left to adjust to a constant temperature of 25 ◦C for approximately two hours.
Meanwhile, one cheek per fruit was marked and specimens were numbered progressively from 1 to 200.
All the fruit non-destructive and destructive measurements were carried out within 5–8 h of harvest.

2.2. Fluorescence Spectroscopy

Fluorescence spectra were collected on the marked cheek of each fruit using a custom-built
fluorescence spectrometer prototype (Rubens Technologies Pty Ltd., Rowville, VIC, Australia) featuring
excitation UV LED sources emitting at a wavelength of 400 nm. The spectral sensitivity of the device
was in the range 350–950 nm. Since the fluorescence emission is orders of magnitude weaker than
the excitation UV intensity, a high-pass filter with cut-off wavelength of 500 nm was placed at the
spectrometer entrance to cut the primary UV light and retain only the fluorescent emission from
the sample. Recorded spectra represented the average of five readings per fruit obtained in 5–10 s.
Data were collected using a custom software running on the Windows 10 operating system and via a
USB connection to a laptop.

Spectral measurements were carried out inside a black enclosure to remove influence from external
light. The distance between the spectrometer entrance window and the surface of the fruit was kept
constant at a value of 80 mm. The measured spectra were normalised to the total emission.

2.3. Determination of Maturity Indices and Maturity Classes

Fruit equatorial diameter from cheek to cheek (FD, mm) and fruit weight (FW, g) were obtained
using a digital calliper and a digital scale with two decimal places, respectively. Subsequently,
the marked cheek of each individual fruit previously exposed to the fluorescence spectrometer was
scanned with the DA-meter to obtain the IAD and data were downloaded into a PC using an internal
micro-SD card. Fruit were classified into three maturity classes based on cultivar-specific IAD thresholds
obtained from relationships with fruit ethylene emission [38], as shown in Table 1.

Skin colour was determined on a single point per fruit—in the centre of the marked cheek—using
a portable spectrophotometer (Nix ProTM, Nix Sensor Ltd., Hamilton, ON, Canada) with a 14 mm
aperture, a D50 illuminant and a 2◦ observer angle. The Nix ProTM spectrophotometer was operated
using the Nix ProTM Color Sensor application on an Android smartphone via Bluetooth connectivity.
Data were logged in the smartphone memory and downloaded at the end of each measurement session.
Colour data was stored in the RGB, XYZ, CMYK, HEX and CIELAB formats, but only the latter was
used in this study (i.e., L*, a*, b*, C* and H◦). Next, fruit skin was removed from the marked cheek
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using a potato peeler and the flesh was immediately scanned for colour assessment using the Nix
ProTM spectrophotometer with the same methodology adopted for skin colour determination.

The portion of fruit flesh that was scanned with the Nix ProTM was then exposed to a penetrometer
(FT327, FACCHINI srl, Alfonsine, Italy) with an 8 mm tip and FF was measured on a scale from 0 to
15 kgf. Lastly, a few drops of juice (~2 mL) were extracted from the same area and measured with a
digital refractometer (PR-1; ATAGO CO., LTD., Saitama, Japan) to obtain SSC (◦Brix).

Table 1. Fruit maturity classes for yellow-flesh peach based on cultivar-specific thresholds of index of
absorbance difference (IAD) according to the Victorian Horticulture Industry Network [38].

Cultivar
Maturity Classes (IAD)

Immature 1 Harvest-Ready 2 Mature 3

‘August Flame’ IAD > 1.3 1.3 ≤ IAD ≤ 0.7 IAD < 0.7
‘O’Henry’ IAD > 1.2 1.2 ≤ IAD ≤ 0.7 IAD < 0.7

‘Redhaven’ IAD > 1.6 1.6 ≤ IAD ≤ 0.6 IAD < 0.6
‘September Sun’ IAD > 1.2 1.2 ≤ IAD ≤ 0.8 IAD < 0.8

1 undetectable ethylene emission, 2 onset of ethylene emission and 3 ethylene emission peak.

2.4. Data Analysis and Modelling

2.4.1. Maturity Statistics

FD, FW, FF, SSC, IAD, skin and flesh colour attributes (i.e., L*, a*, b*, C* and H◦) were compared
among the four cultivars using one-way analysis of variance (ANOVA), followed by the Games–Howell
post hoc test for comparison of groups with unequal variances.

The correlations between pairs of the FD, FW, FF, SSC, IAD, skin and flesh colour attributes was
tested using Pearson’s correlation coefficients (r) and presented in a correlation heatmap. From this
point onwards, a* and H◦ were the only colour attributes considered for further data analyses, as b*,
C* and L* are less important for yellow peach fruit characteristics.

Linear regression models of flesh a* and H◦ against IAD were calculated to verify the validity of
these two flesh parameters for maturity assessment. In addition, these models were used to estimate a*
and H◦ maturity thresholds corresponding to IAD maturity classes in the four peach cultivars (Table 1)
in order to provide a clear range of a* and H◦ values for harvest-ready fruit, as these two parameters
are not established in the stone fruit industry. ANOVA, post hoc tests and Pearson’s correlations were
carried out using R (v. 4.0.2) [39] and the “Userfriendliscience” package [40]. Graphs were generated
using SigmaPlot 12.5 (Systat software Inc., Chicago, IL, USA).

2.4.2. Prediction Modelling

To achieve maturity prediction this work focused on analysing the fluorescence spectra using two
different machine learning approaches. The first approach was used for the prediction of continuous
variables such as FF, SSC, IAD, skin and flesh a* and H◦. The second approach was put in place to
predict fruit maturity classes (as shown in Table 1) that represent simple categories that are widely
understood by growers and industry stakeholders.

Prediction models for FF, SSC, IAD and the most relevant colour attributes in both skin and flesh
(a* and H◦) were carried out using partial least square (PLS) regression with spectral band optimisation.
Fluorescence spectra were not used for the prediction of FD and FW, as no relationship between
fluorescence and fruit size was expected. All models were optimised using a k-fold cross-validation
procedure using k = 10 splits. The basic idea was to select the most informative wavelength bands
out of the entire spectral response. The selection was done via a random optimisation procedure
called simulated annealing (SA) [41]. This algorithm begins with a randomly selected set of bands and,
at each iteration, randomly changes a subset of these bands. A PLS regression model was developed at
each iteration and the Akaike information criterion (AIC) [42] was used as the cost function. The aim
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of the algorithm was to decrease the cost functions, hence, to improve the model. The coefficients of
determination for the cross-validation procedure (R2

CV) and Lin’s concordance correlation coefficients
(rc) [43] were calculated to assess models’ robustness, with the latter being a reliable measure of the
agreement between two variables. The rc is particularly useful when comparing two measures of
the same variable, such as when x (observed values) and y (predicted values) are in the same unit.
The best models had the highest agreement between x and y and generated a rc closer to 1 in a 0–1
range. The root mean square error in cross-validation (RMSECV) was also calculated to provide a
measure of error in the same unit of the measured variable.

The SA optimisation procedure is a variant of a greedy optimisation strategy whereby the
algorithm seeks to decrease the cost function, but not monotonically. SA allows for the occasional
increase of the cost function to reduce the likelihood of the process getting stuck in a local minimum of
the parameter space. In order for the SA process to be effective, the increase of the cost function must
be occasional; in other words, it must happen with a small probability, governed by a hyper-parameter,
which we chose to be equal to 0.1% of the current value of the AIC at each iteration.

The algorithm workflow was as follows:

1. Raw data were smoothed using convolution with a Gaussian kernel with σ = 1.5 units
(corresponding to a physical sigma of approximately 3 nm at the centre of the spectrum).

2. Spectra were “re-binned” into 72 wavelength bands obtained by adding 4 contiguous
wavelength bins.

3. The resulting spectra were then mean-centred and scaled to unit variance.
4. After these pre-processing steps the spectra were fed in the SA algorithm. The algorithm starts

with a random draw of 20 bands (out of the total 72). At each iteration, a subset of two bands
were randomly swapped, a PLS model was developed and cross-validated on the collection of
bands selected by the SA. The optimum PLS model at each step was obtained by minimising the
AIC. The algorithm was run for 5000 iterations.

The number of selected bands (20 in our case) was fixed for all models and initially chosen in
accordance with the empirical optimal value of the latent variables selected by the cross-validation
process. As such value was of the order of 10, we chose the number of bands to be double that,
to provide some redundancy for the dimensionality reduction of the PLS algorithm. In other words,
if the number of bands was to be further decreased, the number of latent variables tended to become
similar to the number of bands, hence the model became over-constrained. R2

CV, rc, RMSECV, AIC and
number of latent variables (LV) in the models were presented for the preferred PLS models.

Lastly, the selected 20 wavelength bands were also used to predict the fruit maturity classes
(Table 1) in fruit of the four peach cultivars pooled together (n = 800) using a linear discriminant
analysis (LDA). A three-class confusion matrix was used to visualise the performance of the model.
The overall model’s accuracy was based on the likelihood to predict the correct maturity class and
expressed in F1-scores (0–1 range, where 1 is perfect prediction and 0 is no correct predictions) for
each maturity class and for the whole model. The F1-score was calculated as the harmonic mean of
precision and recall. Precision represents the number of true positive results divided by the sum of
true and false positive results. Recall represents the number of true positive results divided by the sum
of true positive results and false negative results. The model’s error was calculated as 1 − F1.

The algorithms were implemented in PythonTM 3.7.6 using the PLS regression and LDA routines
available in the Scikit-learn package (v. 0.22.2) [44]. Sample scripts of the algorithms are freely available
as a Project Jupyter Notebook [45].

85



Sensors 2020, 20, 6555

3. Results

3.1. Fruit Maturity Indices

3.1.1. Comparisons between Cultivars

Maturity indices were found to be significantly different between the four yellow peach cultivars
(Table 2). ‘September Sun’ had the largest FD and FW, whereas ‘Redhaven’ fruit were the smallest.
Since ‘Redhaven’ fruit were harvested late, when already mature, their FF and IAD were significantly
lower than in other cultivars (Table 2). In ‘August Flame’, ‘O’Henry’ and ‘September Sun’, the median
IAD was within the respective harvest-ready IAD range reported in Table 1. ‘O’Henry’ fruit had the
highest sugars (median SSC of 14.8◦Brix), whilst ‘Redhaven’ fruit were the least sweet (11.9◦Brix).

Table 2. Fruit diameter (FD), fruit weight (FW), flesh firmness (FF), soluble solids concentration (SSC),
IAD and skin and flesh colour attributes (L*, a*, b*, C*, H◦) in fruit of four yellow peach cultivars
at harvest (n = 200). Medians and standard deviations (in brackets) are presented. Different letters
represent significant differences (p < 0.01) between cultivars based on analysis of variance (ANOVA)
followed by the Games–Howell post hoc test.

Maturity Index/Colour
Attribute

Cultivar

‘August Flame’ ‘O’Henry’ ‘Redhaven’ ‘September Sun’

FD (mm) 62.4 (5.5) c 64.9 (4.6) b 52.8 (5.4) d 70.2 (7.3) a
FW (g) 127.7 (30.4) c 146.7 (26.3) b 77.6 (24) d 186.3 (54.2) a
FF (kgf) 7.2 (1.8) a 6.2 (2.1) b 1.9 (1.5) c 6.1 (1.7) b

SSC (◦Brix) 13.2 (2.3) b 14.8 (2.3) a 11.9 (1.3) c 13.4 (2.2) b
IAD 1.1 (0.4) a 0.8 (0.5) b 0.1 (0.3) c 0.9 (0.4) b

Skin L* 48.0 (6.4) c 51.9 (7.1) b 56.2 (10.7) a 52.0 (8.3) b
Skin a* 27.5 (6.5) b 28.1 (6.4) b 30.6 (7.7) a 29.8 (6.7) ab
Skin b* 25.8 (8.3) b 25.9 (9.0) b 30.8 (11.6) a 29.9 (9.1) a
Skin C* 39.1 (8.5) c 40.2 (8.2) c 47.6 (9.3) a 43.5 (7.8) b
Skin H◦ 40.1 (9.7) b 39.4 (11.0) ab 42.4 (13.7) a 42.4 (11.4) ab
Flesh L* 78.5 (2.8) b 78.4 (3.1) bc 81.3 (6.5) a 77.8 (2.7) c
Flesh a* 4.9 (4.3) bc 7.4 (5.6) ab 6.7 (3.1) a 3.2 (3.8) c
Flesh b* 55.1 (3.5) c 55.9 (4.2) b 58.3 (4.2) a 54.8 (3.2) c
Flesh C* 55.6 (3.7) c 56.4 (4.5) b 58.7 (4.2) a 54.9 (3.4) c
Flesh H◦ 84.9 (4.3) ab 82.7 (5.5) bc 83.3 (2.9) c 86.5 (3.8) a

Skin colour was significantly different between the cultivars under study (Table 2). ‘Redhaven’
fruit had the significantly highest skin L* (i.e., lighter colouration), a* (i.e., redder than other cultivars in
the green-red scale), b* (i.e., more yellow than other cultivars in the blue-yellow scale), C* (i.e., higher
colour vividness than other cultivars) and H◦ (i.e., more orange-red than other cultivars in the red to
yellow scale, i.e., 0 to 90◦).

Flesh colour was also found to be significantly different between ‘August Flame’, ‘O’Henry’,
‘Redhaven’ and ‘September Sun’ (Table 2). Even in this case, the flesh of ‘Redhaven’ fruit had the
highest L*, a*, b* and C*, but the lowest H◦ when compared to the other cultivars.

3.1.2. Correlations between Maturity Indices

Figure 1 highlights a colour-coded correlation strength between pairs of parameters, with darkest
colours associated to strong correlations (blue for r ≥ 0.75 and red for r ≤ −0.75, p < 0.001) and white
colour representing absent correlation (−0.10 < r < 0.10, p > 0.05). A strong correlation was observed
between FW and FD in all the cultivars (Figure 1), as these two fruit size parameters are logically directly
associated. In addition, strong correlation within skin colour attributes or within flesh colour attributes
were not considered, as they are a consequence of collinearity among variables that are derived from
their interdependency due to the fact that some of these variables are calculated from others (e.g., when
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a* increases, H◦ decreases, when C* increases, b* increases). SSC was not strongly correlated with other
parameters (r < 0.50 or >−0.50), whereas FF and IAD had an association with r > 0.50 in all the cultivars.
FF and IAD were in turn highly correlated (r > 0.50) with the flesh colour attributes a* and H◦. Flesh a*
was negatively correlated with IAD, whereas flesh H◦ had a positive relationship.

Figure 1. Pearson’s correlation (r) heatmap for FD, FW, FF, SSC, IAD and skin and flesh colour attributes
(L*, a*, b*, C*, H◦) in fruit of four yellow peach cultivars at harvest (n = 200). Correlation strength
represented on a colour scale, where red represents high negative correlation, blue corresponds to high
positive correlation and white is no correlation. (a) ‘August Flame’; (b) ‘O’Henry’; (c) ‘Redhaven’ and
(d) ‘September Sun’.

Although ‘Redhaven’ fruit were picked at a late maturity stage, correlations between parameters
had in most cases similar strengths to those observed in ‘August Flame’, ‘O’Henry’ and ‘September
Sun’ (Figure 1).

The scatter plots with linear fits in Figure 2 highlight the relationships of flesh a* and H◦ with IAD

in the four yellow peach cultivars. Table 3 shows linear regression models in which the IAD maturity
threshold values reported in Table 1 were set as x to predict a* and H◦ thresholds between maturity
classes in the four cultivars under study. ’Redhaven’s’ linear regression model generated relatively
low R2 (<0.50) for both a* and H◦, as expected from correlation heatmaps (Figure 1), whereas in the
other cultivars the models’ R2 were higher than 0.50. The range of a* and H◦ values in harvest-ready
fruit was relatively small in each of the four cultivars—from 2.6 (‘September Sun’) to 6.0 (‘Redhaven’)
for a* and from 2.6 (‘September Sun’) to 5.8 (‘Redhaven’) for H◦. Maturity thresholds appeared to
be cultivar-specific, although ‘August Flame’ and ‘O’Henry’ fruit had almost identical a* and H◦
thresholds. The linear regression slopes were similar but inverse for a* and H◦.
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Figure 2. Scatter plots and linear regression fits of flesh a* and H◦ against the IAD in fruit (n = 200)
of four yellow peach cultivars at harvest (see Table 3 for regression coefficients). The three colours
indicate IAD maturity classes reported in Table 1: (green) immature—no ethylene emission; (yellow)
harvest-ready—onset of ethylene emission and (red) mature—ethylene emission peak. (a) Flesh a* and
(b) H◦ vs. IAD in ‘August Flame’; (c) Flesh a* and (d) H◦ vs. IAD in ‘O’Henry’; (e) Flesh a* and (f) H◦ vs.
IAD in ‘Redhaven’ and (g) Flesh a* and (h) H◦ vs. IAD in ‘September Sun’.
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Table 3. Linear regression models and predicted thresholds (y) of flesh a* and H◦ for the maturity
classes “harvest-ready” and “mature” based on the indices of absorbance difference (x) reported in
Table 1. Data reported for fruit of four yellow peach cultivars at harvest (n = 200). Intercept, slope
and coefficients of determination (R2) reported for each linear regression model. Standard errors of
intercept and slopes are in brackets.

Cultivar
Flesh Colour

Attribute

Linear Regression Models
Predicted Maturity

Thresholds

Intercept Slope R2 Harvest-Ready Mature

‘August
Flame’

a* 13.4 (0.5) −7.8 (0.4) 0.60 3.4 8.0
H◦ 76.4 (0.5) 7.8 (0.4) 0.62 86.6 81.9

‘O’Henry’ a* 14.0 (0.4) −8.8 (0.4) 0.70 3.5 7.8
H◦ 76.3 (0.4) 8.6 (0.4) 0.71 86.7 82.3

‘Redhaven’
a* 8.4 (0.2) −6.0 (0.7) 0.28 −1.1 4.9
H◦ 81.8 (0.2) 5.8 (0.6) 0.30 91.1 85.3

‘September
Sun’

a* 9.9 (0.4) −6.4 (0.4) 0.55 2.2 4.8
H◦ 79.9 (0.4) 6.5 (0.4) 0.57 87.7 85.1

3.2. Fluorescence Spectra and Maturity Prediction

3.2.1. Spectra Characteristics

To highlight the response of fluorescence emission under different maturity classes (based on the
classification in Table 2) Figure 3 shows spectra of three individual ‘August Flame’ fruits. The immature
and harvest-ready fruit emitted fluorescence peaks at ~680–690 nm, with the latter being sensibly lower
than the former. However, the harvest-ready fruit showed higher emission between 450 and 650 nm
compared to the immature fruit. The mature fruit had no clearly defined peaks, but instead showed a
hump with maximum emission between 600 and 650 nm, a smaller but wider hump in the 480–550 nm
range and a barely visible hump at 680–690 nm. Both the humps at 600–650 and 480–550 nm observed
in the mature fruit were more pronounced than in the harvest-ready fruit.

Figure 3. Normalised fluorescence emission spectra for three individual ‘August Flame’ fruit at different
maturity classes. Immature: Index of absorbance difference (IAD) > 1.3; harvest-ready: 1.3 ≤ IAD ≤ 0.7
and mature = IAD < 0.7 (see Table 1).

Measured maturity indices corresponding to the fruit shown in Figure 3 are reported in Table 4.
The immature fruit had the highest FF, SSC, IAD, skin and flesh H◦, and the lowest skin a* and flesh a*.
This trend was expectedly inverted in mature fruit, in line with previous results (Figure 1).
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Table 4. FF, SSC, IAD, skin and flesh a* and H◦ in three individual ‘August Flame’ fruit shown in
Figure 3.

Maturity Index/Colour Attribute Immature Harvest-Ready Mature

FF 1 (kgf) 8.8 6.4 5.1
SSC 2 (◦Brix) 12.7 12.2 12.4

IAD
3 1.5 1.0 0.4

Skin a* 25.7 32.3 35.2
Skin H◦ 53.7 37.3 31.6
Flesh a* − 2.5 5.0 8.9
Flesh H◦ 92.7 84.7 79.5

1 Flesh firmness, 2 Soluble Solids Concentration, 3 Index of absorbance difference.

3.2.2. PLS Models

Once fluorescence emission spectra were processed with the PLS algorithm, predicted values
of FF, SSC, IAD, skin a* and H◦ and flesh a* and H◦ were obtained and compared to measured data.
Figure 4 shows cross-validation predicted IAD plotted against the observed IAD. A visual assessment of
the concordance between the two variables suggested that the PLS models provided a good estimation
of IAD, as model linear fits were relatively close to a y = x reference line. Linear fits also show that the
PLS models in the four cultivars slightly overestimated IAD when its values were low—i.e., mature
fruit—and underestimated them when they were high—i.e., immature fruit. However, overestimations
at a minimum observed IAD = 0.0 (+0.17, +0.15, +0.14 and 0.01 in ‘O’Henry’, ‘August Flame’, ‘September
Sun’ and ‘Redhaven’, respectively) and underestimations at a maximum observed IAD = 2.2 (−0.27,
−0.20, −0.16 and −0.07 in ‘O’Henry’, ‘September Sun’, ‘August Flame’ and ‘Redhaven’, respectively)
were considered very low. The model’s linear fit in ‘Redhaven’ fruit was the closest to the y = x line,
although most of the points were found at low IAD.

Figure 4. Scatter plots of cross-validation predicted IAD against observed IAD in yellow peach fruit
(n = 200) using a partial least square regression (PLS) model: (a) ‘August Flame’; (b) ‘O’Henry’;
(c) ‘Redhaven’ and (d) ‘September Sun’. Blue lines represent partial least square regression model
linear fits; green lines represent reference linear fits where predicted IAD = observed IAD. PLS statistics
are reported in Table 5.
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Table 5. Partial least square regression models for the prediction of FF, SSC, IAD, skin and flesh a* and
H◦ in four yellow peach cultivars (n = 200) using a custom-built fluorescence spectrometer.

Cultivar Maturity Index R2
CV

1 rc
2 AIC 3 RMSECV

4 LV 5

‘August
Flame’

FF 1 0.69 0.82 184 1.48 12
SSC 2 0.72 0.84 301 1.9 12
IAD

3 0.83 0.91 −655 0.18 10
Skin a* 0.76 0.86 509 3.21 12
Skin H◦ 0.77 0.87 657 4.65 11
Flesh a* 0.76 0.87 337 2.09 12
Flesh H◦ 0.80 0.89 305 1.93 12

‘O’Henry’

FF 0.69 0.81 149 1.15 12
SSC 0.75 0.86 196 1.55 11
IAD 0.80 0.89 −528 0.24 9

Skin a* 0.75 0.85 467 3.21 7
Skin H◦ 0.83 0.91 629 4.45 9
Flesh a* 0.87 0.93 317 2.04 10
Flesh H◦ 0.87 0.93 296 1.93 9

‘Redhaven’

FF 0.78 0.87 −20 0.71 10
SSC 0.58 0.74 220 1.34 7
IAD 0.96 0.98 −1126 0.05 9

Skin a* 0.76 0.87 570 3.75 7
Skin H◦ 0.88 0.94 668 4.78 10
Flesh a* 0.46 0.62 375 2.26 9
Flesh H◦ 0.49 0.65 340 2.07 10

‘September
Sun’

FF 0.50 0.67 280 1.95 6
SSC 0.49 0.67 382 2.01 8
IAD 0.83 0.91 −651 0.18 8

Skin a* 0.76 0.86 508 3.28 7
Skin H◦ 0.79 0.88 692 5.21 10
Flesh a* 0.73 0.84 312 2.01 10
Flesh H◦ 0.74 0.85 303 1.97 7

1 Coefficient of determination of the cross-validation, 2 Lin’s concordance correlation coefficient, 3 Akaike information
criterion, 4 root mean square error of the cross-validation and 5 number of latent variables.

The calculated R2
CV, rc and RMSECV provided valuable information to better assess prediction

power and error of the PLS models. A summary of these parameters is presented in Table 5 and
highlight differences in models’ robustness among cultivars. AIC values cannot be compared across
cultivars and maturity indices, as they are only meant to be used to compare alternative models for the
same dataset. The PLS model for FF and SSC predictions generated the overall lowest R2

CV and rc

among maturity indices. The fluorescence emission spectra could only poorly predict SSC and FF in
‘September Sun’ fruit (R2

CV ≤ 0.50 and rc < 0.70). IAD was the only maturity index that was consistently
and strongly predicted by the PLS models in all the cultivars (R2

CV ≥ 0.80 and rc ≥ 0.89), regardless
of maturity advancement, with RMSECV < 0.25. R2

CV and rc were also consistently in the 0.75–0.88
and 0.85–0.94 ranges, respectively, in models for the prediction of skin a* and H◦, with the latter being
always the one with highest precision between the two-colour attributes. Conversely, the accuracy of
flesh a* and H◦ prediction differed in the four cultivars, ranging from the most precise predictions in
‘O’Henry’ (R2

CV = 0.87 and rc = 0.93) to the poorest estimates in ‘Redhaven’ (R2
CV < 0.50 and rc ≤ 0.65).

3.2.3. LDA Model

The LDA model for the pooled fruit dataset generated an overall F1 = 0.85; thus, the overall
likelihood to estimate the correct maturity class was of approximately 85%, with an estimate error
of 15%. The confusion matrix in Figure 5 shows that the model estimated 356, 185 and 135 true
positives in mature, harvest-ready and immature fruit, when actual counts for the three classes were
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387, 235 and 178, respectively. The single-class F1-scores were 0.93, 0.79 and 0.75 for mature, immature
and harvest-ready fruit, respectively. The two opposite diagonal values in the black matrix cells show
that only one mature fruit was classified as immature, and no immature fruit were classified as mature,
providing additional strength to the model’s results.

Figure 5. Confusion matrix of actual and predicted maturity classes generated after a linear discriminant
analysis of the fluorescence spectra obtained from fruit of the four peach cultivars ‘August Flame’,
‘O’Henry’, ‘Redhaven’ and ‘September Sun’ pooled together (n = 800). Numbers in each cell represent
fruit counts for a specific predicted-actual combination. Numbers in the diagonal top-left to bottom-right
axis represent true positives of the prediction.

4. Discussion

The four cultivars selected for this study produced fruit with different characteristics, as highlighted
in Table 2. The skin colour values reported for ‘Redhaven’ were partially influenced by advanced
maturity due to the late sampling of fruit at harvest. However, skin colour was measured on the
fruit cheek along the equatorial diameter, usually dominated by cover colour rather than ground
colour, with the former being poorly influenced by maturity. Therefore, significantly different skin
colouration among cultivars was most likely influenced by intrinsic genotypic characteristics. In flesh
colour measurements, lower H◦ represented redder flesh, as also suggested by a* (Table 2), a typical
consequence of fruit maturation. Therefore, flesh colouration differences in the four cultivars may be
attributed to both genotypic characteristics and maturity stage.

The fact that SSC was not strongly correlated with other parameters (Figure 1) suggests that sugars
are a relatively independent fruit quality parameter that should be used with caution when attempting
to assess maturity in yellow peaches. The strong correlations between FF and IAD indicate that there is
a degree of interdependency between loss of firmness and chlorophyll degradation in yellow peaches.
In addition, the strong correlation of chlorophyll degradation with the flesh colour attributes a* and
H◦ was probably governed by the changes in flesh pigments, with an overall decrease of chlorophyll
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over the maturation period. An exception was highlighted in ‘Redhaven’, where the correlations
between IAD and flesh a* and H◦ were poorer than in other cultivars, probably influenced by the fact
that when fruit are more mature, IAD saturates towards its minimum value (i.e., 0.0) and fails to detect
further physiological changes (e.g., cell wall and pectin modifications, internal darkening) that might
instead be captured by variations in flesh colour attributes such as a* and H◦. Our results support
earlier work by Slaughter et al. [30], who observed a difference of approximately 5◦H of flesh hue
between immature and mature peaches. The linear models shown in Table 3 highlight that the flesh
colour attributes a* and H◦ may be used as maturity indices, although thresholds between maturity
classes are cultivar specific. The similar but inverse slope in their relationship with IAD suggests that
regression models based on one flesh colour attribute or the other are likely to have similar accuracy.
This explains why literature shows the use of both a* and H◦ for fruit maturity assessments [30,46].

Typically, in immature fruit most of the fluorescence is emitted by chlorophyll pigments.
Chlorophyll fluorescence has a primary peak at ~683 nm and a secondary peak at ~720 nm. The width
of the peaks in stone fruit is usually comparable to their separation, so that the secondary peak
appears as a shoulder between 700 and 750 nm [47] These features are clearly visible in immature and
harvest-ready ‘August Flame’ fruit (Figure 3). In mature fruit, since chlorophyll had mostly degraded,
its fluorescence emission is greatly diminished, and the measurable signal at ~683 nm is lower than
the maximum emission emitted between 600 and 650 nm. The fluorescence emission observed at
600–650 nm is likely to be due to anthocyanins in the skin, as this range is compatible with fluorescence
emission ranges of the 3-glucoside of malvidin (i.e., oenin) [48], an anthocyanin found in red grapes.
Fluorescence emission at wavelength < 600 nm can be explained by a combination of flavonols and
carotenoids. Flavonols such as quercetin, mostly found in yellow peach peels and scarcely present in
flesh [49,50], emit green fluorescence with maxima near 520–530 nm [51]. Carotenoids have maximum
fluorescence emission in the 450–550 nm range [52] and they are mainly present in the form of β-carotene
and β-cryptoxanthin in yellow peach flesh [53]. On the one hand, the immature fruit showing a large
chlorophyll peak at ~683 nm had, expectedly, the lowest skin and flesh a* and the highest skin and
flesh H◦, i.e., greener (Table 4). On the other hand, the mature fruit showed the highest emission in
the flavonol and carotenoid spectral ranges (Figure 3), meaning that these pigments were the most
likely candidates to induce high a* and low H◦ in both skin and flesh (i.e., redder) (Table 4). Changes
of pigments concentrations in skin and flesh over fruit maturation are the basis for maturity prediction
by fluorescence spectrometry.

PLS models highlighted that fluorescence emission can estimate FF and SSC in yellow peaches at
harvest, although prediction is not very accurate (Table 5). IAD and skin a* and H◦ were consistently
predicted in all the cultivars with good accuracy (R2

CV ≥ 0.75 and rc ≥ 0.85). The prediction power for
flesh a* and H◦ diverged among cultivars, with models for ‘Redhaven’—the most mature fruit—showing
low accuracy (R2

CV < 0.50 and rc ≤ 0.65, Table 5). The high median values of skin L* and C* in
‘Redhaven’ fruit (Table 2) may have led to increased self-absorption of the fluorescence from the skin,
hence, a decreased contribution of the pulp emission to the total measured fluorescence. This in turn,
could have caused a reduction of the prediction ability of fluorescence spectrometry for flesh a* and H◦
in this cultivar.

The LDA model’s F1-score was equal to 0.85, which represented a very good likelihood of
predicting the correct maturity class. All the class predictions showed robust predictions (F1 ≥ 0.75).
The lowest F1 (0.75) was observed in the intermediate maturity class (harvest-ready) as in this case
there were more chances to have a false positive on both sides of the class, i.e., neighbouring mature
and immature classes. The highest accuracy obtained from the prediction of mature fruit (F1 = 0.93)
was likely to be influenced by the larger sample size for this class (n = 387) compared to the other
classes. The PLS models obtained for IAD and the LDA models obtained for maturity classes satisfied
the hypothesis of our study, as they generated maturity predictions with accuracies ≥ 0.85, in terms of
rc and F1-score, respectively.
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The fluorescence spectrometer used in this study captures the steady-state fluorescence from
the fruit under constant excitation light illumination. This system is fundamentally different from
the pulse-amplitude modulation (PAM) fluorometers [54], which employ modulated excitation and
fast detection to decouple fluorescence yield information from the measured fluorescence intensity.
The sensitivity of a PAM fluorometer is derived from its time resolution and it is usually restricted to
chlorophyll fluorescence. The fluorescence spectrometer described here does not produce fluorescence
yield information, but it enables rapid measurements of a large spectral band without requiring specific
sample preparation, most notably without requiring dark adaption of the fruit samples.

This characteristic is especially promising in view of field applications using hand-held devices, as
the spectra can be captured without picking the fruit. The development of a wireless, battery-operated,
handheld device for field estimation of fruit maturity is presently underway and early prototypes
are being tested in field pilots of stone fruits (nectarine, white peach, plum, apricot) and pome fruits
(apple, pear). While the current system gives good results in maturity estimation, the prediction
of commercial maturity parameters such as SSC or FF is somewhat limited and very dependent on
the cultivar. This suggests that a combination of fluorescence and NIR is required for improved
performances. At the same time, a better modelling of the self-absorption properties of the fruit skin
may help compensate from the signal reduction from the pulp, hence improve the model accuracy.

The ability to correctly predict maturity classes, though amenable to improvements, is suggestive
of a post-harvest application of the fluorescence principle in graders. This application is currently
being explored, in order to take advantage of prediction models that have the potential to be, to a large
extent, independent from cultivar information within the same crop (e.g., yellow peach), hence better
suited to a commercial operation with constantly changing cultivars being processed over a season.

5. Conclusions

In conclusion, the fluorescence spectrometer used in this study accurately predicted fruit maturity
in yellow peaches. The machine learning prediction algorithms have the potential to be easily
implemented in different configurations of the spectrometer (e.g., fluorescence alone, fluorescence +
NIR, fluorescence + RGB and NIR in grading machines, portable or benchtop) for both in situ and
post-harvest fruit maturity estimations. The sensor’s applicability for fruit maturity prediction and for
the assessment of fruit quality parameters and storage disorders in stone fruits and apples is currently
under investigation at the Tatura SmartFarm.
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Abstract: Understanding social behaviour in livestock groups requires accurate geo-spatial localisation
data over time which is difficult to obtain in the field. Automated on-animal devices may provide
a solution. This study introduced an Real-Time-Kinematic Global Navigation Satellite System
(RTK-GNSS) localisation device (RTK rover) based on an RTK module manufactured by the company
u-blox (Thalwil, Switzerland) that was assembled in a box and harnessed to sheep backs. Testing
with 7 sheep across 4 days confirmed RTK rover tracking of sheep movement continuously with
accuracy of approximately 20 cm. Individual sheep geo-spatial data were used to observe the sheep
that first moved during a grazing period (movement leaders) in the one-hectare test paddock as well
as construct social networks. Analysis of the optimum location update rate, with a threshold distance
of 20 cm or 30 cm, showed that location sampling at a rate of 1 sample per second for 1 min followed
by no samples for 4 min or 9 min, detected social networks as accurately as continuous location
measurements at 1 sample every 5 s. The RTK rover acquired precise data on social networks in one
sheep flock in an outdoor field environment with sampling strategies identified to extend battery life.

Keywords: RTK u-blox; accuracy; sampling rate; social networks; leadership

1. Introduction

Sheep are social animals that live in groups and rely on social mechanisms to enhance their
survival. They show sophisticated social behaviour with the ability to recognise faces of individual
flock mates over extended periods of time [1], recognise conspecific faces that exhibit fear/stress [2],
show differences in dominance relationships [3] and individuals will utilise herd protection while
under a predator threat [4]. Measuring the social relationships and/or network behaviour of sheep
can provide an understanding of leader influences in daily movement patterns [5], how social bonds
may affect grazing patterns [6–8], how temperament, age, weather, and management practices affect
social relationships [9,10], and how differences in gregariousness can impact group behavioural
synchronisation [11]. Additionally, changes in social patterns may be used as an indication of some
forms of distress in the individuals and/or flock [12]. However, traditional methods of data collection,
such as live observations or decoding video recordings, can be labour-intensive, logistically challenging,
and subjective which may limit the understanding of relationships that could be present. Setting up
video camera systems in commercial farms, for example, can include challenges such as stocking
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density and variable lighting and background [13]. Live observations are limited by personnel
availability, restricted to certain time windows (typically daytime), and human presence may affect
normal animal behaviour.

With the development of on-animal sensors and technologies such as GPS devices [14,15], proximity
loggers [9,16], or ultra-wideband positional loggers [17,18] there is the potential to deploy these devices
on livestock individuals within groups to enable more accurate monitoring of position and/or social
relationships. The data from these sensors can provide new insights into how individuals in a
group interact and/or influence each other, including affiliative and/or agonistic relationships between
group members [19,20], network structure [19], and resource-use patterns [21]. Commercially, sensor
technologies that allow quantification of social interactions may, for example, enable understanding
of how animals learn new technologies such as virtual fencing [22], detect male-female interactions
to determine oestrus [23] and mating [24], allow maternal pedigree detection through ewe-lamb
contact [25], or could monitor grazing behaviour [26]. Thus, the potential for the application of sensors
to detect social interactions, leaders and networks is fast developing and can provide new insights
into the social behaviour of livestock animals. Specifically, for sheep, there are continually increasing
numbers of studies validating on-animal sensor applications for measures such as behaviour, health,
and environmental management [27].

When deploying devices onto animals, the spatial precision of the sensors is important for
monitoring the animal’s behaviour or grouping the animals into sub-groups. In social network
analysis, for example, the social structures identified by statistical processes are influenced by the
way that data are collected among individuals [28]. In proximity-based social networks (PBSNs), the
network is created based on close proximity between individuals which relies on spatial location
data to create the network [29]. Therefore, more frequent and accurate data collection to capture all
possible social interactions will result in more precise sub-groupings and allow detection of the social
network structure within the group. In addition, more precise data may enable researchers to quantify
interactions in situations where animals are all in close physical contact [20]. While GPS tracking has
been used to quantify social relationships between livestock animals [30–32], GPS typically has a high
spatial precision error; one study showed an overestimation of 15.2% or 1.5 km for daily cattle travels
without any data filtering [33], another study showed a contact distance error of 9.5 m with prototype
proximity-logging GPS collars on bighorn sheep [34]. These errors may limit detection accuracy of
social associations. Obtaining positional data from multiple satellite systems will increase positional
accuracy [35] which may then improve the accuracy of social network analyses, but research is currently
limited. Haddadi et al. conducted a study [36] to measure social networks in sheep using data loggers
which were custom designed GPS devices with the ability to record the phase shift of GPS signals at
a rate of 1 Hertz, with an estimated accuracy of 20 cm achieved by applying Real-Time-Kinematic
(RTK) corrections to the GPS signal during post processing. They found the GPS device effective at
accurately characterising the network structure in a mixing experiment with Merino sheep. Normal
Global Navigation Satellite System (GNSS) operation, which utilises multiple satellite constellations,
has location errors of a few meters in clear locations but tens of meters under challenging environments.
With RTK GNSS which is a normal GNSS operation improved for carrier phase tracking of the satellite
signals and differential correction, the errors are reduced to the order of tens of centimeters in open
environments with good satellite visibility. The accuracy achieved will depend on the exact technology
that is used [37]. Under challenging conditions, the RTK correction signal may be blocked to varying
degrees by buildings, dense tree coverage, or other animals and may require additional data collection
such as IMU (inertial measurement unit) to improve geo-spatial data accuracy. An RTK device may
enable highly accurate geo-spatial tracking of animals for precise detection of social networks.

Further practical considerations for long-term deployment of sensor devices include the issue
of power consumption. One way to overcome this problem and extend the device’s battery life is
to decrease the sampling rate, but this would likely result in missing data which could impact the
accuracy of the social network analysis [38]. Additionally, a misrepresentation of network properties
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in a simulated animal social network as a result of using incomplete information (edge sample size)
has been reported by Perreault, 2010 [39]. Thus, the appropriate rate of sampling and its impact on
sheep social network analysis requires further investigation.

This study validated a novel RTK device that attains accuracy that cannot be achieved by GPS
alone, to automatically track individual animals kept in groups. Specifically, the current study aimed
to:

1. Test the accuracy of the RTK devices in terms of consistency and error points first in the laboratory
and then later in the field using a group of sheep.

2. Validate the devices for identifying leaders based on sheep movement data during a grazing period.
3. Validate that the generated GNSS positional data could be used to detect social networks in sheep.
4. Determine the optimal sampling rates to extend the battery life but still identify sheep

social networks.

Validation of these on-animal sensor devices could enable more accurate automated data collection
to understand livestock social behaviour in future research.

2. Materials and Methods

2.1. Design of the RTK-GNSS Device

The RTK-GNSS localisation device used in this study was based on an RTK module (model:
C94-M8P) manufactured by u-blox (Thalwil, Switzerland). This RTK module can function as either an
RTK base station, or as an RTK mobile rover. The C94-M8P module comprises a 72-channel GNSS
receiver and an unlicensed band 433 MHz radio transceiver.

For this study, each sheep was fitted with an RTK rover. The rovers augmented the RTK module
with a power pack (5 V 10,000 mAh), a micro SD card (32 GB), and an ARM single board computer
(Figure 1a). The ARM processor was a SparkFun 9DoF Razor IMU MO with a SAMD21 microprocessor,
an MPU-9250 nine degree of freedom inertial sensor and an SD card socket. The rover module was
completed by an external GNSS active antenna, and a communications antenna to receive the correction
messages from the base station. In the field testing with animals (see Section 2.3), the rover electronics
modules were mounted in a box of dimensions 145 mm L × 105 mm W × 68 mm H, and a total weight
of 607 gm with the communications antenna raised 127 mm above the top of the box (Figure 1b).

 
Figure 1. The system hardware components consisting of: (a) rover electronics showing the data logger,
and Real-Time-Kinematic (RTK) module, (b) the rover packaging showing the Global Navigation
Satellite System (GNSS)) and RTK correction antennae, and (c) the base station with the electronics and
antennae (without their masts).
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A single static RTK base station was placed in the middle of the test paddock. The base station
required an RTK module, a GNSS antenna, a communications antenna (Figure 1c), and a power supply
consisting of a 12 V battery and a solar battery charger.

The GNSS system was configured to use two civilian band satellite constellations, GPS, and
GLONASS. The RTK base station received continuous GNSS signals (the purple lines in Figure 2) that
were compared with the GNSS signals expected at the base station given the known location of the base
station. The delay error in the GNSS signal between each visible GNSS satellite and the base station
was calculated and broadcast on the 433 MHz radio as a correction message (red arrows in Figure 2).
Each rover received GNSS signals and the correction data applied the delay correction to the GNSS
signals and calculated the rover position. Each rover recorded to the SD card the GNSS time, location,
and the quality of the RTK correction at a one Hertz rate, and inertial measurements at a 50 Hertz rate.

 

Figure 2. System operational diagram showing GNSS satellites, the RTK base station and RTK rovers
harnessed to sheep. The purple lines are the continuous GNSS signals sent to the base station, and red
arrows are the computed and transmitted correction messages from base station to RTK rovers.

2.2. Preliminary Laboratory Testing of System Performance

Before the field implementation on sheep, two rounds of preliminary testing were carried out in
Marsfield, NSW, Australia to ensure the performance of the system. The first test was to determine the
operational range of the RTK GNSS system. The base station and rover were mounted on a portable
table at one end of the street where the test was done, and in a car, respectively. The car was driven
away from and back toward the base station to test the communication range. The communication
range was recorded with both base station and rover antenna vertical as well as with the base station
antenna mounted with a 40-degree tilt towards the car, and a 40-degree tilt orthogonal to the car
(Figure 3a). This tilt simulated the effect of antenna rotation due to the movements and positions of
the sheep. The line of sight (LOS) range of the 433 MHz radio signal was limited to less than three
hundred metres by the topology of the road and surrounding foliage.

The second test observed differential accuracy of multiple RTK rovers in a dynamic environment,
which was relevant to the application on sheep. Six RTK rovers were attached at one metre separation
on a two by three grid frame being carried between two experimenters. The plot in Figure 3b shows
the base station (red/yellow star), and the six location tracks of the rovers. The experimenters started
walking in the mid-left (labelled GNSS lock), heading SE. Because the rovers were fixed to the frame,
any relative location errors were due to the system and the environment. The 35-min experiment
included: (1) static periods to look at system noise performance, (2) walking periods with a line of
sight between the base station, the rovers, and the GNSS constellations, and (3) periods of blockage
between the rovers and the sky and non-line of sight (NLOS) between the rovers and the base station.
The frame was placed on stands for 12 min in the centre south, then walked NE and placed on stands
for another 10 min, then walked SW-SE-NE and in a loop into the trees in the right-hand side of the
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test field. The frame was walked out of the trees and placed back on the stands for 2 min, before
walking NW towards the building in the centre of Figure 3b. The remaining walk followed a concrete
path (NW-SW-NE-loop-NW) and finally along a road behind some trees to test range and signal
blockage NE-SW.

 

Figure 3. The areas where the accuracy performance of the device was first tested including (a) the
initial test with the rover driven in a car (movement track indicated by the red dotted line), and (b) the
second test with 6 rovers carried by experimenters (movement tracks indicated by coloured lines)
where ‘GNSS lock’ indicates the starting position and the star indicates the position of the base station.
Note: The multiple lines indicating 6 tracks can be seen during the initial GNSS lock up as well as in
the “foliage attenuation” area, but the accuracy of the results negates clear visual separation of the
6 tracks during optimal operation.

2.3. Field Implementation on Sheep

2.3.1. Ethical Statement

The experiment with animals was approved by the CSIRO FD McMaster Laboratory Chiswick
Animal Ethics Committee (ARA 19-27).

2.3.2. Animals and Experimental Protocol

Seven 1-year old Merino ewes (average body weight of 36.9 ± 5.9 kg) were used in this experiment.
The animals were selected randomly from a research flock located at the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) Chiswick Research Station (Armidale, NSW, Australia) and
had no previous experience with wearing GPS-devices. Two days before data collection commenced,
dog harnesses (Comfy Harness, size 8, 84–120 cm, Company of Animals, Surrey, UK) were placed on
the sheep to habituate them to the equipment. On the day of the study, an RTK rover was fitted to the
dog harness and secured using plastic netting and cable ties. The harness was then fitted onto the
backs of the sheep (see Figure 4a). For ease of checking, each sheep was numbered with coloured sheep
wool marker (Heiniger Shearing Supplies, Briba Lake, WA, Australia) that matched different coloured
antennas on the RTK rovers. Animals were placed into a paddock approximately 100 m × 70 m in size.
The sheep had been kept in the same paddock as a group for four weeks prior to the study so were
familiar with each other. The paddock was estimated to have approximately 2500 kg DM/ha of pasture
available, and water available at the NE and SW corners of the paddock. The study was conducted
across four consecutive days from 11 to 14 February 2020 (summer season). During the study period,
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two days (second and third day) experienced some intermittent rain and the weather was cloudy on
the other two days. The mean minimum, overall, and maximum temperatures across 24 h periods over
the test days were: mean ± SEM min: 21.25 ± 0.12 ◦C, avg: 24.62 ± 0.49 ◦C, max: 28.00 ± 0.54 ◦C based
on weather data collected directly at the Chiswick site.

 

Figure 4. RTK rovers fitted on the back of sheep via harnesses (a), and fixed base station (b) in
the middle of the paddock. The two masts (b) were for the GNSS amplified antenna, and RTK
correction transmitter.

On each of the four study days, the devices were attached to the animals in the morning and
then removed at the end of each day after 5 h of testing. The device continually recorded the GNSS
location data throughout the daytime for 5 h per day with a sampling rate of one second. The GNSS
receivers were removed from the sheep each evening. Sheep were kept in a small yard overnight with
free access to water but not food to encourage grazing during the day. Sheep were checked twice daily
during each day of testing to ensure the devices remained in position. On the last day, RTK rover D
slipped to the side so all animals were brought into the yards at 10:30 a.m. to fix it before being placed
back into the test paddock at 10:39 a.m. In addition, animals were video-recorded using a hand-held
video recorder (Sony Handycam, HDR-XR260E, Sony Electronics Inc., Tokyo, Japan) twice per day for
an hour each time; one hour in the morning soon after the animals were released into the paddock
(8:00–9:00 a.m. except for the first day which was 11:20 a.m.–12:20 p.m. due to a late starting time) and
one hour in the afternoon (2:00–3:00 p.m. for the first day and 1:00–2:00 p.m. for the remainder) for
ground proofing of the data collected from the RTK Rovers. On the first day of the experiment, the
reference base station was fixed in the middle of the paddock (Figure 4b) and the location determined
from GNSS averaging. The range of the 433 MHz communication radio was measured to ensure that
the signal covered the test paddock. To estimate the dynamic accuracy of the devices, a person walked
around the paddock fence line holding one RTK rover.

2.4. Data Analyses

2.4.1. Device Accuracy and Reliability

Data from day one were incomplete and were not used for the calculation of social networks.
RTK rover G was not used on day one after physical damage during transport. Data analysis showed
that RTK rover C had temporary recording failures. Data from day four were not analysed for social
networks as RTK rover F failed to record on this day due to operator failure (the device was not
accurately started). Data from days two and three were complete and were used for calculations of
social networks and sampling rates as described in subsequent sections. The analysis of the GNSS
data recorded by the RTK rover was carried out using R packages [40]. All records commencing
from when the animals were introduced into the paddock until they were removed remained in the
analysis, including the GNSS error around the paddock boundaries to evaluate the GNSS accuracy.
All available locational data for animals were plotted in the R statistical package per day (5 h a day).
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The fence line coordinates were also plotted using ggplot [41] in R [40] based on the measurements
obtained while walking around the fence line. To examine the device accuracy, position differences
were calculated based on the difference between the instantaneous measurement from a GNSS rover
moving along the paddock’s fence line, compared with the fence line interpolated from a GNSS survey
of the paddock corners. The calculated location errors were then plotted using ggplot [41] in R [40]
with the normalised counts (i.e., count in each bin divided by total count so all values are <1.0) for all
bins to make the comparison easier.

2.4.2. Identifying Leaders from Movement Patterns

Detection of leading sheep during movement around the paddock was based on the GNSS data
showing animal movement during the grazing period. This period was within the first two hours of
introducing animals into the paddock. The collected data during days 2 and 3 of the study were used
as all sensors worked well for these two days as mentioned in Section 2.4.1. The first two hours of
the day were selected as animals displayed their normal diurnal behaviour of movement (based on
their graphical movement plots) and grazing following a period of overnight feed restriction (although
visual confirmation of grazing was not applied for the entire 2-h period (see Section 2.4.4 for video
records of behaviour for a portion of the grazing period). Each two-hour period within each study day
was divided into one-hour periods, and individual animal movement was drawn at 10 min intervals to
see which sheep moved first. The individual or individuals moving first were visually identified as
separate from the other animals by approximately 1 m distance. Animals were ranked based on their
movement trajectory relative to group members by assigning the highest ranks to the animal (s) that
moved first and the lowest ranks to the last animals to move (for example, rank 7 to animal F, and
rank 1 to animal E in Figure 5a). Animals were ranked the same if they moved together (Figure 5b)
or received a zero if they did not move (animal B, Figure 5c) across the 10 min time intervals. The
rank of individual animals was calculated for each one-hour period for a total of four hours across
the two study days. The 10 min values (n = 24 values/animal) were summed to provide a score for
each animal. Individual ranks were then drawn in the group’s social network using ggnet2 function
(‘Ggally’ package in R, [40]) for each one-hour period for a total of four hours. To provide better
estimates of individuals’ movement leader scores in the network, bar charts of scores for individuals
across each hour were also plotted.

2.4.3. Sampling Rate and Social Networks

To estimate the optimal sampling rate for detecting an individual’s nearest neighbours, four
sampling approaches were examined. These included recording intervals of (1) 5 s (1 sample every
5 s—the initial frequency was every second but it was impossible to compute continuous 1 s data due to
the processing power of the PC), (2) 5 min (1 sample every 5 min), (3) 1 min of recording at 1 s intervals
and 4 min off, and (4) 1 min of recording at 1 s intervals and 9 min off. These sampling intervals were
tested as battery power would be minimally affected by reducing the sampling interval to every 10 s or
every 30 s, however, 4 min off would extend the battery life by a factor of 5. The data collected during
the second day of the study (a total of 6 h and 30,240 observations based on a continuous sampling rate
of 5 s) were used for this analysis. As a small number of individuals were used (n = 7), it was assumed
that all the animals would be close enough to each other at least once to capture all the neighbours for
each individual. The nearest neighbours for all animals were detected using the function of edge_nn of
spatsoc package [29] while considering three different threshold distances at a maximum of: 10 cm, 20
cm, and 30 cm apart. The number of neighbours for each animal was then counted and plotted based
on the different sampling rates and threshold distances using ggplot2 [41] in R [40].
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Figure 5. Some examples of individual animal movement behaviour at 10 min intervals on the second
day of the study to rank the animals based on their movement trajectories and select the animal (s) who
moved first. Plot (a) shows where all individuals were assigned a different rank, (b) shows where all
individuals received the same rank, (c) shows where one animal (B) did not move. Individual animals
are represented by separate colours and letters (A to G), and the direction of the arrow indicates the
direction of travel at the conclusion of the 10 min period. The length of the lines indicates the distance
travelled. For clarity, the specific paddock area the animals were within is displayed, hence the different
axis values for each plot.

2.4.4. Social Network Comparison between Recorded Video and GNSS Data

To determine the accuracy of the RTK rovers for studying social networks in sheep, the position of
individuals relative to each other were examined based on (1) recorded videos by the installed camera
at the north corner of the paddock (Figure 6), (2) social network analyses of GNSS locational data, and
(3) plotted GNSS location of animals. For this purpose, four 30 s time periods during the third day of
the study were selected based on the criteria of good performance of all sensors, videos of high enough
resolution to distinguish individual animal’s positions relative to each other, and minimal movement
by the animals. Static images at the beginning of the 30 s periods were extracted from the video
recordings and were compared with the social network graph and GNSS positional plot. The distance
between individuals was calculated using the spatsoc package [29]. The social network graph was
then drawn using the package of ggplot2 [41] within the 30 s time periods with a threshold distance of
30 cm. The width of the edges in the graph was set based on the distance between individuals so that
the width increased as the distance between dyads increased. The location of individuals was also
plotted based on GNSS positional data using the package of ggplot2 [41].

3. Results

3.1. Device Accuracy of Laboratory Tests

The preliminary testing of the system performance showed that the antennae worked at a range
of 950 m, and that even with misalignment, the system worked with RTK corrections out to 450 m. At
the initial (non-RTK) GNSS lock, the errors were of the order of 5 to 10 m. The results improved to
approximately 2 to 3 metres as differential GNSS became available (Figure 7a). The initial RTK lock is
relatively difficult to acquire for moving sensors but can be improved by starting with remembering
the last measured location, and a full RTK lock was only achieved after the placement on the stands
(Figure 7b). The regularity of the sensor plots (Figure 7b,c) indicates that for the areas with an
unobstructed LOS, the relative errors drop below 0.1 m. As the grid frame was walked (by researchers)
into an area of tree blockage (Figure 7d), and some loss of the GNSS signal at the rovers occurred, the
regularity of the array decreased showing errors around 1 m. That level of error was also shown when
the experimenters’ bodies blocked the GNSS signal to the satellites or the correction signal from the
base station. The signal blockage was less of a problem during the farm trial. The GNSS antennas for
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the rovers were fitted on the back of the sheep and when the sheep were standing, the rover had a
hemispheric sky view. Some blockage of the GNSS signal occurred when the sheep lay down, when
the harness slipped to one side of the sheep, and from corner sections of the field fence line where solid
metal railings were installed. The correction signal from the base station to the rover was minimally
degraded during the test days, however, was blocked when people or vehicles were in the field during
the preliminary validation stages.

Figure 6. Position of the camera outside of the paddock (the north corner) to record the animals’
movements during parts of the experiment to match the animal position with locational plots and
social network graphs (see Section 3.3). Note: The dot points in the plot show the individuals within a
30 s time-period beginning at 12:32:30 p.m.

 

Figure 7. Results of laboratory testing the RTK rovers before placement on animals. Each figure shows
the measured location of six rovers that were rigidly fixed on a 1 m × 2 m grid. (a) Before RTK fix was
achieved and showing differential GNSS accuracy. (b) Rovers stationary with a clear view of the sky. (c)
Rovers moving with a clear view of the sky. (d) Rovers moving underneath tree foliage and losing view
of GNSS satellites and during the walk behind the trees which led to blocking of the satellite signals
and the RTK correction link (heading NE). Note: The grid size is 2 m and the centre of the plot tracks to
the centre of the array of RTK rovers. The large dots indicate the current location of the RTK rovers
with the smaller dots displaying their movement history. Plots b and c show the situations similar to
that expected in the real trial in the field.

107



Sensors 2021, 21, 924

The RTK rover errors were of the order of 0.1 m when LOS was available, and the system still
showed significant enhancement over standard GNSS in areas with tree coverage and limited LOS to
the base station. An advantage of the system is that the recorded data stream contains estimates of
the quality of the location estimate, which identify areas where the location may have problems, and
should thus be excluded from the analysis.

3.2. Device Accuracy and Reliability of Data Collection during Field Implementation on Sheep

For an estimate of the accuracy of the device when placed on animals, the paddock fence lines
drawn based on GNSS positional data were placed on the top of the fitted line as shown in Figure 8a
which indicates the high accuracy of the GNSS device in the paddock. The measurement errors
orthogonal to the fence lines varied from 0 m to a maximum of 0.25 m for the north-west fence line
due to the large and complex gate structure which made the line harder to estimate (Figure 8b). In
addition to accuracy, the reliability of continuous data collection is another criterion required from a
GNSS device. Overall, the RTK rovers worked well and recorded across the study duration, except
for a temporary recording issue with rover C on the first day. Rover G was not used on day 1 due to
accidental damage, and rover F did not record on day 4 due to operator error. Of 28 total sampling
days (7 rovers × 4 study days), continuous data were obtained for 25 of these available (Figure 9).

Figure 8. Graphs of (a) the fence line coordinates based on GNSS positional data with an optimally fit
line (black line) and the GNSS positional points (coloured lines), and (b) the measurement errors of
each fence line (north–east, north-west, south-east, and south-west). Note: To normalise the count, the
frequency of observations in each bin was divided by the total number of observations.

3.3. Social Networks Based on Recorded Video and GNSS Data

Figure 10 presents the social networks of study animals based on recorded video (a), social network
analysis (b), and GNSS positional data (c) at four time points on the third day of study. The video
images (Figure 10a) confirm that the GNSS data recorded via the RTK rovers were able to correctly
detect the position of animals relative to each other (Figure 10b,c). The relative positions of animals
were detectable from the video recordings, but exact distances between animals could not be confirmed
due to the front-on (cf. top-down) video records. The plotted relative position of animals based on
GNSS positional data (Figure 10c) was similar to corresponding results from the social network analysis
in which a thinner edge width indicates a closer distance (Figure 10b).
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Figure 9. Consistency of recording for the RTK rovers on sheep over 5:30 h each across four study days.
Due to some technical issues, RTK rover C did not record the positional data continuously on day 1
and RTK rover F did not work on day 4 (operator error). RTK rover G was not used on day 1 due to
physical damage from transport.

3.4. Identifying Leaders from Movement Patterns

Figure 11a–e presents the overall movement leader scores during grazing movement as well as
the pattern of change over four-hours on days 2 and 3 (two-hours each day). Overall, animal F had the
highest movement leader score in the group as well as for two other hours (the second hour of day 2
(Figure 11c) and the first hour of day 3 (Figure 11d) while animal B had the lowest overall movement
rank (Figure 11a). The bar charts present the movement leader scores across 10 min intervals per hour
in which animals were assigned a number from 7 to 1 based on the order of movement (first to last
respectively). Animals were assigned the same rank if they moved together and received a zero if they
did not move. Consequently, not all 10 min intervals had an animal assigned as number 7 where if
two animals moved first together, they both received a value of 6 instead. As the figure shows, some
individuals were more likely to be first to move in the group. For example, animal E during the last
two 10 min periods (41–50, and 51–60) of the first hour on day 2 (Figure 11b) or animal F during the
last 10 min of third hour on day 3 (Figure 11d), but this was inconsistent across time and typically
several individuals were identified as moving first together (e.g., animals E and F during the last 10
min of the second hour on day 2, Figure 11c) or sometimes all the animals moved together (e.g., the
first 10 min of the fourth hour on day 3, Figure 11e).
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Figure 10. Animal social groups based on (a) recorded video (b), social network analysis, and (c) GNSS
positional data at four time points on the third day of the study. In the social network plots, letters
in the vertices (nodes) refer to individual animals and edges show the distance between two animals
where a thinner line corresponds to a shorter distance and vice versa. Note: For each picture, the
related social network graph and GNSS locational plot are in the same row.

3.5. Sampling Frequency and Social Network Analysis

As shown in Figure 12, the number of neighbours for each individual decreased when the sampling
rate changed from continuous 5 s sampling to single records within 5-min time intervals (Figure 12a–c).
However, when the interval of recording was changed to 1 min recording and 4 min off or even 9 min
off, all neighbours were captured for the individuals with a threshold distance of 20 cm or 30 cm
(Figure 12b,c). In contrast, with a sampling rate of 5 min, it was not possible to detect the neighbours
for some time points even with a threshold distance of 30 cm (Figure 12c) indicating some or all social
interactions were missed between individuals.
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Figure 11. The pattern over time of individual gazing movement leader scores (a) summed for the total
four-hour period during days 2 and 3; (b,c) first and second hour on day 2, and (d,e) first and second
hour on day 3 presented as bar charts showing the individual movement rank for each 10 min period
per hour of study (b–e) or the total score for 4 study hours (a) in which the animal (s) with the highest
movement score moved first within each specific time point. A corresponding social network for each
bar chart is also displayed (the larger vertex corresponds with an individual’s higher rank). Letters in
the vertices refer to individual animals.
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Figure 12. Change in the number of nearest neighbours for individual sheep (A–G) based on different
sampling rates (single 5 s, single 5 min, 1 min on (at 1 s) and 4 min off, and 1 min on (at 1 s) and 9 min
off) and threshold distances: (a) 10 cm, (b) 20 cm, and (c) 30 cm, during day 2 of the study.
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4. Discussion

This study aimed to investigate the performance of RTK rovers that were developed to study
movement leaders and social networks in seven sheep with high geo-spatial accuracy across four days.
The devices were able to record while attached to sheep’s backs and provide positional data with
a relative error of approximately 0.2 m. These data showed that across a 4-h period there were no
consistent individuals that always initiated movements of the group, but some individuals did move
first more often than others. The number of detected neighbours was dependent on the sampling
rate and threshold detection distance with 1 min recording and 4 or even 9 min off showing the same
number of neighbours as continuous 5 s sampling at a threshold distance of 20 or 30 cm. RTK rovers
may be a precision monitoring tool for greater understanding of sheep social behaviour but further
work would be needed to improve the robustness of the devices for application on livestock.

When the RTK rovers were assessed for accuracy of recording positional data in the laboratory, the
preliminary testing showed the aligned antennae performance was 950 m, and even with misalignment,
the system functioned out to 450 m with the range theoretically considered to be several kilometres
(but not tested within this study). With unobstructed line-of-sight (LOS) such as those conditions
in the grassed field, the measurement errors were below 0.1 m. However, this error was affected by
blockages and thus measuring animals in more complex terrain with trees and/or rocks, would reduce
the recording accuracy. Additionally, the animals’ bodies could also obstruct signals, particularly if a
device slipped down which would be problematic for long-term deployment. This study was the first
application of these specific devices on sheep and, thus, further testing and development of the RTK
rovers would be needed for robust application onto animals.

From the positional data, it was possible to identify the sheep that first moved during a grazing
period. The results indicated that some individuals within the group were more likely to be identified
as initiating movement away from the group first, but this was not consistent across time, often several
individuals moved first together, not all other individuals followed, and all individuals led at least one
grazing movement across the 4 selected hours of observation. Leadership and movement hierarchies
have previously been demonstrated in sheep with different types of transitional behaviours such as
movement onto the pasture after a resting period [42], movement to a shearing shed [5,43], entering a
raceway for weighing or leaving feed to rest under trees [44]. The identified leader, consistency in
leader individuals, or whether others may follow a certain leader or not can also vary depending on
the activity being observed [5,44], the previously established social bonds between individuals [42] or
sheep breed [5,45]. Leadership during actual grazing may be less prominent than leadership during
movement to new areas (for grazing or water), or leadership during grazing initiation [46]. Given
that the current study was limited to a single group of 7 animals across a 4 h observation period,
the conclusions that were able to be drawn regarding leadership in sheep within this study context
are limited. However, the data generated by the RTK rovers were able to identify individual (s) that
moved ahead of the group and, thus, the devices could be applied in future studies to understand what
individual-level factors (e.g., temperament) affect leadership, and how leadership may change under
varying circumstances (e.g., grazing, behavioural transitions, movement to new areas) or external
conditions (e.g., weather, time of day). The development of automated algorithms that would detect
the first animal (s) to move away from the group would further streamline the process and greatly
enhance the information able to be gained from these types of large datasets.

The GNSS positional data were demonstrated to accurately quantify social networks in the studied
group of sheep which was confirmed with recorded videos. Previous studies have also used on-animal
devices to determine association patterns when sheep are first mixed together [36], flock level patterns
when a ‘predator’ (herding dog) is presented to a group [4], and distance from peers either pre- or
post-lambing [47]. Thus, the applications for social network analysis for sheep (and other livestock) are
extensive with the technology having the potential to further our understanding of sheep behaviour
as well as identify strategies to improve management practices that will enhance animal welfare and
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production. A technology with the precision of the RTK rovers in this study could increase the scope
of questions able to be answered with more guaranteed accuracy.

Importantly, for sensor devices to be applied in future studies, the practical limitations of precision
technology need to be considered. For automated on-animal devices, there is often a trade-off between
high sampling frequency for a complete dataset and battery life. In this study, an intermittent sampling
period was as informative as continuous 5 s sampling, if it was a continuous period. A continuous
one min period with breaks of 4 or 9 min was adequate, but intermittent 5 min sampling was not,
indicating dynamic positional data were needed to accurately quantify the networks. Similarly,
Perreault, (2010) [39] modelled variations of social network data and demonstrated how an incomplete
sample size results in incorrect network properties. Missing interactions may falsify the conclusions
that are drawn from social network analysis [39]. In our analyses, the reduced sampling frequency
provided the possibility of extending battery life but still generated sufficient data for accurate social
network analysis at two relatively small threshold distances. However, this may not work in all
research situations. While 4 min offmay save 80% of the battery power, it does take up to 1 min for
the devices to power up and lock onto the satellites. Thus, battery saving strategies would result
in loss of data continuity. In this study of sheep grazing in a small paddock, loss of data continuity
still produced the same social network results, but in situations where rapid social responses need
to be observed (e.g., group responses to an active threat: King et al., 2012 [4]) loss of data continuity
would likely compromise the social behaviour interpretations. There may also be a balance between
sampling frequency and threshold distance. The greater threshold distances (20 or 30 cm) in this study
allowed for intermittent data sampling in comparison with a 10 cm threshold distance. Haddadi
et al. (2011 [36]) reported similar results where the most accurate social network data were a balance
between sampling frequency and threshold distance with the most optimal sampling regime being
2.5 m distance for a continuous 3 min period. The selected sampling may also vary depending on
the activity state of the animal group (e.g., moving as a flock to a new field, versus settled in the new
field). The threshold distances in this study were smaller threshold distances than those tested by
Haddadi et al. [36], 2–3 m] and those typically set for proximity logger detection of social interactions in
groups of sheep (e.g., 1–1.5 m [10,48]). The precision of the RTK rovers may be beneficial or necessary
for specific close contact situations such as ewe-lamb relationships [25].

For long-term deployment of GNSS-enabled devices to accurately detect social networks, several
options are possible to extend battery life. These include intermittent sampling by turning the GNSS
on and off on a regular schedule such as one min on and 9 min off, synchronised across all individuals.
This is likely to be advantageous only if the social network evolves significantly across one minute
during periods of rapid movement. Alternatively, the GPS could be turned off until an accelerometer
detects movement. This measurement may not be synchronised across the sheep and will suffer
from errors in the inertial position calculation. Another option is to operate the GNSS in a standard
3D fix mode (with 10 m accuracy) and only use RTK-GNSS if some trigger event occurs such as a
predator threat, rapid change in weather, or management intervention. Further application and testing
under the different options presented above are needed to validate the optimal device design and data
collection approach under long term studies.

5. Conclusions

The results of this study demonstrated high accuracy and reliable data recording of RTK rovers to
measure social networks in sheep. From the positional data, it was possible to identify sheep that were
more likely to move first, but no single individuals were consistently identified. The accuracy of the
RTK rovers, however, provide the capability to identify leader animals across different scenarios such
as movement towards new feed areas or a water supply, or when transitioning between behavioural
states such as resting and grazing. Social networks of the group were generated with high accuracy
using an intermittent sampling frequency, opening up the potential for battery saving and deployment
in longer-term studies on livestock in the field. However, this was only a single group of sheep in an
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initial test of the RTK rovers and thus many further opportunities exist to apply the devices to more
groups across different contexts to further understand social networks in sheep. Future work could use
this device to investigate (1) the interaction between livestock and their environment, (2) how sheep
with different personality traits behave in a social network, and (3) how regrouping animals might
influence leadership and association patterns among individuals.

6. Patents

There is no patent resulting from the work reported in this manuscript.
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Abstract: Surface-enhanced Raman spectroscopy (SERS) technology is an attractive method for the
prompt and accurate on-site screening of illicit drugs. As portable Raman systems are available
for on-site screening, the readiness of SERS technology for sensing applications is predominantly
dependent on the accuracy, stability and cost-effectiveness of the SERS strip. An atmospheric-pressure
plasma-assisted chemical deposition process that can deposit an even distribution of nanogold
particles in a one-step process has been developed. The process was used to print a nanogold film on
a paper-based substrate using a HAuCl4 solution precursor. X-ray photoelectron spectroscopy (XPS)
analysis demonstrates that the gold has been fully reduced and that subsequent plasma post-treatment
decreases the carbon content of the film. Results for cocaine detection using this substrate were
compared with two commercial SERS substrates, one based on nanogold on paper and the currently
available best commercial SERS substrate based on an Ag pillar structure. A larger number of
bands associated with cocaine was detected using the plasma-printed substrate than the commercial
substrates across a range of cocaine concentrations from 1 to 5000 ng/mL. A detection limit as low as 1
ng/mL cocaine with high spatial uniformity was demonstrated with the plasma-printed substrate. It
is shown that the plasma-printed substrate can be produced at a much lower cost than the price of
the commercial substrate.

Keywords: cocaine detection; plasma printing; SERS; gold nanoparticles; forensics; illicit drugs;
on-site testing; paper substrate

1. Introduction

With the availability of portable Raman systems, there is an enormous opportunity to create
low-cost, highly sensitive and reliable surface-enhanced Raman spectroscopy (SERS) strips for on-site
testing of trace illicit drugs [1–5] and explosives [6,7]. The inelastic scattering of photons by
incident light can be used to determine the vibrational modes of molecules and thus provide a
structural fingerprint of the molecule. Compared to conventional Raman techniques [8], the use of
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a roughened metal or metal nanoparticle surface in SERS enhances the Raman effect by typically
6–8 orders of magnitude [5] owing to localised surface plasmonic resonances around the surface
protrusions or particles [9]. Fedick et al. developed an undergraduate experiment that incorporated
measurements using a commercial silver-on-paper SERS substrate for the detection of heroin, fentanyl
and 3,4-methylenedioxymethamphetamine [10]. Inkjet printing methods have allowed the construction
of SERS substrates that can be used for two-dimensional chromatographic separation for complex
matrix analysis [11]. These inkjet-printed substrates allowed quantification of 25 ng of heroin mixed
with highly fluorescent materials [11]. Silver nanoparticle-soaked filter paper discs were used by
Haddad et al. for the analysis of fentanyl-spiked heroin [1]. The limit of detection for fentanyl was
100 ng/L when 10 μL of analyte solution was deposited. Swabbing with these substrates allowed the
recovery of fentanyl from surfaces.

Despite the advances in SERS testing, there remains an opportunity to improve the analyte
sensitivity and reduce the complexity in the fabrication of SERS-active substrates. Optimisation of the
shape and size distribution of the nanometals allows enhancement of the Raman signal from analyte
molecules. Sophisticated shapes and combinations of nanometal particles have been intensively studied,
such as nanoflowers [12], nanostars [13], sea-urchin-shaped nanoparticles [14], as well as different
types of core-shell structure [15]. Various fabrication techniques have also been applied, including
electron beam lithography [16], nanosphere lithography [17] and focused ion beam patterning [18], to
achieve high sensitivity and reproducibility. However, most are elaborate multi-step processes that are
costly and are not amenable for large-scale production and on-site or point-of-care testing.

The choice of substrate and materials deposition technique are two other important considerations
for SERS-based applications. Paper-based substrates are highly attractive as they are low-cost,
disposable and can be readily modified by inkjet printing, drop-casting, direct writing and soaking
with different nanomaterials [19–23]. Moreover, paper-based substrates are flexible, which could allow
for swabbing applications [24,25] within the forensics field for detection of illicit drugs and explosives.

Inkjet printing [26–28] provides the best control over the uniformity of gold nanoparticle films
with microscale precision and is amenable to high-throughput, rapid-prototyping of SERS substrates.
However, the preparation of the ink requires several steps, including metal nanoparticle synthesis and
filtering [29]; alternatively, commercial nanogold or nanosilver inks are available but costly. There is
also the possibility of interference from residual chemicals such as reducing or stabilising agents in
SERS measurements of low concentrations of analyte molecules.

Alternative methods that can reduce the fabrication complexity of nanogold substrates are highly
desirable. Plasma deposition, especially atmospheric-pressure plasma-assisted chemical vapour
deposition (CVD), has recently been demonstrated as a facile and cost-effective processing technique for
nanogold deposition [30]. The advantage of this technique is that it is possible to produce and deposit
nanogold films directly on the substrate from a single HAuCl4 solution precursor without additional
reducing or stabilising agents. Furthermore, there is no need for multi-step filtration, centrifugation or
purification steps that are commonly employed in nanoparticle synthesis. A plasma jet of high-density
electrons reduces the solution to metallic gold, which is then deposited on the substrate almost
instantaneously. Since plasma printing does not require complex and multiple chemical steps, nor
high-end electron or ion beam processing under vacuum, it is a promising alternative technique to
fabricate highly sensitive, low-cost paper-based SERS substrates.

In this study, a paper-based SERS substrate is produced by depositing nano gold on paper using
the plasma-assisted CVD technique. The substrate is applied to the detection of cocaine. Cocaine,
an alkaloid compound, is the second most-consumed stimulant in Australia [31] with approximately
4.1 tonnes consumed each year [32,33].

The main routes of administration include insufflation, smoking and injection with the
administration route depending on the drug form. In Australia, cocaine hydrochloride is the most
common form [32] and is administered by insufflation or rubbing on the gums [34,35]. Consumers
under the influence of cocaine can exhibit behaviour that is unpredictable, violent or aggressive, which
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can be dangerous to both themselves and others [34,36]. Current on-site testing for cocaine involves
colour testing or immunoassay strips, which then require confirmatory testing [37]. Ideally, a method
that can provide rapid on-site testing is highly desirable.

The plasma-printed SERS substrates are compared to two commercially available substrates,
a paper-based gold SERS substrate and a silver pillar structure on Si that presents the state-of-the-art
for cocaine detection. The plasma-printed SERS substrate shows promise as a simple and scalable
fabrication technique for the highly sensitive detection of cocaine.

2. Materials and Methods

2.1. Chemicals

Whatman No. 1 filter paper and gold(III) chloride trihydrate (HAuCl4·3H2O) were purchased
from Sigma-Aldrich (Macquarie Park, Australia). Cocaine hydrochloride was purchased from the
National Measurement Institute (West Lindfield, Australia). Ultra-pure Milli-Q water (>18.2 MΩ cm)
and ethanol (Wilmar, Yarraville, Australia) were used for the preparation of solutions. Ar and He gases
were purchased from BOC in 99.997% high purity and 99.999% ultra-high purity grades, respectively.

2.2. SERS Substrate Fabrication

Nanogold was deposited on paper (Whatman filter paper No. 1) from an HAuCl4 precursor
solution using the atmospheric-pressure plasma jet. 1% w/v HAuCl4 aqueous solution was prepared
and mixed with ethanol in 1:1 volume ratio to provide improved atomisation. Using a syringe pump
(Harvard PHD 2000), 20 μL/min of the liquid source was supplied to a parallel-path pneumatic
nebuliser (Burgener Research Inc., Ontario, Canada), which atomised the droplet into a fine vapour
through interaction with a fast Ar gas stream as shown in Figure 1a,b. The plasma jet consisted of a
custom-blown glass tube (Pyrex glass, inner diameter 6 mm, thickness 1.5 mm) and two parallel ring
shape electrodes. It was powered by a high-voltage AC power supply (PVM500) operated typically at
23 kHz with a peak voltage 7.0 ± 0.5 kV. Using a mass flow controller (SevenStar D08), 0.5 LPM of
Ar and 4 LPM of He were supplied to the active plasma discharge region. The plasma jet module is
situated on a table-top CNC (Computer Numerical Control) machine (High Z—cncstep.de) in order to
deposit and print a specified pattern. The separation between the glass tube aperture and the substrate
was 2 mm.

The scanning motion of the plasma jet was tested with different scanning times, with parameters
chosen to optimise the film properties for highly sensitive SERS measurement. In this work, all samples
were deposited with six passes, each of 3 mm width at 1 mm/s. The influence of the number of passes
is shown in Figure S1 in the SI.

Unless otherwise noted, the deposited films were plasma post-treated. This was done by scanning
the films twice with the same plasma jet with He gas only at the same input power conditions (23 kHz,
peak voltage 7.0 ± 0.5 kV) and the scanning speed of 1 mm/s.

2.3. Plasma Characterisation

The optical emission spectra were measured using an optical emission spectrometer (Acton
SP2500/Princeton Instrument). The slit width was 10 μm, and the exposure time was 3 s. A fibre
input coupler placed at a radial distance of 20 mm from the plasma jet was used. Measurements were
performed for both the active plasma discharge region at the same height as the midpoint between the
two electrodes, and at a position 2 mm above the substrate.
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Figure 1. Experimental configuration (a) and illustration of the working principle and elements of the
plasma jet printing process (b); adapted from Hong et al. [30] with permission from The Royal Society
of Chemistry.

2.4. Surface Characterisation

XPS measurements were performed using a Specs150 SAGE instrument with an Mg Kα X-ray
source with energy 1253.6 eV. The resolution for the energy scale is 0.1 eV and 15 scans are accumulated
for the elemental analysis.

The surface morphology of the printed nanogold film were characterized using field-emission
scanning electron microscope (FE-SEM.; Zeiss) operated at electron beam energies of 5 keV with an
InLens secondary electron detector.

2.5. Standard Dilutions

A stock solution of cocaine was prepared by dissolving 1 mg of solid cocaine hydrochloride powder
in 1 mL of MilliQ water. Serial dilutions were performed to produce standards with concentrations of
5000, 1000, 500, 100, 10 and 1 ng/mL. A 5 μL aliquot was deposited onto the SERS substrate [38].

2.6. Oral Fluid Extractions

Oral fluid was collected under human ethics approval No: UTS ETH18–2521. Oral fluid was
spiked at concentrations of 10 and 100 ng/mL. Spiked and blank oral fluid samples (100 μL) were pH
adjusted with 100 μL 0.1 M pH 9.2 carbonate buffer and extracted with 100 μL 9:1 dichloromethane
(DCM): isopropyl alcohol (IPA) [38]. The extraction method was adapted from Clauwaert et al. [39].
A 5 μL aliquot of the organic phase was deposited onto the plasma-printed substrate.
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2.7. Raman Analysis

Raman analysis was conducted using a Renishaw inVia Raman microscope with 785 nm laser
and 1200 line/mm grating. The analysis was conducted with a laser power of 20 mW, over the range
of 550–2000 cm−1 with 10 s exposure, single accumulation and pinhole in. The microscope objective
was set to 20×magnification. For the detection of different concentrations of cocaine, 20 spectra were
collected across different points on the substrate surface [38].

Raman mapping involved constructing a montage of the microscope images across the entire
surface and taking consecutive measurements within a grid. The distribution of compounds on a
surface was determined by picking characteristic bands and having the image displayed as an intensity
heat map. Mapping was set up over the still image montage of the entire surface of the substrate.
The montage was constructed using eight images in the x-direction and 13 images in the y-direction.
Mapping steps were 175 μm × 175 μm in a grid for a total of 399 spectra collected across the surface.
The mapping review was conducted using the intensity at a point across four common cocaine bands,
1003 cm−1, 1032 cm−1, 1450 cm−1 and 1600 cm−1.

2.8. Comparison with Commercial SERS Substrates

Commercial gold paper-based SERS substrates (P-SERS) were purchased from Metrohm Australia
Pty Ltd. (Sydney, Australia) and silver-coated silicon pillar substrates were purchased from JASMAT
Optics Corp (Taiwan). Cocaine standard solutions ranging in concentration from 1–5000 ng/mL were
used to compare the SERS spectra of the plasma-printed and commercial substrates. The visible cocaine
vibrational bands were annotated on the spectra and tabulated.

3. Results

3.1. Plasma Characterisation

The estimated average power density in the plasma was 4.0 ± 0.3 W/cm3, calculated using an
estimated discharge volume of 1.6 cm3. The average electron number density was calculated to be
(1.4 ± 0.2) × 1010 cm−3, as has been previously reported [30]. The optical emission spectrum was
measured to understand the plasma reduction process in the active discharge zone between the
electrodes and near the substrate. The emission spectra from various excited states of molecules,
radicals, ions and atoms were observed, indicating a highly reactive environment of the plasma
discharge with a low gas temperature of 360 ± 30 K. The detailed optical emission measurement results
are provided in the SI. Unlike the high-temperature N2 plasma with a large amount of chloroauric acid
on the surface presented by Wu et al. [40], no excited AuCl molecules were observed. Maguire et al. [41]
suggested the high density of electrons in the plasma discharge may provide a rapid reduction of
HAuCl4. Therefore, AuCl emission may not be observable because the lifetime of AuCl will be very
short in a high-density plasma discharge with finely atomised vapour.

3.2. Surface Characterisation

SEM images, shown in Figure S2 in the SI, revealed uniform deposition of nanogold particles
along the intrinsic matrix of the paper substrate. However, due to the charging problem, it was not
possible to investigate the detailed structure and shape at high magnification. The performance of the
deposited nanogold film as a SERS substrate was greatly improved by plasma post-treatment. Only
plasma post-treated substrates were able to detect cocaine. They also showed significantly improved
sensitivity in detecting low concentrations of Rhodamine B, as shown in Figures S3 and S4 in the SI.
The improvement is attributed to the reduction of amorphous carbon content in the nanogold films.
The carbon introduced by ethanol dissolved in the precursor solution. As we described in Section 2.2,
the plasma post-treatment was done using a He plasma jet at atmospheric pressure. Because it is
operated under ambient conditions, it can interact with the molecules in the surrounding air and
generate reactive radicals. It is expected to introduce new functional groups and modify the surface
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properties, as is commonly reported for many plasma processes at atmospheric pressure. A decreased
C-C bond and newly introduced oxygen functional groups are commonly observed when vacuum
plasmas containing oxygen or ambient-air-exposed atmospheric-pressure plasmas are used to treat
carbon-based organic materials such as fibres or polymeric substances [42,43]. Figure 2 shows the XPS
spectra of Au4 f, C1s, O1s and Cl2p for the nanogold film before and after plasma post-treatment. The
post-treatment causes a 0.4 eV shift in the Au4f peak and a clear increase in the O1 s peak intensity.
The atomic composition of the nanogold film, obtained using SpecsLab analysis software, is given
in Table 1, where the instrumental error, including variation of X-ray intensity, analyser pass energy,
aperture settings, etc., is known to be at most. 1% for C or O, and is significantly lower for elements
such as Au and Cl. The content of Cl was below the detection limit before and after post-treatment,
indicating a high level of reduction of the ionic gold in the precursor. As shown in Figure 2, the oxygen
content was increased, and the carbon content decreased, by the plasma post-treatment.

Figure 2. Elemental XPS spectra of Au4 f, C1 s, O1 s and Cl2 p for plasma-printed nanogold film before
(‘as deposited’) and after (‘AP treated’) plasma post-treatment and the reference case of the paper base
without gold film.

Table 1. Atomic composition of nanogold film deposited on paper, measured by XPS.

C [at %] O [at %] Au [at %] Cl [at %]

As deposited 63.9 34.1 2.0 0.0

Post-treated 59.6 38.3 2.1 0.0

Table 2 shows a comparison of the components of the C1 s peak for as-deposited and post-treated
nanogold films with the components of the peak for the paper-based substrate without deposited gold.
Casa XPS software was used to deconvolute the peaks with max. 0.5% error. The results indicate that
plasma post-treatment has removed the amorphous carbon layer and increased mainly the amount of
O-C=O bonds.
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Table 2. Influence of plasma post-treatment on deposited nanogold XPS signals: comparison of
components of C1s peak.

C1s.
Binding Energy [eV]/Composition [%]

C-C C-O C=O O-C=O

Paper base 285.0 eV (21.1%) 286.7 eV (4.0%) 288.5 eV (65.5%) 290.2 eV (9.4%)
As deposited 284.8 eV (35.2%) 286.5 eV (5.7%) 288.6 eV (49.1%) 290.1 eV (10.1%)
Post-treated 284.8 eV (32.0%) 286.7 eV (2.8%) 288.7 eV (49.1%) 290.3 eV (16.1%)

3.3. Cocaine Analysis

Figure 3 shows the visible cocaine vibrational bands when tested on the plasma-deposited
nanogold substrate after post-treatment, with increasing cocaine standard concentrations. It shows that
the plasma-printed SERS substrate allows the detection of six to nine characteristic cocaine vibration
bands. The bands and the corresponding vibration modes are listed in Table 3. Five bands, at 1003 cm−1,
1032 cm−1, 1164 cm−1, 1450 cm−1 and 1600 cm−1, were consistently enhanced across the concentrations
tested. These bands correspond to the symmetric and asymmetric ring breathing, C-N stretching,
asymmetric -CH3 deformation and C=C aromatic ring stretching, respectively. Furthermore, at least
one of the three C-C tropane ring stretching bands between 848–900 cm−1 was observed for each
concentration. The band at 1200 cm−1, corresponding to the other C-N stretching band, was observed
at concentrations of 1, 100, 500 and 5000 ng/mL.

Figure 3. SERS spectra of cocaine standards of increasing concentration deposited onto
plasma-printed substrates.
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3.4. Spatial Distribution

The consistency of the enhancement across the plasma-printed substrate was determined using
Raman mapping with four common cocaine band intensities. The intensity heat maps shown in
Figure 4 have a good correlation of the intensities across the four bands. The distribution across the
entire surface of the substrate was found to be consistent except along the edges where the deposited
surface was no longer visible. The intensity across these four bands allows one to conclude that the
hotspots were distributed across the surface resulting in surface-wide detection.

 

Figure 4. Raman heat maps showing the spatial distribution of cocaine using the four characteristic
bands. The mapping steps were 175 μm × 175 μm in a grid for a total of 399 spectra collected across the
surface area 3 mm × 3 mm.

3.5. Comparison with Commercial SERS Platform

The commercial substrates compared to the developed plasma printed substrate were a paper-based
SERS (P-SERS) substrate with the gold SERS active metal deposited through inkjet printing and a silicon
pillar-based substrate coated in silver (JASMAT Ag). These substrates were chosen for comparison
as the P-SERS had a similar composition to the plasma-printed substrate and the JASMAT Ag had
previously been shown to be effective for cocaine analysis [38].

Figure 5 shows Raman spectra measured on commercial P-SERS substrate with increasing cocaine
standard concentrations. Only two Raman bands were consistently enhanced on the commercial
substrate at ~1000 cm−1 and ~1027 cm−1 in the presence of cocaine. These correspond to the symmetric
and asymmetric stretching of the aromatic ring. The band at ~1600 cm−1 from C=C aromatic stretching
was observed for all the concentrations except the 10 ng/mL standard. The tropane and carbonyl
bands were not observed in any of the samples. The C-N stretching band at ~1162 cm−1 was only
observed once at 10 ng/mL concentration, while the second C-N stretching band at ~1198 cm−1 was only
observed at a concentration of 1000 ng/mL and the asymmetric -CH3 deformation band at ~1446 cm−1

was observed at 5000 ng/mL. When compared to the developed plasma deposited substrate results, this
commercial substrate enhanced fewer cocaine vibrational bands at each concentration. Furthermore,
only two bands were enhanced across the tested concentrations compared to five consistent bands on
the developed substrate. For the detailed information on each different vibrational band detected on
P-SERS substrate, see Table S1.

The commercial P-SERS substrate did have a more intense peak at both of the consistently
enhanced bands. However, these bands are common among the drugs tested as they correspond
to aromatic ring breathing bands. Therefore, vibrational bands need to be consistently enhanced to
produce a characteristic fingerprint of the analyte. The analyte can only be confirmed if enough of the
characteristic bands are visible.

The three substrates were compared using the number of bands enhanced at a concentration
of 100 ng/mL as shown in Figure 6, and the number of bands consistently enhanced across the six
concentrations, presented in the SI. The plasma-printed substrate enhanced between six and nine bands
for each concentration. Five of these bands were consistently enhanced across all of the concentrations.
The commercial P-SERS only enhanced three or four bands, with only two consistently enhanced. The

127



Sensors 2021, 21, 810

commercial JASMAT Ag substrate enhanced between five and seven bands for cocaine, with four being
consistently enhanced as shown in Figure S8 and Table S2 of SI. At the concentration of 100 ng/mL,
shown in Figure 6, the plasma-printed substrate enhanced nine cocaine bands. The commercial P-SERS
and JASMAT Ag substrates enhanced three and five bands, respectively. The cocaine bands tend to
be more intense for the commercial substrates. The plasma-printed substrate outperformed the two
commercial substrates for the analysis of cocaine based on both the number of enhanced bands and
number of consistently enhanced bands.

Figure 5. SERS spectra collected from cocaine deposited on commercial P-SERS substrate.

 

Figure 6. Comparison of cocaine at 100 ng/mL concentration deposited onto the plasma printed
substrate and two commercial SERS substrates, P-SERS and JASMAT Ag.
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3.6. Application to Oral Fluid

The plasma-printed substrate was tested with cocaine extracted from oral fluid spiked at cocaine
concentrations of 10 ng/mL and 100 ng/mL. The results are presented in Figure 7. At 100 ng/mL, there
were three visible cocaine bands. These correspond to (C-C) stretching of the tropane ring, symmetric
aromatic ring breathing and C-N stretching. The lower concentration of 10 ng/mL revealed five cocaine
bands. The enhanced bands corresponded to the (C-C) stretching of the tropane ring at 850 cm−1

and 897 cm−1, symmetric aromatic ring breathing at 1003 cm−1, and C-N stretching at 1164 cm−1 and
1205 cm−1. Due to the possible interference from many other compounds and proteins in oral fluid, a
lower number of enhanced bands was visible than in the standard of the same concentration. However,
it is an important result to demonstrate the possible application of the plasma printed SERS strip in
real application of on-site illicit drug testing.

Figure 7. Comparison of SERS spectra acquired from extracted cocaine spiked oral fluid at 10 ng/mL
and 100 ng/mL deposited onto the plasma printed substrate.

3.7. Cost Comparison

To demonstrate the cost-effectiveness of the plasma process, the production cost of the
plasma-printed nanogold SERS substrate is estimated and compared to the price of the two commercial
strips in Table S3 in the SI. The costs of electricity, gas, liquid precursor, filter paper and depreciation
of the equipment such as power supply, liquid pump, mass flow meters and nebuliser are included
based on the assumption of a five-year lifetime. The labour cost or other possible indirect expenses
are not included. The total estimated cost to produce a single SERS substrate using the current
plasma system is 0.107 AUD. This is doubled to take into account possible errors or interruptions in
processing. The details of the cost estimation are given in Table S4 of the SI. For the cost calculation,
the active area is presumed to be the same as that of the commercial JASMAT Ag substrate. However,
the plasma-printing process enables continuous processing, unlike batch processes such as e-beam
evaporation or sputtering, which also require an expensive high vacuum system. For large-scale
processing, the current single jet system could be redesigned into an array or slit jet to cover a large
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area at the same time. With that modification, a further decrease in cost can be expected because liquid
pumps and gas flow meters can be shared.

4. Discussion

Plasma-printed nanogold on a paper based was demonstrated to be a highly sensitive and
cost-effective SERS substrate for cocaine detection. The plasma-printed substrate was able to detect
between six and nine characteristic Raman peaks of cocaine at concentrations from 1 to 5000 ng/mL,
whereas a commercial SERS gold on a paper-based substrate enhanced only three to four bands. In
addition, the plasma-printed SERS substrate provided better consistency than the commercial SERS
substrate with Ag pillar structure, which is currently favoured due to its high sensitivity. It is likely
that the direct plasma deposition of nanogold from a solution precursor provides desirable surface
conditions without interference from residual chemicals, such as reducing or stabilising agents. The
additional plasma post-treatment step removed the organic carbon layer, which may have formed as a
result of the ethyl alcohol used as a diluting solvent to improve the atomisation of the precursor. The
paper-based plasma-printed SERS substrate has the potential to be a practical, economical solution for
on-site screening or point-of-care applications, such as illicit drug detection, when used in combination
with a portable Raman system.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/21/3/810/s1,
Figure S1: Influence of the number of nanogold deposition passes on SERS performance, Figure S2: SEM images
of plasma printed nanogold film on paper substrate for SERS measurement, Figure S3: Comparison of SERS
spectra of nanogold substrates with and without post-treatment, Figure S4: Comparison of SERS spectra of
nanogold substrates with and without post-treatment using 10−6 M of Rhodamine B aqueous solution, Figure
S5: Optical emission spectra in the range of 200–800 nm, Figure S6: Optical emission from different species in
the active discharge region, Figure S7: Optical emission from different species near the substrate and Figure
S8: Comparison of SERS spectra acquired from standard cocaine solutions with decreasing concentrations
deposited onto commercial JASMAT Ag; Table S1: Cocaine bands detected in cocaine standards on the commercial
P-SERS substrate, Table S2: Cocaine bands detected in cocaine standards on the JASMAT Ag substrate, Table S3:
Comparison of SERS substrates showing nanoparticle type, backing substrate, deposition technique, particle size,
size of active area and cost per substrate and Table S4: Estimated cost of SERS strip printing using plasma jet
based on current lab-scale system.
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