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A B S T R A C T

Malaria has been found to alter normal cutaneous volatile organic compound (VOC) profiles, suggesting their 
potential application as markers of Plasmodium infection. The cutaneous VOCs and semi-VOCs (SVOCs) of 
malaria-negative and -positive individuals, who visited two local clinics in the Vhembe district of Limpopo 
Province, South Africa, were extracted into wearable silicone rubber (polydimethyl siloxane [PDMS]) sampling 
bands adhered to the surface of the epidermis. After sampling of epidermal VOCs from participants the samplers 
were analysed by thermal desorption-comprehensive two-dimensional gas chromatography-time-of-flight-mass 
spectrometry (TD-GC × GC-TOFMS). Individual cutaneous VOCs and SVOCs profiles were constructed from 
these complex chromatographic profiles in order to identify potential signatures of Plasmodium infection. Fatty 
acid compounds associated with rancid malodour, and previously reported as mosquito attractants, were found 
at an overall greater abundance in chemical profiles of malaria-positive cases. A targeted analysis was performed 
for compounds previously reported to be associated with Plasmodium infection, viz., heptanal, (E)-2-octenal, 2- 
octanone, octanal, nonanal and (E)-2-decenal. The linearity (R2) range was 0.93–0.99 for a matrix matched 
(simulated cutaneous sampling) calibration range of 2.5–60 ng. Limits of detection (LOD) ranged from 0.4 pg (2- 
octanone) to 6.3 pg ((E)-2-octenal), whilst limits of quantification (LOQ) ranged from 1.4 pg to 21.1 pg. The 
mean percentage recoveries (n = 2) ranged from 77.8 % ((E)-2-decenal) to 118.9 % (2-octanone). The percentage 
relative standard deviations ( %RSDs; n = 2) ranged from < 1 % for 2-octanone, octanal and nonanal to 27.1 % 
for (E)-2-octenal. We found that this particular suite of compounds, previously reported as indicators of malaria, 
was in fact non-specific for Plasmodium infection when compared to control subjects with comorbidities. A 
previously unreported (in a malaria-infection context) compound, (E)-2-octen-1-ol, correlated with malaria- 
positive participants, but was also observed for two malaria-negative participants, which could indicate latent 
malaria. In chronic cases, Plasmodium vivax can occur in reservoirs outside of the bloodstream, and thus blood- 
based diagnostic tests can miss latent infection. A key advantage of the epidermal sampler over blood tests is that 
the former collects whole-body organic compounds, and is therefore not limited to blood-borne markers of 
infection. As such it appears to be feasible for future investigations.

1. Introduction

Malaria is a potentially fatal disease if not diagnosed and treated 
swiftly. The World Health Organisation (WHO) estimated a global total 
of 263 million cases of malaria in 2023, of which the majority occurred 
in Africa. Mortalities were estimated at 597 000 worldwide [1]. 
Mosquitoes of the genus Anopheles are the vectors of the malaria-causing 
Plasmodium parasite. Though there are over 100 known Plasmodium 

species, only four are known to infect humans: Plasmodium falciparum, P. 
vivax, P. malariae and P. ovale [2]. The African malaria female mosquito 
Anopheles gambiae is a chief vector of malaria throughout sub-Saharan 
Africa [3] with the majority of cases in Africa caused by P. falciparum 
[2].

Since conventional malaria testing methods involve invasive blood- 
draws, it is worth investigating alternative and less intrusive diag
nostic procedures that utilise more readily available biofluids such as 
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exhaled breath [4]. Schaber et al. reported that malaria infection could 
alter metabolites in the breath of patients [5]. Volatile organic com
pounds (VOCs) in the breath collected from children with and without 
uncomplicated P. falciparum malaria were analysed by thermal 
desorption-comprehensive two-dimensional gas chromatography- 
time-of-flight-mass spectrometry (TD-GC × GC-TOFMS) [5]. The au
thors reported a suite of six compounds (previously found in the breath 
of healthy individuals [6]), that correlate with Plasmodium infection 
status: methyl undecane, dimethyl decane, trimethyl hexane, nonanal, 
isoprene, and tridecane [5].

Since there is a correlation between chemicals originating from the 
human epidermis and exhaled breath, the sampling of human epidermal 
emanations presents an attractive substitute, especially considering that 
the latter is considered to be a more infectious matrix, e.g. in the pres
ence of tuberculosis (TB), a common comorbidity [7]. Cutaneous VOCs 
emitted from human skin may function as kairomones to Anopheles [3]. 
Also, malaria has been found to alter normal cutaneous VOC profiles [8,
9–12], suggesting their potential application as markers of Plasmodium 
infection. These Plasmodium-induced VOCs can be collected and ana
lysed by gas chromatography-mass spectrometry via thermal desorption 
of samplers or injection of solvent extracts. The collection of surface 
cutaneous chemicals involves gauze, glass beads, polymer rods (Pow
erSorb®), socks, PTFE sleeves or bags, cellulose bags, or a whole-body 
headspace collection chamber [8,13,14–16]. These extraction tech
niques, however, are inconvenient, restrictive, or require non-wearable 
equipment such as pumps [7].

As an advanced separation technique, GCxGC is recognised as the 
gold standard in analysing complex mixtures [17–21]. It has evolved 
beyond conventional applications—such as environmental, petrochem
ical, and odourant analysis—to find use in metabolomics, where it can 
be used to tackle emerging challenges in untargeted analysis [22–24], 
for disease marker discovery, of complex samples such as exhaled breath 
[5,25,26].

Previously we have demonstrated that in-house prepared, non- 
invasive, wearable silicone rubber bands (PDMS) attached to the 
epidermis were well suited to the identification of differential markers in 
the context of tuberculosis diagnosis, as well as to the study of the 
attractiveness of different individuals to mosquitos [27–30]. They thus 
offer potential in the detection of compounds indicative of 
malaria-infection. Unlike exhaled breath, the silicone rubber band 
containing trapped compounds is not regarded as biological material. 
Here, we investigate the feasibility of the human epidermis as a safer 
biological medium for the detection of malaria-associated compounds 
with TD-GCxGC-TOFMS.

2. Methods and materials

2.1. Ethical considerations

The recruitment, testing and sampling protocol in this study were 
approved by the ethics committees of the faculties of the Natural and 
Agricultural Sciences (reference: NAS036/2019) and Health Sciences 
(reference 606/2019) of the University of Pretoria, with a validity of one 
year (2020). Permission to conduct the study in the government clinics 
of Masisi and Madimbo was granted by the Limpopo Provincial 
Department of Health (reference LP-202,002–014), as well as by signed 
consent from the Head Sisters of the respective clinics.

2.2. Study location, participant recruitment and sample population

The recruitment, testing and sampling of participants was conducted 
in two daytime government clinics, Masisi and Madimbo, in the Vhembe 
district of the Limpopo Province of South Africa, in March 2020. Patients 
visiting the respective clinics (with malaria-like symptoms or other ail
ments) were enrolled in the study as participants, and provided signed 
and informed consent to their participation. The pilot study cohort 

consisted of malaria-positive and malaria-negative participants, male 
and female (Table S1). Prior to testing, all participants filled in a ques
tionnaire pertaining to aspects of general lifestyle and health (Table S2). 
A total of 25 participants were included in the study, of which three 
participants tested positive for malaria by microscope assay of periph
eral blood smears (Ampath Laboratories, Pretoria, South Africa) and/or 
by an onsite Rapid Diagnostic Test (RDT; U-Test Malaria, Humor Diag
nostica, Hermanstad, South Africa). Replicate cutaneous VOCs and 
SVOCs samples were obtained from each participant, giving a total 
sample size of 52 measurements. Originally, a larger sample size (50–80) 
was to be obtained, however due to the outbreak of the SARS-CoV2 
virus, responsible for the COVID-19 pandemic, and the national lock
down that was implemented on the 27th of March 2020, further 
recruitment, testing and sampling were discontinued.

2.3. Sorptive sampling of cutaneous VOCs and SVOCs

The in-house developed wearable sampling bands [27] were pre
pared by cutting medical-grade silicone elastomer tubing (0.3 mm ID ×
0.6 mm OD; SIL-TEK®, Technical Products Inc., Georgia, USA) into 
lengths of 10 cm which were joined end-to-end with a 1 cm length of 
uncoated capillary column (0.25 mm ID; SGE Analytical Science, Sep
aration Scientific (Pty), Roodepoort, South Africa). Each band had an 
average mass of 300–350 mg. Prior to use, the bands were cleaned and 
conditioned: the loops were sonicated three times in a 1:1 v/v methanol: 
acetone solution for five minutes, and were then inserted individually 
into thermal desorption tubes (17.8 cm length x 4 mm ID x 6 mm OD) 
and conditioned under hydrogen gas (100 mL/min) at 280 ◦C, for over 
twelve hours, using an off-line Gerstel™ thermal desorption (TDS) unit 
(Chemetrix, Midrand, South Africa) [31].

Sorptive sampling of the epidermis was done by the first author – a 
non-medical professional. The inner side of the dominant wrist of each 
participant was daubed with commercial isopropanol swabs to wash the 
skin of contaminants. Triplicate PDMS sampling bands were placed side- 
by-side on the same area of the inner wrist, and then covered and 
secured with aluminised Mylar® film (5 cm × 11 cm; Hydroponic, South 
Africa; previously sonicated in a 1:1 v/v methanol:acetone solution for 
five minutes, and cleaned with an isopropanol swab prior to use) and 
hypoallergenic 3 M Micropore ™ surgical tape (120 mm L x 72 mm W; 
Dis-chem, Pretoria, South Africa) (Fig. 1). The purpose of the Mylar® 
film was to shield the sampling bands from the atmosphere during the 
sampling period. Participants were free to move around while the 
sampling bands were attached to their wrist. After 30 min, the surgical 
paper tape and Mylar® film were removed, the sampling bands 
collected, individually wrapped in heavy duty aluminium foil and stored 

Fig. 1. Cutaneous VOCs and SVOCs sampling. (A) positioning of silicone rubber 
band samplers on the inner arm, (B) Mylar® cover, (C) hypoallergenic Micro
pore™ paper tape covering.
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in a glass vial (labelled according to participant number and replicate 
number). These vials were kept in a cooler box and subsequently stored, 
upon return to the laboratory, in a freezer at − 18 ◦C prior to analysis, 
which took place in November to December 2020.

2.4. Analytical standards

A solution of n-alkanes (C8–C28) used for the calculation of linear 
retention indices of reported analytes was purchased from Merck, South 
Africa. Analytical standards of heptanal (≥95 %), octanal (≥95 %), 
nonanal (≥99.5 %), trans-2-octenal (94 %), trans-2-decenal (≥95 %), 
and 2-octanone (≥99.5 %) were purchased from Sigma-Aldrich (Pty) 
Ltd., Kempton Park, South Africa, and were used for quantification and 
confirmation of the presence of these target analytes. These compounds 
have previously been reported in the literature on malarial volatile 
emissions [13]. A working solution (n-hexane, Merck, South Africa) 
containing 1 µg/mL of each target standard was prepared. Duplicate 
sampling bands were spiked, respectively, with 2.5, 5, 10, 15, 20, 40 and 
60 ng of the working target standard solution. Each band was placed on 
a strip of Mylar wiped clean with a commercial isopropanol swab. The 
requisite volume of working target standard solution was applied to the 
surface of the mylar strip, adjacent to each band, and the mylar strip was 
folded over and wrapped closed with surgical micropore tape. The 
mylar/micropore tape package containing the band with spiked targeted 
standards was placed in a Schott glass bottle submerged in a water bath 
at 31 ◦C (to approximate epidermal surface temperature) for 30 min. 
After extraction each spiked band was wrapped in heavy duty 
aluminium foil and stored at − 18 ◦C in a glass vial prior to analysis.

2.5. TD-GC × GC-TOFMS

Instrumental analysis was performed on a LECO© Pegasus 4D GC ×
GC-TOFMS fitted with a Gerstel™ TDS unit as an inlet, an Agilent© 7890 
chromatograph and a dual quad-jet cryogenic modulator (LECO®, 
Kempton Park, South Africa), operated by ChromaTOF® software 
(version 4.51.6.0, optimised for Pegasus®). The hot jets were operated 
with synthetic air and the cold jets were operated with nitrogen gas 
(NM3OLA ML nitrogen gas generator, Peak Scientific, South Africa) 
cooled with liquid nitrogen (Afrox, South Africa). The primary (1D) 
capillary column was a Rxi-5MS of length 30 m x 250 µm ID x 0.25 µm 
film thickness; the secondary (2D) column was a Rxi-17SilMS mid-polar 
capillary column of length 0.760 m x 250 µm ID x 0.25 µm film thickness 
(Restek, USA).

Thermal desorption of the compounds from the PDMS sampling 
bands was performed with a Gerstel™ thermal desorption unit (TDS 3, 
Chemetrix, Midrand, South Africa), with the bands inserted into a glass 
thermal desorption tube. The heat of desorption was from 30 ◦C (held for 
3 min) to 280 ◦C (held for 10 min) at 60 ◦C/min, with a flow rate of 100 
mL/min at a vent pressure of 10 psi of helium (ultra-high purity grade; 
Afrox, Gauteng, South Africa). The TDS transfer line temperature was 
maintained at 350 ◦C. Cryogenic focussing of the desorbed compounds 
occurred at − 100 ◦C, using liquid nitrogen (Afrox, Gauteng, South Af
rica) in a cooled injection system (Gerstel™ CIS 4) with an empty, 
baffled and deactivated glass liner. The thermally desorbed compounds 
were introduced into the inlet via a splitless injection (purge flow of 30 
mL/min after 90 s, solvent vent mode) by heating the CIS from − 100 ◦C, 
at 10 ◦C/s, to 250 ◦C (and held for the duration of the GC run). The 
carrier gas (ultra-high purity grade helium [Afrox, Gauteng, South Af
rica]) flow-rate was constant at 1.4 mL/min.

The initial temperature for the primary oven was held at 40 ◦C for 1.5 
min, and ramped to 300 ◦C at a rate of 10 ◦C/min, with a hold time at 
this temperature of 8 min. The total run time was 35.5 min. The tem
perature programme rates for the secondary oven and the modulator 
were the same as that of the primary oven, but offset by +5 ◦C and +15 
◦C respectively. The transfer line to the TOFMS was maintained at a 
temperature of 300 ◦C. The modulation period was 3 s, with a hot pulse 

time of 0.8 s and a cool time between stages of 0.7 s.
The TOFMS was operated at an acquisition rate of 100 spectra/sec

ond over a mass range of 35–500 Daltons. The ionisation energy was 70 
eV in the electron impact ionisation mode (EI+), the voltage of the de
tector was 1650 V, and the temperature of the ion source was 230 ◦C.

2.6. Data acquisition and processing

ChromaTOF® software (version 4.51.6.0, optimised for Pegasus®) 
was used for data acquisition and the VLOOKUP function of Microsoft® 
Excel® (version 16.0.14228.20204) for chromatographic peak align
ment. A S/N threshold of 100 was set, and deviations in retention time 
were bound within the modulation period (3 s) for 1D peaks and 0.1 s for 
2D peaks. Peak annotation was achieved by comparison of experimental 
mass spectra with reference spectra of the National Institute of Stan
dards and Technology (NIST) library (version 2.2), with the minimum 
similarity threshold for a match set at 75 %. In addition, experimental 
linear retention indices (LRIs) were compared to literature LRIs in order 
to increase the level of confidence of peak annotation for untargeted 
analysis (Table 1). LRIs of reported analyte compounds were calculated 
using the method of the linear temperature programmed retention 
index, as developed by Van den Dool and Kratz [32]. Compounds having 
a match of within ± 35 RI units, or better (the majority), are reported. 
For targeted analysis, certified analytical standards were analysed. 
Targeted analytes were confirmed by retention time and mass spectral 
matching of standards to those present in samples.

2.7. Data analysis

Contaminant compounds were removed from the data set, including 
siloxanes, halogens, boronic compounds and metallic complexes. Blank 
correction, using duplicate-averaged blank PDMS sampling bands (i.e. 
which did not come into contact with skin), was performed for each 
sample replicate, resulting in a dataset (N = 52) of 3 166 compounds 
retained. R© computational and statistical software (version 1.3.959) 
with the Classification and Regression Training (caret) package (version 
6.0–86) was used to construct models of the data (with cross-validation), 
to make class-based classification predictions, and to perform feature 
selection using three machine-learning algorithms: an Elastic-Net 
regression, Random Forest and Support-Vector Machine [33,34]. For 
this purpose, the data set was randomly shuffled and split with a 0.5 
ratio into testing and training sets. Due to the paucity of malaria-positive 
samples obtained, replicates were treated individually in order to obtain 
a larger sample size for the train-test split. Chromatographic peak areas 
were normalised (centred and scaled) in terms of the peak area mean of 
each variable. A pared dataset of 1 128 variables were obtained after the 
removal of near-zero variance predictors. Normalised peak area values 
of the top variables were visualised as a heatmap, using the heatmap.2 
function in the gplots package (version 3.1.3).

3. Results and discussion

3.1. Determination of malaria-infection status

The malaria-status was determined for each participant using the 
rapid diagnostic test (RDT) and microscopy. Of the twenty-five partici
pants included, three showed at least one positive assay. The first (#4 
female) tested positive by RDT for either Plasmodium vivax (P. vivax), P. 
malariae or P. ovale, but tested negative by microscopy. The second (#17 
male) tested positive for P. falciparum by RDT and microscopic analysis, 
and had been infected with malaria three times previously. The third 
participant (#18 female) tested positive for P. falciparum by RDT, but 
tested negative by microscopy. This participant had also been infected 
with malaria on three previous occasions. The prolonged storage of the 
blood smears during the 2020 national lockdown period may have 
compromised the quality of the microscopy smears, resulting in false- 
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Table 1 
Selected untargeted features obtained with Elastic-Net, Random Forest and Support-Vector Machine.

Compound name CAS number Molecular 
formula

Chemical class MW 
(Da)

RIEXP 

nonpolar
RILIT nonpolar 
(NIST)

MS similarity 
match

2-Octen-1-ol, (E)- 
(trans-2-octenol)

18409-17-1 C8H16O Unsaturated alcohol 128 1040 1055; 1052 750–825

n-Decanoic acid 334–48–5 C10H20O2 Saturated fatty acid 172 1361 1350;1373 752–934
Dodecanoic acid 143–07–7 C12H24O2 Saturated fatty acid 200 1561 1556;1568 762–937
Pentadecanoic acid 1002–84–2 C15H30O2 Saturated fatty acid 242 1827 1848 762–900
9-Hexadecenoic acid 2091–29–4 C16H30O2 Unsaturated fatty acid 254 1960 1976 751–774
2-Hexenoic acid, 3,4,4-trimethyl-5- 

oxo-, (Z)-
14919-56-3 C9H14O3 Keto acid 170 1247 Not available 752–754

2-Methylbutanoic anhydride 1468–39–9 C10H18O3 Acid anhydride 186 1185 1190 755–856
Isothiazole 288–16–4 C3H3NS Azole 85 <800 743 768–775
Benzoic acid, 2‑‑hydroxy-, pentyl ester 2050–08–0 C12H16O3 Benzoic acid ester 208 1618 1574; 1579 750–955
Formic acid, 2-propenyl ester 1838–59–1 C4H6O2 Unsaturated ester/ 

aldehyde
86 1015 1014 784–827

Propanoic acid, ethenyl ester 105–38–4 C5H8O2 Unsaturated ester/ 
aldehdyde

100 1057 1092 775–777

Naphthalene, 1,2,3,4-tetrahydro-1,4- 
dimethyl-

4175–54–6 C12H16 Naphthalene derivative 160 1275 1283; 1258 759–779

2,4-Nonadienal 6750–03–04 C9H14O Unsaturated aldehyde 138 1210 1200 829–901
2,4-Decadienal, (E, E)- 25152-84-5 C10H16O Unsaturated aldehyde 152 1262 1288; 1291 763–929
6-Methyl-3,5-heptadiene-2-one 1604–28–0 C8H12O Unsaturated ketone 124 1058 1074 772–932
Undecane, 2,6-dimethyl- 17301-23-4 C13H28 Saturated hydrocarbon 184 1233 1210; 1218 752–904
Benzene, (2-methylpropyl)- 538–93–2 C10H14 Alkylbenzene 134 1001 1001; 997 752–913
Benzene, propyl- 103–65–1 C9H12 Alkylbenzene 120 929 944; 933 753–948
1H-Pyrazol-3-amine 1820–80–0 C3H5N3 Pyrazole derivative 83 1005 Not available 763–783
Isoamyl cyanide 542–54–1 C6H11N Nitrile 97 823 814; 848 765–806
Butanamide, 3-methyl- 541–46–8 C5H11NO Amide 101 1009 1018 757–850
2-Piperidinone 675–20–7 C5H9NO Piperidine ketone 99 1147 1173 758–922
Pyridine, 3-ethyl-4-methyl- 529–21–5 C8H11N Alkylpyridine 121 1017 1011 759–889

<800: Retention Index standard C8–C28. Literature Retention Indices from NIST14 library.

Fig. 2. TD-GCxGC-TOFMS contour plots (TICs) of surface epidermal emanations from (Top) female and male malaria-positive participants; (Bottom) female and male 
malaria-negative participants. Peaks of interest are in the 1D retention time region of 300–1000 s. Selected peaks are labelled either because they are top-ranking 
variables, are reported in literature [14] or because they are prominent peaks. Of note is that (E)-2-octen-1-ol is present in participants testing positive for 
P. falciparum, but absent for participants testing negative.
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negatives for the RDT positive participants.

3.2. Untargeted analysis

The cutaneous chemical profiles, obtained by comprehensive GC ×
GC-TOFMS, are complex, showing dense peak distribution along the 2D 
separation space. A wide variety of organic species (C3–C30), of all 
major functional groups, are present on the surface of the epidermis 
(Fig. 2.).

The machine learning models do not have predictive value as to the 
infection status of the participants, due to the small sample set of posi
tive subjects. Nevertheless, the top-ranking compounds resulting from 
feature selection (and used to construct the heatmap in Fig. 3) provide 
some information of potential significance regarding compounds 
potentially related to infection status. Table S3 lists the twenty top- 
ranking compounds for the three algorithms, as well as their scaled 
scores. A wide variety of compounds detected are selected as top fea
tures, including mid- to long-chain (C10–C18) saturated and unsaturated 
fatty acids, unsaturated alcohols; esters; aldehydes and ketones and 
alkylbenzenes. These are similar to compounds previously reported for 
Plasmodium-associated changes in human VOC profiles [13,14]. In 
addition, there are a number of nitrogenous compounds, including a 
pyrazole amine (1H-pyrazol-3-amine); a nitrile (isoamyl cyanide); an 
azole (isothiazole); amides and substituted pyridines. Compounds with a 
score of 100 are (E)-2-octen-1-ol, isoamyl cyanide and dicyclohexyl 
phthalate. The latter is an industrial product, and thus likely to be a 
contaminant. The C8 unsaturated alcohol (E)-2-octen-1-ol is the only top 
differential feature for all three algorithms, with scaled scores of a 100 
for Elastic-Net, 83 for Support-Vector Machine and 51 for Random 
Forest.

An unsaturated C8 ketone, 6-methyl-3,5-heptadiene-2-one, listed for 
the support-vector machine, is similar to the C8 ketone, 2-octanone, 
which has previously been reported to be associated with the presence 
of microscopic gametocytes [13]. The unsaturated C9 aldehyde, 2,4-non
adienal is ranked highly by the support-vector machine, and is an un
saturated counterpart to nonanal, which has been found in elevated 
amounts in individuals infected with Plasmodium [13], but has also been 
found to be associated with underlying conditions and other diseases in 
malaria-free cases [14]. Two alkylbenzenes — (2-methyl
propyl)-benzene and propyl-benzene — are also listed by the 
support-vector machine, and are similar to other alkylbenzenes that 
have been reported as compounds associated with malaria-infection, 
such as toluene, 1-ethyl-3-methyl- ethylbenzene and 1,2,4-trimethyl-
benzene [14]. Notable peaks include the compounds (E)-2-octen-1-ol; 
2-methylbutanoic anhydride; n-decanoic acid; isothiazole and isoamyl 
cyanide, and are indicated on the positive case #17 chromatogram 
(Fig. 2.). Retention indices (RIs) for selected ranked compounds are 
reported in Table 1, along with their unique CAS number and mass 
spectral similarity to the NIST mass spectral reference library.

3.3. Relative abundance of top-ranking compounds

The normalised peak area values of the top-ranking compounds are 
plotted as a heatmap in Fig. 3, representing their relative abundance 
across all replicate samples. Notably, the unsaturated alcohol, (E)-2- 
octen-1-ol, is present at significantly greater relative abundance for two 
of the malaria-positive cases. To the authors’ knowledge (E)-2-octen-1- 
ol has not been previously reported in the context of Plasmodium-marker 
investigations. However, (E)-2-octen-1-ol has been evaluated as a 
chemical stimulus of the malaria mosquito Anopheles sinensis in the 

Fig. 3. Heatmap of sample-wise relative abundance (peak areas) of selected compounds from the human epidermis (Table 1). Malaria-positive participants (green, y- 
axis on the right); Malaria-negative participants (black, y-axis on the right). The colour intensity scale depicts the relative abundance Z-score.
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context of host seeking and feeding behaviour [35] and has also been 
reported as a candidate attractant of the yellow fever mosquito Aedes 
aegypti [36]. This malaria- and yellow fever-mosquito attractant was 
present in both cases #17 (male) and #18 (female) testing positive for 
P. falciparum. Moreover, (E)-2-octen-1-ol was absent in 20 of 22 
malaria-negative cases. However, it was also detected for 
malaria-negative cases #1 (female) and #25 (male). The latter case 
should be considered from the perspective that the participant visited 
the clinic because he had malaria-like symptoms. Indeed, P. vivax can 
occur outside the blood stream, other reservoirs being the spleen, bone 
marrow and skin. Thus, testing peripheral blood can miss chronic Plas
modium infections [37,38] which could point to potential latent malaria 
for these two cases. A significant advantage of the wearable epidermis 
sampler is that it is not limited to, or reliant on, the blood stream as a 
means of detection. This benefit could be exploited to identify latent 
cases (carriers of malaria that show no symptoms, but carry the parasite 
in the liver, spleen or bone marrow, and are generally not diagnosed by 
conventional blood tests). This is important for malaria eradication as 
asymptomatic carriers traversing borders are a significant reservoir of 
the Plasmodium parasite.

The following additional compounds are present at overall greater 
relative abundance (in terms of normalised peak area) in samples of 
positive cases: 9-hexadecenoic acid; n-decanoic acid; (Z)-3,4,4-tri
methyl-5-oxo-2-hexenoic acid; 2-methylbutanoic anhydride; (E,E)-2,4- 
decadienal; propenyl ester formic acid; 1,2,3,4-tetrahydro-1,4-dimethyl- 
naphthalene; N,N‑diethyl-1,2-ethanediamine; isothiazole and isoamyl 
cyanide (Fig. 3). The collective presence of these compounds could 
potentially indicate Plasmodium infection. Compounds of a higher car
bon number than C10–C12 are less volatile, however, they may still 
potentially act as kairomones to Anopheline vectors that determine, at a 
proximal distance to the host, whether or not the mosquito will initiate 
landing and blood-feeding [39]. Notably, the compounds n-decanoic 
acid and 9-hexadecenoic acid (present at a comparatively higher relative 
abundance in malaria-positive patient #17 than in the negative partic
ipants) are carboxylic acids with rancid odours reminiscent of foot 
malodour, a scent profile which has been found to enhance host 
attraction to female Anopheline vectors [40,41]. In addition, 2-methyl
butanoic anhydride (also present at greater relative abundance in pos
itive case #17) is the anhydride of 2-methylbutanoic acid, which is an 
isomer of 3-methylbutanoic acid (isovaleric acid)— a known component 
of foot malodour [42]. The presence of these compounds may thus be 
associated with enhanced vector attraction in relation to 
malaria-infection status, and could thus also be potential signatures of 
malaria-infection.

In spite of a limited sample size of positive cases, these preliminary 
results support the feasibility of using the epidermis as an alternative 
biological medium for the detection of active and latent malaria, and as 
such a follow-up study incorporating a larger cohort is justified.

3.4. Targeted analysis

A targeted analysis for six compounds previously reported to be 
associated with Plasmodium infection was performed using analytical 
standards (Section 2.4). These compounds include heptanal, (E)-2- 
octenal, 2-octanone, octanal, nonanal and (E)-2-decenal [13]. Masses 
(ng) of these compounds present on the PDMS bands, as worn by the 
malaria-positive and malaria-negative participants, were calculated by 
linear regression analysis, and the results are summarised in Table S4. 
Limits of detection (LOD) ranged from 0.4 pg (2-Octanone) to 6.3 pg 
((E)-2-Octenal) and limits of quantification (LOQ) ranged from 1.4 pg to 
21.1 pg for the same compounds. The mean percentage recoveries (n =
2) ranged from 77.8 % ((E)-2-decenal) to 118.9 % (2-octanone) at a 
spiking level of 10 ng (Section 2.4). The percentage relative standard 
deviations ( %RSDs; n = 2) ranged from < 1 % for 2-octanone, octanal 
and nonanal to 27.1 % for (E)-2-octenal.

Five malaria-negative cases (#3, #6, #13, #24 and #25) were 

chosen randomly as controls. Overall, there is little difference between 
the malaria-positive and -negative cases in terms of the targeted quan
tified masses, although nonanal is found at a relatively higher mass 
(8.8–24.4 ng) for positive case #17. The study reporting this suite of 
compounds involved foot odour collected on socks from infected and 
healthy uninfected participants [13]. In contrast, our finding that these 
Plasmodium-associated compounds generally do not show significant 
differences between positive and negative cases could be explained by 
the fact the malaria-negative participants were not necessarily healthy 
controls. Participants visited the clinics because they experienced ma
laria symptoms and/or other ailments. Thus, these particular com
pounds previously reported to be associated with Plasmodium-infection 
may in fact be markers of a nonspecific infection. A case in point is 
nonanal, detected at a higher mass of 8.8–24.4 ng for positive case #17, 
which has been associated with TB infection, as have heptanal and 
octanal [7]. The possible non-specificity of these compounds is further 
supported by a study which has shown that compounds consistently 
found to be informative with regards to malaria status (e.g. hexanal, 
octanal and nonanal) have also been identified in the breath of lung and 
breast cancer patients, and that these compounds thus appear to be 
predictors of multiple diseases [14].

4. Conclusion

The cutaneous VOCs and SVOCs of malaria-negative and -positive 
individuals visiting two local clinics in Limpopo Province, South Africa, 
were collected using non-invasive PDMS sampling bands adhered to the 
surface of the human epidermis – providing a sample that is safer to 
handle and transport than traditional biofluids. These samplers are 
small, light-weight and portable, and easy to apply by trained non- 
medical personnel. A substantial benefit of the wearable epidermal 
sampler is that it is not restricted to, or reliant on, the blood stream as a 
means of detection, making it especially suitable to detect latent malaria 
cases. Detection of a promising differential putative marker of Plasmo
dium-infection, (E)-2-octen-1-ol, merits a follow-up study with a larger 
participant cohort.

The authors emphasise the need for cautious interpretation of results 
from cohorts that may include controls with comorbidities. Non- 
specificity should always be considered and potential markers of inter
est should not be assumed to be disease-specific.
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