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Abstract
Early malaria diagnosis improves outcomes during malaria treatment; routine diagnostic techniques rely on blood 
samples obtained invasively. Therefore, this study used infra-red (IR) spectroscopy coupled with Principle Component 
Analysis (PCA) to study the urinary profile of malaria patients and that of controls aimed at understanding metabolite 
perturbation during malaria infection so as to contribute towards development of non-invasive malaria diagnosis meth-
ods. Freeze dried human urine samples form malaria infected individuals (cases) and controls were screened in the IR 
region of 4000 cm−1 to 600 cm−1 and overall spectral differences were observed at wave numbers 1618 cm−1, 1679 cm−1 
(amino acids). Peaks at 3030 cm−1 (NH4

+) and 940 cm−1 (O–H of carboxylic acids) showed high absorbance in patients 
compared to controls. Liquid-chromatography–mass spectrometry (LC–MS/MS) was used to quantify amino acids in 
the urine samples and the results indicated a significant increase of amino acid cystine (P = 0.012). Lysine and tyrosine 
also increased in patients compared to controls. The use of IR-PCA differentiated clusters of urine samples from patients 
with malaria from control and the demonstrated amino acid perturbation is consistent with malaria infection. This data 
provides baseline information for application in development of a non-invasive diagnostic tests for malaria.

Article Highlights

1.	 Infrared (IR) spectroscopy and Principle Component Analysis (PCA) were used to differentiate urine of malaria patients 
from controls.

2.	 LC–MS/MS was used to determine creatinine, tyrosine, cystine, lysine and histidine in urine from malaria patients 
and controls

3.	 The average concentration of cystine in patients and controls urine differed significantly.
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1  Introduction

Malaria is a disastrous mosquito-borne disease caused by protozoan parasites of the genus Plasmodium including: 
Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and Plasmodium knowlesi [1]. Plas-
modium falciparum is the deadliest [2] and most prevalent on the African continent where malaria still exacts a large 
disease burden [3]. For example in 2022, out of the 249 million malaria cases in 85 malaria endemic countries globally, 
93.6% of cases and 95.4% of deaths were from World Health Organization (WHO) African region, with children under 
the age of 5 years accounting for 78.1% of all malaria deaths in that year [4]. Preventive measures including seasonal 
malaria chemoprevention [5] and personal protection against mosquito bites [6, 7] have been used although malaria 
incidence is still high. In Uganda, the WHO reported an estimated 12.7 million malaria cases and over 17,556 deaths in 
the year 2022 [4] showing that malaria is a significant threat to health, therefore efforts should be made towards malaria 
control and management. Early diagnosis and treatment of malaria contributes to reducing transmission and prevents 
deaths [8, 9], therefore it is key.

The gold standard for malaria diagnosis is microscopy where a blood sample is drawn from a patient and examined 
for presence of plasmodium. Microscopic examination of Giemsa-stained blood thick smears (1.0 × 106 RBCs) or thin 
blood smears (1.25 × 105 RBCs) is used to confirm presence of plasmodium based on the morphological features after 
examination with 100X oil immersion objective [10, 11]. The accuracy of diagnosis can be challenging even to expert 
microscopists; therefore, other techniques have been developed. For example, Rapid Diagnostic Tests (RDTs) which rely 
on the detection of P. falciparum histidine-rich protein 2 (PfHRP2) or its structural homolog PfHRP3, are commonly used 
today although they can also report false-positive and false-negatives [6].

The potential of using urine and saliva specimens for malaria diagnosis was investigated in Ghana where blood, saliva 
and urine were tested for malaria antigens PfHRP2 and parasite lactate dehydrogenase (pLDH). While the sensitivities 
of urine and saliva were low (35.2% and 57.0% respectively) the use of these non-blood specimens demonstrated a 
potential for use as non-invasive samples for malaria diagnosis although this approach was only useful in severe para-
sitemia > 60,000 parasites/µL [12]. Other diagnostic methods which use DNA probes, polymerase chain reaction (PCR) 
and fluorescent staining, have been reported [10] but require collection of capillary blood moreover molecular based 
methods are expensive and require more expertise [13].

Collection of a blood sample for diagnostic purposes is invasive and may expose both the health worker and patient 
to other infections arising from the manipulation of potentially infectious bodily fluids [14] therefore, non-invasive 
alternative diagnostic methods could be an added advantage. Non-invasive tests for malaria such as the detection of 
plasmodia parasite antigens or DNA in samples such as saliva, urine or buccal mucosa [12, 13] and the use of skin volatiles 
as predictors of infection status [13–15] have been proposed. Most of these methods are still in their infancy, although 
the use of saliva- and urine-based tests is well advanced for diagnosis of other infections [13].

Severe Plasmodium falciparum infection results in alteration of microvasculature of various tissues such as liver, kid-
ney and intestines due to isolation of parasitized red blood cells, leading to possible metabolic stress [16]. Late stages 
of malaria result in complications due to inflammatory immune responses and one or more conditions such as cerebral 
malaria, renal damage, liver damage, severe anaemia, acidosis and hypoglycaemia which may lead to death [17]. Mani-
festations of malaria are associated with drastic metabolic alterations in the host, therefore, assessing metabolites in 
body fluids and tissues can potentially provide information on metabolite changes during malaria infection [18, 19].

Urine is an ideal bio-fluid for disease study because it is rich in metabolites, readily available, easily obtained, can be 
collected in large volumes and is mostly free from interfering proteins or lipids compared to other body fluids [20–22]. 
Urine has been used in metabolite profiling studies due to its low protein content and limited sample pre-treatment; 
moreover, it can be collected non-invasively and longitudinally [19, 20, 23]. Approximately 5661 metabolites have been 
documented in urine [22], associated with about 600 human conditions [23] including obesity, cancer, inflammation 
neurological disease, and other infectious diseases.

A large number of metabolite profiling reports rely on high end techniques such as LC–MS [11, 19, 24], yet these tech-
niques are not readily available in low and developing economies, therefore, in this study, human urine was investigated 
for potential metabolite fingerprinting associated with plasmodium malaria infection using Infrared (IR) spectroscopy 
coupled with chemometry. Infrared spectroscopy of urine has shown potential application in non-invasive cancer diag-
nosis [25–27] and has also been used in the detection of malaria parasites in blood [28, 29]. In this study, we explored 
the application of Infrared spectroscopy to distinguish between urine of malaria patients and controls in South Western 
Uganda in an attempt to determine molecular signatures associated with malaria infection. Identification of molecules 
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perturbed during malaria infection can contribute towards development of non-invasive diagnostic kits or methods; 
hence liquid chromatography–mass spectrometry (LC–MS) was used to validate potential metabolite markers. The infor-
mation obtained from this study provides baseline information for future development of a non-invasive technique for 
malaria diagnosis.

2 � Materials and methods

2.1 � Study site

The study was done in Mbarara City, located in the South Western region of Uganda. Mbarara City the second largest 
city after Kampala (Latitude of 0.6072° S longitude of 30.6545° E) and about 167 miles (270 km) southwest of Kampala 
as shown in Fig. 1.

2.2 � Study design

A mixed method design was used to collect qualitative and quantitative data. A case–control study design was used; 
urine samples were collected from malaria patients (cases), who were confirmed Plasmodium falciparum positive using 
blood film microscopy regardless of the level of parasitemia, before treatment. Controls were sex-matched healthy 
people with similar age to the cases and had negative test results for malaria. Participants in this study were children 
(3–5 years), adolescents (10–19) and adults (20–50 years). Only children who were toilet trained were selected in order 
to collect mid-stream urine which reduces the risk of bacterial contamination. All genders participated and a primary 
screening included a physician taking a brief history of the participants and a simple urinalysis. Inclusion criteria: Non-
obese (BMI < 30 kg/m2), non-pregnant or lactating for women, not diagnosed with a chronic or acute disease (apart 
from malaria), and not receiving any other drugs, and supplements. Exclusion criteria: Detection of: leucocyte, protein, 

Fig. 1   Map of Mbarara City showing the health facilities from which samples were collected
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glucose, bilirubin and nitrite, urine pH less than 5 or more than 7 and urinary system complaints [29]. Qualitative data 
including demographics data about patients was collected using a questionnaire.

2.3 � Ethics approval and consent to participate

All experiments were performed in accordance with the Uganda National Guidelines for Research involving Humans as 
Research Participants [30]. Informed consent was provided by all the participants (parents/guardians in case of partici-
pants under the age of 18 years). Ethical clearance was obtained from Mbarara University Research and Ethics Committee 
(MUST-2022-590).

2.4 � Sample collection, preparation and storage

Mid-stream urine (40 ml) was collected randomly [31] from 112 participants (41 patients and 71 controls) whose malaria 
status had been confirmed through microscopy diagnosis. The microscopy samples were assigned (+) for < 100 parasites/
µl of blood (mild malaria), (++) for 100–9999 parasites/µl of blood (moderate malaria), and (+++) for ≥ 10,000 parasite/
µl of blood (severe malaria) [32]. Urine samples were self-collected into clean urine containers in adults while children 
(3–5 years), collected samples with the help of the parent/guardian and the laboratory technologist and carried in a cool 
box; no preservatives were used. Simple urinalysis was done to check for any unwanted contaminants using reagent 
strips [11]. Centrifugation was done at 2000 rpm for 15 min using LC-3000 centrifuge to remove insoluble materials 
and cellular debris and samples were stored at − 20 °C awaiting freeze drying. Urine samples (30 ml) were freeze-dried 
using Benchtop Freeze Dryer to remove excess water by placing a sample which was previously frozen at − 80 °C under a 
vacuum at − 86−  and 1 Pascal allowing direct change of the ice to vapour without passing through liquid phase for 18 h.

2.5 � Sample analysis using infra‑red

The freeze-dried sample (1 mg) was re-dissolved in acetonitrile (1 ml) and vortexed for 2 min. The reconstituted urine 
sample (5 µl) was dropped onto the diamond crystal surface in an Infrared Spectrophotometer (IR) (Buck 530) and 
scanned for 3 min in the range from 4000 cm−1 to 600 cm−1 after correction for background interference. The diamond 
crystal was cleaned with acetonitrile after running each sample [29].

2.6 � Sample analysis using LC–MS

2.6.1 � Analytical method validation

Amino acids standards (Glentham Life Sciences) were used for preparation of stock solutions by dissolving in LC–MS grade 
water containing 0.1% formic acid. Working standards solutions were made by diluting of stock solutions. Amino acids 
solution mixtures of 10, 20, 50,100, 200 and 500 ppb in milli-Q water containing 0.1% formic acid were run and calibra-
tion curves were obtained by plotting the peak area against the concentration of the standard analysed. Confirmation 
of the amino acids was performed based on multiple reaction monitoring (MRM) transitions of the parent and daughter 
ions for each analyte. Analytical method parameters are indicated in supplementary data.

2.6.2 � Quality assurance and quality control procedures

The samples were collected in clean urine containers without any preservatives, prepared and stored in the freezer 
(− 20 °C) within 30 min of collection to ensure integrity. Freeze-drying of the samples was done to increase the stability 
of the analytes. The repeatability of the data and stability of the IR equipment were determined by running one sample 
six times followed by data analysis using Kruskal Wallis ANOVA. LC–MS/MS parameters were verified by determining 
repeatability, linearity, limit of detection (LOD) and limit of quantification (LOQ). Repeatability was done by analysing each 
standard six times at two different concentrations: 10 ppb and 500 ppb. Linearity was based on the calibration curves 
of amino acids mixture within the range of 10 to 500 ppb. The LC–MS/MS LODs and LOQs were defined as the amino 
acids concentrations required to produce signal to noise ratio of 3:1 and 10:1 respectively. All laboratory and clinical data 
were entered into the corresponding logbooks and transcribed into Excel worksheet (Windows 10, Microsoft Inc., and 
Richmond, Washington 2011) and analysed with Origin Pro version 2017 SR26.
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2.6.3 � Determination of amino acids in urine samples using LC–MS/MS

The freeze-dried urine sample (0.01 mg) was dissolved in 1mL milli-Q-water containing 0.1% formic acid, then filtered 
through a 0.22 µm syringe -adaptable filter into LC vials and later diluted for analysis. An Agilent 1100 series liquid chro-
matograph (LC) coupled with a Waters triple quadruple micromass Quattro ultima Mass Spectrometer (MS) operated in 
positive and negative electrospray ionization (ESI) mode was employed in analysis of the urine samples. The LC–MS/MS 
analysis was performed using a mobile phase made up of milli-Q- water containing 0.1% formic acid (A) and acetoni-
trile containing 0.1% formic acid (B) at flow rate of 0.45 ml/min and a pressure of 400 bar; the LC program is shown in 
Table 1. The standards and samples (10 µl) were injected by an autosampler onto a Kinetex column (5 µm, 100 × 3 mm, 
100A EVO C18). The column temperature was maintained at 40 °C. The MS parameters were: desolation temperature of 
350 °C, source temperature of 120 °C and gas flow rate of 706 L/Hr. The total LC–MS/MS run time was 8 min. Qualitative 
and quantitative analysis was done in multiple reaction mode (MRM). Identification and confirmation of the peaks was 
done based on retention times and comparison of ratios of MRM transitions from the precursor ions to product ions in 
samples and standards.

3 � Results and discussion

3.1 � Study population demographics and urinalysis

Out of 100 controls who had initially been selected, 29 had abnormal urine results as shown in Table 2, and were there-
fore excluded from the study. All the 41 patients who were in the inclusion criteria were included regardless of their 
urinalysis results because malaria poses some urinary abnormalities such as haematuria, proteinuria, urobilinogenuria 
and bilirubinuria [32–34] hence a total of 112 participants were finally included.

3.2 � Infra‑red (IR) spectroscopy screening of urine from patients and controls

Generally, male and female controls urine spectral profiles were similar and this agrees with the work done by Sarigul 
et al., [29]. The spectral profile for all controls was generally similar in the fingerprint region of 1800–600 cm−1, variation 
was observed in the regions 1676–1614 cm−1 and in region 1445–1434 cm−1 where the intensities in females were higher 
than in males as shown in Fig. 2. The average spectra of all patients and controls regardless of sex is shown in Fig. 3, the 
profile for patients and that of controls differed at wave numbers about 3030, 1594, 1454 and 940 cm−1. Principle compo-
nent analysis (PCA) was used to determine whether patients and control urine samples could be distinguished. PCA was 
done on normalized data because normalization reduces variance which is not associated with spectral characteristics 
of samples [35]. Figure 4 is the PCA plot showing that urine from patients and controls could be distinguished. Table 3 
shows the relationship between wave numbers and principal components; the observed wave numbers were assigned 
to functional groups based on literature [29, 35, 36].

Based on the loadings (Table 3), the first 3 principal components (PC) explained 90.7% of total variation. PC1 was 
negatively correlated to the wave numbers 1312, 2969, 3056, and 3362 cm−1 which were assigned to C–N stretching in 
aromatic amines, C–H and N–H stretching (Table 3). PC2 was positively correlated to 865, 1070, 1150, 1200, 1679 and 
3449 cm−1 and also negatively correlated to 1946 cm−1, these peaks were assigned to NH2, S=O, P–O bonds. PC3 was 
positively correlated to 1438, 1679 cm−1 and negatively correlated to 959 cm−1 and the wave numbers were assigned to 
C–H bending, C=N; N–H stretching and O–H bend, S–O stretch and P–OH stretching. The wave numbers were associated 
with amino groups, phosphates, sulphates and carboxylic acids [29, 36] which are functional groups associated with 

Table 1   Liquid 
chromatography program

Time (min) B (%) Flow (ml/min) Pressure

0 2 0.45 400
2 2 0.45 400
3 70 0.45 400
5 2 0.45 400
8 2 0.45 400
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amino acids, implying that amino acids may be perturbed during malaria infection. A common peak at about 1438 cm−1 
which is associated with C–H bending in lipids was observed in all controls.

Peak at wave number 1618 cm−1 and 1679 cm−1 (related to N–H functional group) had high intensities in controls 
than in malaria patients. The reduction in patients may be due to amino acid metabolism during Plasmodium falciparum 

Table 2   Simple urinalysis 
findings among the study 
population

Urine parameter Cases (n = 41) Controls (n = 100)

Leukocytes
 Present 3 (7.3%) 22 (22%)
 Absent 38 (92.7%) 78 (78%)

Nitrite
 Present 3 (7.3%) 2 (2%)
 Absent 38 (92.7%) 98 (98%)

Urobilinogen
 Increased 15 (36.6%) 3 (3%)
 Normal 26 (63.4%) 97 (97%)

Protein
 Present 11 (26.9%) 23 (23%)
 Absent 30 (73.1%) 77 (77%)

Blood
 Present 17 (41.5%) 10 (10%)
 Absent 24 (58.5%) 90 (90%)

Ketone
 Present 11 (26.9%) 2 (2%)
 Absent 30 (73.1%) 98 (98%)

Bilirubin
 Present 14 (34.1%) 3 (3%)
 Absent 27 (65.9%) 97 (97%)

Glucose
 Present 2 (4.9%) 2 (2%)
 Absent 39 (95.1%) 98 (98%)

Fig. 2   Average spectra of 
patients and controls
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infection. The parasites and the infected red blood cells have limited capabilities for amino acid biosynthesis [38] and 
therefore utilize the host cell haemoglobin and plasma free amino acids for protein synthesis [36–40]; for example the 
parasite’s glutamate dehydrogenase utilizes glutamine as shown in equation (i) for its primary source of parasite NADPH 
[39, 40];

The peak at 3030 cm−1 (C–H, NH4
+ ring stretching) had high intensity in patients compared to controls. This could be 

as a result of the substantial amount of ammonia produced as a catabolic by-product by Plasmodium falciparum, during 
malaria infection as shown in equation (i) [37–39] or it may be associated with amino acids. The peak at 940 cm−1 (O–H 
stretching of a carboxylic acid) also showed a high intensity in patients compared to controls. Parasite sequestration 
results into tissue hypoxia which increases the chances of anaerobic glycolysis. This could result in build-up of lactic 
acid leading to metabolic acidosis. Lactate clearance is decreased during malaria infection due to liver dysfunction, 
suppressed glycogenesis and decreased hepatic flow [42]. The wave numbers 959 cm−1 (O–H bend, S–O, P–OH), 3030 
cm −1(C–H (ring) stretching, symmetric NH4 stretching), 1618 (C=C stretching, N–H bend (primary amine) and 1679 cm−1 
(C=N stretching, C=O stretching) were responsible for differentiating controls and patients. These functional groups 
(phosphate, amine, carboxylic acid, sulphate,) can be found in amino acids, alluding to amino acid perturbation during 
Plasmodium falciparum infection.

(1)Glutamate + NADP+ + H2O ⇌ � − ketoglutarate + NH+

4
+ NADPH + H+

Fig. 3   Average infra-red 
spectra from urine of malaria 
patients (B) and controls (A)

Fig. 4   Showing score plot of 
controls and patients
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Based on the Mann–Whitney U test, the urine spectra of controls and patients were not significantly different at a 5% 
level of significance (z = 0.39) perhaps because all the metabolites present in the urine of controls are also observed in 
urine patients although the absorbance intensity may differ. PCA showed the samples and controls in different clusters 
as shown in Fig. 4, implying that intensities of the metabolites differ. Since the prominent peaks were associated with 
functional groups found in amino acids, samples were subjected to liquid chromatography–tandem mass spectrom-
etry (LC–MS/MS) to establish variations in amino acid concentrations between controls and urine samples from malaria 
patients.

3.3 � LC–MS/MS analysis of amino acid in urine samples

Five amino acids including cystine, tyrosine, histidine, lysine and creatinine were detected in the urine samples from 
patients and controls and were therefore quantified. Figure 5 shows the amino acids cystine, tyrosine, histidine and 
lysine expressed in terms of urinary creatinine while Fig. 6 shows the concentration of urinary creatinine in controls and 
patients urine.

Amino acids cystine, tyrosine and lysine were higher in patients compared to controls, while histidine was slightly 
higher in controls. The mean concentration of cystine in both patients and controls was within the normal daily excre-
tion of cystine ranges from 0 to 100 μmol/g creatinine [43] but the mean values were significantly different (P = 0.012). 
In terms of parasitemia, the patients’ distribution was 36.6% mild malaria, 58.5% moderate malaria and only 4.9% severe 
malaria. Since severe malaria cases were few, they were considered with moderate malaria cases while assessing the 
influence of parasitemia on the concentration of amino acids in urine. Amino acids cystine and lysine slightly increased 
with parasitemia although the increase was not statistically significant as shown in Table 4. Cystine is the predominant 
form of extracellular cysteine [44] and cysteine can be rapidly oxidized to produce cystine in presence of oxygen [45], 
the cystine/cysteine redox cycle is major regulator of cell survival [46].

Fig. 5   Mean values of amino 
acids in urine expressed in 
µmol/g creatinine
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Higher cysteine concentrations in P. falciparum malaria patients has been previously reported in plasma [47] with 
the level of cysteine found to positively correlate to malaria parasitemia in previous studies [48], thus infection with P. 
falciparum can be associated with increased cystine/cysteine in human urine.

Tyrosine was also higher in patients compared to controls although the difference between the means was not sta-
tistically significant (P = 0.091). Higher values of tyrosine in malaria was previously reported by Conroy et al. [49] where 
plasma tyrosine levels were found to increase significantly during falciparum malaria in children. Tyrosine is primarily 
metabolized in the liver and its metabolism might be altered since malaria results in liver damage when sporozoites infect 
liver cells [50]. Lysine was higher in patients compared to controls although the difference between the mean values of 
patients and controls did not differ significantly (P = 0.168). Lysine was reported to increase in sera of mice infected with 
Plasmodium berghei [16], thus dysregulation of lysine can be associated with plasmodium infection.

Histidine average amounts in urine of patients was lower than in controls although the means did not differ signifi-
cantly (P = 0.827). Elevated levels of Plasmodium falciparum histidine rich protein-2 (pfHRP2) were reported in severe 
Plasmodium falciparum in blood [51], thus the pfHRP2 is usually used as a diagnostic marker for malaria in blood, however 
in our study amino acid histidine in patients was lower than in controls.

Creatinine in urine of malaria patients was higher than that in controls as shown in Fig. 6 however the means of creati-
nine from patients and controls were not significantly different (P = 0.85). Increased serum creatinine levels in mild and 
severe malaria was reported for patients [49, 50,52, 53] and has been described as among useful biochemical indicators 
to evaluate prognosis for malaria because patients with a high level of creatinine needed a longer duration for parasite 
clearance [54]. Elevated creatinine due to malaria infection was for Plasmodium vivax malaria showing that malaria 
infection affects renal function [55].

4 � Conclusions and recommendations

This study evaluated the potential of using Infrared spectroscopy (IR) coupled with principal component analysis (PCA) in 
distinguishing between urine samples from people infected with malaria and controls. PCA scatter plots demonstrated a 
difference in clustering of patients’ urine and controls therefore IR-coupled with chemometry can potentially be applied 
in screening for malaria. A validation using LC–MS/MS study revealed dysregulation of amino acid cystine and an increase 
in creatinine alluding to potential renal injury as a result of malaria infection. The difference in amino acid concentration 
was observed even for mild to moderate malaria (< 100–9999 parasites/µl of blood)[12].Therefore, IR enabled identifica-
tion of functional groups assigned to amino acids implying that malaria affects amino acid metabolism. This study was 
limited by few severe malaria cases and it was a case control study. In future metabolite finger printing with a higher 
resolution instrument can be done of all metabolites in the urine of patients and controls. A longitudinal study to assess 
the changes in the entire metabolite profile and how it varies with parasitemia during infection and after treatment can 
contribute more useful information.
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