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In this work we develop a refractive index-based methodology with a surface plasmon microscope to detect, then
quantize and eventually differentiate various malarial species in human whole blood. A nanometric flat metal
surface can support surface plasmons. The plasmon propagates along the metal surface with a propagation
constant that reveals a direct dependency on a refractive index in the optical near field of the surface. This
surface plasmon microscope is a sensitive measurement probe for the refractive index with standard deviation
~107* on the metal surface. Whole blood samples from patients infected with malaria were evaluated. The
quantification of unprocessed whole blood infected with 2000 parasites/ul of Plasmodium falciparum and Plas-

modium vivax species revealed significant differences in refractive index ~10"! AU. While that with 200 para-
sites/pl of Plasmodium falciparum and Plasmodium vivax species revealed differences in refractive index ~ 1072

AU.

1. Introduction

249 million cases of malarial incidences were reported from 85
countries in 2022. While 29 countries accounted for 95 % of malaria
cases. Four countries — Nigeria (27 %), the Democratic Republic of the
Congo (12 %), Uganda (5 %) and Mozambique (4 %) accounted for
almost half of all cases globally. Estimated 608,000 deaths (79 % re-
ported in Africa) were related to malaria in 2022, of which 76 % were
children under the age of five [1].

Malaria starts with the injection of plasmodium sporozoites into the
dermis of an individual by female Anopheles mosquito [2]. After the
parasite enters the human body, it infects liver cells [3], reproduces,
multiplies and subsequently infects blood vessels. Eventually infected
red blood cells rupture after undergoing four distinct stages of devel-
opment and release new parasites [4]. This repeated cycle leads to high
fever and chills in the affected individual [5]. Four species namely
Plasmodium falciparum, Plasmodium vivax, Plasmodium malaria, and
Plasmodium ovale are considered true parasites to humans while others
(Plasmodium knowlesi) are mostly zoonotic. In Africa, Plasmodium fal-
ciparum is the most prevalent malarial parasite, accounting for 99.5 % of
cases versus the 0.5 % of cases caused by Plasmodium vivax, while in
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Asia, 50.9 % of cases are caused by Plasmodium vivax and 49.1 % of cases
are caused by Plasmodium falciparum [6,7].

Early diagnosis is the key factor to reduce mortality in malaria
infected patients. Malaria is often diagnosed by microscopic examina-
tion of stained blood films using Field’s stains. However, low para-
sitemia often leads to misdiagnosis, hence in some instances artificial
assisted technologies are gaining importance [8]. The quantitative buffy
coat (QBC) approach, which uses blood staining and an epifluorescence
microscope to identify malaria, is intended to enhance microscopic
malaria diagnosis [9]. However, the QBC method cannot be used for
quantifying malarial parasites. Hence, rapid diagnostic tests (RDTs)
based on parasite antigens have been proposed [10,11]. Polymerase
chain reaction (PCR)-based technique is a highly sensitive method of
diagnosis relying on the amplification of specific sequences of DNA of
the malarial parasite [12]. PCR technology is restricted due to high
costs, the requirement of trained professionals and specific instruments.
While loop-mediated isothermal amplification (LAMP) based on the
turbidity detection of the DNA sequences can be an affordable alterna-
tive to PCR [13]. Microarrays also play an important role in the diag-
nosis of infectious diseases that are based on fluorescence measurement
during DNA hybridization [14]. Even, flow cytometry (FCM) based on
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hemozoin detection has been reported for malaria diagnosis. [15]. Also,
mass spectrometry (MS) based on identification of hemozoin by laser
desorption mass spectrometry (LDMS) has been used [16]. Further
various aptamer-based sensors have also been developed for detecting
malaria [17].

Nonetheless, the quest for label-free techniques for quantitative
malarial species detection particularly for low parasitemia continues. In
this regard surface plasmon sensors exquisite capabilities have been
sought for decades. Notable advances in PCR fiber sensors for malaria
detection have been reported [18]. However, PCR fiber sensors require
rigorous design for optimization based on specific applications. In this
regard advancements have been made in wave-flex biosensors as well
[19-22].

Surface plasmon, or collective electron oscillations, can be supported
by a flat metal surface. In the optical near field, the surface plasmon
propagates along the metal surface with a propagation constant that
indicates a substantial dependence on the refractive index. Surface
plasmons have been considered as one of the most sensitive tools for
label-free detection [23]. When p-polarized light is incident at a
particular angle on a nanometric metal coated glass substrate, surface
plasmons are excited. As surface plasmons absorb energy, confirmed by
the sharp fall in the reflected intensity with the spatial frequency of
incident illumination. The spatial frequency corresponding to the
reflectance minima is termed as the propagation constant. The mea-
surement sensitivity is a function of the full width at half maxima
(FWHM) of the reflectance spectra. In the visible wavelength range, the
sharpest dip can be observed with nanometric silver coated glass sub-
strates followed by nanometric gold coated glass substrates [24].
However, silver is easily prone to environmental and chemical changes
(oxidation) leading to sensitivity degradation. There are two ways to
mitigate the shortcomings, one by coating a protective silica layer on top
of nanometric silver [25], or by coating a polymer film [26] such as
PMMA (poly-methyl methacrylate) to endure the environmental
changes specifically suitable for long term biological experiments.

Surface plasmon microscopy has also been demonstrated for char-
acterizing the isotropic properties such as refractive index as well as
anisotropic properties like linear birefringence. For isotropic samples
the reflected spatial frequency distribution is circular in nature. The
magnitude of the circular pattern can be correlated with the refractive
index of the sample [27]. For uniaxial samples, the magnitude of bire-
fringence can be obtained from the distortion in the shape of the re-
flected spatial frequency distribution (eccentricity) while the rotation of
the absorption pattern is a measure of the orientation of its fast axis
[28-31]. The potential of this surface plasmon microscope can also be
used towards the pre-clinical diagnosis of different types of diseases
[32]. Hence, this microscope can be used to not only detect [33] ma-
larial species but also to quantify and differentiate between them.
Moreover, the minimum sample requirement is in atto-liter [34] and can
even be used when studying the evaporating dynamics of biofluid which
is not feasible with conventional Abbe refractometers [35]. For
extremely costly biological samples such as samples collected from
Alzheimer’s patients this minimum volume requirement can be
extremely beneficial.

In this paper we utilize the surface plasmon microscope to detect,
quantify and differentiate two malarial species namely Plasmodium fal-
ciparum and Plasmodium vivax in whole human blood. This is conducted
in a label free manner by extracting the refractive indices of whole blood
as well as that of various malarial species infected whole blood. We
evaluate the refractive index by correlating the radius of the absorption
pattern from the spatial frequency distribution of the high numerical
aperture objective lens. This provides a quantitative method to deter-
mine parasitemia as well as give an estimate of the malarial species. This
label-free approach might serve as a useful method for the simultaneous
quantization of parasitemia as well as differentiating malarial species.
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2. Methods and experimental analysis
2.1. Substrate preparation and characterization

N-LAF21 (r.i.: 1.7845, Olympus) coverslips were cleaned with
ethanol, acetone, and isopropanol for 5 mins each. Then the coverslips
were subjected to oxygen plasma for 5 mins. Later, chromium layer
(~3 nm, r.i.: 3.1361 + i3.312) followed by gold layer (~ 40 nm, r.i.:
0.2038 + i3.318) were deposited by E-beam vapor deposition as shown
in Fig. 1(a). The chromium nanometric layer was added for a better
adhesion of the gold nanometric layer. The thickness of the subsequent
layers was analyzed with X-ray reflectometry (XRR). Kiessig fringes are
an interference pattern that arises from the reflections of subsequent
layers of the sample under test. The period of these fringes and the fall in
intensity are related to the thickness and roughness of the subsequent
layers. The thickness of the nanometric gold layer as embedded in the
Kiessig fringes was observed as shown in Fig. 1(b). The thickness was
evaluated with GenX3 [36]. The analysis revealed the atomic densities
for the chromium and gold layers were 0.0833 gem ™ and 0.0590 gem ™3
respectively, while the average roughness of the chromium and gold
nanometric layers were 8.48 A and 11.20 A respectively, the thickness
obtained for the chromium and the gold nanometric layers were 3.04 nm
and 40.04 nm respectively.

2.2. Working of the surface plasmon microscope

A He-Ne laser (A = 632.8 nm, 5 mW) was used as a light source. The
linearly polarized laser beam was collimated by a beam expander and
subsequently converted to radially polarized beam with z-pol (Nano-
photon). The collimated beam was introduced to a microscope objective
(special oil-immersion, 100 x magnification, NA 1.70, Olympus,
APON100XHOTIRF), and was tightly focused on the gold thin film
through the cover slip. The focused laser beams excited surface plas-
mons on the metal surface facing the sample. The laser beam reflected
from the gold film was collected by the same objective lens. The Fourier
spectrum of the reflected light, which was created at the objective’s exit
pupil, was observed by CCD1 after reflection from a cube beamsplitter.
We observed the PSF of the incident laser beam with CCD2 after
reflection from the cube beam splitter. Also, the system was integrated
with vertical microscope objective (20 x magnification, NA 0.8,
Olympus, UPLXAPO20X). The sample was imaged with CCD3.

When the resonant angle of the surface plasmon was within the
angular semi-aperture of the objective lens, a certain component of the
reflected light was absorbed by the surface plasmon, and as a result, a
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Fig. 1. (a) Substrate configuration, (b) Determination of the thickness of
nanometric gold layer from Kiessig fringes with XRR.



1. Chakraborty et al.

dark ring (hence referred to as circular absorption pattern) was created
in the Fourier image. When the sample attached to the gold film was
isotropic, the shape of the absorption pattern was completely circular
because of the rotational symmetry of the system. Since the radius of the
ring corresponded to the resonant angle of the surface plasmon and the
resonant angle was directly associated with the refractive index of the
sample, the system could measure the absolute value of the sample’s
refractive index from the reflected spatial frequency distribution or the
Fourier image. Using this setup, we measured the reflected spatial fre-
quency distributions from the blood samples on the substrate.

2.3. Refractive index analysis and sensitivity measurement with the
surface plasmon microscope

We assume a substrate in Kretschmann configuration consisting of a
coverslip with multi-layered coating. The surface plasmons are excited
on the Au-blood interface by radially polarized incident beam. We
analyze the reflected spatial frequency distribution of the recorded exit
pupil of the high numerical aperture objective lens.

In this regard we position and scale a polar coordinate system onto
exit pupil plane images (CCD1 in Fig. 2), while the corresponding angles
of light reflection in the sample plane are calculated pixel-by-pixel. The
median light intensity of each reflection angle is calculated, resulting in
an intensity-angle spectrum. A stratified layer model is employed to fit a
transfer-matrix-method [37] prediction of the reflectance-angle spec-
trum, comparing the intensity-angle spectrum with a previously char-
acterized illumination-angle spectrum. This approach allows for the
retrieval of the blood refractive index parameter through a
single-parameter least-square optimization. The software for data
analysis, developed in-house, is publicly available for download from
[38].

In this regard we analyzed the sensitivity of the surface plasmon
microscope with artificial blood (BZ410 from Biochemazone) at various
temperatures as shown in Fig. 3, to show the variation of the measure-
ment. The measurement was performed on a weekly basis to demon-
strate the sensitivity of the surface plasmon microscope.

The standard deviation in R.I. measurement as recorded with this
microscope was ~10~* A.U. It should be noted that all refractive index
analysis was performed on the same day when the substrates were
prepared to negate any environmental degradation of the substrates on
sample measurements. Also, the surface plasmon probe was calibrated
on the day of measurement with artificial blood (BZ410 from Bio-
chemazone) as shown in Fig. 4. to accurately determine the refractive
index of the sample under test. Moreover, the experiment was conducted
in maintained room temperature of 21°C to negate any refractive index
changes arising from the environmental conditions.

Laser Beam Expander

(632.8 nm) |

Linear
polarizer

Z-polarizer

Cubic beam splitter
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Fig. 3. Weekly refractive index analysis of artificial blood at three different
temperatures.
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Fig. 4. (a) Exit pupil image of whole blood HO1 (Individual not infected with
malaria), (b) Exit pupil image of whole blood HO2 (Individual not infected with
malaria), (¢) Exit pupil image of artificial blood.

2.4. Analyzing whole blood samples from healthy individuals

10 pl of whole blood was pipetted on top of the substrate as illus-
trated in Fig. 1(a). Later, the exit pupil plane images of the high nu-
merical aperture objective lens were recorded. The data was processed
with in-house software written in Python as discussed in Section 2.3.
Table 1 below shows the extracted values of the refractive indices as

3
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Fig. 2. Experimental setup for the development of the surface plasmon microscope.
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Table 1
Refractive index of whole blood of individuals not affected with malaria.

Sample code Age of individual Refractive index

HO1 21 yrs old female 1.342
HO02 20 yrs old female 1.343
Artificial blood (AB) —_— 1.341

obtained by analyzing the exit pupil. We also evaluated the refractive
index of artificial blood at 632.8 nm for calibration purposes, and the
result is shown in the last column of Table 1. All data were recorded at
21°C (maintained room temperature throughout the experiment).

Fig. 4 shows a portion of the exit pupil images as obtained with
whole blood from individuals not affected with malaria and with arti-
ficial blood. As analyzed, the R.I. of whole blood of two female volun-
teers” whole blood were 1.342 and 1.343 respectively.

From the two healthy whole blood samples the variability of
refractive index ~ 10~2 was recorded. Further the experiment was
repeated to analyze the reproducibility of the results. We found that the
standard deviation of the variability of the same measurement in the
refractive index ~107*%,

2.5. Calibration curve for whole blood samples infected with malaria

We used whole blood samples FO1 and V01 containing 2000 para-
sites/pl of Plasmodium vivax and Plasmodium falciparum species respec-
tively and added artificial blood to obtain ordered parasitemia. We
analyzed those blood samples after pipetting the same on the substrate
as shown in Fig. 1(a). Table 2 shows the preparation methodology of
blood samples. For each case two samples were prepared to analyze the
degree of variability in the measurements. Also, one must be careful
regarding the ambient room temperature while preparing and
measuring the samples. In our case an ambient temperature of 21°C was
maintained throughout. Further to explain the suitability of this mea-
surement method, samples with low parasitemia (up to ~ 16 parasites/
ul) were prepared.

Fig. 5 shows the calibration curve for the whole blood samples as
prepared for various levels of parasitemia with Plasmodium falciparum
and Plasmodium vivax.

As shown in Fig. 5, using this measurement approach we were able to
distinguish between Plasmodium species with low parasitemia (~16
parasites/ul). Even though we could detect refractive index changes in
Plasmodium species for ~16 parasites/ul, we feel the variability of

Table 2
Preparation of blood samples with different parasitemia for Plasmodium fal-
ciparum and plasmodium vivax species.

Sample code Addition of artificial blood Plasmodium parasites/pl

F01-1,2 0 2000
F02-1,2 0.75 pl added /pl of FO1 1500
F03-1,2 1 pl added /pl FO1 1000
F04-1,2 1 ul added /ul FO3 500
F05-1,2 1 pl added /pl FO4 250
F06-1,2 9 ul added /ul FO1 200
F07-1,2 1 pl added /pl FO5 125
F08-1,2 1 pl added /pl FO7 63
F09-1,2 1 ul added /ul FO8 32
F10-1,2 1 pl added /ul FO9 16
Vo01-1,2 0 2000
V02-1,2 0.75 ul added /1 pl VO1 1500
V03-1,2 1 ul added to /ul VO1 1000
V04-1,2 1 ul added to /ul VO3 500
V05-1,2 1 pl added to /ul V04 250
V06,1-2 9 ul added /ul V01 200
vo07,1-2 1 pl added /1 pl VO5 125
V08,1-2 1 pl added /1 ul VO7 63
V09,1-2 1 pl added /1 pl VO8 32
V10,1-2 1 ul added /1 pl VO9 16

Sensors and Actuators: A. Physical 393 (2025) 116780

o Plasmodium vivax

o Plasmodium falciparum

5 1370 o
=] o
K o o
5 1.360 a . o
E o0 o
g 1.350f , @ o®
§ an
& 1.340
0°T25 250 500 1000 1500 2000

Malarial parasites/pl

Fig. 5. Calibration curve for samples as shown in Table 2 for various concen-
trations of malarial parasites Plasmodium vivax and Plasmodium falciparum
shown in blue and red respectively.

refractive index in healthy blood samples from different individuals may
interfere with this margin (even though variability of refractive index
was much lower as recorded by us as shown in Fig. 4). Further we would
like to emphasis on the fact that refractive index changes in healthy
individuals are extremely low as (shown in Fig. 4) ~1073, while that
obtained with Plasmodium species are in ~ 1072 In this case we
conclude that Plasmodium species with 60 parasites/ul or above can be
reliably distinguished based on refractive index changes if the system
standard deviation is < 1074,

Plasmodium falciparum/ Plasmodium vivax refractive indices and the
relevant parasitemia can be fitted with suitable statistics such as loga-
rithmic or power series. We obtained R;=1.3207P9-%%4 with index of
correlation as 0.97 (for null hypothesis) or R; = 0.065 In(P;) + 1.3202
with index of correlation index 0.97 (Spearman’s correlation co-
efficient) where R; represents the refractive index and P; the para-
sitemia value (parasites/ul) for Plasmodium vivax. Further, we obtained
R,=1.3211P%°%* with index of correlation as 0.99 or Ry= 0.0054 In(P5)
+ 1.3207 with correlation index as 0.99 (Spearman’s correlation co-
efficient), where Ry represents the refractive index and P the para-
sites/ul) for Plasmodium falciparum. These statistics may later serve as a
guide for very quick analysis of presence or absence and quantification
of the malarial species from the refractive index of whole blood. After
obtaining the calibration curve we analyzed whole blood samples with
individuals infected with malaria.

2.6. Analyzing whole blood samples from individuals infected with
malaria

We further analyzed the whole blood of individuals infected with
Plasmodium falciparum species. Again, 10 ul of whole blood was pipetted
on top of the substrate as illustrated in Fig. 1(a). Table 3 shows the
refractive index values as obtained by analyzing the exit pupil.

Fig. 6 shows a portion of the exit pupil images obtained with whole
blood from individuals affected with Plasmodium falciparum. As
analyzed, the R.I. of whole blood infected with 2000 Plasmodium fal-
ciparum parasites/ul and 200 Plasmodium falciparum parasites/ul were
1.362 and 1.349 respectively. As evidenced in Table 2, whole blood
samples from four individuals affected with Plasmodium falciparum were
analyzed and even then, the refractive index variability was found
~1073 for a particular level of parasitemia. Once again, indicating that
the refractive index changes are extremely low for different individuals.

We further analyzed the whole blood of individuals infected with
Plasmodium vivax species. Again, 10 ul of whole blood was pipetted on

Table 3
Refractive index of whole blood of individuals affected with Plasmodium
falciparum.

Sample code Age of individual Refractive index

F01-3 22 yrs old female 1.362
FO1-4 21 yrs old female 1.365
F06-3 21 yrs old female 1.349
F06-4 20 yrs old female 1.346
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Fig. 6. (a) Exit pupil image of whole blood F01-3 (with 2000 Plasmodium
Falciparum parasites/pl), (b) Exit pupil image of whole blood F06-3 (with 200
Plasmodium falciparum parasites/pl), (c) Comparison of selected portions in red
and green squares of (a) and (b) reveal absorption pattern differences.

top of the substrate as illustrated in Fig. 1(a). Table 4 shows the
refractive index values as obtained by analyzing the exit pupil.

Fig. 7 shows a portion of the exit pupil images as obtained with
whole blood from individuals affected with Plasmodium vivax. As
analyzed, the R.I. of whole blood infected with 2000 Plasmodium vivax
parasites/ul and 200 Plasmodium vivax parasites/ul were 1.371 and
1.356 respectively. As evidenced in Table 2, whole blood samples from
four individuals affected with Plasmodium vivax were analyzed and even
then, the refractive index variability was found ~1073 for a particular
level of parasitemia. Moreover, all the samples were analyzed at least
twice to showcase the reproducibility of the results with this measure-
ment approach. Standard deviations in results obtained with same
samples ~ 1074,

Apparently, as shown in Figs. 6 and 7, there exists a remarkable
refractive index variability in blood infected with Plasmodium vivax and
Plasmodium falciparum (even with same parasitemia). Further the
changes in the refractive index are quantifiable for various plasmodium
species.

Fig. 8 shows the variation of the refractive index as mapped with
samples F01-3, FO1-4 and F06-3, F06-4 containing Plasmodium falcip-
arum species in the range of 2000 parasites/ul and 200 parasites/ul
respectively marked in red, while VO1-3, VO1-4 and V06-3, V064
containing Plasmodium vivax species in the range of 2000 parasites/ ul
and 200 parasites/ul marked in blue. Further in the background of Fig. 8,
plotted with dashed lines in red and blue are the calibration curves for
Plasmodium falciparum and Plasmodium vivax respectively.

Fig. 8 also reveals another important part of the study regarding the
variation of the refractive index arising from different patients infected
with malaria. As evidenced before, the change in refractive index for the
various patients was extremely low. Even considering the variability of
the patients, the calibration curves can be used to predict the para-
sitemia levels as well as the malarial species of origin. Given the samples
evaluated for this study were low, further investigations with large
cohort size are required to establish this fact in general. Also, we were
concerned with the two predominant malarial species, i.e. Plasmodium
falciparum and Plasmodium vivax (given 90 % of infections occurs from
single species incidence [6,7]) and have not considered mixed species

Table 4
Refractive index of whole blood of individuals affected with Plasmodium vivax.

Sample code Age of individual Refractive index

V01-3 21 yrs old female 1.371
V01-4 21 yrs old female 1.373
V06-3 20 yrs old female 1.356
V06-4 21 yrs old female 1.354

Sensors and Actuators: A. Physical 393 (2025) 116780
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Fig. 7. (a) Exit pupil image of whole blood V01 (with 2000 Plasmodium vivax
parasites/ul), (b) Exit pupil image of whole blood V06 (with 200 Plasmodium
vivax parasites/ul), (c) Comparison of selected portions in red and green squares
of (a) and (b) reveal absorption pattern differences.
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Fig. 8. Comparison of refractive index of whole blood samples (F01-3, FO1-4,
F06-3, F06-4, V01-3, VO1-4, V06-3 and V06—4) with various concentrations of
malarial parasites Plasmodium vivax and Plasmodium falciparum shown in blue
(circles) and red (triangles) respectively. Backdrop shows the calibration curves
in red and blue for Plasmodium falciparum and Plasmodium vivax respectively as
obtained from Fig. 5 (Section 2.4).

infection as part of this study.

3. Conclusion

We developed a refractive index-based surface plasmon microscope
to study malarial species in whole blood. We successfully demonstrated
that the microscope can be used for the detection, quantification and
distinction of two malarial species Plasmodium falciparum and Plasmo-
dium vivax which are rampant in Asia and Africa. Further, we also
showcased the effectiveness of the developed microscope for analyzing
low parasitemia (~60 parasites/pl) with reliable reproducibility of re-
sults. It should be noted that varying results may be obtained in the case
of co-infections (for instance fevers induced by Plasmodium falciparum
might activate dormant Plasmodium vivax parasites). We believe per-
forming pilot study with a large cohort will be required to satisfy such a
quest in the future. We are currently in the process of collecting whole
blood samples from Nigeria with mixed infections occurring from both
Plasmodium falciparum and Plasmodium vivax for the cohort study which
is currently out of scope for this work and will be reported elsewhere.
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