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Electronic Supplementary Material 

A. Supplementary Figures and Tables 

 
Figure S1: Infected cells identification process applied to control samples. a) Normalized impedance scatter plot 
(magnitude - |Z| versus phase – ΦZ), at reference frequency (18.3 MHz), of a control sample, mixed with reference 
beads. b) Normalized fluorescence distributions of reference beads and RBCs, used for identification of infected 
cells. 

 



 
Figure S2: Conventional flow cytometry data for c-RBCs (a and d), early stage i-RBCs (b and e), and late stage 
i-RBCs (c and f). Forward scatter – FSC is plotted against fluorescence - FITC region (a, b and c), revealing the 
presence of GFP-parasites in i-RBCs populations only. Parasitaemia levels estimated using histograms of 
fluorescence (d, e and f) are compared with microscopy-based identification (Figure S3). 

 

 

Figure S3: Parasitaemia calculated using Giemsa-staining/ light microscopy- and fluorescence/MIC- based 
methods for a) TC1, b) TC2 and c) TC3. For Giemsa-staining/ light microscopy, a single mean value (line) was 
calculated for each TC, with a corresponding standard error (dashed line) for N=1000 counts. For fluorescence/ 
MIC, individual values (squares) were calculated for each time-point, with corresponding standard error of the 
mean values (error bars) calculated for an average of N=4000 events detected per time-point. 

 

Table S1: Statistical analysis of Giemsa-staining/ light microscopy- versus fluorescence/MIC- based methods for 
parasitaemia calculations along the time-course of infection (Pearson's chi-squared test for proportions of i-RBCs 
in RBCs populations, N = 7 time-points, n. s. - not significant, *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001) 

Time-
Course 6 hpi 12 hpi 18 hpi 24 hpi 30 hpi 36 hpi 42 hpi 

1 n. s. n. s. n. s. n. s. n. s. n. s. n. s. 

2 **** * n. s. * * * ** 

3 ** n. s. * n. s. n. s. n. s.. n. s. 



 

Table S2: Percentage of cells designated as “i-RBCs” according to the fluorescence threshold (4× the standard 
deviation (σ) away from the mean fluorescence of the beads) in control samples (c-RBCs) using the 
fluorescence/MIC- based method.  

Time-
Course 

Mislabelled “i-RBCs” in control samples (%)   
6 hpi 12 hpi 18 hpi 24 hpi 30 hpi 36 hpi 42 hpi   

1 0.4 0.3 0.2 0.6 0.7 0.5 0.7   
2 0.2 0.3 0.4 0.7 0.1 0.1 0.0 Overall 

Mean 
Overall 

SD 3 0.3 0.0 0.2 0.1 0.3 0.0 0.1 
Mean 0.3 0.2 0.3 0.4 0.4 0.2 0.3 0.3 0.1 

SD 0.1 0.1 0.1 0.3 0.2 0.2 0.3 
 

 
Figure S4: Normalized impedance scatter plots (magnitude - |Z| versus phase – ΦZ), at probe frequency of 5 
MHz, of blood samples a) 6hpi, b) 12 hpi, c) 18 hpi, d) 24 hpi, e) 30hpi, f) 36 hpi and g) 42 hpi showing 
discrimination between u-RBCs and i-RBCs. The mean (●) and ellipse containing 50% of each population are 
also indicated. Data from TC3.  



 
Figure S5: Normalized real and imaginary parts of impedance of RBCs, across the measured probe frequency 
spectrum, of control blood samples at a) 6hpi, b) 18 hpi, c) 30 hpi and d) 42 hpi. Single-shell oblate spheroid 
models were used to generate each MMT fit. The optimal MMT fits (dashed lines) are plotted on top of individual 
probe frequency mean values (circles) and standard deviation (error bars) for each time-point. Data from TC2. 

 

Table S3: Dielectric properties along the duration of intraerythrocytic infection, estimated using MMT 
modelling, of c-RBCs 

Properties 
Times 

6 hpi 12 hpi 18 hpi 24 hpi 30 hpi 36 hpi 42 hpi 

𝜺𝜺𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 4.24 ± 0.21 4.38 ± 0.20 4.24 ± 0.22 4.10 ± 0.31 4.20 ± 0.22 4.26 ± 0.22 4.13 ± 0.36 

𝜺𝜺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄𝒎𝒎 57.8 ± 4.5 56.4 ± 1.9 58.3 ± 4.2 56.9 ± 2.2 59.9 ±4.2 62.5 ± 6.2 54.4 ± 0.7 

𝝈𝝈𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄𝒎𝒎 
(S/m) 

 

0.38 ± 0.04 0.40 ± 0.04 0.43 ± 0.01 0.40 ± 0.01 0.44 ± 0.05 0.40 ± 0.04 0.44 ± 0.04 

𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 
(mF/m2) 

 

7.51 ± 0.36 7.76 ± 0.35 7.51 ± 0.39 7.26 ± 0.55 7.45 ± 0.40 7.54 ± 0.39 7.32 ± 0.64 

 

 



 
Figure S6: Normalized real and imaginary parts of impedance of u-RBCs, across the measured probe frequency 
spectrum, from cultures at a) 6hpi, b) 18 hpi, c) 30 hpi and d) 42 hpi. Single-shell oblate spheroid models were 
used to generate each MMT fit. The optimal MMT fits (dashed lines) are plotted on top of individual probe 
frequency mean values (circles) and standard deviation (error bars) for each time-point. Data from TC3. 

 

Table S4: Dielectric properties along the duration of intraerythrocytic infection, estimated using MMT modelling, 
of u-RBCs 

Properties 
Times 

6 hpi 12 hpi 18 hpi 24 hpi 30 hpi 36 hpi 42 hpi 

𝜺𝜺𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 4.01 ± 0.05 3.95 ± 0.05 4.07 ± 0.04 4.04 ± 0.17 4.10 ± 0.28 3.93 ± 0.14 4.00 ± 0.05 

𝜺𝜺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄𝒎𝒎 53.7 ± 5.1 59.1 ± 4.8 60.5 ± 5.0 59.2 ± 5.6 56.0 ±0.8 64.1 ± 2.2 60.3 ± 3.1 

𝝈𝝈𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄𝒎𝒎 
(S/m) 

 

0.41 ± 0.02 0.45 ± 0.02 0.44 ± 0.03 0.43 ± 0.02 0.41 ± 0.01 0.43 ± 0.01 0.43 ± 0.02 

𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 
(mF/m2) 

 

7.10 ± 0.10 7.00 ± 0.09 7.20 ± 0.07 7.15 ± 0.30 7.27 ± 0.49 6.96 ± 0.25 7.09 ± 0.08 

 

 

  



 
Figure S7: Normalized real and imaginary parts of impedance of i-RBCs, across the measured probe frequency 
spectrum, of cultures at a) 6hpi, b) 12 hpi, c) 18 hpi, d) 24 hpi, e) 30hpi, f) 36 hpi and g) 42 hpi. Double-shell 
oblate spheroid (a, b and c) and spherical (d, e, f and g) models were used to generate each MMT fit. The optimal 
MMT fits (dashed lines) are plotted on top of individual probe frequency mean values (circles) and standard 
deviation (error bars) for each time-point. Data from TC1. 

 



Table S5: Statistical analysis of host cell membrane capacitance changes in i-RBCs along the time-course of infection 
(Tukey’s test, N = 21 pairwise comparisons; n. s. - not significant, *p<0.05, **p<0.01) 

𝑪𝑪𝒄𝒄𝒎𝒎𝒄𝒄𝒄𝒄 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 6 hpi 12 hpi 18 hpi 24 hpi 30 hpi 36 hpi 42 hpi 

6 hpi  n. s. n. s. * ** ** ** 

12 hpi   n. s. n. s. * ** * 

18 hpi    n. s. n. s. n. s. n. s. 

24 hpi     n. s. n. s. n. s. 

30 hpi      n. s. n. s. 

36 hpi       n. s. 

42 hpi        

 

Table S6: Statistical analysis of host cell cytoplasmic conductivity changes in i-RBCs along the time-course of infection 
(Tukey’s test, N = 21 pairwise comparisons; n. s. - not significant, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) 

𝝈𝝈𝒄𝒄𝒎𝒎𝒄𝒄𝒄𝒄 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄𝒎𝒎 6 hpi 12 hpi 18 hpi 24 hpi 30 hpi 36 hpi 42 hpi 

6 hpi  n. s. n. s. n. s. ** ** **** 

12 hpi   n. s. n. s. ** ** **** 

18 hpi    n. s. ** ** **** 

24 hpi     ** ** **** 

30 hpi      * *** 

36 hpi       * 

42 hpi        

 

 

 



B. Theory 

A cell is typically modelled as a conducting particle (cell interior) surrounded by an insulating cell 

membrane, suspended in a conducting medium; its dielectric properties are determined using the so-

called multi-shell model, which describes the cell as a series of concentric shells with defined dielectric 

properties (1–5). Maxwell’s mixture theory (MMT) (6) is used to correlate the properties of the 

measured particle to its intrinsic properties (6,7). The single-shell model is the simplest model that 

describes the dielectric properties of a cell that exhibits a single relaxation due to the presence of the 

cell membrane. Figure S8a shows how the different component parts of the cell modify the frequency-

dependent electrical response. The presence of the lipid cell membrane means that cells behave as 

insulating particles at low frequencies (kHz). However at higher frequencies (MHz), the cell appears 

progressively more conductive as the electric field probes intracellular properties (5,7,8). In the absence 

of any substantive membrane conductivity, the cell volume dominates the response at low frequencies 

(<1 MHz), while at intermediate frequencies (1-10 MHz) the membrane capacitance dominates (9,10). 

Cytoplasm properties are measured at still higher frequencies (>10MHz), when the electric field 

capacitively couples across the membrane and the impedance signal reflects the cell interior. 

For a particle exhibiting two dielectric relaxations the double-shell model provides the best 

approximation - Figure S8b. For higher frequencies (>10 MHz), after the relaxation of the outer 

membrane, the impedance signal is a function of the cell cytoplasmic properties. As frequency 

increases, impedance eventually measures the properties of the second (internal) shell i.e., the dielectric 

properties of the parasite, with the second dielectric relaxation occurring at much higher frequencies 

(7). The dielectric properties of both host cell and parasite can thus be approximated based on these 

dielectric relaxations. 

 

Figure S8: Illustration of the frequency-dependent dielectric response of a) a single-shelled particle (as u-RBCs), 
with a single relaxation, and b) a double-shelled particle (as i-RBCs), with two relaxations. The relationships 
between some of the dielectric properties and behaviour at specific frequencies are highlighted. Note that the 
frequency window for these relaxations depends on the conductivity of the suspending medium. 

  



A more suitable model for discoid shaped RBCs is the ellipsoidal model, as represented in Figure 5, for 

an oblate spheroid (7,8,11–14). Consider a homogeneous, ellipsoidal, dielectric particle, with random 

orientation, and semi-axes 𝑛𝑛 = 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐. The effective polarizability for each semi-axis (𝛼𝛼�𝑛𝑛) is different 

and can be calculated from: 

𝛼𝛼�𝑛𝑛 = 3 𝜀𝜀�̃�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾�𝑛𝑛     (1) 

where 𝜀𝜀�̃�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the complex permittivity of the suspending medium. The polarizability, and thus the 

effective dipole moment of the particle, is frequency dependent and described by the factor: 

𝐾𝐾�𝑛𝑛 =  𝜀𝜀�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝜀𝜀�𝑚𝑚𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚

3(𝐴𝐴𝑛𝑛�𝜀𝜀�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝜀𝜀�𝑚𝑚𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚�+𝜀𝜀�𝑚𝑚𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚)
   (2) 

This factor is different for each semi-axis n, and depends on a depolarising factor 𝐴𝐴𝑛𝑛. For the case of 

an oblate spheroid (𝑎𝑎 < 𝑏𝑏 = 𝑐𝑐), such as RBCs, 𝐴𝐴𝑛𝑛 takes the form: 

𝐴𝐴𝑎𝑎 = 1
1−𝑞𝑞2

+ 𝑞𝑞
(1−𝑞𝑞2)3 2�

𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎(𝑞𝑞)    (3) 

          𝐴𝐴𝑏𝑏 = 𝐴𝐴𝑐𝑐 = (1 − 𝐴𝐴𝑎𝑎)/2      

where 𝑞𝑞 is the ratio of semi-axis (𝑎𝑎/𝑏𝑏). For the case of spherical particles (𝑎𝑎 = 𝑏𝑏 = 𝑐𝑐), such as late 

stage i-RBCs, the depolarising factors are simplified to 𝐴𝐴𝑎𝑎 = 𝐴𝐴𝑏𝑏 = 𝐴𝐴𝑐𝑐 = 1/3. 

The relaxation in the effective polarizability of a particle is described by the Clausius-Mossotti factor 

(𝑓𝑓𝐶𝐶𝐶𝐶). It can be approximated taking in consideration the polarizability along each semi-axis: 

𝑓𝑓𝐶𝐶𝐶𝐶 = 𝐴𝐴𝑎𝑎  𝐾𝐾�𝑎𝑎 + 𝐴𝐴𝑏𝑏 𝐾𝐾�𝑏𝑏 + 𝐴𝐴𝑐𝑐  𝐾𝐾�𝑐𝑐    (4) 

For a particle in a suspending medium at low volume fraction (𝜑𝜑 ≪ 1), Maxwell’s mixture theory gives 

the equivalent complex dielectric permittivity of that mixture as: 

𝜀𝜀�̃�𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀�̃�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
1+2𝜑𝜑 �̃�𝑓𝐶𝐶𝐶𝐶
1−𝜑𝜑 �̃�𝑓𝐶𝐶𝐶𝐶

    (5) 

This equation gives the dielectric decrement due to the presence of the particle in the suspending 

medium between the measurement electrodes. The impedance of the mixture (𝑍𝑍�𝑚𝑚𝑚𝑚𝑚𝑚) can be calculated: 

𝑍𝑍�𝑚𝑚𝑚𝑚𝑚𝑚 = 1
𝑖𝑖𝑖𝑖𝜀𝜀�̃�𝑚𝑚𝑚𝑚𝑚𝐺𝐺𝑓𝑓�   (6) 

where 𝑖𝑖2 = −1, 𝑖𝑖 is the angular frequency, and 𝐺𝐺𝑓𝑓 is the geometric constant of the system. For an ideal 

parallel plate electrode system, 𝐺𝐺𝑓𝑓 is simplified to A𝑚𝑚𝑒𝑒𝑚𝑚𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 d𝑚𝑚𝑒𝑒𝑚𝑚𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚⁄ , where A𝑚𝑚𝑒𝑒𝑚𝑚𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 is the 

electrode surface area and d𝑚𝑚𝑒𝑒𝑚𝑚𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 is the separation distance between electrodes. For non-ideal 

systems, the electric field is no longer uniform in the entire volume and the effect of non-uniform field 

has to be taken into account (15–18). The Real (ℜ�𝑍𝑍�𝑚𝑚𝑚𝑚𝑚𝑚�) and Imaginary (ℑ(𝑍𝑍�𝑚𝑚𝑚𝑚𝑚𝑚)) parts of the mixture 

impedance were calculated, and the corresponding relaxation curves generated. By fitting each curve 

to the Real and Imaginary parts of the experimental impedance data, the dielectric properties of the 

particle can be estimated. 
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