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Abstract
Experimental investigations on the motion of rigid particles in microcirculation environments are still scarce owing to 
the three-dimensional (3D) motion of the particles and to the particle image masking due to the presence of the red blood 
cells (RBCs). Despite the recent progress on the 3D tracking of rigid particles in RBC flows with defocus particle tracking 
(DPT) methods, the problem of particle image masking remains to be solved. Here, we propose, test, and evaluate the use 
hemoglobin-free RBCs, also known as ghost RBCs, as a replacement for normal RBCs in experiments with rigid particles 
in microcirculation environments. We performed DPT measurements of a pressure-driven flow of normal and ghost RBC 
suspensions seeded with rigid particles at three different flow rates. We show that the quasi-transparent appearance of ghost 
RBCs, as a result of the lack of hemoglobin, eliminates the RBC-induced masking of the defocused particle images and allows 
to achieve the particle matching standards found in cell-free experiments. In fact, ghost RBC suspensions enable the tracking 
of the rigid particles across the entire height of the microchannel, which was not possible in normal RBC flows. On a fluid 
dynamic level, we show that ghost RBC suspensions provide similar conditions to normal RBCs in terms of the velocity of 
the rigid particles and the rigid particles exhibit similar lateral dynamics in both types of cell suspensions. In essence, the 
findings from this work demonstrate that ghost RBCs are a well-suited replacement for normal RBCs in experiments aiming 
at deciphering the motion of rigid particles in microcirculation environments.

Graphical abstract

1  Introduction

The mechanisms that drive rigid particles in microcircula-
tion have been studied since the early 1980s, beginning with 
the work of Schmid-Schönbein et al. (1980). These mecha-
nisms have gained increasing attention due to their intrin-
sic connection to platelet lateral migration, also known as 

margination phenomenon, in microvascular flows (Decuzzi 
et al. 2005; Smyth et al. 2009; Flamm and Diamond 2012). 
Such mechanisms are particularly relevant to pathological 
conditions involving unhealthy RBCs (Glenister et al. 2002; 
Chang et al. 2017) and hold promise for drug delivery appli-
cations (Müller et al. 2014).
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Over the last decade, these mechanisms have been 
addressed by several numerical investigations, including a 
lattice Boltzmann method (Crowl and Fogelson 2011), direct 
numerical simulations (Mehrabadi et al. 2014) or even a 
three-dimensional (3D) computational model (Vahidkhah 
et al. 2014). Yet, the number of experimental investigations 
is still scarce: A consequence of the challenging measure-
ment conditions found in microcirculation experiments. On 
the one hand, the presence of RBCs at physiologically rel-
evant concentrations masks the particle images of the rigid 
particles, making particle detection a difficult task (Car-
boni et al. 2016; Coutinho et al. 2023). On the other hand, 
rigid particles are known to move in all three dimensions in 
microvascular flows (Vahidkhah et al. 2014; Coutinho et al. 
2023), thus narrowing the use of particle-based velocimetry 
to 3D methods.

When it comes to experiments, particle-based velocime-
try methods are non-intrusive, optical measurement tech-
niques, well known for providing quantitative measurements 
of the two-dimensional (2D) velocity. These include clas-
sical approaches such as microparticle image velocimetry 
( μPIV) (Lindken et al. 2009) and microparticle tracking 
velocimetry ( μPTV) (Ohmi and Li 2000). In the context 
of microcirculation, these methods thus result in an over-
simplification of the aforementioned 3D problem that is the 
motion of rigid particles in microvascular flows. To tackle 
the 2D limitation, Coutinho et al. (2023b) have recently 
shown the successful implementation of a defocus particle 
tracking (DPT) method known as general defocusing particle 
tracking (GDPT) to track rigid particles in a RBC flow in 
all three dimensions (Barnkob and Rossi 2020; Rossi and 
Barnkob 2020). Despite the progress on the 3D tracking, 
particle detection remained challenging owing to the pres-
ence of the RBCs, which degraded the correlation coefficient 
in GDPT evaluations. In addition, such masking effects were 
likely to be a source of position uncertainty, especially for 
the out-of-plane coordinate. A similar report was provided 
by the μPTV measurements of (Carboni et al. 2016).

A possible solution for the RBC-induced masking is the 
use of ghost RBCs, i.e., hemoglobin-free RBCs. Briefly, the 
RBCs undergo a process where the hemoglobin is removed 
from the cells, resulting in quasi-transparent cells with simi-
lar shape and size to normal RBCs. Due to the increased 
transparency, they are an attractive solution to improve par-
ticle detection in DPT measurements in microcirculation 
environments. It is worth noting that the use of ghost RBCs 
is by no means new, as they have been used in the context of 
microcirculation experiments (Goldsmith et al. 1995), and 
medical applications such as drug delivery (Zhang et al. 
2022). Hence, the production process is well established in 
the literature see, e.g., Jamiolkowski et al. (2015).

Despite the promising use of ghost RBCs for microcir-
culation experiments, such a transformation might affect 

the fluid dynamic conditions and the dynamics of the rigid 
particles. In this work, we propose, test and evaluate the 
use of ghost RBCs as a replacement for normal RBCs in 
experiments with rigid particles in microcirculation environ-
ments. We performed DPT measurements of pressure-driven 
flows of normal and ghost RBC suspensions, seeded with 
rigid particles (i.e., rigid-fluorescent PS microspheres with 
nominal diameter of 2.47 μm). The use of the DPT method 
known as GDPT allowed us to obtain the 3D coordinates and 
velocity components of the rigid particles inside normal and 
ghost RBC flows. As primary goal, we aim to understand 
whether the use of ghost RBCs can improve the correlation 
coefficient in the GDPT evaluations (Sect. 3.1), while addi-
tionally comparing the fluid dynamic conditions created by 
both types of cell suspensions, i.e., normal and ghost RBCs, 
in terms of velocity data of the rigid particles (Sect. 3.2). 
Ultimately, we analyze the particle dynamics in normal and 
ghost RBCs flows according to the particle diffusivity and 
drift velocity (Sect. 3.3).

2 � Materials and methods

2.1 � Preparation of normal and ghost red blood cells 
samples

The RBCs suspensions were prepared from washed bovine 
RBCs (IBORBC100P, Innovative Research Co., USA). To 
obtain a hematocrit level of Hct=30 % , the initial RBC solu-
tion was diluted in phosphate-buffered saline (PBS) ( ×1.0 , 
ph=7.4, FisherScientific Co., USA) (Carboni et al. 2016; 
Coutinho et al. 2023). Preparation of ghost RBCs was per-
formed based on the procedure reported by (Jamiolkowski 
et al. 2015). Briefly, 4 mL of the RBC suspension at 30% 
Hct was mixed with 36 mL of a lysing solution contain-
ing 4 mM MgSO4 , 25 mL/L of PBS and acetic acid until 
reaching a final pH of 5.2. Then, the solution was left to rest 
overnight at 4 ◦ C after which the pH was brought back to 
the physiological norms of 7.8, followed by incubation at 
37 ◦ C for 1 h to promote cell reseal. The solution was then 
centrifuged at 15,000 g for 30 min and the supernatant was 
discarded. Ghost RBCs were washed twice with PBS buffer 
through centrifugation under the same aforementioned con-
ditions. On the last washing step, the volume of ghost RBCs 
was determined and the volume of PBS was adjusted to a 
final hematocrit of 30 % in PBS with 100 mg/L gentamicin 
(NZYTech, Portugal). A visual comparison between the 
normal and ghost RBCs is already given in Fig. 1c, where 
we show bright-field, color-coded images of the two types 
of RBCs flowing inside a microchannel. Ultimately, rigid 
fluorescent spherical particles (530/607 nm, PS-FluoRed, 
MicroParticles GmbH, Germany) with a nominal diameter 
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of 2.47 μ m were added to the solutions of normal and ghost 
RBCs samples. Henceforth, unaltered RBCs will be referred 
to as normal RBCs to provide a clear distinction from the 
ghost RBCs.

2.2 � Experimental setup

The general schematic of the experimental setup is pro-
vided in Fig. 1a. The microchannel was placed on the work-
ing stage of an epi-fluorescent inverted microscope (DM 
IL LED, Leica Microsystems GmbH, Germany) equipped 
with a high-speed camera (HighSpeedStar 4 G, LaVision 
GmbH, Germany). The system was operated with a ×20∕0.4 
objective lens (NPlan Epi, Leica Microsystems GmbH, 
Germany), together with a cylindrical lens ( fcyl = 500 mm) 
(LJ1144RM-A, Thorlabs Inc., USA) placed at a distance of 
60 mm in front of the camera sensor. This yielded a spatial 
resolution of 0.76 μ m and 0.67 μ m in the x- and y-direction, 
respectively. The present configuration used a backlight illu-
mination provided by a high-speed laser (527 nm Nd: YLF 
LDY 300, Litron Lasers, UK) operated at 45%, and in syn-
chronization with the high-speed camera through LaVision 
software DaVis 8. The system also included a filter cube for 
fluorescence imaging (Excitation: BP 525/50 nm; dichroic: 
570 nm and emission: 620/60 nm). The measurements were 
taken in a microchannel with a square cross-sectional area 
of wch × hch = 50 × 50 μm2 and length of lch = 58.5 mm (CS-
10000087, Darwin Microfluidics, France), see Fig. 1a. In 
all measurements, the pressure-driven flows were imposed 
by a constant pressure drop, which was obtained by setting 
three different height offsets ( hp ) between the inlet and col-
lection reservoir: hp = 90, 210, 460mm. We used two large 
60-mL luer-lock syringes to minimize flow variability over 

time. To ensure comparability between cases, we applied 
the same protocol to all measurements, which included set-
ting the flow, allowing a standby period for stabilization, 
and ultimately performing the measurement. The result-
ing flow rates were characterized by measuring the Poi-
seuille flow of a PBS solution, i.e., with a cell-free solution: 
Q = [0.14, 0.48, 0.64] μL/min, yielding wall-shear rates of 
𝛾̇ = [134.49, 453.47, 609.21]  s−1 , see (Son 2007). Please 
note that henceforth we will refer to the imposed pressure 
drops in terms of the corresponding reference flow rates 
Q1, Q2 and Q3 of the PBS solution, respectively. To ensure 
the reproducibility of the results, the measurements were 
repeated three times per flow rate for the two types of cell 
suspensions. Between measurements, the whole system 
was flushed and the microchannel was rinsed with distilled 
water. Additionally, the cell suspensions were gently agitated 
before each measurement to avoid sedimentation.

2.3 � Defocus particle tracking

To determine the 3D coordinates (x, y,  z) and velocity 
components ( vx, vy, vz ) of the rigid particles in the normal 
and ghost RBCs flows, we used a single-camera 3D PTV 
method known as GDPT (Barnkob and Rossi 2020; Rossi 
and Barnkob 2020). Here, x and y represent the in-plane 
coordinates, with x defined along the main flow direction as 
depicted in Fig. 1b; z is the out-of-plane component, defined 
along the depth of the microchannel, see Fig. 1b. For opti-
cal setups providing particle images that vary solely with 
out-of-plane coordinate (z), the method takes advantage 
from the depth-dependent shape of the defocused particle 
images to determine the depth position. It is worth noting 
that use of spherical rigid particles allows to obtain unique 

Fig. 1   (a) Schematic of the experimental setup used to perform the 
DPT measurements. (b) Schematic of the acquisition of the calibra-
tion image stack. (c) Sample color-code images of flow with normal 

and ghost RBCs using bright-field and fluorescence imaging without 
the cylindrical lens
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defocused particle images depending solely on their posi-
tion along the optical axis, i.e., their out-of-plane position, 
see Fig. 1b. As such, the 3D positions of the particles are 
recovered using a suitable mapping of the defocused particle 
images for the out-of-plane coordinate (z), and the in-plane 
coordinates (x, y) are obtained from the center of each iden-
tified the defocused particle images. The mapping consists 
of a calibration image stack, which in our case was obtained 
by taking images of a rigid particle sedimented on the bot-
tom of the microchannel and adjusting the depth position 
by moving the objective lens of the microscope at constant 
steps of 1 micron (Fig. 1b).

The measurements were taken near the center of the 
microchannel ( Δx = 29 mm; Δx∕lch ≈ 50% ) and the flow 
was recorded using a total of 6000 images of the rigid par-
ticles, with the frame rate adjusted between 350 Hz and 
650 Hz depending on the working fluid and flow rate. The 
size of the field-of-view (FOV) was 1024 × 256 pixels, yield-
ing a total length of 778 mm across the main-flow direction. 
The images were then processed using the DefocusTracker 
software (Barnkob and Rossi 2021), an implementation of 
the aforementioned DPT method known as GDPT. As such, 
the particle detection is performed by matching the experi-
mental to the calibration images, through normalized cross-
correlation (Lewis 1994). For each defocused particle image, 
the correlation coefficient ( Cm ) translates the goodness of the 
particle image matching and takes values between 0 and 1, 
with 1 corresponding to a perfect match (Rossi and Barnkob 
2020). We will continue the discussion later in Sect. 3.1. 
Again, the in-plane coordinates (x, y) correspond to the 
center of the defocused particle image. As for the track-
ing, we used the nearest-neighbor algorithm (Malik et al. 
1993), since the particle density was low. The reader can 
have access to DefocusTracker software through the treatise 
of (Barnkob and Rossi 2021). Ultimately, the measurement 
uncertainty was estimated using a reference measurement 
of a Poiseuille flow (i.e., PBS measurement), as in Barnkob 
and Rossi (2020). In particular, considering the displace-
ments in y- and z-direction, taking a null-displacement as 
the true value. We obtained the following uncertainties 
�x,y = 0.15 μ m and �z = 0.4 μm.

2.4 � Correction of bias errors

In DPT experiments in microfluidic environments, the 
measured out-of-plane coordinate (z) is typically biased due 
to the presence of the field curvature aberration and refrac-
tion (Cierpka et al. 2010; Rossi et al. 2012). Regarding the 
former, the particle coordinate was corrected using a proce-
dure based on a reference measurement of a Poiseuille flow, 
i.e., using the PBS measurements, as described in Coutinho 
et al. (2023a). Briefly, this approach allows to model the 
field curvature across the FOV using particle trajectories 

and velocity, and then retrieve the correction for this bias 
error. As for refraction, it was corrected using the refrac-
tive index of PBS, which is approximately: nPBS = 1.33 . It 
is worth noting that the impact of the refractive index of 
the two types of cells is not meaningful. In fact, this can 
be verified later in Fig. 4, where after correcting for refrac-
tion using the refractive index of PBS, the distribution of 
the data points across the out-of-plane coordinate (z) yields 
already approximately the height of the microchannel. If the 
refraction of light through these types of cells was mean-
ingful, we would expect a mismatch between the height of 
the data and the microchannel. For more details on the bias 
errors, the reader should refer to Coutinho et al. (2023a).

2.5 � Statistical significance

To show that our DPT measurements achieved a statisti-
cally meaningful basis for the evaluation of the particle 
dynamics, specifically for the particle lateral drift ( vy ) and 
particle diffusivity ( Dy ) shown later in Sect. 3.3, we evalu-
ated the standard deviation of the lateral velocity ( �vy ) of 
the rigid particles, normalized with the characteristic 
velocity of the flow vx as a function of systematically 
increased sample number (N). It is worth noting that this 
quantity translates the variability of the particle lateral 
drift ( vy ), and since our flow is laminar, it is a combination 
of velocity fluctuations plus uncertainty.

The evaluation was performed using the particle track-
ing data from the bottom half of the microchannel 
( z < 25 μ m) and in two characteristic regions across the 
width: one located at y ≈ 0 μ m matching the center of the 
flow, another at y ≈ 12.5 μ m ( 75%wch ), where the particle 
diffusivity is expected to be larger (Coutinho et al. 2023b), 
see Fig. 4. The choice of limiting the z information derives 
from the expected Cm degradation with the out-of-plane 
coordinate (z), which thus influences the accuracy on the 
particle location, as shown later in Sect. 3.1. For the two 
characteristic regions, we considered a y-bin with a total 
width of 4 microns. A similar binning procedure was 
applied by Coutinho et al. (2023b) to evaluate the particle 
dynamics in RBC flows. The results are shown in Fig. 2a 
and b as a function of the number of data points N per bin, 
for normal and ghost RBCs. Figure 2 shows that the nor-
malized standard deviation ( �vy ) approaches a plateau for 
increasing N, thus ensuring that our data have a statisti-
cally meaningful basis for the evaluation of the particle 
dynamics. From a different perspective, normal RBCs 
exhibit a significantly larger standard deviation ( �vy ) com-
pared to ghost RBCs, indicating a higher level of uncer-
tainty for normal RBCs. Such a result is likely a direct 
consequence of the RBC masking.
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3 � Results and discussion

3.1 � Correlation coefficient in GDPT measurements

To evaluate the impact of the presence of normal and ghost 
RBCs in the detection of rigid particles, Fig. 3 shows the 
correlation coefficient ( Cm ) as a function of the out-of-plane 
coordinate (z), obtained from the GDPT evaluations for the 
considered flow rates ( Q1−3 ). The results are shown for a 
single measurement and include the median value of Cm and 
80 % distribution of the dataset. Please note that as intro-
duced in Sect. 2.3, Cm varies between 0 and 1, where 1 cor-
responds to a perfect match of the defocused particle image.

As recently observed by Coutinho et al. (2023b), in the 
presence of normal RBCs the data show a large disper-
sion and we can observe a degradation of Cm as z increases 
(first row in Fig. 3). This comes as a consequence of the 
increasing number of RBCs flowing between the particle 
and the objective lens, as the particle located at a higher 
z coordinate, i.e., deeper into the flow. In practical terms, 
this influences the particle matching, the determination of 
the out-of-plane coordinate (z), and therefore the position 
accuracy. To minimize such effects and following our pre-
vious work (Coutinho et al. 2023b), we imposed a thresh-
old at Cm = 0.85 to exclude the coarser particle matches, as 
depicted by the black-dashed line in Fig. 3. Despite exclud-
ing those coarser particle matches, normal RBCs still exhibit 
larger scatter and lower correlation coefficients for a given 
out-of-plane coordinate (z), i.e., compared to ghost RBCs. In 
other words, ghost RBCs have a better z-position accuracy. 

Fig. 2   Convergence of standard deviation of particle lateral veloc-
ity ( �vy ) normalized with the characteristic velocity of the flow ( vx ) 
for the recorded number of data points (N) per bin, for normal and 
ghost RBCs. (a) Bin located: y ≈ 0 μ m ( 50%wch ). (b) Bin located: 
y ≈ 12.5 μ m ( 75%wch)

Fig. 3   Distribution of the correlation coefficient ( Cm ) as a function of z obtained from the GDPT evaluations for normal and ghost RBCs at dif-
ferent flow rates. (a) Q1 = 0.14 μL/min. (b) Q2 = 0.48 μL/min. (c) Q3 = 0.64 μL/min
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Additionally, they exhibit correlation coefficients in the 
range of those found in cell-free experiments (not shown). 
Briefly, cell-free experiments have a small scatter of the cor-
relation coefficient ( Cm ), with values ranging above a thresh-
old of 0.9 and which are rather constant for the given out-of-
plane coordinate (z) see, e.g., Barnkob and Rossi (2020), and 
Coutinho et al. (2023b). These standards are what allow to 
retrieve the out-of-plane coordinate across the entire height 
of the microchannel, hence allow ghost RBCs to surpass the 
measurement limitations found in experiments with rigid 
particles and normal RBCs. In Sect. 3.2, we compare the 
fluid dynamic conditions created by the two types of cell 
suspensions based on the velocity data of the rigid particles. 

3.2 � Flow characterization

On a fluid dynamic level, we want to understand whether 
ghost RBCs provide a similar conditions to that of normal 
RBC suspensions. To that end, we compared the velocity 
profiles vx(y) and vx(z) of the rigid particles in normal and 

ghost RBCs suspensions for the different flow rates. Accord-
ingly, we defined a slice with 3 microns in height around 
the center of the microchannel (i.e., −1.5 < z < 1.5 μm), 
projected the velocity data along the y direction and fitted 
to an empirical equation derived from the solution of the 
Poiseuille flow in straight-square microchannels

where v and v0 are the fitting parameters based on the veloc-
ity distribution ( vx ), and m, is a fitting parameter based on 
the velocity profile bluntness (see, e.g., Passos et al. 2019). 
The coordinate y∗ was normalized with the width of the 
microchannel ( wch ). A similar procedure was applied for z, 
yet with the slice defined along the width ( −1.5 < y < 1.5 
μ m) and using the height of the microchannel ( hch ) for nor-
malization. For normal RBC suspensions, we have addition-
ally assumed symmetry in the z-direction, and the measured 
data were mirrored on the center of the microchannel to 

(1)vx = v

(
cosh(0.5m) − cosh(|y∗|m)

cosh(0.5m) − 1

)
+ v0,

Fig. 4   Scatter and fitted velocity profiles ( vx(y), vx(z) ) of the rigid par-
ticles based on Eq. (1), including the measurements in PBS, normal 
and ghost RBC suspensions for the three flow rates: Q1 , Q2 , and Q3 . 

(a), (c) and (e) vx(y) for z ∈ [−1.5, 1.5] μ m. (b), (d) and (f) vx(z) for 
y ∈ [−1.5, 1.5] μm
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compensate for missing particle tracking information in the 
depth of the microchannel. Again, this is a consequence of 
the RBC masking, which forces to exclude particle track-
ing data below a given z, based on the degradation of the 
correlation coefficient (Sect. 3.1). The results are shown 
in Fig. 4. For comparison, we also plot the velocity data 
from the measurement on the PBS solution, i.e., the cell-
free suspension. Please note that the discrete locations of 
velocity data in Fig. 4 are an intrinsic consequence of the 
single frame particle tracking measurements, which pro-
vide a sparse distribution of particle coordinates across the 
measurement volume, with this effect becoming even more 
pronounced as we only plot a slice of our data points.

The difference between PBS and the two types of cell sus-
pensions is remarkable. While for the PBS measurements, 
the velocity information resembles a Poiseuille flow (Bruus 
2008),, for the normal and ghost RBCs—in contrast—we 
can observe a significantly blunter velocity profile, as typi-
cal for RBCs flows in microchannels. Such blunter profile is 
consistent with previous in-vitro studies (Lima et al. 2008; 
Roman et al. 2012; Carboni et al. 2016) and arises most 
likely due to the larger number of RBCs flowing around the 
centerline of the microchannel. Comparing the cell suspen-
sions, the results shown in Fig. 4 highlight the resemblance 
between the fluid dynamic conditions created by ghost and 
normal RBCs, specially in terms of the shape of the veloc-
ity profiles. Furthermore, the measurements in ghost RBC 
suspensions result in a smaller scatter of the velocity data 
and allow to retrieve the velocity data across the entire depth 
of the microchannel.

As for the magnitude, we do observe a minor increase of 
the particle velocity in ghost RBC suspensions. This evalua-
tion can be also done on Fig. 5a, where we compare the max-
imum velocity, calculated using the fitted curves from Fig. 4. 
The results represent the mean value of the consecutive 
measurements, and the error bars show the root mean square 
of error (rmse) from the fitting function. This difference in 
the magnitude can be attributed to two different causes. First 
and more importantly, owing to a difference in the mechani-
cal properties of the cells. As a consequence of the manufac-
turing process of ghost RBCs, which includes the removal of 
hemoglobin, the membrane mechanical properties and the 
dynamic behavior of the cells might be affected (Lima et al. 
2008). In fact, Nash and Meiselman (1983) showed experi-
mentally that ghost RBCs have different elastic modulus 
than normal RBCs. Another possible, yet minor, contribu-
tor could be a slight difference between the concentration 
of the two cell suspensions (i.e., Hct), which would influ-
ence the fluid viscosity, hence the velocity magnitude. The 
influence of Hct on the velocity profiles is a well-known 
phenomenon as shown by, for instance, the experiments of 
(Passos et al. 2019). Additionally, the larger error bars for 
the normal RBCs are most likely a consequence of the larger 

uncertainty as discussed in Sect. 2.5, as well as lower posi-
tion accuracy as elaborated in Sect. 3.1, both owing to the 
RBC-induced masking.

Another relevant property of these cell suspensions is 
viscosity. It is well known that the viscosity of RBC sus-
pensions increases with Hct (Pries et al. 1992; Fitzgibbon 
et al. 2015), thus being also a term of comparison between 
normal and ghost RBCs. Since RBC flows have a non-New-
tonian behavior in microchannels, the viscosity is here cal-
culated as a relative viscosity ( �rel ) (Bagchi 2007; Coutinho 
et al. 2023b). Following the work of Pries et al. (1992), the 
expression for the relative viscosity yields the ratio between 
flow rates of PBS and RBCs according to

where QRBC and QPBS represent the flow rate with and with-
out flowing RBCs, respectively. Equation (3) was computed 
by the ratio between the line integral of the velocity profiles 
vx(y) along the y-direction for the PBS and RBC measure-
ments. Please note that this ratio allows to estimate the rela-
tion between the given flow rates, while effectively handling 

(2)�rel =
QPBS

QRBC

,

Fig. 5   (a) Maximum velocity ( vx,max ) for the PBS, normal and ghost 
RBCs measurements, including the three flow rates. (b) Relative vis-
cosity of normal and ghost RBCs, for the three flow rates. The ref-
erence line represents the expected relative viscosity based on the 
empirical model from Pries et  al. 1992, for RBC flows in a capil-
lary-sized microchannel ( Dch = 55 μ m) at Hct=30%. Error bars are 
included based on the root mean square of the error from the velocity 
fitting function
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the complexities associated with non-Newtonian fluids. 
More details are also given in Coutinho et al. (2023b). The 
same expression is valid for the ghost RBCs. For compari-
son with previous studies, we compare the measured values 
of the relative viscosity with the empirical model given by 
Pries et al. (1992), i.e.,

The fitting parameters B and C were obtained from the meas-
urements of Bayliss (1952) in a microchannel with a tube 
diameter of Dch = 55 μ m. These values were selected based 
on the available data since the conditions were similar to the 
current experiments ( B = 3.54;C = −0.743 ). The results of 
the relative viscosity ( �rel ) including all three flow rates are 
shown in Fig. 5b and represent a mean value. The added 
error bars are based on the rmse from the velocity fitting 
function (Eq. 1). The results from Fig. 5b likewise show 
some minor differences between normal and ghost RBCs, 
yet within the rmse of the velocity fitting function. In addi-
tion, the measured values show a good correlation with the 
empirical model, as shown by the dashed-black line.

Despite these small differences between the two types of 
cells, the present results show the break-off point for choosing 
ghosts over normal RBCs, and why the former are a prefer-
able choice for experiments aiming at deciphering the motion 
of rigid particles in microcirculation environments: improved 
particle matching and similar fluid dynamic conditions. More 
importantly, the motion of rigid particles in microcirculation 
environments is 3D and not being able to retrieve the parti-
cle tracking data across the entire height of the microchan-
nel in normal RBC suspensions can be a drawback, as noted 
by  Coutinho et al. (2023b).

3.3 � Particle diffusivity and drift velocity

Another relevant phenomenon when aiming to decipher the 
motion of rigid particles in microcirculation environments 
is the lateral motion, which is closely linked to the so-called 
margination phenomenon (Decuzzi et al. 2005; Flamm and 
Diamond 2012) and it is typically described by particle dif-
fusivity, as well as the particle drift velocity. Following previ-
ous works (Crowl and Fogelson 2011; Závodszky et al. 2019; 
Coutinho et al. 2023b), the particle diffusivity ( Dy ) is hereby 
estimated assuming that the particle movement in these types 
of cell suspensions follows a standard diffusion process, and 
it can be computed from the mean square displacement as a 
function of time according to the following equation

(3)�rel = 1 + B[(1 − Hct)C − 1].

(4)Dy =
1

N

N∑

i=1

[yi(t0 + Δt) − yi(t0)]
2

2Δt
,

where N is the number of tracked particles, yi the particle 
coordinate at a given time, t0 the reference time, and Δt rep-
resents the interval between consecutive frames. Since our 
measurements were taken at different camera frequencies 
(Sect. 2.2), we selected a time interval of 6 ms, to ensure 
comparability between all datasets. Please note that in this 
type of measurements, the particle tracking data are retrieved 
at discrete time samples. Besides, it is assumed that a 6-ms 
time interval captures several collision events between the 
cells and the particles, see, e.g., Závodszky et al. (2019). 
The values of Dy are averaged in space along the main flow 
direction x. For the calculation itself ( Dy ), the microchannel 
width ( wch = 50 μ m) was divided into bins of equal size, 
with a total width of 3 μ m and considering a bin overlap of 
50% . Since the results for the z coordinate are conditioned 
by the RBC-induced masking (Sect. 3.1), and to ensure com-
parability between the normal and ghost RBCs flow results, 
we only considered the data points within the bottom half 
of the microchannel. In other words, a boundary threshold 
was imposed at the middle plane of the microchannel (i.e., 
z < 25 μm). A similar procedure was used by Coutinho 
et al. (2023b) due to the same masking effects of the RBCs. 
Moreover, for the present analysis, we focus solely on the y 
coordinate. As discussed in Sect. 3.1 and by Coutinho et al. 
2023b, based on the correlation coefficient we can anticipate 
a poorer position accuracy for the out-of-plane coordinate 
(z), which in turn makes comparisons between normal and 
ghost RBCs suspensions challenging. It is worth noting that 
the particle diffusivity was also estimated from the measure-
ments with a PBS solution (i.e., absence of cells) and it is in 
the order of O−8 cm2 /s (not shown). These values range an 
order of magnitude lower than the RBC-induced diffusivity 
shown in Fig. 6, where, e.g., for Q3 it yields 3.5 × 10−7 cm2/s.

Figure 6 shows a comparison between the distribution of 
the particle diffusivity ( Dy ) in the normal and ghost RBC 
suspensions for all three flow rates. As demonstrated by 
the previous numerical simulations (Crowl and Fogelson 
2011; Mehrabadi et al. 2014; Závodszky et al. 2019) and 
more recently with an experimental campaign by our group 
(Coutinho et al. 2023b), the distribution of the particle dif-
fusivity in normal RBCs flows is non-uniform and under-
lines a region of higher diffusivity around the center of the 
microchannel. Approaching the wall of the microchannel, it 
depicts a steep gradient: A consequence of the decreasing 
number of RBCs as one approaches the wall (Grandchamp 
et al. 2013; Mehrabadi et al. 2014). Regarding the magni-
tude of the particle diffusivity, for the lower flow rate Q1 
( 𝛾̇ = 134.49 s−1 ), this is in the order of magnitude of that 
reported in our previous experiments, which were performed 
in the same flow conditions (Coutinho et al. 2023b). Simi-
lar conclusions are drawn for 𝛾̇ = 400 s−1 and the values 
reported by the numerical simulations of Crowl and Fogel-
son (2011) in a two-dimensional microchannel with a total 
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width of 50 microns. In addition, we can also observe the 
increase in the particle diffusivity with flow rate as similarly 
reported by Crowl and Fogelson (2011).

By comparing the distribution of particle diffusivity in 
normal and ghost RBC suspensions, we can identify the 
resemblance between cases. Similar to normal RBCs, the 
results in ghost RBCs flow also exhibit a region of higher 
diffusivity around the center of the microchannel, and a 
steep descent close to the wall. It is worth noting that due 
to the random and unpredictable nature of the cells and par-
ticle interactions (Vahidkhah et al. 2014; Závodszky et al. 
2019), it is difficult to expect the exact same shape for the 
particle diffusivity, despite the proven statistical significa-
tion (see Sect. 2.5). In terms of magnitude, we observe a 
minor decrease in the particle diffusivity in ghost RBC sus-
pensions. As discussed in Sect. 3.2, this decrease can be 
attributed to two different factors: A difference in the ghost 
RBCs viscosity due to the manufacturing process and to a 
difference between the concentration of the two cell suspen-
sions. On a different perspective, the RBC-induced mask-
ing could also contribute to the uncertainty as discussed in 
Sect. 2.5, thus increasing the measured particle diffusivity. 
Nonetheless, the particle diffusivity in ghost RBC suspen-
sions is within the same range as for normal RBCs. Hence, 
the position of ghost RBCs is strengthened as well-suited 
replacement for the normal RBCs in experiments with rigid 
particles in microcirculation environments.

As for the drift velocity ( vy ), it might be worth noting 
that the particle diffusivity is given by Dy = v2

y
∕2 , which 

essentially erases the sign of vy in Dy (see, e.g., Závodszky 
et al. 2019). Here, the drift velocity was estimated using the 
same bins and time interval Δt as in the particle diffusiv-
ity; see Eq. (4). The results are only shown in Fig. 7 for the 
largest flow rate ( Q3 ) since all results pointed to the same 
conclusion, i.e., there is no clear trend in the particle drift 
velocity. This has been already reported by Coutinho et al. 
(2023b). Briefly, in fully developed flow conditions and with 
fewer number of particles moving laterally to the region near 

the wall, i.e., with scarce occurrences of the margination 
phenomenon within the FOV, it is difficult to expect a trend.

4 � Conclusion

In this work, we proposed, tested and evaluated the use 
of ghost RBCs as a replacement for normal RBCs in DPT 
experiments aiming at deciphering the motion of rigid 
particles in microcirculation environments. As recently 
reported by our group (Coutinho et al. 2023b), when using 
normal RBCs the detection of rigid particles becomes 
challenging due to RBC-induced masking. Here, we show 
that by using ghost RBCs this measurement limitation can 
be surpassed, with the correlation coefficient from the 
GDPT evaluations being improved to values similar to 
those found in cell-free experiments. Simultaneously, this 
improvement on the correlation coefficient ( Cm ), which 
implies an improvement on the particle matching, con-
tributes to a better position accuracy of the out-of-plane 

Fig. 6   Comparison of the particle diffusivity ( Dy ) across the width of the microchannel (y) in normal and ghost RBC flows, considering a time 
interval of Δt ≈ 0.006 s. (a) Q1 = 0.14 μL/min. (b) Q2 = 0.48 μL/min. (c) Q3 = 0.64 μL/min

Fig. 7   Mean drift velocity ( vy )    along the width of the microchan-
nel (y) in normal and ghost RBC flows, evaluated for the highest flow 
rate: Q3 = 0.64 μL/min
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coordinate z as well. Additionally, whereas normal RBCs 
force to exclude the particle tracking data below a given z, 
ghost RBCs allow to retrieve particle tracking data across 
the entire height of the microchannel, thus overcoming 
the measurement limitations imposed by normal RBCs. 
This has been pointed as a major drawback for normal 
RBCs in this type of experiments, especially owing to the 
fact that the motion of rigid particles in microcirculation 
environments is 3D.

On a fluid dynamic level, we compared the velocity 
profiles of the rigid particles in normal and ghost RBC 
suspensions. We showed that the velocity profiles of the 
rigid particles in normal and ghost RBC suspensions have 
similar shape, yet we observed a minor decrease in the 
magnitude. A difference between the two types of cell sus-
pensions was also observed in the relative viscosity. These 
differences were attributed to two possible causes. One is 
the manufacturing process of ghost RBCs which alters the 
mechanical properties of the cells. Second is a difference 
between the concentration of the two cell suspensions. 
The difference magnitude was likewise observed on the 
analysis of the particle dynamics, more specifically on the 
particle diffusivity. Nonetheless, we observed the resem-
blance between the distribution of the particle diffusivity 
in normal and ghost RBCs. Additionally, both shape and 
order of magnitude are in agreement with previous works. 
Altogether the break-off point for choosing ghost over nor-
mal RBCs is strengthened. However, care should be taken 
when interpreting these results, since ghost RBCs are not a 
well-suited replacement for normal RBCs in every experi-
ment, note that our work focused solely on the motion of 
rigid particles in microcirculation environments.

Overall, the present work shows that ghost RBC suspen-
sions are a well-suited replacement for normal RBCs in 
experiments aiming at deciphering the motion of rigid par-
ticles in microcirculation environments. Besides providing 
the same fluid dynamic conditions and particle dynamics, 
ghost RBCs allow to obtain correlation coefficients simi-
lar to those found in cell-free experiments and enable to 
retrieve the particle tracking data across the entire meas-
urement height, therefore surpassing the aforementioned 
drawbacks associated with normal RBCs and setting new 
standards for these type of experiments.
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