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Abstract

Objectives: Frequent blood sampling in vulnerable patient
groups, such as prematurely born infants, can lead to sig-
nificant blood loss and increased transfusion needs. Current
pre-analytical technology requires comparably large blood
volumes and leads to discarding of cells. This study in-
vestigates a device prototype enabling in-line sampling
where cell-reduced plasma for clinical chemistry analyses is
generated through acoustophoresis.
Methods: Blood samples were collected from healthy adult
donors in lithium-heparin tubes without gel. Plasma sepa-
rated via acoustophoresis was compared with centrifuged
plasma (2000 g × 10 min) for cell counts (n=14), cell-free he-
moglobin (n=21), and 12 routine clinical chemistry analyte
tests (n=21). Wilcoxon signed-rank tests and Bland Altman
analysis were used for statistical comparison.
Results: Both acoustophoresis (AF) and centrifugation
(CEN) generated cell-reduced plasma with<0.01 % of cells
remaining after separation. However, compared to CEN
plasma, more cells (median count per μL 642 vs. 205, p<0.01)
and platelets (median count per μL 20,477 vs. 1,537, p<0.0001)
remained in AF plasma. Cell-free hemoglobin (fHb) in AF

plasma samples (range 0.0–0.2 g/L) was lower (p<0.01) than
in CEN plasma samples (range 0.1–0.3 g/L). Statistically sig-
nificant relative mean differences in test results ranging
from 0.84 % (95 % CI 0.48–1.19) for sodium to 10.50 % (95 % CI
5.02–15.99) for AST were found.
Conclusions: This proof-of-concept study demonstrates that
acoustophoresis has the potential to produce sufficiently
cell-free plasma for several commonly performed clinical
chemistry analyses. Further studies should assess patho-
logical samples, platelet activation, and improve the design
for more efficient removal of platelets.
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Introduction

Many clinically utilized analytes require the separation of
plasma from cells prior to analysis. Currently, blood sam-
pling systems predominantly rely on centrifugation of vac-
uum tubes, a technique first introduced in the 1940s [1].
Despite significant advancements in this method over the
years, several fundamental limitations persist. These
include the need to discard patient cells and the requirement
for relatively large blood sample volumes.

In critically ill patients, the significant blood loss asso-
ciated with current sampling methods poses a major chal-
lenge [2]. In adults, frequently performed diagnostic blood
tests have been estimated to correspond to a mean daily
volume of about 40–80 mL blood [3]. Other estimations
relate sampling-related blood loss to one transfused unit of
whole blood every 8 days [4–6]. Today, there is strong evi-
dence supporting improved patient outcomes byminimizing
sampling-related blood loss [7].

Preterm infants requiring intensive care are even more
vulnerable to significant sampling-related blood loss than
adult patients, as their total blood volume is often extremely
limited, sometimes amounting to only 50–60mL [8].
Extremely preterm infants have one of the highest trans-
fusion rates within the hospital settings [9]. The sampling-
related blood loss in infants pose a significant risk of

*Corresponding author: Thomas Laurell, Department of Biomedical
Engineering, Lund University, Lund, SE-22100, Sweden,
E-mail: thomas.laurell@bme.lth.se
Amal Nath, Andreas Lenshof, Wei Qiu and Thierry Baasch, Department
of Biomedical Engineering, Lund University, Lund, Sweden. https://
orcid.org/0000-0002-2508-1455 (A. Nath)
Sara Marie Larsson, Department of Clinical Chemistry, Halland Hospitals,
Halmstad, Sweden; and Department of Clinical Sciences, Pediatrics, Lund
University, Skåne University Hospital, Lund, Sweden. https://orcid.org/
0000-0002-2562-080X
Linda Nilsson and David Ley, Department of Clinical Sciences, Pediatrics,
Lund University, Skåne University Hospital, Lund, Sweden
Magnus Gram, Department of Clinical Sciences, Pediatrics, Lund
University, Skåne University Hospital, Lund, Sweden; and Department of
Biomedical Science, Faculty of Health and Society, Malmö University,
Malmö, Sweden

Clin Chem Lab Med 2025; 63(11): 2218–2225

Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/cclm-2025-0539
mailto:thomas.laurell@bme.lth.se
https://orcid.org/0000-0002-2508-1455
https://orcid.org/0000-0002-2508-1455
https://orcid.org/0000-0002-2562-080X
https://orcid.org/0000-0002-2562-080X


developing severe morbidities, such as e.g. bronchopulmo-
nary dysplasia and retinopathy of prematurity [8, 10, 11].
Further, frequent manual sampling procedures could in-
crease the risk of infection [12].

Development of alternative blood sampling techniques
is thus urgently needed. The use of blood return systems
has demonstrated potential benefits [13], allowing the
returning of cells to the patient along with the fluid used to
flush the system (clearing volume). An additional step in
this direction, proposed herein, would be inline blood
sampling and plasma separation based on acoustophoresis.
In this approach, plasmapheresis is accomplished through
the movement of cells using ultrasound-based forces.
Acoustophoresis has been previously demonstrated to be a
gentle processing technique, preserving cell integrity and
function [14]. So far, the use of this technique has been
reported in research settings with microfluidic devices [15]
and in 2024 for the first time in a US Food and Drug
Administration-approved clinical blood diagnostic instru-
mentation where a flow cell design based on acousto-
phoresis enabled optical hemolysis detection [16]. To the
best of our knowledge, a direct comparison between
acoustophoresis-derived blood plasma and clinically
centrifuged plasma for common clinical chemistry ana-
lyses, has not yet been demonstrated.

In this experimental proof-of concept study, we present
the development of a compact closed-loop in-line
acoustophoresis-based plasma separation device that could
offer a potential future in clinical settings requiring frequent
blood sampling. The aim of the present study is to compare
the quality of plasma obtained using acoustophoresis with
plasma obtained from conventional centrifugation; for cell
count, degree of hemolysis and results from a set of
commonly ordered clinical chemistry tests.

Materials and methods

Study design

Thiswas a cross-disciplinary experimental comparative proof-
of-concept study performed at Lund University, Sweden be-
tween January and December 2024. Blood was collected from
anonymized healthy volunteers who provided signed
informed consent at the Biomedical Centre, Lund University,
Lund, Sweden according to a protocol approved by the
Swedish ethical review authority (Ref. No. 2020–05818). The
volunteers comprised a group of 21 healthy donors (males=3,
females=18),with amedian age of 44 years (range 26–54 years).

The study compared plasma separated by acousto-
phoresis (AF) with plasma obtained through conventional
centrifugation (CEN) through three distinct sets of analyses.
The first focused on cell count, evaluating the number of
residual cells in plasma samples (n=14). The second investi-
gated red blood cell integrity by studying the degree of he-
molysis (n=21). The third examined results from 12 routine
clinical chemistry tests (n=21).

Design of the blood separation device

The blood separation device comprised an acoustophoresis
chip and three micro-peristaltic pumps. The standard glass-
based acoustophoresis chip [17] consisted of a channel with
two separation stages (Figure 1A). The chip measured
approximately 90 mm in length, 5 mm in width, and 2 mm
in depth, with transducers positioned at the sides of the
acoustophoresis chip. The transducers driven by amplified
sinusoidal voltage signals created a standing wave acoustic
field within the microchannel. Micro-peristaltic pumps
(Takasago Fluidic Systems, Nagoya, Japan) were attached at
the outlets to drawwhole blood directly from the collection
tube into the device. As the blood sample flowed through
the channel, acoustic forces concentrated the blood cells
along the center of the channel, enabling efficient cell
separation. The concentration and separation of blood cells
were achieved across two sequential stages (Figure 1B). In
the first stage, a significant portion of cells was removed
from the plasma, reducing the cell concentration in the
sample that proceeded to the second stage. Here, the
remaining cells were further removed, allowing the
collection of purified blood plasma at the outlet. In all
experimental runs, the device was primed with normal
saline prior to introducing blood samples. The operating
parameters were optimized to sample the blood into the
device at a flow rate of 115 μL/min, generating blood plasma
at a rate of 23 μL/min.

Specimen collection and handling

Bloodwas collected by experienced phlebotomists in lithium
heparin blood collection tubes (BD Vacutainer, Plymouth,
UK) without gel. For plasma preparation by acoustophoresis,
blood was continuously drawn into the device, generating
plasma that was collected in low-binding Protein Lo-Bind
tubes (Eppendorf, Hamburg, Germany). The entire proced-
ure, including blood collection and plasma separation, was
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completed within 1 h of blood draw. For plasma preparation
by centrifugation, blood was processed according to a stan-
dard clinical protocol, centrifuged at 2000×g for 10 min at
room temperature, and approximately 200 µL of plasmawas
transferred to Protein Lo-Bind tubes. Both acoustophoresis-
generated (AF) plasma and centrifugation-prepared (CEN)
plasma were frozen at −80 °C after separation before being
shipped to the laboratory on dry ice for analysis.

Comparing separated plasma samples

Cell count comparisons

Whole blood, alongwith separatedAF plasma andCENplasma
samples, was analyzed for red blood cells (RBCs), white blood
cells (WBCs), and platelets (PLTs) using a FACS Canto II flow
cytometer (BDBiosciences, San Jose, CA). Plasma sampleswere
diluted 60 × and whole blood 100,00 × times using phosphate-
buffered saline to reach an event detection rate <1,000 events
per second. For staining, samples were incubated for 20min
with phycoerythrin conjugated to anti-CD45 for gating white
blood cells and allophycocyanin conjugated to anti-CD61 for
platelets. Fluorescence intensity thresholds were determined
using a control sample to accurately detect leukocytes and

platelets. Flow cytometry events were collected over a 1-min
period at a medium flow rate of 60 μL/min.

Cell integrity by investigation of hemolysis

The extent of hemolysis in plasma induced by the two sep-
aration techniques was evaluated by a photometrical mea-
surement of cell-free hemoglobin (fHb) using HemoCue®

Plasma/Low Hb System (HemoCue AB, Ängelholm, Sweden).
Although the manufacturer guarantees linear range only
between 0.3 g/L and 30 g/L, linearity has been shown at lower
concentrations [18].

Clinical chemistry tests

AF plasma and CEN plasma samples were analyzed using the
Cobas 8000 analytical platform (Roche Diagnostics, Basel,
Switzerland) to assess a panel of 12 commonly ordered
biochemical parameters listed in Table 1. Additionally, semi-
quantitative indices of hemolysis (H), icterus (I), and lipemia/
turbidity (L) were measured to identify potential pre-
analytical interferences affecting assay accuracy and
reliability.

Calculations and statistical analysis

Cell count and fHb values in AF plasma and CEN plasma
were summarized as median (interquartile range), with
graphical representations. Wilcoxon signed-rank test was
used to assess differences in cell count and fHb values, with
level of significance p<0.05. The efficiency of the separation
method in removing cells or platelets from whole blood was
calculated as – Removal efficiency (%) = 100 × (1 − median
plasma cell or platelet count/median whole blood cell or
platelet count). The bias in results from clinical chemistry
tests was obtained from Bland-Altman plots where the dif-
ference in results, i.e. AF plasma result – CEN plasma result,
was plotted against the mean. The differences in test results
were considered to be statistically significant if 0was outside

Figure 1: Experimental setup. (A) Schematic of the two-stage acousto-
fluidic device illustrating the sample flow path. Micro-peristaltic pumps
are attached to the outlets through flow pulsation dampeners which are
required to stabilize the flow. (B) Expanded views of the outlets of the two
separation stages show the focusing and removal of cells, resulting in the
collection of purified blood plasma at the side outlet of stage two.

Table : Parameters analysed in AF and CEN plasma samples using
Cobas , platform.

Category Analytes

Enzymes Alanine aminotransferase (ALT), alkaline phospha-
tase (ALP), aspartate aminotransferase (AST)

Proteins Albumin, C-reactive protein (CRP)
Electrolytes Calcium, phosphate, potassium, sodium
Renal and hepatic
markers

Total bilirubin, creatinine, urea

Indices Hemolysis (H), icterus (I), lipemia/turbidity (L)
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the 95 % confidence intervals (CI) for the bias. The mean
relative difference in results were compared to acceptance
limits for proficiency testing from the Clinical Laboratory
Improvement Amendments (CLIA) [19]. Biological variation
(BV) parameters – between-subject BV (CVG) and intra-
individual BV (CVI) – obtained from the European Federation
of Laboratory Medicine Biological Variation Database [20, 21]
were also presented for comparison. Analytical imprecision
(CVA) was estimated as laboratory between-day imprecision
using a commercial internal control material from SERO AS,
Billingstad, Norway. All statistical analyses were performed
using the R software (RDevelopment Core Team, R Foundation
for Statistical Computing, Vienna, Austria).

Results

Cell count comparisons

Cell count in AF plasma and CEN plasma are shown in box-
plots in Figure 2.Median (interquartile range) RBC count inAF
plasma was higher compared to CEN plasma, 632 (380–1,066)
per μL vs. 186 (133–372) per μL (p<0.01). Differences were also

observed in platelet count- 20,477 (14,723–29 052) per μL in AF
plasma compared to 1,537 (966–2,374) per μL in CEN plasma
(p<0.0001). In contrast, differences inWBC count inAFplasma
and CEN plasma 17 (12–25) per μL vs. 10 (6–18) per μLwere not
statistically significant (p=0.11).

Removal efficiency is presented in Table 2. From whole
blood, acoustophoresis removed 99.99 % of blood cells,
achieving a removal efficiency similar to centrifugation.
Platelet removal efficiency was lower with acoustophoresis
(90.41 %) compared to centrifugation (99.28 %).

Hemolysis

Cell-free hemoglobin (fHb) concentrations in CEN plasma
ranged from 0.1 g/L to 0.3 g/L. In comparison, fHb in AF
plasma ranged from 0.0 g/L to 0.2 g/L. Figure 2 presents the
fHb data distribution as boxplots. In 12 out of 21 sample pairs,
fHb in AF plasma was lower than fHb in CEN plasma. While
fHb in 6 out of 21 sample pairs were the same, three sample
pairs (3 out of 21) had higher fHb in AF plasma. The differ-
ences in measured fHb were seen to be statistically signifi-
cant (p<0.01).

Figure 2: Summary statistics of measured red blood cells (RBCs), white blood cells (WBCs), platelets (PLTs) and cell-free hemoglobin levels (fHb) in
centrifuged plasma (CEN) and acoustophoresis plasma (AF) is presented. Box plots show the median and interquartile range (IQR), with whiskers
extending to 1.5 times the IQR. p-Values are indicated above the brackets, and outliers beyond the upper bound (third quartile +1.5 × IQR) are marked
with circles. Faint lines connect the fHb values of sample pairs for comparison.

Table : Median cell (RBC+WBC) and platelet count from flow cytometry analysis and removal efficiency of the twomethods are presented. The removal
efficiency was calculated from cell and platelet count.

Sample (n=) Median count per μL Removal efficiency, %

Cells Platelets Cells Platelets

Whole blood before separation . × 
 (. × 

–. × 
) , (,–,) – –

CEN plasma  (–) , (–,) . (.–.) . (.–.)
AF plasma  (–,) , (,–,) . (.–.) . (.–.)
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Clinical chemistry tests

Differences in test results are presented in Bland-Altman
plots in Figure 3. A negative bias in hemolysis index (H) was
observed. Differences in icterus index (I) were small with

zero difference in 17 out of 21 sample pairs. A positive bias
was observed for lipemia index (L). As shown in Table 3,
statistically significant differences were observed for albu-
min, ALP, AST, total bilirubin, calcium, and sodium. All
analytes except albumin met the CLIA criteria.

Figure 3: Bland-Altman plots showing absolute differences in results for measured analytes and interference indices for hemolysis, icterus and lipemia.
Dashed blue representsmean absolute difference (bias) and dashed red lines represent±1.96 standard deviation (SD). The shaded blue area corresponds
to the 95 % confidence interval for the bias. If the calculated mean and difference are identical for multiple sample pairs, the number of such pairs is
labeled above the point.
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Discussion

In this study, we evaluated the performance of a plasma sepa-
ration device based on acoustophoresis, designed for future
blood-saving applications in clinical settings. This proof-of-
concept study shows the potential of the technique as assessed
through comparisons with centrifugation for cell removal effi-
ciency, hemolysis and a panel of routine clinical chemistry tests.

tAs indicated by lower cell-free hemoglobin values
measured in AF plasma, acoustophoresis was gentler to
blood cells compared to centrifugation. Hemolysis remains a
leading cause of specimen rejection and repeat sampling in
clinical laboratories [22]. The reduced risk of analytical
interference from hemolysis could enhance the accuracy of
analyte measurements, particularly those susceptible to
spectrophotometric interference, such as AST and ALT.
Additionally, it may improve the diagnostic reliability of
analytes that may be biased due to the release of intracel-
lular components, such as potassium, following cell lysis.
This advantage may be particularly beneficial in neonatal
intensive care, where neonatal red blood cells are well
known to be prone to lysis [23]. Moreover, the gentle nature
of acoustophoresis, which preserves cell integrity, supports
the potential for reinfusion of separated cells back into the
patient – a significant benefit in low-volume clinical
scenarios.

The acoustophoresis separation procedure achieved
high cell removal efficiency, removing more than 99.99 % of
RBCs and WBCs from whole blood, comparable to that of
centrifugation. Efficient removal of these cells is essential as
cell lysis can release enzymes and electrolytes that affect the

concentrations of key analytes. Although acoustophoresis
performed well in removing larger cells, it was less effective
in removing platelets compared to centrifugation. Platelets,
due to their smaller size, exhibit lower acoustic mobility – a
known limitation of acoustophoresis, as the acoustic force
scales with particle volume [23]. Consequently, a fraction of
platelets remained in the separated plasma. This incomplete
removal may influence analyte measurements, as activated
platelets may potentially affect results.

Statistically significant differences were found for six
out of 12 analytes – albumin, ALP, AST, total bilirubin, cal-
cium, and sodium. However, measurement of all analytes
except albumin met the CLIA criteria. The adhesion of al-
bumin to the glass surface of the device could have
contributed to the observed negative bias in albumin levels.
As calcium is partially bound to albumin in plasma, a
reduction in albumin levels may also explain the lower
measured calcium concentrations in AF plasma. Since the
device was primed with normal saline prior to plasma sep-
aration, this could have contributed to the observed positive
bias in sodium levels. A small volume of residual saline from
the tubing could have inadvertentlymixedwith the collected
plasma, leading to a higher sodium concentration. The pos-
itive bias in lipemia index (L) indicates that lipemic particles
were less efficiently removed by acoustophoresis, which,
like cells and platelets, can also interfere with clinical
chemistry analyses. Thus, while acoustophoresis provides
high-quality plasma with minimal hemolysis and efficient
removal of larger cells, design modifications may be needed
to achieve more efficient removal of the relatively smaller-
sized platelets and lipemic particles.

Table : Mean absolute and percentage difference in the results with % confidence intervals (CI), analytical imprecision (CVA), within-group BV (CVG),
intra-individual BV (CVI) and Clinical Laboratory Improvement Amendments (CLIA) criteria are presented for comparison.

Analyte Mean absolute
difference (% CI)

Mean percentage
difference (% CI)

Statistically
significant?

CVA, % CVG, % CVI, % CLIA  criteria Within
CLIA?

ALT, U/L . (−., .) . (−., .) No . . . ±% or ± U/L Yes
Albumin, g/L −. (−., −.) −. (−., −.) Yes . . . ±% No
ALP, U/L −. (−., −.) −. (−., −.) Yes . . . ±% Yes
AST, U/L . (., .) . (., .) Yes . . . ±% or ± U/L Yes
Bilirubin total, μmol/L −. (−., −.) −. (−., −.) Yes . . . ±% or ±.mg/dL Yes
Calcium, mmol/L −. (−., −.) −. (−., −.) Yes . . . ±.mg/dL (±.mmol/L) Yes
Creatinine, μmol/L −. (−., .) −. (−., .) No . . . ±% or ±.mg/dL Yes
C-reactive protein, mg/L −. (−., −.) −. (−., .) No . . . ±% or ±mg/L Yes
Sodium, mmol/L . (., .) . (., .) Yes . . . ±mmol/L Yes
Potassium, mmol/L . (−., .) . (−., .) No . . . ±.mmol/L Yes
Phosphate, mmol/L . (−., .) . (−., .) No . . . ±% or ±.mg/dL Yes
Urea, mmol/L −. (−., .) −. (−., .) No . . . ±% Yes

Nath et al.: Acoustophoresis-based blood sampling and plasma separation 2223



Amajor limitation in this experimental proof-of-concept
study is the inclusion of blood from healthy donors alone.
Blood from critically ill patients may differ in important
aspects from that of healthy donors and investigations are
required to assess the differences in separation perfor-
mance. It should also be noted that given the use of non-
parametric tests and the relatively small sample size, the
power of this study to detect statistical differences was
inherently limited.

In summary,we studied the feasibility of acoustophoresis-
based blood sampling and plasma separation which requires
substantially lower volumes than standard blood collection
tubes. In blood from healthy adults, we found that plasma
separated by acoustophoresis gave results comparable to that
of centrifugation for a set of common chemistry analytes.
Acoustophoresis was seen to separate cells as efficiently as
centrifugation while inducing a lower degree of hemolysis
during separation. Improvements in device design for better
removal of platelets and lipemic particles and investigation of
separation performance with blood samples from critically ill
patients and neonates will be conducted in future studies.
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