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Sensing systems provide a fast and cost-effective way to monitor health parameters and can thus help
medical personnel to ensure optimal care for patients. In this study, we present a sensor based on quartz
crystal microbalances (QCMs) with bare, non-modified gold electrodes to monitor viability of platelets in
stored platelet concentrates used in transfusion medicine. The system is useful to determine cell viability
both in static and continuous flow experiments. Sensor responses correlate with platelet viability: viable
cells have the ability to activate and aggregate and, thus, firmly attach to the QCM gold surface, in turn
causing high frequency shifts due to a change in viscoelastic properties. For instance, on the fifth day of
storage, platelet samples led to QCM frequency shifts less than 40% of the signal obtained from the fresh
concentrate. Sensor results correlate well with a resazurin-based fluorescence viability assay. This also
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correlates with optical and atomic force microscopy (AFM) images that reveal changes in platelet
morphology during the storage period, namely cessation of extensive pseudopodia formation and platelet
DOI: 10.1039/d3sd00269a spreading. Platelet size in solution significantly increased during storage, most likely due to a pH drop in
the medium. The straightforward system is thus in principle useful to detect storage lesions and viability of

rsc.li/sensors platelets directly before transfusion.
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Introduction

State-of-the-art medicine relies on precise and fast analyses to
ensure ideal treatment for patients. For instance, monitoring
blood parameters and the quality of blood products in real
time is crucial in many settings." Observing platelet count
and function, for instance, is necessary when treating patients
suffering from platelet disorders,”> but also in hospitals,
during surgery, and in ICUs.** When the platelet count falls
below a certain threshold or platelet function is impaired,
doctors need to administer platelet concentrates.”® Herein,
we describe a cost-effective and rapid method to monitor the
quality of platelet concentrates relying on quartz crystal
microbalances (QCMs).

Platelets, or thrombocytes, are the smallest cellular blood
components. The anucleate, discoid fragments originate from
megakaryocytes mainly in bone marrow and have a mean
diameter between 2-4 um.” Platelets circulate in the blood
stream in a resting state for 7-10 days, until macrophages
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remove them.® The normal platelet count in a healthy adult
ranges from approx. 150000 to 400000 cells per uL blood.’
Platelets play a key role in haemostasis, but also in
inflammatory regulation and wound healing.® Haemostasis
(coagulation) can be divided into two steps: primary
haemostasis is the first response towards an injured blood
vessel. After vasoconstriction, inactive, circulating platelets
adhere to the protein von Willebrand factor (VWF) on the
exposed subendothelial collagen, thus activating platelets. They
then change their shape via extensive pseudopodia formation
(re-arrangement of cytoskeleton) and spreading (attached cells
widen their contact area via plasma membrane deformation),"
which in turn leads to exocytosis of intracellular granules. They
thereby release a range of compounds (i.e. thromboxane A2,
adenosine diphosphate and serotonin) that further promote
conformational changes in platelets and pronounced
vasoconstriction of the surrounding blood vessels. Furthermore,
it promotes binding to fibrinogen, leading to platelet
aggregation.'" This so-called “white thrombus™ is the primary
plug to prevent further blood loss. Secondary haemostasis then
comprises the formation of a hard thrombus, where a
crosslinked, insoluble fibrin mesh forms around the platelet
plug. The serine protease thrombin is responsible for
transforming soluble fibrinogen to the stabilizing fibrin mesh,
forming the solid blood clot.”**

Thrombocytopenia describes the condition when the
platelet count in the blood stream is too low, while
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thrombocytopathy means impaired platelet function, ie.
coagulant activity.'> Both events may require transfusion of
platelet concentrates to prevent haemorrhagic incidents.
Additionally, injuries with high blood loss and high dose
chemotherapy may require supportive platelet transfusion.™
Transfusion medicine thus requires platelet concentrates.'*
Those commonly consist of a mixture of plasma and platelet
additive solutions (PAS) and contain from 2 to 8 x 10"
platelets per unit."*'®> Administration of one unit is expected
to elevate platelet count by 30000-50 000 platelets per uL."*
The usual shelf life of a platelet concentrate is 5 days.
Pathogen inactivation may extend the period to 7 days."

Typical methods to analyse platelet count and function
range from simple ones such as bleeding time measurements
to more elaborated ones such as light transmission
aggregometry.’® While the simple methods (i.e. bleeding
time) are poorly standardised and often suffer from the
influence of the person carrying out the analysis,'” elaborated
methods may rely on costly devices and in some cases suffer
from long analysis time.* Usually, the measuring time is
inversely proportional to the ability of the platelets to
aggregate, ie., the less they do (and: the more urgently a
patient needs treatment), the longer they take. Furthermore,
there is a strong drive to making medicine less invasive,
which in the case of blood testing means reducing the
sample volumes as much as possible. Therefore, it is of
inherent interest to design methods that are suitable for
implementing in microfluidic environments. This is also
fundamentally interesting for determining the quality and/or
viability of platelet concentrates, which are a valuable
commodity.

The past two decades have seen some studies using QCMs
to monitor platelet function and study platelet behaviour."®>*
The present work, however, comprises the first approach to
monitor platelet viability directly in a platelet concentrate
and thereby to assess the quality of platelet concentrates
prior to possible administration.

The QCM is a small, mass-sensitive quartz resonator: its
resonance frequency is proportional to mass load as
described by G. Sauerbrey in 1959.”° When measuring in the
liquid phase, the frequency shift additionally depends on the
viscoelastic properties of both the solution and the analyte
layer itself as described by the so-called Kanazawa-Gordon
equation.’*>* In this study, we use changes in platelet
properties upon storage to measure their viability using the
QCM in comparably small sample volumes, namely around
150 pL.

Platelet storage lesion is the umbrella term for events
occurring during storage (e.g. storage-induced activation,*®
surface receptor modifications®® and  morphological
changes®”), negatively affecting platelet viability and therefore
concentrate shelf life and efficacy. They take place due to
alterations in platelet metabolism in vitro and due to storage-
induced stress,® as well as possible bacterial contamination.>®
Quality assessment usually comprises determining the
platelet count and the number of remaining white blood cells
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directly after production. Sterility testing usually takes place
close to the end of shelf life. Thus, the only quality
assessment directly before administration of a platelet
concentrate to a patient takes place visually by approving the
presence of swirling.*® Herein, we suggest a non-biased,
rapid, and facile testing system to replace that rather inexact
approach.

Experimental
Materials and reagents

Sodium chloride was purchased from AppliChem. Hydrochloric
acid, magnesium chloride hexahydrate, potassium dihydrogen
phosphate, di-sodium hydrogen phosphate dihydrate and
sodium hydroxide were supplied by Merck. Sodium hydrogen
carbonate was obtained from abcr. HEPES was purchased from
Alfa Aesar and potassium chloride was supplied by VWR
chemicals. Sodium dodecyl sulfate (SDS) was purchased from
Chemsolute. All chemicals were wused without further
purification. Calcium- and albumin-free Tyrode's buffer (pH 7.4)
was prepared in-house and consisted of 134 mM NacCl, 12 mM
NaHCOj;, 2.9 mM KCl, 0.34 mM Na,HPO, x 2H,0, 1 mM MgCl,
and 10 mM HEPES.

Platelet sample treatment

Aliquots of blood-type specific, pooled human platelet
concentrates were obtained from the Austrian Red Cross
Blood Donation Centre Vienna prior to pathogen reduction.
Platelet samples were collected in EDTA-buffered test tubes
(Sarstedt S-Monovette® EDTA KE) with a maximum volume
of 4.9 mL and stored at adequate conditions, meaning room
temperature (22 + 2 °C), darkness, and constant, smooth
agitation. On selected days during the storage period of up to
11 days (i.e. on day 1-5, 8 and 11), a 1:10 dilution of the
original platelet sample in modified Tyrode's buffer was
prepared and purified via a centrifugation step (7 min, 2300
rpm/800 RCF) to reduce plasma protein content. The
resulting supernatant was discarded, and the platelet pellet
was then resuspended in phosphate-buffered saline (PBS; 1x,
pH 7.4). Sensor measurements of the purified platelet
samples were carried out in triplicates, each having a total
volume of 1 mL. Cell counting of samples took place on a cell
counter (CASY Cell Counter with 45 pm capillary, OMNI Life
Science GmbH & Co KG) prior to QCM measurements at
room temperature in CASYton, a physiological background
buffer.

In addition to the cell count, we determined mean platelet
diameter and volume changes during storage using the CASY
cell counter.

Fabrication of quartz crystal microbalances

Quartz crystal microbalances (QCMs) were fabricated in-
house on 10 MHz, AT-cut quartz disks with a diameter of
13.8 mm purchased from Roditi International Corporation.
Two backside electrodes with a diameter of 4 mm each were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 From left to right: blank QCM chip, QCM chip with screen-
printed contact electrodes, front- and backside of the ready-to-use
QCM chip equipped with a fully metallized top electrode coated via
PVD and the screen-printed bottom electrodes.

screen-printed onto the quartz surface using 10% brilliant
gold paste (GGP 1229 DH, Heraeus). We coated the sample
side of the blank quartz disks by physical vapor deposition
(PVD), involving magnetron-sputtering of 8 nm Ti and
thermal evaporation of 50 nm Au (HEX deposition system,
Korvus Technology) to fully metallize the surface. Fig. 1
depicts a blank QCM chip and QCM chips coated with the
respective electrode structures. The “backside” electrodes
were connected to the respective oscillator circuit, whereas
the fully metallized surface was electrically grounded. We
used the dual-electrode design to compensate for fluctuations
in physical parameters (i.e. temperature and viscosity), as
already described in ref. 39. The setup additionally accounts
for enhanced reproducibility and accuracy, as each electrode
allows for performing an individual measurement, ie. two
per QCM.

QCM sensor measurements

Prior to each sensor measurement, QCMs were cleaned with
ethanol and acetone and treated with oxidative plasma at a
pressure of 1.3 x 10~ mbar and a power of 5.5 W for 5 min
(Zepto One, Diener). QCMs were then placed in the flow cell
and connected to the oscillator circuit. Each measurement
was carried out at room temperature in a horizontal setup
using PBS as the background buffer. After reaching stable
signal baseline, we exposed the QCMs to the respective
platelet sample by injecting 500 pL of the purified, 1:10-
diluted platelet concentrate in PBS into the flow cell and
allowing the platelets to sediment on the bare QCM gold
surface for at least 20 min. After that, we flushed the system
three times with PBS and two times with water. Signal read-
out took place prior to flushing (ie. after 20 min of
sedimentation) and comprised a mean of up to 6 sensor
responses per day. We carried out daily measurements
simultaneously to minimize time-dependent signal
alterations.

To simulate real-life platelet transfusion conditions and
venous blood flow, we additionally carried out sensor
measurements at constant flow conditions. We connected the
QCM flow cell tubes to a peristaltic pump and allowed the
QCM to reach baseline signal in PBS at a constant flow of 1
mL min~". We then introduced the samples by placing the
tubes into a solution containing 3-9 x 10" platelets per mL in
PBS (total volume: 5 mL). The flow was kept constant at 1 mL
min~! for a measurement time of 20 min. After 10 min, the
flow direction was reversed to ensure even distribution of the
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platelets in the measurement cell. Platelet samples were
steadily pumped through the flow cell by placing the outlet
tube in the same container as the inlet tube. After
introducing the platelets, we flushed 5 min with PBS. After
measurement, the QCMs were rinsed with water for 2 min
directly in the flow cell. We measured one sensor response
per day per sample for a total of 4 days.

Platelets were removed from QCM surfaces after sensor
measurements by incubating them in a solution containing
5% SDS in 0.1 M NaOH directly in the flow cell. Removing
the QCM from the flow cell additionally allowed for applying
organic solvents (ethanol and acetone) and mechanical force
with a microfibre cloth. The pieces of cloth were soaked with
the respective solvent and gently wiped over the QCM surface
to remove adhered platelets and fully clean gold surfaces.

Optical and atomic force microscopy

After QCM measurements, the morphology of remaining,
sedimented platelets on the sensor surface was assessed
using optical microscopy (ECLIPSE LV100, Nikon) and atomic
force microscopy (AFM; MultiMode 8, Bruker). We operated
the AFM in tapping mode in air using Scout 350 RAIl probes
(NuNano). QCM surfaces were scanned directly after sensor
measurements without additional sample preparation. The
open-source software Gwyddion served for data evaluation
and image processing. If necessary, image curvature was
flattened using polynomial background subtraction;
horizontal scars were removed using the built-in algorithm.

Fluorescence viability assay

To validate sensor results, we assessed platelet viability using
a resazurin fluorescence assay. Here, resazurin is reduced to
resorufin by reductases in metabolically active cells, allowing
conclusions on cell viability*’ (Fig. 2).

Aliquots (490 pL) of the samples used for QCM
measurements were incubated with 20 pL of CellTiter-Blue®
(Promega) resazurin dye for 2 h at 37 °C in the dark. After
incubation, platelet samples were centrifuged at 4400 rpm/3000

NAD(P)H / H*

96
N. N.
HO O [0 HO (o) (o]

Resazurin

NAD(P)*/ H,0

Resorufin
Aem = 590 Nm

Fig. 2 Scheme of resazurin reduction to fluorescent resorufin by
reductases in metabolically active cells using NADH or NADPH.
Observing fluorescence emission at 590 nm allows conclusions on cell
viability.
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RCF for 10 min, ensuring complete pelleting of the cells. We
then collected 400 pL of the remaining supernatant for
fluorescence assay and immediately froze the samples at —20 °C
until further use. Additionally, one blank sample per day was
created (490 pL PBS and 20 pL dye) and treated equally as the
platelet samples. Prior to spectral collection, samples were
thawed and diluted 1:30 with PBS. Fluorescence emission
spectra were then collected using the LS 55 fluorescence
spectrometer (PerkinElmer) with constant Ag, = 560 nm and Agp,
= 570-650 nm. Spectra were acquired using a scanning speed of
40 nm min"". Fluorescence intensity was read out at lgy, = 590
nm. Finally, inherent background fluorescence was removed by
subtracting the mean value of the blank samples at Agy, = 590
nm; all fluorescence intensities were normalized to a platelet
count of 10” cells per mL.

Results and discussion

QCM sensor results

Fig. 3 shows the QCM frequency shifts of a fresh (A) and an
old (B) platelet sample measured at physiological
concentrations (i.e. 10° platelets per uL) in modified Tyrode's
buffer (pH 7.4). We measured the fresh sample aliquot after
one day of storage and the old sample aliquot several weeks
after obtaining it. By that time, one can conclude that the
platelets have undergone apoptosis and, thus, show zero
metabolic activity. The results in this first measurement in
Fig. 3 show that the signal output (i.e. frequency shift)

—250 1
=500 1
=750 1
—1000
—1250 A
—1500 1
—1750 A

Frequency shift [Hz]

—— Fresh platelet sample

0 5 10 15 20 25 30 35
Time [min]

—250 1
=500 A
=750 1
—1000 1
—1250 1
—1500 1
—1750 A

Frequency shift [Hz]

—— Old platelet sample B

0 5 10 15 20 25 30 35
Time [min]
Fig. 3 QCM frequency shifts of a platelet sample stored for one day
(A) and ten weeks (B), recorded at physiological concentrations in
modified Tyrode's buffer (pH 7.4). Adherence to the QCM gold surface
can be regarded a function of cell viability.
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strongly varies between fresh and old platelet samples,
namely by an order of magnitude.

One can directly link this to their ability to aggregate:
sedimentation and contact with the QCM gold surface
triggers the activation mechanism in metabolically active
platelets. Hence, cells spread and aggregate and thereby
firmly attach to the QCM surface. This changes the
viscoelastic properties and increases the binding strength of
platelets to the surface and, thus, causes a higher frequency
shift compared to aged cells. The latter lack the ability to
aggregate for the lack of active metabolism. Therefore, they
bind to the QCM electrode to a lower extent, leading to
smaller frequency shifts. Naturally, it is thus possible to
assess viability of the cells, which requires metabolic activity.

This finding allows for establishing a sensor approach to
monitor viability in platelet concentrates. Fig. 4 shows sensor
responses of purified platelet concentrates measured at sub-
physiological concentrations (i.e. 2-7 x 10" platelets per uL).
Sensor responses were read out after 20 min. The data shown
in Fig. 4 indicates strong decrease in frequency shifts
depending on the storage time of platelet concentrates,
correlating with the findings presented in Fig. 3. Again, the
platelet sample causes higher frequency shifts at the
beginning of the storage period at roughly -170 Hz. The
sensor signals then decrease steadily until reaching around
-30 Hz on the last day of storage. Table 1 summarizes the
observed frequency shifts. The high standard deviations at
day 2 and day 4 can be traced back to high plasma protein
content: in some of the samples, it turned out impossible to
remove it by centrifugation.

Fig. 5 shows AFM images of a QCM measured on day 2
after termination of the sensor measurement and flushing
with PBS and water. Clearly, branches of agglomerated
proteins are visible in the image recorded at a scan size of
50 x 50 um. Decreasing the scan size to 1 x 1 um supposedly
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Fig. 4 Normalized QCM frequency shifts recorded at sub-
physiological platelet concentrations (2-7 x 10* platelets per pl) of a
platelet concentrate stored throughout 11 days. Frequency shifts were
read-out after 20 min of sedimentation under static conditions in PBS
buffer (pH 7.4) and show a constant decrease throughout the storage
period (n = 2-6 sensor responses per day, error bars represent
standard deviations).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Measured normalized frequency shift of platelet concentrate
stored for 1 to 11 days

Normalized frequency shift

Day of storage [Hz/107 cells per mL]

-165 £ 10
-114 + 39
=90 + 14
—100 + 38
—65 + 25
-38+8
—-28+6

=0 Ul kR W N

-

260 nm 100 nm

80

Fig. 5 AFM images of a QCM sensor surface after measuring the
platelet concentrate sample at the 2nd day of storage. Left: 50 x 50
um scan size reveals branches of agglomerated proteins surrounding
attached platelets. Right: 1 x 1 um scan size shows protein aggregates
with a major diameter of 137 + 10 nm, a minor diameter of 63 * 8 nm
and a height of 31 + 4 nm (n = 6).

reveals spherical to ellipsoidal protein clusters with a major
diameter of 137 + 10 nm and a minor diameter of 63 + 8
nm. The protein agglomerates are 31 + 4 nm (n = 6) high.
Human serum albumin (HSA), the most abundant plasma
protein in the human body, most likely accounts for the
visible agglomerates, together with other plasma proteins
such as fibrinogen. The protein layer additionally increases
the mass load on the QCM surface and, therefore, causes
higher frequency shifts. Additionally, platelets might adhere
to the protein layer more readily than to the bare gold
surface,"** leading to more platelets firmly attaching to the
active electrode area. Those two factors cause higher
frequency shifts than expected in some of the sensor
measurements. Therefore, one can assume that they account
for the comparably high standard deviations observed on
day 2 and day 4 (Fig. 4). Thus, it is necessary to improve the
centrifugation step for future measurements. If feasible, it
should be replaced by filtration. Nonetheless, the results
demonstrate that it is possible to measure platelet viability
directly with the QCM: signals steadily decrease depending
on storage time. Furthermore, it is not necessary to apply
any sensitive layer on the QCM electrode to measure platelet
viability in purified concentrates, thus underlining the ease
of use of the system. The system in principle is sufficiently
rugged for everyday use. Of course, one has to ensure
constant temperature during measurements, but external
interferences such as mechanical vibrations do not alter the
frequency characteristics of the sensors used (see ESIT).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Normalized QCM frequency shifts recorded at sub-
physiological platelet concentrations (4-10 x 10” platelets per pl) in
continuous flow (flow rate: 1 mL min™) in PBS buffer.

Continuous flow conditions

Fig. 6 shows QCM results obtained in continuous flow for a
platelet concentrate stored for 4 days. Platelet transfusions
are usually carried out at a flow rate of 2-5 mL min~" or less
in patients with the risk of fluid overload.”® Naturally,
observing platelet viability prior to transfusion is more
important for patients at risk, which is why a flow rate of 1
mL min™" was chosen for this experiment measuring only
one sensor response per day.

Continuous flow results in fewer platelets sedimenting on
the gold electrode. This leads to slightly smaller frequency
shifts on the sensor compared to static sedimentation: on the
first day it was —111 Hz; on the second day —-63 Hz after 20
min of platelet flow. On day 3, the frequency shift was -37
Hz, which did not significantly change at the fourth day of
storage. Hence, signals in continuous flow experiment are
approx. 33 to 63% lower than during static sedimentation
measurements, respectively, from day 1 to day 4. The results
of the two experiments, however, are consistent: clearly,
frequency shifts rapidly decline between day 1 and 3, with no
further significant change on day 4. This means that after
three days storage most platelets seem no longer
metabolically active. Apparently, most of the important
processes of platelet storage lesion happen between day 1
and day 3.

Morphological characterisation of platelets

Platelets undergo morphological changes upon activation
and aggregation (i.e., pseudopodia formation and spreading
on the surface). The optical microscopy images in Fig. 7
highlight them during the storing period. Images were
collected directly after the respective QCM measurements.
Clearly, cell shapes differ throughout the images. Upon
contact with the gold electrode, metabolically active platelets
start forming pseudopodia, as shown in the image collected
at day 1. Pseudopodia are also visible to a large extent in day
2 platelets, but their number decreases in images taken on
day 3 and day 4. From then on, the cells form increasingly
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Fig. 7 Optical microscopy images of sensor surfaces after QCM measurements. Surfaces were flushed with PBS and water prior to microscopy to

remove any unbound cells. (Bars: 20 um).

fewer pseudopodia. At the 11th day of storage, the process
stops. This finding does not only affirm the observed QCM
frequency shifts, but also agrees with average platelet lifespan
in general (ie. 7-10 days). Platelet spreading also clearly
decreases in a similar manner: viable platelets maximize
their contact areas on the gold surface by rearranging their
plasma membrane to a flat disk. Again, this effect is
strongest on day 1, but also visible on images taken on day 2,
day 3, and, to some extent, on day 4. Starting from day 5,
platelet spreading becomes rare and completely disappears
in platelets stored for 11 days. Hence, viability as a measure
of spreading is also directly correlated to sensor responses.

The appearance of platelet aggregates is another
important feature observable in optical microscopy.
Naturally, viable platelets tend to aggregate more easily than
non-viable ones, because platelet aggregation is an important
step for thrombus formation and blood coagulation. Thus,
more aggregates can be seen in images taken at day 1-4
compared to images taken at the end of the storage period.
Here, individual platelets are present on the QCM surface.

AFM images (Fig. 8) confirm this trend. The platelet on
the 1st day of storage clearly shows all signs of prior active
metabolism: pseudopodia are surrounded by a spread plasma
membrane. The cell in the image recorded at day 2 also
shows slight pseudopodia formation and spreading. This
image additionally shows protein clusters, represented as
small bright dots surrounding the spread platelets. Spreading
and pseudopodia formation is no longer visible in the images
scanned on day 4 and day 8, respectively. Here, platelets have
preserved their discoid shape. The cell recorded in the lower
half of the AFM image at day 4 resembles a ghost cell, most
likely resulting from a dead platelet.

The microscopy images in Fig. 7 help explaining QCM
data in Fig. 4 and Table 1: not only the frequency shifts
caused by adsorption of the platelets decrease with storage
time, but also the absolute and relative errors of frequency
shifts. In fact, signals of uncoated QCMs comprising several

314 | Sens. Diagn., 2024, 3, 309-318

electrodes (two, in our case) should not differ by as much as
a third; this is substantially higher than one would expect for
smooth, PVD-deposited electrodes and hints at uneven
distribution of platelets on the device surface. That is indeed
the case, as one can see in Fig. 7. From the measuring
perspective, this first looks like a drawback: it is well-known
that the sensitivity of QCM electrodes is highest in the centre
and decreases to zero towards the edges.** Even though all
measurements in that regard took place in the gas phase, it
is valid to assume similar effects in liquids. However, it is
possible to use a QCM comprising several electrode pairs to
obtain both frequency shifts and their confidence intervals
during one measurement. For instance, it is possible to
include up to four electrode pairs on a 10 MHz QCM.* In
the same way, this also compensates for effects of varying
temperature: in liquids, this leads to fluctuations in viscosity,
which strongly influence the frequency shift as described by
the Kanazawa-Gordon equation.

330 nm
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Fig. 8 AFM images of QCM surfaces after sensor measurements (scan
size: 20 x 20 um).
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Fig. 9 Normalized fluorescence intensity of resazurin-dyed platelet

samples. lgx = 560 nm, Ay = 590 nm. Spectral collection was achieved
in PBS at room temperature (n = 3).

Platelet viability assessed with fluorescence assay

Fluorescence data of the resazurin viability assay (Fig. 9)
additionally underlines the QCM measurements: during the
first two days of storage, platelets still exhibit high metabolic
activity. A paired, two-tailed t-test revealed that those
differences (i.e. between days 1 and 2) are not statistically
significant (p = 0.038, where difference was significant if p <
0.01). Fluorescence intensity then rapidly declines on day 3,
which agrees with the QCM frequency shifts presented in
Fig. 4 and 6. Only viable cells can convert resazurin to
fluorescent resorufin, while dead cells do not. Thus, standard
deviations are lower than in QCM measurements, because
the amount of protein present in the sample does not affect
the fluorescence signal. However, resazurin staining is
affected by multiple factors, such as incubation time,
distribution of the dye in the sample matrix and cell
concentration,*® which might explain the higher fluorescence
intensity observed at day 2.

Morphological platelet changes in solution

Interestingly, mean platelet diameters in solution
significantly increased during storage, especially between the
5th and the 11th day. More dead cells lead to a shift in mean
platelet diameter to larger values. This can be traced back to
a supposed pH drop in stored platelet concentrate and the
resulting disk-to-sphere transition of platelets.} During
storage, platelets consume glucose and produce lactate.*®
The latter causes pH to drop, causing platelets to swell and
morphologically change from disk to sphere. This results in
larger cell volumes (and thus, larger diameters) measured on
the CASY cell counter. Initial mean platelet diameters were
2.36 £ 0.01 um on the first day and changed to 2.58 + 0.01

pm on the 11th day of storage (Fig. 10). Mean platelet

1 Due to the low sample volume available, the exact pH could not be measured

with the means we had available in the laboratory during the time the research
was conducted.
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Fig. 10 Mean platelet diameters in solution during storage measured
at the CASY cell counter. Background buffer was isotonic CASYton at
room temperature (n = 3).

volumes ranged from 7.644 + 0.068 fL on day 1 to 9.893 =
0.129 fL on day 11. Table 2 summarises platelet diameters
and volumes during storage. Swelling of platelets and their
morphological change in solution additionally correlates with
our QCM sensor measurements: viable, discoid shaped cells
with small mean diameters strongly adhere to the QCM
surface, while spherical, dead cells only loosely attach to the
gold electrode, leading to lower signals.

Regenerating QCM sensors after measuring

In the light of commercially applying the sensor system, it is
highly desirable that one can reuse the QCM after measuring.
Therefore, it is necessary to remove bound platelets from the
gold surface. This is possible directly in the flow cell by
flushing and incubating the system with a 0.1 M NaOH
solution containing 5% SDS after the viability assay. Being a
surfactant, SDS can disrupt and solubilise cell membranes.*”
In addition, the alkaline pH denatures proteins. The solution
thus detaches platelets from the gold surfaces. We tested this
on a “worst-case scenario”, i.e. QCM stored for more than 9
months after carrying out the viability assay. Logically,
platelet cells on the gold surface are completely dried after
that period. Nonetheless, it is possible to remove them:
Fig. 11 shows optical microscopy images of the QCM chip
before (A) and after (B) incubating it for one hour in NaOH/

Table 2 Mean platelet diameters and volumes during the storage period
of 11 days

Day of storage Diameter [um] Volume [fL]
1 2.36 £ 0.01 7.644 + 0.07
2 2.43 £ 0.01 8.241 + 0.06
3 2.41 £ 0.02 8.423 + 0.18
4 2.50 £ 0.01 9.016 + 0.05
5 2.41 £ 0.02 8.377 + 0.22
8 2.53 £ 0.02 9.305 £ 0.16
11 2.58 £ 0.01 9.893 £ 0.13
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Fig. 11 Optical microscopy images (10-fold magnification) of a QCM
chip with immobilised platelets before (A) and after (B) incubation with
0.1 M NaOH/5% SDS for 1 h directly in the QCM flow cell 9 months
after viability measurement.

SDS directly in the QCM flow cell. Clearly, the surface after
incubation (Fig. 11B) contains substantially fewer platelets
than before (Fig. 11A), thus proving removal.

To assess the effect of incubating QCM chips with NaOH/
SDS in a more quantitative manner, the respective frequency
spectra were recorded with a network analyser (E5062A ENA

—— before incubation
—— after incubation

| 9.929418 MHz
-7.43dB

9.929081 MHz
-11.63 dB

Damping in [db]

-40 1

9920000 9922500 9925000 9927500 9930000 9932500 9935000 9937500 9940000
Frequency in [Hz]

Fig. 12 Damping spectra of a QCM chip with immobilised platelets
before and after incubating with 0.1 M NaOH/5% SDS for 17 h.
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Fig. 13 Optical microscopy images (50-fold magnification) of a QCM
surface immediately after platelet viability assay (A), and after chemical
and mechanical cleaning using NaOH/SDS, ethanol, acetone and a
microfibre cloth (B).

Series, Agilent Technologies). Fig. 12 shows the corresponding
damping spectra before and after incubating a QCM chip with
NaOH/SDS for 17 h. Again, QCM chips were cleaned more than
9 months after performing the viability assay.

The spectra in Fig. 12 show that the resonance frequency
increases by 337 Hz during incubation. This can be traced
back to removing mass from its surface due to platelets
detaching: the less mass on the QCM surface, the higher the
resonant frequency. Also, the decrease in damping (from
-11.63 dB to -7.43 dB) indicates successful removal:
decreasing non-rigid mass loading of the sensor reduces
damping.

It is also possible to remove platelets from the QCMs by
applying organic solvents and (gentle) mechanical force.
Fig. 13A shows an optical microscopy image of a QCM chip
comprising platelets directly after the viability assay of a
platelet concentrate stored for 2 days. Fig. 13B depicts the
same QCM chip after applying a 0.05 M NaOH/1% SDS
solution followed by mechanical cleaning using ethanol,
acetone and a microfibre cloth 2.5 weeks after the viability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assay. Clearly, this completely removes platelets without
significantly damaging the gold electrode of the QCM.

In the worst case, mechanically wiping gold electrodes
may impair the quality of the gold surface, potentially
reducing the number of cycles a QCM can undergo. Both
mechanical and chemical techniques, however, are feasible
for regenerating the device surface. They differ with respect
to the time required: mechanical treatment is a matter of
minutes, whereas incubation may last longer.

Conclusions

Platelet concentrates must fulfil certain criteria to be
approved as acceptable for transfusion. This includes a
sufficient platelet count (typically 2 to 8 x 10" platelets per
unit) and sufficient depletion of remaining white blood cells
at the beginning of the storage period, as well as
microbiological assessment towards the end of the shelf life.
The only quality assessment directly before transfusion is
visual inspection for the presence of swirling by medical
staff. In this study, we provide a rapid and easy-to-use
sensing system for monitoring platelet concentrate stability
and quality. The system relies on bare-gold, non-
functionalised quartz crystal microbalances, which can detect
platelet viability vie measuring their adhesive behaviour to
the QCM gold surface. Fresh, healthy platelets at the
beginning of the storage period cause high QCM frequency
shifts. This is not the case for older, non-viable cells suffering
from platelet storage lesion towards the end of the storage
period. Upon sedimentation to the gold surface, viable cells
are activated and therefore undergo extensive pseudopodia
formation and spread over the surface. This in turn increases
their adhesiveness to the surface due to a change in
viscoelastic properties of the bound analytes, causing a
significantly higher frequency shift compared to non-viable
cells. Of course, dead cells do not trigger this activation
mechanism anymore, because they are not metabolically
active. Overall, this results in lower frequency shifts. Sensor
results were similar when conducted at static and continuous
flow of sample liquid: viable platelets from the fresh
concentrate lead to higher frequency shifts compared to non-
viable cells towards the end of the concentrate's storage
period.

Fluorescence viability assay based on resazurin reduction
to resorufin by metabolically active cells confirms the sensor
results. Fluorescence data is consistent with QCM sensor
responses, indicating a rapid decline of platelet viability at
the third day of storage, followed by a consistent decrease
until the last day of storage.

Morphological characterisation using optical and atomic
force microscopy highlighted distinct events connected to
platelet viability: in the beginning of the storage period (i.e.
at day 1 to 4), one can observe significant pseudopodia
formation and platelet spreading. Starting from day 5, those
events become rare, indicating cessation of metabolism and
thus viability. Morphological characterisation via cell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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counting in solution revealed that mean platelet diameter
and volume increased during storage. This can be traced
back to a drop in pH during storage and the resulting disk-
to-sphere transition of the platelets.

The QCM sensing system presented in this study proved
successful in determining viability of platelets directly in
concentrates. This opens the way to develop a non-invasive,
integrated sensing system for platelet function testing prior
to platelet transfusion, ensuring optimal treatment for
patients in need.
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