7 ROYAL SOCIETY
PN OF CHEMISTRY

Lab on a Chip

View Article Online

View Journal | View Issue

MagSity platform: a hybrid magnetic levitation-
based lensless holographic microscope platform
for liquid density and viscosity measurements
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The viscosity and density of liquids are the most extensively studied material properties, as their accurate
measurement is critical in various industries. Although developments in micro-viscometers have overcome
the limitations of traditional bulky methods, more accessible technologies are required. Here, we introduce
a novel magnetic levitation-based method to measure the viscosity and density of solutions in a
microcapillary channel. This principle exploits microparticles as microsensors to correlate levitation time
and height with solutions’ viscosity and density, using buoyancy and drag forces. The platform has an
integrated lensless holographic microscope, providing a hybrid system for in situ and precise
measurements. By utilizing this hybrid technology, portable, rapid and cost-effective measurements can be
conducted. This platform enables viscosity and density measurements within 7 minutes, achieving high
accuracies of at least 97.7% and 99.9%, respectively, across an operation range of 0.84-5.09 cP and 1.00-
1.09 g cm™>. The platform is utilized to clearly distinguish differences in the spent cell culture medium
across various cell lines. This method, as presented, can be readily applied to measure a diverse array of
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1. Introduction

Monitoring the rheological properties (i.e., viscosity) and
density of fluids is crucial across industries," ™ playing a critical
role in diagnosing various health conditions based on bodily
fluid analysis.>® Changes in blood plasma rheology (1.1-3
cP)® and density (~1.00 g cm™>)° are linked to increased
morbidity and mortality risks under severe conditions like
cardio and cerebrovascular diseases,'®™** while cerebrospinal
fluid (CSF) that has water-like density (~1.00 g ¢cm™) and
viscosity (~1.00 cP)"® can be used to monitor physiologic
function and the homeostasis of the central nervous system,
emphasizing the need for accurate, simultaneous
measurements of these properties, particularly in the
biomedical field."* However, existing technologies often require
large sample volumes and expensive, complex instruments,
which limits their use for rapid analysis and point-of-care
(POC) testing. Similarly, analyzing fresh and spent cell culture
media offers valuable insights into cell health, metabolic
activity, and growth, as well as their viscosity and density range,
which closely mimic those of bodily fluids."”® The ability to
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liquids in multiple domains, encompassing biotechnology, medicine, and engineering.

detect subtle changes in these properties is vital not only in
biomedical research but also in clinical applications ranging
from stem cell therapy,’® regenerative medicine,"”” and
biopharmaceutical production'® to optimize therapeutic
formulations,'®?° emphasizing the need for accessible, precise,
and sensitive measurement techniques.

Typically, liquid viscosity and density are measured
independently using a viscometer and densitometer, with
density calculated by dividing the solution's mass by its
volume and viscosity determined conventionally through
falling-ball,* rotational,”> and oscillatory viscometers,*
based on drag force.”»** Although multifunctional devices
can measure both properties, they face limitations including
regular maintenance and calibration necessities, requiring
skilled operators, large sample sizes, high energy
consumption, high costs, and lack of portability.*®

Microfluidic devices have been developed to measure bulk
rheometric properties of small sample volumes with
miniaturized flow conditions.>””*® Micro-viscometers using
microfluidic channels integrated with sensors quantify
pressure or flow rates to measure shear viscosity,”® and the
integration of optical techniques allows non-contact fluid
characterization.’*>  Methods include deflection of
polydimethylsiloxane (PDMS) microstructures,®* droplet
characterization,*®?” fluid interface evaluation,”” meniscus
inspection,®® tracer displacement,® scattered intensity
analysis,’ and digital holography microscopy (DHM),
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monitoring three-dimensional spatial velocity fields of tracer
microparticles for viscoelastic characterization.>**

Microelectromechanical system (MEMS)-based
viscometers, as alternatives to traditional viscometers®**®
and densitometers,** stand out in clinical applications due to
their  portability, robustness, and reduced sample
requirements for POC applications.*>**™® They utilize
mechanical,*® electrical,”® magnetic,”" or piezoelectric®>>*
actuation for measurements and enable simultaneous
viscosity and density measurements through various
configurations like cantilevers,” vibrating membranes,>® and
atomic force microscopy (AFM)-integrated piezoresistive
sensors.®””*® However, while miniaturised systems overcome
the disadvantages of conventional methods, such as high
energy consumption, lack of portability, and large sample
volume requirements, they still rely on complex modeling
and precise microfabrication, leading to increased costs and
reduced accessibility.***°

In contrast, magnetic levitation (MagLev) technology has
proven to be a costeffective, highly sensitive, and
straightforward approach in many research disciplines.®
Primarily, measuring particle density with MagLev technology
has led to breakthroughs, paving the way for various
applications.®®®® Currently, it is a method that has been
successfully applied not just in macro systems but also in
different micro-scale domains, including protein detection,®*
cell separation,®®®*®® cell sorting,*® cell manipulation,”®
tissue engineering,”’””* drug testing,”*”> and fluid control.”®
To date, conventional miniaturized MagLev-based systems
have been limited to measuring only the density of solutions,
typically within a droplet-scale environment, and cannot
assess both density and viscosity.”””’° Simultaneous
measurement of liquid density and viscosity has been
demonstrated using the principle of unidirectional levitation
of the measuring body (i.e., an object®® or a magnet®*?).
This method uses an actively controlled magnetic field to
correlate the oscillation or rotation frequency of the
measuring body immersed in the liquid with its properties.
However, this approach has some drawbacks, including high
sample volume requirements and challenges associated with
verification. Moreover, these platforms’
complex circuitry, control mechanisms, and measurement
systems also increase their overall cost. Additionally, the
repetitive utilization of the measuring body increases the risk
of contamination, which is particularly pronounced in
biological sample analysis. To overcome these limitations,
there is a growing demand for a compact, cost-effective, and
easily fabricated platform that can accurately measure
viscosity and density within the same system using minute
sample volumes.

Moreover, MagLev applications typically rely on
sophisticated optical imaging systems, especially traditional
microscopes, to inspect samples. Since the bulky lens-based
nature of these systems is incompatible with miniaturized
technologies, easy-to-integrate and compact imaging systems
have emerged.®® Hence, integrating a lensless holographic
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microscope, where pinholes replace lenses, into the magnetic
levitation platform offers numerous advantages, including
real-time and automated imaging, enhanced portability, and
significant weight, cost, and complexity reductions.®>”®

In this study, we present a novel MagLev-based approach
for simultaneously measuring the density and viscosity of
solutions within a miniaturized platform called the MagsSity
platform (Fig. 1A and S1f). This platform employs an
integrated lensless holographic microscope, which offers a
hybrid system for sensitive, rapid, portable, and cost-effective
of solution properties in a disposable
microcapillary channel by monitoring microparticles spiked
into the solutions as microsensors while eliminating the risk
of contamination. The hybrid platform operates in dual
configurations to measure the viscosity and density (Fig. 1B)
of the solutions. In this setup, the equilibrium times and
levitation heights of the microparticles are correlated with
the viscosity and density of the solution, respectively. MagSity
offers a powerful tool for detecting subtle changes in liquids
across a wide range of viscosities and densities, working with
minute sample volumes. This makes it a promising candidate
for applications in disease diagnostics, regenerative
medicine, and biopharmaceutical monitoring.

measurements

2. Materials and methods
2.1. Measurements in the MagSity platform

A liquid sample is prepared with microparticles in the
presence of a nonionic paramagnetic solution (Gadavist,
Gd*") and subsequently introduced in a microcapillary (ESIt).
First, the microcapillary containing the sample is placed
beside a single magnet for 5 minutes. This causes the
dispersed diamagnetic microparticles to be repelled by the
magnetic field and gather on the opposite capillary wall.
Afterward, the microcapillary was placed between opposing
magnets in the platform. Thus, microparticles move from the
same position under magnetic induction, ensuring the
consistency of the analysis results. The microcapillary is then
imaged to reveal microparticle velocities for viscosity
measurement. Later, the platform is rotated 90° to measure
levitation heights of microparticles for density measurement
and imaging is continued. The entire analysis process is
demonstrated in Video S1.}

The holographic images captured during the experiment
were reconstructed to obtain real object images. To
determine the equilibrium time of the particles, the time
taken to move from their initial (%;) to their final (%) position
concerning the centerline is measured (Fig. 1B). It was
considered that the visual quality deteriorates as the particles
are near the capillary wall and the movement of the
microparticles is the slowest when approaching the
centerline. Thus, the reference initial and final positions were
260 um (%;) and 60 pm (k) away from the centerline. Hence,
the equilibrium time of the particle is measured at a 200 pm
fixed distance, where the acting magnetic forces on the
microparticles remain constant for all analyses.
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Fig. 1 MagSity platform and its density and viscosity measurement principles. A. Illustration of the MagSity platform. i. Microparticles are mixed
with a solution of interest in the presence of a paramagnetic medium. This mixture is introduced in the microcapillary channel between two
opposing neodymium (NdFeB) magnets. ii. The movement and position of microparticles are monitored with a lensless holographic microscope
composed of an LED, pinhole and CMOS imaging sensor. B. Illustration of measurement principles. i. Illustration of viscosity measurement.
Microparticles move toward the magnetic minimum under the influence of magnetic forces (F,,). Solution viscosity is measured by equilibrating F,,
and the drag force (Fy) acting on the microparticles. h; and h; indicate the initial and final positions of the microparticle, while At; represents the
time elapsed of microparticle movement between these reference positions. g is the gravitational acceleration and B is the magnetic induction. g
is perpendicular to the microcapillary channel. ii. Illustration of the platform during a 90° rotation for density measurement. When the viscosity
measurement is completed, the platform is manually rotated 90° for the density measurement. iii. lllustration of density measurement. When the
platform is rotated 90°, the microparticles levitate to a stable height depending on the solution (p;) and microparticle (p,) densities due to the
balance of F,, and buoyant forces (Fy). hie, represents the distance between the microparticles' stable levitation height and the bottom magnet. g
is parallel to the microcapillary channel in the density measurement configuration. iv. Illustration of viscosity and density calibration curves.
Measured At; and hye, values are correlated with solution viscosity and density, respectively, via calibration curves.

2.2. Principles of viscosity measurement

Initially, the platform is placed in an upright configuration,
which arranges the opposing magnets perpendicular to
gravity for viscosity measurement (Fig. 1B). In this
configuration, particles tend to move toward the midpoint
between the two magnets, where the magnetic induction is
at its minimum (Fig. S2t). The particles move through the

3794 | Lab Chip, 2025, 25, 3792-3802

solution until the acting magnetic force (F,,) becomes zero.
During this movement, the drag force (Fg) acts in the
opposite direction of the movement.®® Since the inertia
forces on the microparticles can be neglected, the force
balance equation of the particles is expressed as F,, = Fq.
Hence, this equation is used to calculate the viscosity of the
solution () for spherical microparticles with a radius of R
as follows:

This journal is © The Royal Society of Chemistry 2025
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where Ay is the difference in magnetic susceptibility

between the microparticle and the solution (the magnetic
susceptibility of Gd*" is 3.2 x 107 M%), g, is the vacuum
permeability (1.2566 x 10°° kg m A™> s7%), B is the magnetic
induction value, Cp is the drag coefficient (Cp = 1 for the
microparticle far from the channel wall as in the
measurements), and v is the velocity of the microparticle.
The equation reveals that the velocity of microparticles is
inversely proportional to the viscosity of the solution.
Hence, the viscosity of a solution can be determined by
measuring the particle’s velocity and, consequently, its
equilibrium time in the channel.

2.3. Principles of density measurement

The platform is rotated 90° to orient the opposing magnets
horizontally to the gravity to perform MagLev-based density
measurements of the solution (Fig. 1B). In this configuration,
the microparticles tend to move from high to low magnetic
induction due to their magnetic susceptibility difference with
the surrounding medium. The microparticles then become
stable at a certain levitation height when the magnetic and
buoyant (F,) forces balance each other.®® The equation of the
balanced forces (F,, = F,) acting on the microparticles is
rearranged to calculate the density of the solution as follows:

%(Bx%JrByaa—%JrBz%)

g

Ps = ~Pps (2)
where g is the gravitational acceleration (9.8 m s), and p,
and p are the volumetric densities of the microparticle and
the solution, respectively. For a specific microparticle density,
if the solution density is higher than the particle density (p,,
< ps), the particle balances above the midpoint between the
opposing magnets. Likewise, if the solution density is lower
than the particle density (p, > ps), the particle is balanced
below the midpoint between the magnets. When the solution
and particle densities are equal (p, = ps), the microparticles
balance in the midpoint between the magnets. Hence, by
measuring the levitation height of microparticles with a
known density in the capillary channel, the density of the
solution can be calculated.

2.4. Numerical analysis

This study used a finite element method (FEM) to solve the
magnetic induction value across the microcapillary generated
by opposing magnets. A 3D model comprising two magnets
with a magnetization of 400 kA m™ was generated and
computed under stationary conditions (Fig. S21). A custom-
built Python code was used to model the MagSity platform
principle, and microparticle movements were examined in
the microcapillary by calculating the velocity due to magnetic
and drag forces acting at each position (ESIf). The

This journal is © The Royal Society of Chemistry 2025
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equilibrium time between h; and &; was calculated for 1-5 cP
solution viscosity using 50, 100, and 200 mM Gd*'.
Additionally, the equations of the magnetic and buoyant
forces acting on the microparticle in the 90° rotated platform
were solved, and the equilibrium heights for solution
densities of 0.95-1.10 g cm™ were calculated for 50, 100, and
200 mM Gd*".

2.5. Image acquisition and analysis

The microparticles are imaged in the microcapillary via an
integrated lensless holographic microscopy system. In this
system, the LED emits light waves that pass through a
pinhole and illuminate microparticles. The reference wave
and the wave created by the object interaction combine on
the image sensor, where they are recorded. A custom-built
Python program was used to control the imaging duration
and frequency (ESIT). The recorded hologram image is then
reconstructed through the angular spectrum algorithm as
follows:**

Po(x, y; 2) = F YT {Wpolx, y) H(kx, ky; 2)}, (3)

where ¥p,(x, y) is the recorded hologram, ¥p(x, y; z) is the
reconstructed hologram, & is the Fourier transform and
H(ky, ky; z) is the phase factor. Here, the phase factor was
utilized to back-propagate the image with increasing z-steps
along the z-axis as follows:

2
H(p, q) = exp| ~jko 1—(pAk§) i
ko ko

where k, is the wave number, that is 2n/A where A is the
wavelength in meters. The indices of samples’ spatial and
Fourier domains are given by (x, y) and (p, g¢),
correspondingly. Ay = 2n/MA, and Ay = 2n/NA, indicate the
frequency resolutions (rad per unit length), where A, and A,
are the sampling periods. M and N show the number of
samples in the direction of x and y, respectively. The distance
between the sample and the image sensor is expressed by z.
A custom-built Python program was developed for the digital
reconstruction of the hologram images (ESIf). The
reconstructed images were scaled using USAF 1951. The
microparticle position was measured relative to the
midpoints between the magnets or the bottom magnet by the
line tool in Image].

2.6. Statistical analysis

Data are shown as the mean + standard deviation (SD) of 6
replicates of experiments. The coefficient of determination
(R*) was assessed through linear regression with a 95%
confidence interval. Multiple group comparisons were
analyzed employing analysis of variance (ANOVA) with a
statistical significance set to p < 0.05 and Tukey's honestly
significant difference (HSD) post hoc test. All analyses were
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performed using GraphPad software (Prism 9 version,
GraphPad, USA).

3. Results and discussion
3.1. Modeling of viscosity and density measurements

A solution containing microparticles suspended in a
paramagnetic medium is injected into a microcapillary and
positioned on the platform. The initial configuration of the
platform (Fig. 1B) enables the microparticles to reach the
midpoint between magnets. The velocity of particles
depends mainly on the concentration of the paramagnetic
medium and the viscosity of the solution. Finite element
modeling results of magnetic induction values (Fig. S27)
within the capillary were used to simulate the velocity of
particles with a diameter of 15 um at a 0.1 s period in
liquids having different viscosities (1-5 cP) and Gd*"
concentrations (50-200 mM). Simulation results indicate
that the particle reaches the final position more rapidly in a
medium with lower viscosity (Fig. 2A). Additionally, as the
difference between the microparticle and medium magnetic
susceptibility decreases (i.e., with lower Gd*" concentration),
the particle reaches the final position more slowly. Hence,
by monitoring the equilibrium time of microparticles, the
viscosity of the solutions can be depicted at a fixed Gd**
concentration. The sensitivity of viscosity measurement can
be enhanced by decreasing the concentration of Gd*', as it
results in a steeper slope between viscosity and equilibrium
time (Fig. 2A).

The 90° rotated platform enables the microparticles to
reach an equilibrium levitation height where buoyant force
equals magnetic force (Fig. 1B). This stable levitation height
is unique to the solution density and depends on the
magnetic susceptibility difference between the particle and
the paramagnetic medium. Levitation heights of a
microparticle with a 1.05 g cm™ density were simulated in
solutions having different densities (0.95-1.10 g ¢cm™) and
Gd*" concentrations (50-200 mM). The results suggest that
the microparticle levitates closer to the lower magnet in
solutions with a density lower than that of the particle itself
(Fig. 2B). When the solution's density increased, the particle's
levitation height increased also. Hence, the density of the
solution can be assessed by monitoring the levitation heights
of microparticles. As the Gd*" concentration increases, the
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magnetic levitation height difference between solutions with
different densities decreases, resulting in a reduced
measurement sensitivity. However, the range of density
measurements is improved.

3.2. Viscosity and density measurements in glycerol solutions

Calibration curves for viscosity measurement were obtained
by calculating the equilibrium time of microparticles in the
Magsity platform (Fig. 3A). These particles were prepared
in solutions with known viscosities and densities (Fig. S3
and $4f) containing Gd** at a constant temperature.
Therefore, calibration is done to account for the measured
viscosity and density, considering those of the Gadavist
solution itself. Linear relations between the microparticle
equilibrium time (f.q in s) and the solution viscosity (1 in
cP) were obtained as follows: t.q = 2345 — 56.61, teq =
65.277 - 71.87, and teq = 33.207 - 6.925 for 50, 100, and
200 mM Gd*', respectively (Fig. 3B). The results showed a
gradual increase in microparticle equilibrium time as the
solution viscosity increased. Additionally, as Gd**
concentration  decreases, the rate of change in
microparticle equilibrium time increases with the viscosity
grade. Hence, the sensitivity of the viscosity measurement
can be improved while reducing the Gd*" concentration as
expected. The analysis time depends on the Gd*"
concentration and solution viscosity range. For instance,
the microparticles achieved their final positions in 4.3 +
0.2, 2.5 + 0.2, and 0.47 + 0.1 minutes for the solutions
with 0.9-1.3 cP viscosity using 50, 100, and 200 mM Gd*",
respectively. Conversely, longer analysis times were
necessary for higher viscosities (1.3-5 cP), namely 10.8 +
5.4, 4.4 + 1.6, and 1.6 + 0.8 minutes for 50, 100, and 200
mM Gd*', respectively. The experimental results also
showed a good correlation with simulated microparticle
equilibrium times (Fig. 2A and S5A%).

For low viscosities (<1.3 cP) covering the range of
biological samples (1.0-1.3 ¢P*), the equilibrium time
showed a good linear relationship with the viscosities, as
follows: t.q = 145.57 + 99.26, teq = 126.37 — 10.82, and t.q =
66.57n + 43.94 for 50, 100, and 200 mM Gd**, respectively
(Fig. 3B). Although viscosity characteristics can be changed
with temperature, a linear relationship was still obtained for
elevated temperature (i.e., 37 + 1 °C) as follows: t.q = 1757 -

A) B)
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Fig. 2 Simulation results. Simulated A. equilibrium and B. levitation heights of microparticles in solutions with different viscosities and densities. In
the simulations, 1.05 g cm™ microparticles with a diameter of 15 um spiked in 50-200 mM Gd** were utilized.
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Fig. 3 Viscosity measurements in the MagSity platform. A. Reconstructed images of microparticles spiked in 40% glycerol with 200 mM Gd**
solution at 26 °C in the microcapillary. The positions of microparticles at different times are presented in (i-iii). The equilibrium time of the
microparticles was calculated as the elapsed time between the initial (h;) and final (hs) positions. The midpoint between the magnets is shown in a
dark blue dashed line. Scale bar, 500 um. B. Calibration curves for viscosity measurements. Measurements were conducted with 50-200 mM Gd**
at 26 °C and 37 °C for solutions having different viscosities prepared using (i) 10-50% and (ii) 0-10% glycerol. The solid lines correspond to fitting

curves derived from the experimental data.

78.91, teq = 143.77 — 91.19, and teq = 112.67 — 90.67 for 50,
100, and 200 mM Gd*", respectively.

After the viscosity measurements, the MagSity platform
was rotated 90° for the density measurement of the same
solution. A calibration curve for the density measurement
was obtained by determining the levitation height of
microparticles (fye,), defined as the distance between their
final position and the bottom magnet (Fig. 4A). A linear
correlation was observed between levitation height (A, in
um) and solution density (ps in g cm™) as follows: e, =
13353ps — 13192, My = 9896ps — 9533, and Aye, = 4511ps —
3864 for 50, 100, and 200 mM Gd**, respectively (Fig. 4B). As
the concentration of Gd*" increased, the slope of the fitting
line decreased, leading to an expansion of the density
measurement range within the microcapillary. For instance,
the predicted measurable density range was 1.014-1.089 g
em™ for 50 mM Gd**, while the density measurement ranges
widened to 0.999-1.100 g em™ and 0.934-1.156 g cm ™ for
100, and 200 mM Gd*", respectively. On the other hand, the
density measurement resolution is decreased from 7.49 x
107 to 2.22 x 10" g em™ um™ with an increase in Gd**
concentration from 50 mM to 200 mM. Fitting lines of
different concentrations intersected at the levitation of ~850
pm, which is nearly the midpoint between the magnets, and
the density of ~1.05 g cm™, which is the density of the
microparticles. The results also correlate well with the
simulated levitation heights in the MagSity platform for
different solution densities (Fig. 2B and S5BT).

The time required for density analysis depended on the
time elapsed for microparticles to reach the final levitation
heights. Hence, this time was influenced by factors such as

This journal is © The Royal Society of Chemistry 2025

the concentration of Gd**, viscosity, and the density of the
solution. As the Gd*" concentration increased, the time of
reaching the final levitation height decreased, resulting in a
shorter analysis time (Fig. S61). While using 100 mM Gd*",
the total analysis time for the viscosity and density
measurement can be less than 10 minutes for a wide range
of liquids (Table S1t). Since 100 mM Gd** shows better
sensitivity than 200 mM Gd** and offers both fast analysis
and a broader density measurement range than 50 mM Gd**
(Table S11), we chose to use 100 mM Gd*" concentration for
viscosity and density measurements in the platform.

3.3. Viscosity and density measurements in various solutions

Fetal bovine serum (FBS), bovine serum albumin (BSA), and
cell culture media solutions (ESI) with 100 mM Gd*" were
analyzed using the MagSity platform, whose calibration
curves of viscosity and density measurements are shown in
Fig. 3B and 4B. A commercial viscometer (Brookfield DV-II+
Pro), with an accuracy of 99%, was employed alongside an
analytical balance (AND GH-252) to establish gold standard
measurements for validating the solution measurements. The
results are presented in Table 1. The increase in FBS volume
percentage in Dulbecco's modified Eagle's high glucose
(DMEM) and BSA concentration in FBS led to a noticeable
increase in both viscosity and density values. Furthermore,
the viscosity and density values of the spent cell media were
significantly higher (P < 0.0001) compared to a standard cell
culture medium, ie., DMEM with 5% (v/v) FBS. In the
measurements, each spent cell line medium exhibits
significantly distinct properties from each other (Fig. S77),
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Fig. 4 Density measurements in the MagSity platform. A.
Reconstructed images of microparticles spiked in different
concentrations (0-50%) of glycerol, resulting in different solution
densities (i-ix). 200 mM Gd** was used in the experiments. h, is the
levitation height of the particle to the bottom magnet. Scale bar, 500
um. B. Density calibration curve for 50-200 mM Gd**.

showing that despite metabolism occurring in all cell types,
the intricacies of metabolic activity can vary depending on
the specific cellular context.’”®® The densities of the Roswell
Park Memorial Institute (RPMI) medium, DMEM, and FBS
with 2 mM BSA solutions could not be measured since their
density values did not fall within the 100 mM Gd**
measurement range. However, the measurement range can
be adjusted within the MagSity platform; for instance, the
range can be increased when higher paramagnetic
concentrations (i.e., 200 mM Gd**) are used. The MagSity's
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measurable viscosity and density ranges effectively assess the
properties of biological samples within the platform's
sensitivity limits. However, whole blood poses significant
challenges for our platform due to its high cellular content,
which interferes with image clarity in lensless holographic
microscopy.”>®” Nonetheless, representative cell-free fluids,
such as serum and cell-culture media, have demonstrated the
relevance and applicability of the MagSity for measuring the
density and viscosity of biological fluids.

Standard viscosity measurement techniques have error
margins ranging from 1% to 5%, while density measurement
techniques range from 0.01% to 0.1%, depending on the
instrument.®®® In contrast, the MagSity method is
comparable to standard measurement methods, with a
difference of 0.161-2.236% and 0.003-0.070% for viscosity
and density measurements, respectively (Table 1). Hence, the
MagSity measurements demonstrate at least 97.76% accuracy
for viscosity and 99.93% for density. While the current proof-
of-concept involves manual measurement of microparticle
displacement and equilibrium height, the platform's image-
based nature makes it highly amenable to automation for
further accuracy improvement. Integrating machine learning
algorithms for automated image analysis would not only
reduce human error but also enhance the system's
robustness and precision and improve the platform's
scalability, particularly in clinical and industrial settings
where consistency and throughput are critical.’®** To further
enhance user convenience, Gadavist and microparticles can
be pre-coated within the capillary channel, simplifying the
preparation process and ensuring consistent solution mixing
for accurate measurements and increasing the platform's
portability by reducing the need for on-site reagent handling.

Analysis of the obtained data consistently showed low
standard deviation values, indicating a high level of
reproducibility and precision in the measurements. These
findings highlight the efficacy of the MagSity method in
accurately monitoring liquid viscosity and density for diverse
industrial and scientific applications.

3.4. Comparison of the MagSity platform with the state-of-
the-art miniaturized devices for viscosity and density
measurements

The advent of miniaturized technologies has revolutionized
conventional measurement methodologies, driven by the
growing demand for POC devices, especially in biological
applications. Numerous studies have been carried out for
sensitive and accurate measurements of fluid viscosity and
density (Table S27) since even minor changes are critical for
early disease diagnosis and treatment monitoring.”> While
fundamental research on microviscometers has enabled
efficient handling of minute sample volumes, these
techniques highly rely on embedded sensors and bulky and
costly microscopy inspection systems, which are
incompatible with the nature of miniaturized systems.
Additionally, simultaneous analysis of fluid properties

This journal is © The Royal Society of Chemistry 2025
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Table 1 Viscosity and density measurements of different solutions using the MagSity platform and gold standard analyses at 26 °C. The difference
between measured values is calculated by taking the absolute difference between the MagSity measured and gold standard values, dividing this by the
gold standard value, and expressing the result as a percentage

Difference between measured

MagSity measurements Gold standard measurements values
Solution 7 (cP) p(gem™) 7 (cP) p(gem™) A (%) Ap (%)
RPMI 0.8773 £ 0.0061  ND* 0.8700 + 0.0001 0.999 £ 0.0001  0.8411 + 0.7045 ND
DMEM 0. 9294 + 0.0034 ND 0.9267 + 0.0047 1.000 = 0.0001  0.5805 + 0.2127 ND
FBS 1.4790 £ 0.0180  1.0095 + 0.0001 1.5150 £ 0.0050  1.0089 + 0.0006  2.2366 + 0.7352  0.0593 + 0.0492

DMEM with 5% (v/v) FBS
DMEM with 10% (v/v) FBS
DMEM with 20% (v/v) FBS
DMEM with 30% (v/v) FBS
Phosphate-buffered saline
(PBS) with 0.5 mM BSA
FBS with 0.5 mM BSA

FBS with 1 mM BSA

FBS with 2 mM BSA
HUVEC spent medium
MCF-7 spent medium
MDA-MB 231 spent medium

0.9697 + 0.0058
1.0179 + 0.0023
1.1105 + 0.0012
1.3897 + 0.0070
2.0460 + 0.0051

2.3495 + 0.0340
2.4542 + 0.0397
2.9232 + 0.0090
1.3458 £ 0.0070
1.0932 + 0.0053
1.1049 + 0.0071

1.0006 + 0.0002
1.0010 = 0.0002
1.0020 £ 0.0002
1.0059 = 0.0002
1.0206 * 0.0002

1.0225 £ 0.0004
1.0393 £ 0.0002
ND

1.0040 £ 0.0002
1.00309 + 0.0184
1.0029 £ 0.0001

0.9533 + 0.0047
1.0200 £ 0.0082
1.0867 + 0.0047
1.4000 = 0.0001
2.0433 + 0.0047

2.3333 £ 0.0471
2.4667 + 0.0471
2.9000 = 0.0001
1.3533 £ 0.0047
1.0967 + 0.0047
1.0867 £ 0.0047

1.0006 + 0.0002
1.0010 + 0.0001
1.0020 + 0.0002
1.0062 + 0.0002
1.0199 + 0.0008

1.0225 £ 0.0004
1.0398 + 0.0002
1.0920 = 0.0001
1.0036 + 0.0002
1.0022 + 0.0001
1.0032 £ 0.0000

1.7237 + 0.9676
0.6736 + 0.1816
2.1922 + 0.3536
0.7352 + 0.4974
0.1614 + 0.1591

1.0847 + 0.0153
1.3279 + 1.0024
0.8008 + 0.3116
0.5578 + 0.4043
0.3150 + 0.2749
1.6789 £ 0.2215

0.0030 + 0.0018
0.0135 + 0.0033
0.0345 + 0.0207
0.0237 = 0.0081
0.0701 + 0.0559

0.0045 + 0.0029
0.0440 + 0.0047
ND

0.0440 + 0.0002
0.0309 + 0.0184
0.0235 + 0.0095

“ Not detected.

remains a significant challenge in POC diagnostics,
particularly in economically and infrastructurally challenged,
resource-limited environments.”® Alternatively, MEMS-based
microsystems have demonstrated the integration of multiple

functions on a compact platform, enabling rapid and
48,68

simultaneous measurements. Despite recent
advancements, these techniques still face inherent
limitations, such as the necessity for sophisticated

equipment and costly, precise microfabrication.

In response to these challenges, we introduced a novel
hybrid MagSity platform that seamlessly integrates the
magnetic levitation principle and image-based sensing via a
lensless holographic microscope to measure the density and
viscosity of solutions. This integration overcomes the
limitations of relying on expensive, bulky optical systems in
magnetic levitation platforms and enables simultaneous
measurement of fluid properties. While MagLev-based
platforms traditionally allow measuring microparticle and
droplet-based solution densities, our study is the first to
simultaneously measure solution viscosity alongside density
in a single platform (Table S3). The measurement principle
based on the magnetic field gradient generated by opposing
permanent magnets offers simpler modeling and plain
fabrication of the platform. The lensless digital image-based
nature of the platform enhanced portability, compactness,
and non-invasive analysis of the density and viscosity of
solutions with a production cost of ~$120 and a single test
cost of $2.40 (Table S4t). The platform achieves biological
range measurement accuracies of at least 97.7% for viscosity
and 99.3% for density with 1.01 x 10™* um g™ em™ and 1.53
x 107% s cP™" sensitivity. It should be noted that the sensitivity
and range of the measurements can be adjusted by changing
the paramagnetic medium concentration. Drawing upon
these attributes, the presented technique surpasses existing

This journal is © The Royal Society of Chemistry 2025

miniaturized fluid property measurement methods by
offering a combination of low cost, high sensitivity, and
accuracy. Notably, it achieves this by simultaneously
measuring viscosity and density, thereby enhancing its utility
and performance (Table S21). The measurements conducted
on the presented platform pave the way for potential future
applications, such as assessing blood coagulation and
detecting imbalances in biofluid properties that serve as
indicators for various disorders.

4. Conclusion

A hybrid lensless holographic microscope integrated MagLev-
based solution viscosity and density measurement platform,
called the MagSity platform, was introduced. This platform
utilizes the microparticles as a kind of microsensor spiked in a
sample to determine levitation height and time, enabling
measurements of liquid density and viscosity, respectively. By
eliminating the need for traditional lenses for inspections, the
system offers a cost-effective alternative to conventional
approaches for monitoring levitation profiles. The platform
enables measurements of liquids with viscosities ranging from
0.84 to 5.09 cP and densities from 1.00 to 1.09 g cm ™ in under 7
minutes, utilizing a minute amount of sample (30 pL). It
achieves over 97.7% accuracy for viscosity and over 99.9%
accuracy for density. The advantages of the hybrid method will
significantly contribute to portable and rapid tests that will
reduce the time and financial burden of institutions where
regular monitoring of fluid properties is essential.

Data availability

The data are available from the corresponding author upon
reasonable request.
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