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Liquid mass density and viscosity are fundamental characteristics of fluids. Their quantification by means of
classical viscosity and density meters has several drawbacks: (i) the liquid-density and the viscosity cannot
be measured simultaneously, (i) sample volumes in the mL-range are consumed, (i) the measurements
cannot be multiplexed, and, (iv) the quantifications are time-consuming (minutes). Nano-mechanical trans-
ducers promise to overcome these limitations. We use fully clamped, gold coated silicon-nitride mem-
branes with a thickness of 200 nm to measure liquid viscosity and density of samples of 1 uL volumes re-
siding above the membrane in a miniature well. Photo-thermal actuation is used to excite the membrane,
and an optical deflection system measures the response. From the response spectra, the eigenfrequency
(f) and the quality (Q) factor are extracted and used to determine liquid density and viscosity by applying a
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three-point calibrated, simplified lumped model. We tested the system using calibrated solutions with vis-
cosities in the range of 1-219 mPa s and mass densities between 998 kg m™> and 1235 kg m™>. Real-time
DOI: 10.1039/c8lc01343h measurements were performed that characterize the polymerization of G-actin to F-actin filaments. The
method presented promises to overcome the aforementioned limitations and thereby enables the real-

rsc.li/loc time characterization of sub-uL sample volumes in a multiplexed manner.
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1 Introduction

Viscosity and mass density are fundamental liquid properties.
They can be measured using classical methods, eg, by
employing Ostwald viscometers to measure the fluid viscosity or
by the application of volume-measuring containers in combina-
tion with mass balances to determine the liquid density. How-
ever, these conventional methods need milliliter sample vol-
umes, and the measurement takes a significant amount of time.

Over the past few years, several methods have been proposed
to minimize sample volumes and reduce measurement times.
These can be classified as miniaturized Ostwald viscometers
employing microfluidics technology," droplet-based micro-
fluidics methods,> thermal noise detection,® and thickness-
shear resonators (QCM or SH-SAW sensors).*> A broad research
domain is based on the development of micro-rheology assays,
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which are used to measure rheological properties of a medium,
such as the viscoelasticity and the loss and shear modulus of
biological filaments, at small scales. These new techniques
include dynamic light scattering (DLS),® diffuse wave spectro-
scopy (DWS),”® video-particle tracking,’ microfluidic stagna-
tion flow,'*™* and microfluidic capillary viscometry."**#

Cantilever-based nano-mechanical sensors allow the real-
time measurement of liquid mass-density and viscosity of pL-
sized volumes.'>*® These sensors characterize the cantilever
vibrational response to external driving forces. Excitation can
be achieved in different ways: photo-thermally,>>* by induc-
ing Lorentz forces,>*** and piezo-electrically.>®>” For exam-
ple, cantilevers were used as sensors to measure the coagula-
tion of blood plasma.*>®

However, these cantilever-based sensors have limitations:
First, the strong damping of fully-immersed cantilevers leads
to low-quality factors (Q) and, thus, limits measurement pre-
cision and prevents the characterization of liquids with high
viscosities. Second, non-transparent liquids disturb the optical
readout system that measures the deflection of the cantilever.
Third, multiplexed real-time measurements are difficult be-
cause either an array of cantilevers measures geometrically-
separated liquid droplets, or a stream of sequential liquid
droplets passes the cantilever transducer. The latter allows
high-throughput screening, but individual samples are
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exposed only for a short period of approximately 1 s>° which is
usually too short to allow rheokinetic measurements of chemi-
cal reactions."®

In this report, we use fully clamped silicon-nitride mem-
branes, that are photo-thermally excited, in combination with
an optical read-out system that enables the recording of
spurious-free response-spectra of the membrane. From the
response spectra the eigenfrequency (f) and the quality
factor (Q) were extracted by using the driven damped har-
monic oscillator model (DDHO) (ch. 27). The extracted values
were subsequently used to determine the liquid density and
viscosity by applying the reduced order model (ROM),*"
which is based on a three-point calibration. This system has
several advantages: (i) the membrane and the silicon base
form a tiny well, and only sub-microliter sample volumes are
needed, (ii) higher viscosity and mass density resolution is
achieved due to higher Q-factors,*" (iii) the membranes can
be arrayed for multiplexed measurements, and, (iv) broad
measurable liquid density and viscosity range.

2 Materials and methods
2.1 Reference solutions

Reference solutions were prepared by mixing liquid glycerine
(Cat-nr. 131339.1211, PanRec AppliChem, ITW Reagents) with
water for molecular biology (Cat-nr. H20MB0501, Millipore).
The reference viscosities and mass densities were measured
with an automated viscosity (Anton Paar, AMVn Viscometer,
Switzerland) and density meter (Anton Paar, DMA 4500,
Switzerland). For details see ESLT ch. 1.

2.2 Protein solutions

Lyophilized G-actin (globular actin) from rabbit skeletal
muscle (Cat-nr. 8101-01), G-actin buffer at pH 8.2, containing
adenosintriphosphate (ATP), CaCl, and dithiothreitol (DTT)
(MonoMix, Cat-nr. 5100-01) and polymerization inducing
buffer PolyMix (Cat-nr. 5000-01) were purchased from
Hypermol (Bielefeld, Germany). Before the experiments the
G-actin lyophilized powder was reconstituted with water to
a final concentration of 1 mg mL™", centrifuged for 10 min
(15000 x g) and stored on ice.

2.3 Sensor setup

Fig. 1 shows the membrane transducer, the liquid handling
system, and its integration in the set-up. Fig. 2 depicts a
schematic representation of the photo-thermal excitation, the
optical beam deflection system (OBD), and the electronic
components adapted from a previous setup.?’ These compo-
nents enable the use of silicon-nitride membranes as nano-
mechanical resonators.

The set-up consists of a detection- and an excitation part,
which are mechanically separated from the measurement
chamber. The detection part is composed of a laser beam
(LDpg, 4 = 785.4 nm, Ppg = 4.9 mW; 51nanoFCM-HO06, Schifer
+ Kirchhoff GmbH, Hamburg, Germany) with a wavelength of
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Fig. 1 Membrane transducer, liquid handling system and environment
control. (a) SEM-image of a typical membrane transducer: the silicon-
frame (1) and the silicon-nitride membrane (2) form a well (frame size:
5 x 5 mm?, window size: 1 x 1 mm?, thickness: 200 nm), which can be
filled with the test liquid. The stoichiometric membrane windows are
made of SizN4-films with a high tensile stress (1 GPa). The 54.74° angle
is defined by the silicon (111)-plane. Scale bar: 400 um. (b) Mounting of
nano-mechanical membranes and sample priming: (3) temperature-
controlled copper plate; (4) fused silica capillary for sample deposition
on the silicon-nitride membrane; (5) sample droplet; (6) temperature
sensor used to regulate the temperature of the membrane holder; (1)
silicon frame with (2) silicon-nitride membrane. Inset: Silicon-nitride
membrane with sample priming; (c) temperature and humidity con-
trolled chamber mounted on a XY-stage; (7) humidity chamber made
of plexiglass; (8a) inlet and (8b) outlet of humid air; (9) temperature
sensor monitoring the temperature of the humidity chamber; (10)
humidity sensor monitoring the relative humidity inside the chamber;
(11) XY-stage.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic view of the electronics and optical components.
Optical beam deflection (red line) is used to detect the oscillations of
the silicon-nitride membrane. A laser beam (LDpg) with a wavelength
of 785.4 nm sequentially passes a collimator (COL1), a polarizing
beam-splitter (PBS) and quarter-wave plate (QWP). To align the
detection-laser placement on the membrane, we inserted a dielectric
broadband mirror (DBM1). The excitation part of the setup (blue line)
consists of a laser beam (LDgx) with a wavelength of 405 nm passing
through a collimator (COL2), a dielectric broadband mirror (DBM2) and
a dichroic mirror (DM). Both laser beams are reflected by a broadband
mirror (BM1) and focused onto the membrane by a microscope objec-
tive (OBJ, 4x). The excitation laser is driven by a variable frequency os-
cillator (VFO), and a lock-in amplifier (LIA) detects the response ampli-
tude; both electronic components are integrated within the ZI-HF2LI
(Zurich Instruments). The reflected beam passes through two broad-
band mirrors (BM) and is finally detected by a quadrant photo-diode
(QPD). To optimize the detection of a specific wavelength an optical
filter (OF) is mounted in front of the QPD.

785.4 nm which sequentially passes through a collimator
(COL1; TC12APC-780, Thorlabs, Germany) and an optical iso-
lator (ISO; 10-3D-780-VLP, Thorlabs, Germany). For monitor-
ing the intensity of the detection laser, a beam-splitter (8:92;
CM1-BP108, Thorlabs, Germany) with a photo-diode (PD1;
PDA100A-EC, Thorlabs, Germany) has been mounted after
the optical isolator. To obtain circularly polarized light, a po-
larizing beam-splitter (PBS; CM1-PBS252, Thorlabs, Germany)
and a quarter wave-plate (QWP; AQWP05M-600, Thorlabs,
Germany) have been inserted in the optical pathway. The
laser beam finally reflects at a broadband mirror (BM1; BB1-
EO2, Thorlabs, Germany) and is focused using a microscope
objective (OBJ; RMS4X, Thorlabs, Germany). The beam re-
flects off the gold-coated surface of the silicon nitride mem-
brane and follows the same optical pathway ending on a
quadrant photodiode (QPD; S5980, Hamamatsu, Japan),
which is placed after the PBS. The newly designed QPD has a
bandwidth of 3.5 MHz.

The excitation part of the setup is composed of a laser
beam (LDgx, 4 = 405 nm, Pgx = 8.7 mW; DLM-405/70F, Elovis)

This journal is © The Royal Society of Chemistry 2019
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with a wavelength of 405 nm, which passes through a colli-
mator (COL2; TC12FC-405, Thorlabs, Germany), a beam-
splitter (8:92; CM1-BP108, Thorlabs, Germany), a dichroic
mirror (DM; DMLP567, Thorlabs, Germany), and a broad-
band mirror (BM1), and is finally focused on the gold-coated
membrane using the same objective (OB]).

Using the internal variable frequency oscillator (VFO) and
lock-in amplifier (LIA) integrated with Zurich Instruments
HF2LI (ZI-HF2LI), the amplitude and phase spectra of differ-
ent modes were recorded. The reference signal is fed into the
excitation laser which drives the oscillation of the membrane.
To monitor the dynamic deflection detected by the QPD, the
input signal was split into two components: the first line was
used as an input signal to the Zurich Instruments lock-in
amplifier. The QPD used was designed to reach a 10-fold am-
plification. The second line was first low-pass filtered (f. pc =
80 Hz) and then amplified ten times, to avoid noise amplifi-
cation. This component was then fed into an analog input of
a National Instruments card (NI-9215) and read out.

The new control software was developed as an openBEB
module®” in LabVIEW. To collect and save the amplitude and
phase data, a separate module was programmed, which
enables the user to perform either a single sweep or a
sequential acquisition of a specific frequency range.

2.4 Data analysis collection

Fig. 3 shows a schematic representation of a typical measure-
ment. To measure the liquid density and the viscosity, the
quality factor and the eigenfrequency were tracked by sweep-
ing the modulation frequency of the excitation laser and re-
cording the frequency-dependent response of the membrane
using the read-out laser. From a series of response-spectra,
the eigenfrequency and the quality factor were determined.
The reduced order model*® enables the determination of the
liquid viscosity and density after a three-point calibration®’
(ch. 2f). By measuring the eigenfrequencies (fe,) and the
quality factors (Qexp) Of three known liquids which cover a
broad density and viscosity range, the calibration coefficients,

Moks Mpky M, 5 Coks Coer €y 5 of the reduced order model can

be determined. The resulting values are inserted into the fol-
lowing equations and solved for the liquid density, p, and the
viscosity #:

1
Jon = : 6y
2n\/m0k +m, X p+mE x\np
0., ~ \/mok T X P XA\ )

Cor T C XTI*’C,TP;(X«/TIP

Before starting with the measurements, the detection and
excitation laser were aligned. The laser positioning on the
silicon-nitride membrane is simplified by calculating the
Jacobi- and Hess matrix of the respective mode shape
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Fig. 3 Schematic overview of the measurement workflow: the membrane resonator is actuated by a modulated laser diode (blue) driven by the
variable frequency oscillator (VFO). The membrane response is optically read out (red laser) and quantified by a digital lock-in amplifier (LIA). Note
that the gold layer on the membrane absorbs 67% of the incoming blue light leading to a photo-thermal actuation of the membrane, and reflects
97% of the red light for the read-out of the membrane response.’® Spectra are recorded continuously by sweeping the frequency space, resulting
in a time series of amplitude and phase spectra. From the series of amplitude and phase response spectra, the time-dependent eigenfrequency
f.(t) and the time-dependent quality factors Q,(t) can be determined by fitting a driven damped harmonic oscillator model (DDHO) to each spec-
trum. After the determination of these parameters the liquid density p,(t) and the viscosity 7,(t) can be calculated by applying the reduced order

model (ROM).*°

function. It is essential to determine the correct placement of
the excitation and detection otherwise the vibrational ampli-
tudes are strongly reduced.”?

After having placed the laser spots on a distinct area, the
spectrum of a reference fluid was determined by a sweep
over a frequency range (from 5 kHz to 200 kHz). Next, the
vibrational mode was chosen. By choosing modes with
higher eigenfrequencies, the sensitivity to viscosity and mass
density changes is increased.”® Because of the higher ampli-
tude and the highest signal-to-noise ratio, we typically chose
the second peak around 35.8 kHz for our experiments (see
Fig. 4). The mode shapes represent the superposition of
lower modes.>*

After having selected the mode, the respective frequency
range was chosen and again swept repeatedly. The resulting
amplitude and phase curves were analyzed in the following
ways: (i) Lorentzian fit to the amplitude, (ii) peak frequency
and quality factor were extracted, and, (iii) the phase curve
was fitted by a driven damped harmonic oscillator model
(DDHO) using the derived parameters from the Lorentzian as
starting points (ch. 57).

2.5 Humidity chamber, sample stage, and sample priming

To avoid thermal and ambient-induced deflection drifts,**
viscosity changes, and evaporation of the sample the environ-
ment was controlled by placing the membrane transducer in
a specially designed climate chamber made of plexiglass
(Fig. 1c). The humidity of the chamber was regulated at 73%
for a dew-point temperature of 20 °C, and all experiments
were performed at this temperature.

To regulate the humidity set-point, a humidity sensor
(HIH-4000-002, Honeywell, Distrelec, Switzerland) was
installed. The humid air is introduced from an MH-Series
humidifier (MH-110-12S-2, Perma Pure, New Jersey, USA)
which contains a selectively permeable Nafion membrane
surrounded by water. After passing the walls of this mem-
brane the water evaporates due to the pressure difference

1308 | Lab Chip, 2019, 19, 1305-1314

between the incoming dry gas and the water supply. This
humidifying tube allows the transfer of heat and water vapor
pressure between a gas stream and a water supply. The flow
rate is controlled using a calibrated flow meter (Q140E13G,
Vogtlin Instruments, Aesch, Switzerland). Typically a flow rate
of 1.667 L min " is used. To avoid cooling of the tube and
therefore decreasing the humidification efficiency, a resistor
wire (Block, FA-Nr. 708951, Distrelec, Switzerland) was
wrapped around it. Using a PID-Controller the current
through the wire can be regulated. The resistor wire has a to-
tal resistance of 100.8 Q and with this heating system a maxi-
mum relative humidity of 90.4% at 24 °C (Tipe = 27 °C) can
be achieved. The temperature of the copper plate was regu-
lated with an accuracy of +0.05% using two Peltier-elements
and a PID-controller.

Sample volumes were typically 1 pL, which requires a pre-
cise pumping system with a minimal dead volume. A syringe
pump (KDS900, KD Scientific, Holliston, MA, U.S.A.) and a
500 pL syringe were used to aspirate a few microliters of the
test sample. Using a fused silica capillary (TSP-180350, ID =
180 um, OD = 350 pum) that is connected to the syringe and
mounted on a movable XYZ-stage, the sample droplet can be
precisely placed on the silicon-nitride membrane. A surveil-
lance camera (Prosilica GC750C, Basler, Germany) with a
mounted 12x zoom body tube (1-50330, Navitar, USA) facili-
tates the alignment of the capillary (Fig. 1b).

2.6 Membrane preparation

Stochiometric silicon-nitride membranes (NSX5100D, Norcada,
Edmonton, Canada) with a window size of 1 x 1 mm” and a
thickness of 200 nm spanned over a 5 x 5 mm” silicon sup-
port were used.

Before each experiment, the membranes were washed with
acetone, rinsed with nanopure water, and then plasma
cleaned (0O,, gas flow 0.003379 Pa m® s™*, 13.32 Pa, power 30
W; Solarus, Model 950, Gatan) for 40 s. Subsequently, 0.4 uL
of a PLL(20)-g[3.5]-PEG(2) solution at a concentration of 1 mg

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Photo-thermal actuation of a nanomechanical membrane
loaded with 1 uL of water. (a) The amplitude spectrum of the
nanomechanical membrane measured under load. The spectrum was
obtained by sweeping the frequency domain between 5 kHz and 200
kHz using the variable frequency oscillator to modulate the actuation
laser. For the normalized amplitude-spectrum (red) a multi-peak analysis
with a constant baseline (green) was performed, and the individual
peaks were fitted with the damped harmonic oscillator model (black).
The residual amplitudes between the model fitting and the measured
values are shown below the spectrum. (b) Amplitude and phase curve of
the second peak marked with an asterisk in panel (a). Measured data are
shown in red, and the fitted driven damped harmonic oscillator are
shown in black. (c) Simulated mode shape function of the analyzed
peak. The color legend represents the normalized vibrational amplitude.

mL™" (SuSoS AG, Diibendorf, Switzerland) was deposited in
the well and incubated for 1 h at room temperature. After
this step, the membrane was rinsed with nanopure water.
The membrane passivation was done to avoid protein stick-
ing to the silicon-nitride surface, which would cause errors in
the measured fluid properties.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

2.7 Finite element simulations of membrane behaviours

2.7.1 Determination of the membrane eigenmodes. To
compare the measured peaks in the amplitude spectrum, a fi-
nite element simulation was performed. For this purpose two
blocks of different sizes and materials were designed in
COMSOL Multiphysics®. One block represents the SizN,-
membrane with a window size of 1 x 1 mm® and a thickness
of 200 nm. The other one is the refractive gold substrate with
a corresponding thickness of 20 nm. Material properties were
adapted from the original COMSOL library.

To analyze the eigenfrequency of a fully clamped mem-
brane the solid mechanics and heat transfer modules were
used and combined with a thermal expansion multiphysics
module. Due to the laser heating up the gold layer, a
material-dependent expansion causes the oscillation of the
membrane. The tensile stress of the silicon-nitride layer and
the mass added to the well damped the oscillation. In the
simulation the added mass corresponds to 1 uL of water. The
physics modules integrated in a pre-stressed
eigenfrequency analysis. For the meshing the entire geometry
was divided into two parts. A free triangular node with an ex-
tremely fine element size was added to the upper and lower
surface of the blocks. The mesh of the remaining geometry
was divided into 400 equally distributed rectangulars per
domain.

were

2.8 Electron microscopy specimen preparation

We used transmission electron microscopy (TEM) of nega-
tively stained samples to observe the presence (or absence) of
actin filaments. After the liquid viscosity measurement, the
sample was removed from the silicon-nitride well and applied
to a glow-discharged carbon-coated EM-grid. The sample was
adsorbed to the grid for 75 s at room temperature. Excess lig-
uid was blotted with filter-paper, and subsequently the grid
was washed for three times with 5 uL of nanopure water. Af-
ter washing, the sample was negatively stained twice for 20 s
with 5 uL of 2% uranyl acetate.

3 Results

3.1 Photo-thermal excitation of silicon-nitride membranes

To test the photo-thermal actuation and beam-deflection
read-out system, we measured the amplitude response spec-
trum of the nanomechanical membrane loaded with 1 pL of
water. Eight eigenfrequency peaks were observed in the
amplitude spectrum (Fig. 4a). However, below 5 kHz the
peak-amplitudes are close to the noise level. The found
eigenfrequencies are in excellent agreement with our simu-
lations (Table 1). Furthermore, we characterized the second
peak at 35.8 kHz by sweeping over a frequency range of
5 kHz to 200 kHz as shown in Fig. 4b. The bandwidth of
the variable frequency oscillator was adapted to minimize
the noise; usually, a bandwidth of 15.1 Hz was used. Note,
that for the subsequent measurements we used the
eigenfrequency around 35.8 kHz.

Lab Chip, 2019, 19, 1305-1314 | 1309
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3.2 Viscosity and mass density measurements of Newtonian
liquids

The response of the membrane resonator depends on the
properties of the deposited fluid. For the liquid viscosity
and density measurements, the sensor was first calibrated
using at least three reference solutions as described be-
fore.”>*° The eigenfrequencies and quality factors of the
calibration liquids were used to determine the coefficients
required in the linear system of equations of the reduced
order model.’® Calculated coefficients of the calibration
model for all measurements are provided in the ESIT (ch.
2). After calibration, the liquid-samples were placed on the
membrane, and the amplitude and the phase spectra were
recorded. From these spectra, the eigenfrequencies and
Q-factors were extracted, and the calibrated reduced order
model allowed the determination of mass density (p), and
viscosity (1) of the test-fluids loaded on the membrane. For
all experiments droplet volumes of 1 pL were used. To avoid
sample contamination, the wells were rinsed with 3 pL of
water after every measurement.

3.2.1 Accuracy and dynamic range of the liquid viscosity
and mass-density sensor. Fig. 5 shows the measured liquid
properties # and p of diluted glycerol solutions measured by
a single silicon-nitride membrane. The method allows mea-
surements over a large range of viscosities, from 1 mPa s to
219 mPa s. The measured values are compared with the refer-
ence values for the viscosity and the liquid density. In gen-
eral, we found a good agreement, with deviations <2% for
the mass density p, and <10% for the viscosity #.

We noticed, that the calibration fluids chosen need to
cover the expected viscosity range of the test-fluids. An ex-
trapolation of the model to viscosity measurements that were
far away from the calibration liquids led to significant errors.
In order to cover the large range of viscosities, we used two
calibration sets: for lowly viscous fluids (from 0 mPa s to 6.63
mPa s), the chosen calibration fluids were 0%-, 30%- and
50%-glycerol (Fig. 5a). For highly viscous fluids (from 13.2
mPa s to 219 mPa s) 30%-, 60%- and 90%-glycerol were cho-
sen as reference fluids (Fig. 5b). In both calibration sets 30%-
glycerol was chosen as the calibration point in order to avoid
large deviations in the calculation of the liquid properties of
the test sample. For highly viscous fluids, the test sample
was 85%-glycerol.

3.2.2 Multiplexed liquid viscosities and mass densities
measurements. We measured the liquid viscosities and mass
densities of four test-fluids in parallel using an array of four

Table 1 Comparison of the measured (fitted value + SD) and simulated
eigenfrequencies. Note, the standard deviations were derived from a
multi-peak analysis

Jexp [Hz] Ssim [Hz]
17247 + 64.22 17218
35862 + 23.66 35866
62488 + 41.73 62494
76894 + 52.28 76 895
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silicon-nitride membranes. First, each membrane resonator
was individually calibrated. As calibration fluids, diluted glyc-
erol solutions (30% V/V, 50% V/V) and water were used. After
the calibration four different fluids were placed in the well of
individual membranes. The mechanical stage allowed the
subsequent analysis of the individual fluids by moving the
membrane onto the optical window. Fluid characterization
was performed as described above, and the results are shown
in Fig. 5a.

3.3 Real-time characterization of G-actin polymerization

In addition to the viscosity and mass density measurements,
the formation of actin filaments in real-time was tracked as
follows: 0.9 uL of monomeric G-actin was placed on the
silicon-nitride membrane. The excitation and detection of the
membrane oscillations were started, and an equilibrium state
of the eigenfrequency was obtained after 20 min. Subse-
quently, 0.1 puL of PolyMix at pH 7.4, containing KCl, ATP
and MgCl,, was added to trigger actin polymerization. Imme-
diately, the sequential acquisition of the amplitude and
phase curve with a digital lock-in amplifier was started and
run for 50 min (Fig. 6a). After the addition of 0.1 uL PolyMix,
a slowly decreasing quality factor was observed. The
eigenfrequency rapidly changed and achieved a steady-state
after a few minutes (Fig. 6a). As a negative control, the same
experiment was performed by adding 0.1 uL MonoMix buffer
at pH 8.2 containing ATP, CaCl, and DTT that does not pro-
mote F-actin formation (Fig. 6b). Some fluctuations of the
eigenfrequencies and quality factors were observed with the
MonoMix buffer, but compared to using PolyMix, no signifi-
cant decrease of the quality factor was observed (Fig. 6b): the
eigenfrequency drop of approximately 0.2% is due to the
addition of 0.1 pL MonoMix buffer. To confirm that the poly-
merization of G-actin was not dependent on the specific
membrane, the entire measurement was repeated several
times using different membranes (ch. 47).

After the measurement, the droplet was collected from the
membrane, negatively stained and visualized in the electron
microscope. As illustrated in Fig. 7 the sample contained
long actin filaments.

4 Discussion
4.1 Photo-thermal excitation of silicon-nitride membranes

We used photo-thermal excitation of fully clamped silicon-
nitride membranes that form a small well with the silicon
base. Membranes with a frame size of 1 x 1 mm? were used
to perform measurements of volumes between 0.5 uL and 1
pL. Compared to fully immersed resonators, a particular
advantage of these transducers is the higher quality factor
that results in a higher viscosity and mass density resolution.
By analyzing the second vibrational mode, we were able to
achieve a quality factor of Q = 135 using water loaded mem-
branes with this set-up. In comparison cantilever-based
sensors® reach a quality factor of Q = 10 for the third vibra-
tional mode. However, at frequencies lower than 5 kHz the

This journal is © The Royal Society of Chemistry 2019
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(a) Mass densities and viscosities of diluted glycerol solutions and water. Water, 30%-, and 50%-glycerol solutions (red circles) were used as

calibration fluids and the viscosity and mass density of the remaining liquids (blue marks) was measured. Relative deviations from the reference
values are shown below. Additionally, the mass densities and viscosities of four liquids (green triangles) were measured with membranes placed in
an array. (b) Calibration fluids were 30%-, 60%- and 90%-glycerol (red circles). For the highly viscous fluid (85%-glycerol) the deviations were
calculated from the theoretical values due to limitations of the commercially available viscometer.

peak amplitudes were close to the noise level. The lower limit
corresponds to the bandwidth of the read-out electronics. We
observed an upper limit (around 60 kHz) which could be due
to (i) inefficient heat transfer needed to relax the tension in-
troduced in the membrane bilayer after the photon pulse, or
(ii) the clamping loss.

Heat transfer simulations show that the cooling time of the
stressed bilayer after a laser pulse is enough to induce oscilla-
tion. The so-called phonon-tunneling, which is an external
loss, is one of the significant damping effects of membrane
resonators. To avoid the propagation of acoustic waves into
the silicon frame, the vibrational mode has to be placed within
a phononic bandgap. For blocking acoustic waves a phononic
crystal and the membrane frame should form a defect.

Commercially available membrane do not fulfill the above
criterion. Simulation show a bandgap between 600-800 kHz
indicating that the missing phononic bandgap could be re-
sponsible for the high damping effect in the low-frequency
regime (ch. 67). To achieve a higher signal-to-noise ratio
(higher quality factor) and increase the bandwidth, a new
silicon base could be designed. The dimensions of the new

This journal is © The Royal Society of Chemistry 2019

silicon base have to be determined in such a way that a
phononic bandgap is present within the wanted frequency
range.

4.2 Viscosity and mass density measurements of Newtonian
liquids
As indicated by maximal deviations of 1.5% for the mass
density and 9.6% for the viscosity (Fig. 5a), the determination
of the mass density is more accurate than that of the viscos-
ity. Compared to previous studies,”® we observed a larger
deviation in the determination of the viscosity. A possible
reason is the use of a different environment controlling sys-
tem. A slight change in the temperature and humidity could
affect the liquid properties. Another measure which could
further minimize the measured deviation is the integration
of an interferometer instead of an optical beam deflection
read-out system.

By performing multiplexed measurements, we could fur-
ther minimize the measurement time and realize a high-
throughput at the same accuracy.

Lab Chip, 2019, 19, 1305-1314 | 1311
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Fig. 6 Real-time characterization of F-actin formation. (a) Measured eigenfrequencies, quality factors and the corresponding mass densities and
viscosities of polymerizing actin. The values were calculated by applying the reduced order model. Each color and each mark represents one mea-
surement performed with the same silicon-nitride membrane. The red, black, blue and green marks represent the first, second, third, and fourth
run respectively; (b) measured eigenfrequencies, quality factors and the corresponding mass densities and viscosities of actin in the absence of
polymerization conditions (negative control). The eigenfrequency changes of approx. 0.2% reflects the addition of 0.1 uL of MonoMix.

Fig. 7 Post-measurement sample analysis by transmission electron
microscopy. Long actin filaments are detected in G-actin samples that
were incubated with polymerization buffer. Scale bar: 100 nm.
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An additional advantage of our set-up is the broad range
of viscosity and mass density that can be measured (Fig. 5b).
Experiments with highly viscous glycerol solutions were
performed. In the case of highly viscous glycerol solutions
the determination of the reference viscosities by the classical
Anton Paar viscometer was not possible due to the high
rolling time. Instead, the theoretical values for the viscosities
of 85%- and 90%-glycerol were used.

The use of the reduced order model leads to an accurate
density and viscosity determination only if the calibration
fluids have the same viscosity-density behavior and range as
the sample liquids. An extrapolation of the liquid properties
should be avoided. Further information can be found in the
ESIf (ch. 2).

4.3 Real-time characterization of G-actin polymerization

By measuring mass density and viscosity, we were able to
follow G-actin polymerization in real-time in a label-free
manner. In previous studies, the filament formation and

This journal is © The Royal Society of Chemistry 2019
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bundling were analyzed using microfluidic devices by observ-
ing the polymerization of fluorescently labeled actin mono-
mers in KCl and MgCl, gradients.*®

During the data acquisition, a decreasing amplitude and a
slight frequency shift (ch. 31) were observed. These two be-
haviors are related to the formation of actin filaments (F-ac-
tin) where the increasing viscosity leads to higher damping
which implicate decreasing quality factors. At the same time,
filament growth results in a denser liquid. Corresponding to
the three steps of actin polymerization, i.e., a nucleation, an
elongation and a steady-state phase, three states are revealed
by the curves presented in Fig. 6a.

The ability to follow filament formation in real-time was
also confirmed by the negative control (Fig. 6b). In the ab-
sence of polymerization inducing buffer, fluctuating
eigenfrequencies and quality factors were visible, but no sig-
nificant decrease or increase of the quality factor and
eigenfrequency were observed over time.

5 Conclusions

We present a method based on fully clamped silicon-nitride
membranes to characterize the viscosity and mass density of
Newtonian and non-Newtonian fluids that requires only min-
ute amounts of sample (V =1 pL). A three-point calibration
approach is applied to calculate the viscosity and liquid den-
sity values from the eigenfrequency and the quality factor.
The measurements show a maximal deviation of 1.5% for the
mass density, and a maximal difference of 9.6% for the
viscosity when compared to calibrated liquids. The sensor
format enables multiplexed measurements, and in contrast
to conventional methods, the measurement time is indepen-
dent of the fluid viscosity. Once the system is correctly cali-
brated, the platform can be used to characterize various
liquids in a short time period. For a single sample, it only
takes around three minutes to measure the amplitude and
phase curve and calculate the liquid properties. The measure-
ment time can further be reduced by automating the sample
priming. Moreover, by combining the multiplexed membrane
measurements with a fast read-out system, e.g., a dual PLL
frequency tracking system,”®?” the time resolution of
rheokinetic measurements can be increased to the millisec-
ond regime.

With the method presented it is also possible to measure
the viscosity and mass densities of biological samples. In our
particular case, the changes of the liquid properties were re-
lated to the formation of actin filaments from monomeric
actin.

We envisage that the improved measurement platform is
suitable to characterize interactions of biomolecules in a la-
bel and functionalization-free manner.
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