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Abstract

Despite advancements in analytical technologies, their complexity and cost have largely
restricted their application in scalable online or multiplexed measurements. Here we report a
guartz crystal resonator (QCR)-based method for detection of macromolecules that allows
immensely simpler and faster measurements by employing for the first time a fixed
frequency drive (FFD) and analytical expressions of acoustic parameters. Using human
immunoglobulin E (hlgE) as an exemplar macromolecule and an anti-hlgE aptamer
functionalised on a QCR, quantitative accuracy was benchmarked against the traditional
impedance analysis method. The ability of FFD to capture data over longer observation
periods at significantly higher acquisition rates at a fixed amplitude showed improvement in
the QCR’s sensitivity and specificity of transduction. The foundations for low-cost and low-
power online integration and large-scale multiplexability are also discussed.
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1. Introduction

1.1. Macromolecule Detection

Biomolecular detection is of fundamental interest in life sciences and biotechnology and
pivotal in healthcare and pharmaceutical applications. The detection of macromolecules [1]
(MW >10 kDa [2]) has gained wide interests in the fields of proteomics [3], diagnostics [1,4],
food and bioproduct manufacturing [5], and gene therapy [6,7] due to advancements in
analytical techniques [8]. Macromolecules, including antibodies, nucleic acids and
exosomes, have been explored as diagnostic markers for diseases, such as cancer [9-11],
sepsis [12-14], allergy [15-17], Alzheimer’s disease [18-20], tuberculosis [21-23] and
cardiovascular disease [24—26]. Macromolecular analysis is also crucial for monitoring the
progression of an existing disease [27] and investigating the efficacy of drugs [28]. Cell
surface markers, which are largely proteins, execute important biological activities like
intercession of cell-cell communications and response to external agents, such as
pathogens or chemical messengers [29]. Study of ligand-receptor interactions with other
macromolecules like antibodies [30] and aptamers [31], or small molecules, such as
molecular imprinted polymers [32] and peptides [33], can reveal important insights into
affinity, binding kinetics [34], and conformational changes of macromolecular layers [35].



Conventional analytical techniques for identification and quantification of macromolecules
include enzyme linked immunosorbent assay (ELISA) [36], mass spectrometry (MS) [37],
nuclear magnetic resonance spectroscopy (NMRS) [38] and surface enhanced Raman
spectroscopy (SERS) [39]. While these techniques have allowed unprecedented versatility
and accuracy of measurement, the complexity and cost of their instrumentation and assay
and the long analysis time have restricted their use to specialised laboratories by skilled
operators. To be widely adoptable in clinical and industrial settings, there is a need for
simple and low-cost analytical techniques that can deliver rapid or realtime measurements,
preferably multiplexable, online or at the point of care in unskilled settings.

Label-free biosensors have the potential to address the above-mentioned need in
detection of macromolecules [40—42]. A typical biosensor [31] consists of a biorecognition
element or receptor, such as antibody, aptamer, molecular imprinted polymer, peptide or
enzyme, that is designed to bind specifically to a target molecule or analyte, and a
transduction mechanism that converts the binding event into a detectable signal. Label-free
biosensors combine biorecognition and transduction of the binding event in a single step,
obviating the need for a secondary molecule or label to read out the binding using additional
steps and reagents. Thus, a label-free biosensor can potentially allow a much simpler,
faster, cheaper and more scalable detection of macromolecules [43]. Label-free biosensors
like surface plasmon resonance (SPR) and electrochemical sensors allow rapid or realtime
measurements with increasingly smaller instrument size facilitating portability and scalability
[44-46]. However, instrument cost and complexity of SPR sensors and the need for
electroactive elements, susceptibility to temperature changes and short shelf life of
electrochemical sensors have limited their widescale adoption for online or point-of-care
detection of macromolecules [44].

The guartz crystal resonator (QCR) has been explored as a label-free sensing platform for
macromolecules over the last three decades [47]. A QCR-based biosensor, popularly
referred to as the Quartz Crystal Microbalance (QCM), is a thickness-shear mode
piezoelectric quartz oscillator with biomolecular receptors functionalised on its sensing
electrode [48]. Changes in mass and losses in oscillation energy of the QCR due to any
binding or viscoelastic interaction on its sensing electrode are directly measured from the
shifts in its resonance frequency and dissipation (resonance half-bandwidth) [49]. The QCR
allows versatility through the detection of a broad range of molecular sizes and types
regardless of their electrical conductance or optical properties [44]. Since the measurement
is label-free and entirely electronic, the QCR serves as a promising platform for rapid or
realtime detection of macromolecules. However, in the current state, the technology is not
adequately simple and affordable to deliver multiplexed online or point-of-care
measurements outside skilled and resourceful laboratory settings.

The traditional QCR-based methods for measuring resonance frequency and dissipation
include the oscillator circuits [50], impedance or frequency sweep analysis (FS) [51] and ring
down or exponential decay [52] methods. The oscillator circuit, comprising a QCR and an
amplifier, allows a simple method for determination of resonance frequency using a
frequency counter. Dissipation can be measured here but at the expense of simplicity using



an automatic gain control unit. In impedance analysis (or frequency sweep, FS) method,
both resonance frequency and dissipation can be estimated by driving the QCR at multiple
frequencies around its nominal resonance frequency and fitting the admittance spectra with
an equivalent electrical circuit model. In ring down method too, both resonance frequency
and dissipation can be measured. A narrow radio frequency pulse excites the QCR in the
vicinity of its nominal resonance frequency. The excitation is periodically switched off and the
transient QCR response is fitted with the exponential decay function of a damped free
oscillation to estimate its resonance frequency and dissipation. However, for both impedance
and ring down analysis methods, the requirement for data fitting and averaging limits their
measurement time resolution in practice to 0.5-1 sec [53]. The need for frequency
synthesizers and fast analog-to-digital converters (ADCs) with a large dynamic range also
increases the instrument’s complexity, cost, and power consumption, making these methods
less suitable for low-cost battery powered instruments. Moreover, the challenges around
electromagnetic coupling and the lack of an accurate calibration method to cancel this
coupling in a cost-effective way limit large-scale multiplexability of QCRs using these
methods.

An analytical formula based Fixed Frequency Drive (FFD) method was reported in our
previous work, where we demonstrated realtime detection of quick needle touches on the
QCR to study the transient needle-QCR interactions [54]. In this paper, we applied this novel
FFD method to report a significantly simpler and faster QCR for truly realtime and continuous
label-free detection of a macromolecule, using human immunoglobulin E (hIgE) as an
exemplar. The analytical expressions of resonance frequency and dissipation are derived
directly from the acoustic impedance data based on the Butterworth Van-dyke (BVD)
equivalent electrical circuit model of a QCR. Being an analytical expression-based method
using a fixed frequency drive, FFD offers greatly improved simplicity and time resolution and
can potentially allow enhanced multiplexability and full electronic integration at lower cost and
power requirements compared to the traditional impedance and ring down analysis methods.

1.2. Immunoprotein: An exemplar of a macromolecule

The immune system protects the body from infections by producing different immunoproteins
or immunoglobulins (1g). In the field of mammalian immunology, there are five classes of
immunoglobulins namely IgA, IgD, IgE, 1gG and IgM [55]. Detection of immunoglobulins in
human fluids, such as blood, serum and plasma, aids in the diagnosis of hypersensitive
reactions [55], infectious disease [56] and allergic disorders [57], to name a few. As an
example, IgM and 1gG are produced in human blood during the various phases of COVID-19
infection caused by the coronavirus SARS-CoV-2 [56].

Immunoglobulin E (IgE), an immunoprotein with a molecular weight of 190 kDa [58], was
used in this work as a model macromolecule. IgE is usually present in trace amounts in the
serum of a healthy individual [59]. However, it has the ability to trigger some of the most
powerful immune reactions in humans like atopic dermatitis, allergic asthma and other
immune deficiency related diseases after being exposed to specific antigens that raises the
levels of IgE in human serum [60]. For instance, a correlation between IgE levels and virus



induced asthma aggravation in children and adults are evidenced in the immunology
literature [61].

1.3. Human IgE detection: State-of-the-art

Conventional techniques for human IgE detection include the enzyme-linked immunosorbent
assay (ELISA) [62], radioallergosorbent test (RAST) [63], microarrays [64], lateral flow test
[65], immuno-polymerase chain reaction (IPCR) [66], Matrix-Assisted Laser Desorption-
lonization Mass Spectroscopy (MALDI-MS) [67], flow cytometry [68], electrochemical
luminescence (ECL) [60] and immuno-rolling circle amplification (IRCA) [69]. A lot of these
tests provide high sensitivity and throughput, but are often time-, skill- and cost-intensive,
requiring sample processing steps and a laboratory infrastructure. These features limit their
use for rapid point-of-care monitoring of human IgE. Furthermore, some of these methods
require labelling of human IgE molecules with enzymes [62], fluorescent molecules [70],
magnetic nanopatrticles [71] or radioactive elements [64], which may lead to occupancy of
the binding site affecting the interaction with the receptor [59].

Label-free IgE detection has been explored using colorimetry [59], surface plasmon
resonance (SPR) [72-74], electrochemical impedance spectroscopy (EIS) [75-80],
differential pulse voltammetry (DPV) [81], field effect transistors (FET) [73,82—86], quartz
crystal resonator (QCR) [57,58,72,87-91], thin film bulk acoustic resonator (FBAR) [15],
surface acoustic wave (SAW) [92,93], and flexural plate wave (FPW) sensors [55,94],
employing antibody or aptamer receptors. Most of these methods show promising results in
sensitivity and quantification of human IgE but have challenges for simple, low-cost and in-
situ or online measurements. SPR is limited in terms of complexity and cost of
instrumentation, while the need for electroactive receptor probe [95] and set-up complexities
[96] challenge the fabrication of miniaturised electrochemical sensors.

Acoustic sensors, such as QCR, FBAR, SAW and FPW, are entirely electronic and have
fundamental merits in addressing the need for rapid point-of-care sensors for
macromolecules like IgE. FBAR, SAW and FPW sensors have been used for human IgE
detection. These methods are accurate but require complex instrumentation and data fitting.
Till date, only 8 journal articles have reported QCR-based detection of human IgE, all of
them using oscillator circuits [57,58,72,87-91]. Although oscillator circuits are simple and
inexpensive, they are limited in terms of tracking accuracy due to the influence of circuit
components on sensor response [97]. Measurement of dissipation shifts with addition of an
automatic gain control unit also compromises simplicity of oscillator circuits. Frequency
sweep and ring down based QCR methods have not been reported for IgE detection.
Nevertheless, like FBAR and SAW, although accurate, the complexity of instrumentation
associated with these QCR methods are still unsuitable for simple and low-cost battery
powered devices for point-of-care or online multiplexed measurements.

In this work, for the first time, we combined simplicity and accuracy through the application
of fixed frequency drive (FFD) to demonstrate label-free, realtime, and quantitative detection
of human IgE (hlgE). The frequency shifts obtained using the FFD method agreed
satisfactorily with that obtained using the impedance analysis method. The potential for



greater sensitivity due to lower baseline noise, superior time resolution, multiplexability and
online integration features have also been discussed here in the context of macromolecule
detection. An anti-hlgE aptamer was used as receptor instead of an antibody due to lower
cost of manufacturing and greater specificity, stability, and shelf life of aptamers. Our
literature review revealed the various aptamers used for IgE detection [58-60,64,67,70,73—
76,78-86,89,91,98-104]. Among these, we noted different versions of D17.4 anti-hilgE
aptamer to be well characterised and validated for label-free human IgE detection [73,89].
We employed one version of D17.4 anti-hlgE aptamer in this work [105]. Human
immunoglobulin-G (hlgG) was used as a negative control.

2. Materials and Methods

2.1. Fixed Frequency Drive (FFD) Method

Method for resonance frequency shift measurement

Analytical expressions for resonance frequency and dissipation of the QCR were derived as
a function of its acoustic (or motional) impedance using a novel analytical approach. The
QCR was modelled as a mechanical oscillator consisting of mass (m), spring (of spring
constant k) and damper (with damping coefficient ¢) (Fig. 1a). The Butterworth Van-dyke
(BVD) equivalent electrical circuit model for this mechanical oscillator is shown in Fig. 1b
[106]. The motional arm of this equivalent circuit comprises a resistor (R,,), an inductor (L,,)
and a capacitor (C,,,), which represent equivalence to the viscous damping coefficient (c),
mass (m) and shear compliance (inverse of spring constant, 1/k) of the mechanical
oscillator, respectively. The other arm of the equivalent circuit, comprising the shunt
capacitance (C;), represents the parasitic electrical capacitance between the QCR
electrodes and the holder capacitance.
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Fig. 1. a. Mechanical oscillator model of a quartz crystal resonator (QCR). b. Butterworth Van
Dyke (BVD) equivalent circuit diagram for a QCR. ¢. QCR sensor assembled with a printed
circuit board and a microfluidic cartridge.

The reactance (imaginary component of complex impedance) of the motional arm of the
equivalent circuit is given by Eq. 1, where w = 2nf is the frequency at which the QCR is
driven (drive frequency).

1
Xm = WLy — wC 1)
m

The angular resonance frequency and the characteristic shear wave impedance of the QCR
are given by w, = 1/,/L,,C,, and p = ./L,,/C,, respectively. Using these two expressions,
the motional inductance and motional capacitance can also be expressed as L,, = wi and
0
Cm = p% respectively. Replacing these parameters in Eq. 1 gives the alternative expression
0

of motional reactance (Eq. 2).

tomn(2-) <o (L)
= 2fo” + Xnfo = pf =0 ®3)

The analytical expression of the QCR’s resonance frequency (f, = %) is obtained from the

solution of Eq. 3 as follows.

fo= Zf_p<_Xm + /sz + 4p2> 4

The resonance frequency of the QCR shifts as molecular binding occurs on its electrode
causing a change in the oscillator mass. If the drive frequency (f) is set to the initial
resonance frequency of the QCR, i.e., the resonance frequency before the start of binding,
the resonance frequency shift at any point in time during binding can be given using Eq. 4 by

Afo=f0—f=;_£<Xm+2P—1/Xm2+4P2> (5)

Eqg. 5 can be expressed alternatively as follows.
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To get a quantitative estimate of )2(—’;, Eqg. 2 can be alternatively expressed as follows.
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The resonance frequency (f,) of most QCRs is in the range of 5-30 MHz, and in FFD, the
drive frequency is set to the initial resonance frequency (i.e., resonance frequency before
any binding). The resonance frequency shift, on the other hand, is typically in the range of
~100 Hz - 1 kHz for most biomolecular binding. Thus, from Eq. 7 one can see that );—"’: is a
very small fraction, in the range of ~10° - 10**. Hence, the second order Maclaurin series
approximation of Eg. 6, as presented in Eq. 8, gives a simple but adequately accurate

expression of resonance frequency shift.

Afo = —f)z(—’;(l - 3X_m> (8)
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The reactance is determined from the experimentally measured impedance (Z) after
cancelling the current through the shunt capacitance (C,) as X,,, = Im((1/Z — jwCs)™1). The
shunt capacitance, which represents the parasitic electrical capacitance between the QCR
electrodes and the holder capacitance, does not vary with binding. The characteristic wave
impedance (p) can also be considered to be practically constant as its relative shift is very
small. The relative shift in p for molecular binding, where p = \/L,,/C,,, can be expressed as
Ap/p = —Afy/f, as addition of mass (change in L,,) is dominant here and change in stiffness
(change in 1/C,;,) is negligible. For the IgE binding experiments reported here,
Ap/p~2.1 x 107°. Thus, characteristic wave impedance and shunt capacitance can be
measured once for a batch of crystals and used unchanged to evaluate the resonance
frequency shifts due to molecular binding using Eq. 6 or Eq. 8. These equations allow the
determination of resonance frequency shift corresponding to each measured impedance
data point directly in realtime without the need for any data fitting. Besides simplicity, this
fixed frequency drive (FFD) method of resonance frequency shift determination also offers
the potential for a high time resolution of measurement as discussed in this paper.

Method for dissipation measurement

The energy dissipation of a QCR is due to viscous damping at its sample interface. For
biosensing applications, the damping is predominantly due to the sample liquid although
biological cells can also contribute to damping. The dissipation is represented by the
resonance half-bandwidth (I"). The quality factor (Q) of a QCR is defined as the ratio of the
resonance frequency and the resonance bandwidth (2I") as follows.

_Jo

T 9)

Q

In terms of the equivalent electrical circuit, the quality factor of a QCR is given as follows.
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Equating Eqg. 9 and Eq. 11, we get the expression of dissipation of the QCR as follows.

— fORm
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r (12)
The motional resistance can be determined from the measured impedance as R,,, =
Re((1/Z — jwCs)™1). The resonance frequency, f, = f + Af,, can be determined using the
resonance frequency shift (Af,) estimated using Eq. 6 or Eq. 8 and the characteristic wave
impedance is practically constant for a batch of crystals as discussed earlier. Thus, the
dissipation of the QCR can be determined corresponding to each measured impedance data
point directly in realtime using Eq. 12 without the need for any data fitting similar to
resonance frequency shifts. The dissipation data was not included in this paper as IgE
binding was found to contribute negligibly to the dissipation of QCR. This can be explained
by the fact that IgE molecules are coupled reasonably tightly with the QCR motion due to its
small size (~7 nm) relative to the acoustic penetration depth of a 14.3 MHz QCR with one
side exposed to liquid (~150 nm) [107].

2.2. Reagents

Acetone, isopropanol, ultra-pure 200-proof ethanol, phosphate buffered saline (PBS) and
streptavidin were purchased from Sigma-Aldrich (UK). The PBS (pH 7.4) contained 8.1 mM
NazHPO4, 1.1 mM KH2PO4, 1 mM MgCl,, 2.7 mM KCI, and 138 mM NacCl. Deionised (DI)
water was obtained from Milli-Q Integral Water Purification Systems (Millipore, USA). Human
immunoglobulin-E (hlgE) (ab65866) and human immunoglobulin-G (higG) (ab91102) were
procured from Abcam (Cambridge, UK). D17.4 biotinylated anti-hIgE aptamer (MW=19.0234
kDa) with a base sequence of 5-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG
CCCCTTTTTTTITTTTTTT TTT TTT TTT T/3Bio/-3’ was synthesised by Integrated DNA
Technologies (IDT) [105]. Thiolated alkanes, HS-(CH;)11-EG6-Biotin and HS-(CH)11-EG3-
OCHs, were purchased from ProChimia (Poland).

2.3. Quartz crystal resonator (QCR)

14.3 MHz AT-cut thickness shear mode quartz crystal resonators were procured from
Laptech Precision Inc., Bowmanville, Ontario, Canada. The diameter and thickness of the
blank crystals were 8.3 mm and 115 um, respectively. The quartz substrate was sandwiched
between two circular gold electrodes, @ 5 mm on the top and @ 4 mm on the bottom. The



top electrode wrapped around the crystal edge to the bottom side to allow electrical
connections from the bottom side, isolated from the sample on the top side.

2.4. Cleaning of QCR

The QCR was placed in a Petri dish and cleaned using ultrasonication in acetone for 5 min
and thereafter ultrasonication in isopropanol for 10 min. The QCR was then dried using a
flow of nitrogen gas and finally treated in argon plasma at 30 W for 45 sec employing a
Harrick Plasma Cleaner.

2.5. QCR functionalisation with a self-assembled monolayer (SAM) of thiols

The cleaned QCR was kept in a 24-well plate and incubated in 250 uL 1 mM ethanolic
solution of a thiol mixture comprising 10% biotin thiol (HS-(CH2)11-EG6-Biotin) and 90%
methoxy thiol (HS-(CH2)11-EG3-OCHs) by volume for approximately 18 hours to allow the
formation of a mixed self-assembled monolayer (SAM) of thiols over the QCR surface. The
methoxy thiol was used as a filler to reduce the steric hindrance from a dense packing of
pure biotin thiol. After 18 hours, unbound thiols were removed by a series of ethanol and DI
water washes.

2.6. Sensor assembly

SAM-functionalised QCR was dried using nitrogen gas and subsequently assembled
between a microfluidic cartridge on the top and a printed circuit board (PCB) on the bottom
(Fig. 1c). The microfluidic cartridge was fabricated by precision milling of an acrylic substrate
and used to deliver the sample onto the QCR. The PCB provided the electrical connections
to the bottom of the QCR. A UPS VI classified EPDM O-ring (Trelleborg AB, Sweden) was
fitted underneath the microfluidic cartridge to create a sealed sample space of ~13 pL on the
QCR. The complete assembly was held together by a pair of clips (not shown in Fig. 1c). A
guality factor of ~1900 was achieved for the assembled QCR sensor under liquid, confirming
insignificant damping from the O-ring.

2.7. Immobilisation of biotinylated anti-human-IgE aptamer on QCR

After establishing the sensing assembly, 1 mL of DI water (at 100 pL/min for 10 min) and
0.8 mL of PBS (at 40 pL/min for 20 min) were flowed successively to stabilise the resonance
frequency. Streptavidin solution (2.5 pg/mL in PBS) was then injected into the sensor
assembly at 40 pL/min for 15 min to allow the binding of streptavidin with biotin of the mixed
SAM layer on the QCR. The anti-hlgE aptamer stock solution (0.2 uM in PBS) was
denatured by heating at 95 °C for 5 min and subsequently cooled for 20 min at room
temperature before being injected into the sensor assembly at 40 puL/min. The biotinylated
aptamer was captured on the QCR through binding of its biotin end with the streptavidin
captured on the QCR in the previous step. Fig. 2d shows the design of the QCR biosensor
surface.

2.8. Experimental set-up
A custom-built network analyser with PC-based graphical user interface control and a facility
to drive at a wide range of frequency and amplitude was employed for actuating and sensing



the QCR [105,108]. Wolfram Mathematica 10 was used for processing the experimental
data. A controlled and measured injection of sample into the QCR sensor module was
achieved using a Harvard Apparatus syringe pump.

3. Experimental Results

3.1. Quantitative validation of FFD method against impedance analysis method

The fixed frequency drive (FFD) method for higE detection was first validated quantitatively
against the traditional impedance analysis (or frequency sweep, FS) method. A frequency
modulation scan (central frequency: 14.3 MHz, span: 20 kHz, amplitude: 0.1 V, duration: 10
sec) and a fixed-frequency-and-amplitude scan (frequency: 14.3 MHz, amplitude: 0.1 V,
duration: 10 sec), representing the impedance analysis and FFD methods respectively, were
taken successively at a gap of 3 sec and repeated over 5 min of blank PBS solution flow (at
40 pL/min) to establish a resonance frequency baseline, and over 30 min of higE solution
flow (at 40 uL/min) to measure the resonance frequency shift due to higE binding with anti-
higE aptamer on the QCR. A range of higE concentrations was explored (0 nM, 2.63 nM,
5.26 nM, and 10.53 nM). Separate experiments were conducted for each hlgE concentration
employing separate QCRs. As mass coupling is the dominant phenomenon in higE binding
and dissipation changes are negligible, as explained in Section 2.1, the resonance
frequency shifts recorded from these experiments can be attributed to the mass of higE
binding following the Sauerbrey equation (Am/m = —Af,/f,) [109].

For impedance analysis method, the admittance (inverse of impedance) spectrum from each
10 sec frequency sweep was fitted with the BVD model to determine the parameters of the
equivalent circuit (Fig. 1b) (Section 2.1). These parameters were then used to evaluate the

resonance frequency from definition as f, = 1/(2r/L,,C,). The resonance frequency shift

corresponding to each frequency sweep was thus recorded over the baseline and binding
phases with reference to the first baseline resonance frequency reading (Fig. 2a).

For FFD method, impedance datapoints (X,,) were captured at a rate of 30518 points/sec
(or 30.518 kHz) over a 10 sec fixed-frequency-and-amplitude scan. To limit the size of the
output file, moving average was applied to write only 1192 datapoints into the file for every
10 sec scan, i.e., one datapoint every 8.39 ms. The resonance frequency shift
corresponding to each impedance datapoint was determined by applying Eq. 6. To allow
comparison with impedance analysis method, the 1192 resonance shift values thus obtained
from each scan were averaged to derive one value for every 10 sec scan. The resonance
frequency shifts thus derived were recorded over the baseline and binding phases with
reference to the first baseline reading (Fig. 2a).

A satisfactory quantitative agreement was observed between the two methods for all the
resonance frequency shifts over the baseline and higE binding phases for all the
concentrations (Fig. 2a). The baseline noise (standard deviation) for FFD and impedance
analysis methods were also comparable at 2.37 Hz and 2.38 Hz, respectively. The low
baseline noise from the sensor can be attributed to a high-quality surface preparation and
low instrument noise. An average resonance frequency drift of ~20 Hz was observed over
35 min of blank PBS solution flow (0 nM hIgE in Fig. 2a), which limited the exploration of



hlgE concentrations below 2.63 nM using this set-up. This drift can be attributed primarily to
temperature variation and should be addressable using a temperature stabiliser. An
encouraging quantitative agreement was observed between the final resonance frequency
shifts estimated for each concentration using the two methods: the FFD frequency shifts
were within -2.09% to 1.15% of the corresponding impedance analysis frequency shifts
across the higE concentration range (Fig. 2b) and showed a linear correlation with the
concentrations (R? = 0.9675), abiding by the Sauerbrey equation (Af, < Am) (Fig. 2c).
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Fig. 2. a. Resonance frequency shifts over the baselining (5 min) and binding (30 min)
phases for various hlgE concentrations using fixed frequency drive (FFD) and impedance
analysis (or frequency sweep, FS) methods. b. Comparison of resonance frequency shifts
30 min after injection of various higE concentrations estimated using the two methods. c.
The linear correlation of the final resonance frequency shifts using FFD with higE
concentrations (R? = 0.9675). d. The QCR biosensor surface design.

3.2. Realtime detection of higE employing FFD in continuous scan mode

The FFD method was next explored for realtime detection of higE. A 14.3 MHz QCR was
functionalised with biotinylated anti-hlgE aptamer (as in Section 2.7). PBS buffer was flowed
over the QCR (at 40 pL/min) to stabilise its resonance frequency. A single fixed-frequency-



and-amplitude scan of 0.5 V was then taken for a duration of 60 min. This single scan is
referred to as “continuous FFD mode” as impedance datapoints were captured in realtime
throughout the scan at an acquisition rate of 30.518 kHz. To limit the output file size, moving
average was applied to finally record 15674 datapoints for a 60 min scan, i.e., one datapoint
every 229.68 ms. Resonance frequency shift was derived corresponding to each of these
datapoints by applying Eq. 6. Blank PBS was flowed over the QCR (at 40 pL/min) for the first
30 min of the scan to record a resonance frequency baseline after which higE was spiked in
the flowing PBS buffer to record the binding phase. A range of higE concentrations (from
2.63 nM to 21.06 nM) was explored (Fig. 3a). Specificity of detection was investigated using
human immunoglobulin G (hlgG) as a negative control at a concentration of 21.06 nM, which
was the highest higE concentration explored. Separate QCRs were employed for each
experiment. A twofold lower baseline noise (standard deviation, 1.3 Hz) was observed for
continuous FFD compared to the impedance analysis method over a 5 min baseline
duration, although the same instrument, sensor surface, and assay design were used for
both the methods. This may be explained by the fact that the entire 5 min (or 300 sec)
baseline was the period of observation for the continuous FFD scan (in Section 3.2),
whereas for the 14 frequency sweep scans (of 10 sec each) that were performed over the 5
min baseline in the impedance analysis method (in Section 3.1), the period of observation
was only 140 sec. Moreover, the QCR oscillation amplitude varied over a single frequency
sweep of the impedance analysis method. The oscillation amplitude was lower when the
drive frequency was farther from the resonance frequency and went higher as the drive
frequency approached the resonance frequency. The oscillation amplitude at the start and
end of the 20 kHz frequency sweep span was nearly zero as the resonance bandwidth (7.5
kHz for a 14.3 MHz QCR with 1900 quality factor) was much smaller than the span. The
oscillation amplitude (a) near the resonance can be estimated using a = 1.25QV, [110] as
0.24 nm for a quality factor (Q) of 1900 and drive voltage (V;) of 0.1 V. On the other hand,
the oscillation amplitude remained constant at ~0.24 nm in the continuous FFD scan as the
drive frequency remained constant and close to the resonance frequency, whose shift (<350
Hz) was negligible compared to the resonance bandwidth (7.5 kHz). Varying oscillation
amplitude in the frequency sweep could potentially allow loosely bound species to settle
down on the QCR surface during the low amplitude phase of the scan and come off the
surface randomly during the high amplitude phase close to resonance, contributing to
additional noise.

The resonance frequency shifts relative to the baseline obtained at the end of the 30 min
binding phase for the higE samples had a quantitative correlation with the higE
concentrations whereas the shift from the 21.06 nM higG sample (-19.56 Hz in 30 min) was
negligible and nearly equal to the frequency drift of ~25 Hz in 35 min (Fig. 3b). The
frequency shifts (after drift correction) for the higE samples had a satisfactory linear fit with
the higE concentrations (R? = 0.9932), once again agreeing with the Sauerbrey equation
(Fig. 3c).
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Fig. 3. Results from continuous FFD mode scan a. Realtime resonance frequency shifts
due to hlgE and hlgG binding. b. The resonance frequency shifts recorded at the end of the
30 min binding phase of higE and hlgG. c. Linear correlation of the resonance frequency
shifts (after drift correction) with higE concentrations and estimation of limit of detection
(LoD). o represents the standard deviation of the baseline.

We note from Fig. 3a that the higE binding curves for higher higE concentrations (>5.26 nM)
show multiple jumps that are not visible for lower concentrations. These jumps were not
observed with the intermittent FFD scan experiment either (Fig 2a). We hypothesise that for
higher higE concentrations, there is an increased steric hindrance on the QCR surface from
neighbouring higE molecules that causes some hig molecules to bind weakly with the
sensor surface. The activation energy of these interactions is further lowered under the
influence of the pulling force exerted by the oscillating QCR, a phenomenon that is well
known [111]. There is a greater probability of dissociation of these weaker interactions
mediated by “giant thermal fluctuations” (as defined in Arrhenius- Boltzmann-Eyring theory)
in the continuous mode FFD experiments due to the longer scan time (one scan: 1800 sec)
compared to the intermittent mode FFD experiments (one scan: 10 sec) [112]. We anticipate
that these random dissociations of the weaker higE interactions are reflected as jumps in the
realtime resonance frequency shift curves for higher higE concentrations (Fig. 3a).



4. Discussion

4.1. Sensitivity of detection

The sensitivity is influenced by several factors including the detection method, affinity of
receptor, the instrument set-up, the assay design and the quality of sensor surface
preparation. Although optimising the sensitivity was not the objective of this work,
encouraging limit of detection was estimated with the current sensor set-up. Correcting for
the resonance frequency drift, and setting the minimum detectable signal at 3o, where

o0 = 1 Hz is the standard deviation of the 30 min baseline, the limit of detection (LoD) using
continuous scan FFD method was estimated at 213 pM. One important factor behind this low
LoD is the ability to record resonance frequency shifts continuously at a high speed (30.518
kHz) through a long scan, and then averaging as needed, to achieve low noise. The fixed
oscillation amplitude of the QCR also avoids random settling and unsettling of loosely bound
species on the surface, which helps in reducing noise. Besides the detection method, the
method of biosensor preparation with the QCR assembled within the microfluidic cell

(Fig. 1c) allowed a controlled surface functionalisation process and monitoring of the same
using the QCR. Moreover, the D17.4 anti-hilgE aptamer employed here was thoroughly
validated in our earlier work for sensitive higE detection with low cross-reactivity [105].

4.2. Specificity of detection

Human Immunoglobulin G (higG) (MW: 150 kDa) was selected as the negative control for
non-specific binding study using the continuous mode FFD scan experiments as described
in Section 3.2. The resonance frequency shift after 30 min of 21.06 nM higG binding (-19.56
Hz) was ~16 times lower than that for similar duration and concentration of higE binding
(-316.2 Hz) (Fig. 3b). Besides the high-affinity and low cross-reactivity aptamer, we
anticipate the continuous fluid flow and fixed amplitude QCR oscillation also played a role in
the high specificity of detection by dissociating non-specific interactions.

The sensitivity and specificity can be further improved through optimisation. The drift can be
reduced to a large extent by integrating a thermal regulator within the microfluidic cartridge.
The Sauerbrey equation suggests that QCR sensitivity per unit area varies as square of its
fundamental resonance frequency albeit at the expense of quality factor [113]. It will be
worth exploring mesa crystals with higher fundamental resonance frequencies, such as 50
MHz or 100 MHz, to study the influence of higher drive frequency on resonance frequency
shift resolution, which governs the LoD. The sensitivity and specificity can also be improved
by optimising the sensor surface and assay design, such as buffer composition, blockers,
and aptamer concentration. A recent study reported the influence of electrode material on
QCR mass sensitivity, which may be explored using FFD method [114]. Moreover, the QCR
mass sensitivity varies nonuniformly across its diameter, which restricts the quantitative
accuracy and LoD. Uniform mass sensitivity across the QCR diameter can be aimed for by
employing a ring electrode with optimised inner and outer radii. This may lead to enhanced
guantitative accuracy and LoD of this FFD-based QCR method [115].

4.3. Time Resolution
Since the FFD method can estimate the shifts in resonance frequency and dissipation
directly from the measured impedance data using analytical expressions, these acoustic



shifts can potentially be recorded as fast as the data acquisition rate of the instrument. The
accuracy of these readings may be affected where the decay time (Q/(rf,)) of QCR
transient oscillations is comparable with the instrument’s period of data acquisition. For
example, the decay time for our 14.3 MHz QCR with a quality factor of 2000 in liquid is 44.5
Us, whereas the period of data acquisition for our instrument with an acquisition rate of
30.518 kHz is 32.76 ps. So, the time resolution for this set-up will be slightly higher than the
period of data acquisition. However, where the decay time is considerably lower than the
instrument’s period of data acquisition, such as for a QCR with higher fundamental
resonance frequency that has a lower quality factor, the measurement time resolution is
primarily governed by the latter. Thus, with an appropriate selection of QCR fundamental
resonance frequency, it is possible to achieve a time resolution of 32.76 ps using the current
instrument and FFD method, which is nearly 3 orders of magnitude better than the fastest
QCR instruments reported [53]. Thus, the FFD method can bring a paradigm change in the
speed of acoustic shift measurements, enabling truly realtime measurements using relatively
simple and low-cost instrumentation. Sub-millisecond time resolution will potentially allow the
study of transient biomolecular processes, such as protein-DNA and protein-ligand
interactions and protein folding [116,117]. Where there is no need for such an ultrahigh time
resolution, moving average can be applied on the data. This will lower the time resolution but
improve the limit of detection by cancelling out normal additive noise.

4.4. Online Integration

Online integration of acoustic sensors is essential to enable their widescale adoption in
diagnostics and manufacturing industry. The frequency sweep [118] and oscillator circuit [119]
methods have been explored for implementation of QCR on printed circuit boards. An
integrated circuit was also reported for estimation of QCR dissipation factor using ring down
method [120]. As the resonance frequency and dissipation can be determined in realtime in
FFD using analytical expression and a fixed frequency and fixed amplitude drive, this method
potentially allows full electronic integration of QCR with much less complexity, cost and power
consumption. The intrinsic high time resolution of the method obviates the need for a fast
analog-to-digital converter. With no need for frequency modulation, the frequency synthesizer
can also be replaced with a self-oscillating QCR to drive the sensing QCR at a fixed frequency
and amplitude.

4.5. Multiplexability

Multiplexability, i.e., the capability to read multiple QCRs, is often a desired QCR feature where
multiple targets or biomarkers need to be measured at the same time. Impedance analysis,
ring down, and oscillator circuit techniques have been explored for multiplexability [121-135].
QCRs can be driven in series using electronic switches but the associated complexity limits
the degree of multiplexability. In most cases, multiple QCR oscillators are fabricated on a
single piece of quartz substrate, referred to as multi-channel monolithic quartz crystal
microbalance (MQCM). Each QCR oscillator of the MQCM is driven in parallel by separate
driver circuits and their outputs are synchronised using a central processing unit. This makes
the integrated electronic circuit bulky and difficult to multiplex. Moreover, MQCMs are affected
by acoustic and electromagnetic couplings between the adjacent QCRs that need to be



addressed to ensure accuracy of readings. The acoustic coupling can be suppressed in
various ways, such as using an inverted mesa quartz substrate [126], insertion of
polydimethylsiloxane (PDMS) wall between adjacent QCR oscillators [126], or maintaining a
certain distance between them [124]. The suppression of electromagnetic coupling is more
complex and requires expensive shielding, which limits the degree of multiplexability. Spurious
electromagnetic coupling can be eliminated to a large extent during data processing using
prior calibration. However, calibration can be cumbersome for impedance analysis method as
the MQCM device needs to be calibrated for each frequency within the drive frequency span.
Cancelling electromagnetic coupling using calibration is immensely more problematic for
oscillator circuit and ring-down methods and there is no calibration procedure reported in the
current literature. In contrast, calibration is uniquely feasible for FFD method as the device
needs to be calibrated for one frequency only and can offer a promising way to achieve a
higher degree of multiplexability at low cost, complexity, and power requirements.

5. Conclusion

The paper reports a novel quartz crystal resonator-based method for detection of
macromolecules with significantly greater simplicity and measurement speed than the
traditional methods taking human immunoglobulin E (higE) as a model macromolecule. The
use of a fixed frequency drive (FFD) and analytical expressions to derive the acoustic shifts
directly from the impedance data underpin the method’s enhanced simplicity and time
resolution (up to 32.76 us). The satisfactory quantitative agreement of the resonance
frequency shifts with impedance analysis method and their linear correlation with higE
concentrations demonstrate the accuracy of FFD method. The ability to record acoustic shift
data over longer observation periods at high speed that can be averaged to reduce noise
enables lower limits of detection. The “acoustic cleaning” of the QCR surface of weakly
bound species with a continuous fixed amplitude scan further reduces noise and non-
specific binding. The simplicity and single frequency drive provide a strong foundation for
low-cost and low-power online integration and large-scale multiplexability, which are crucial
for wider industrial adoption of the QCR and warrant further investigation. It will also be
worth exploring the FFD method for detection of other biomolecules and biological particles
with suitable choice of bioreceptor and drive frequency.
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