
Quartz Crystal Microbalance Application
for Characterization of Nanomaterials
In Situ

10

Victor S. Popov and Alexander Sopilniak

Contents
1 Definition of the Topic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
4 Experimental and Instrumental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355

4.1 Working Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
4.2 Tools for Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

5 Key Research Findings from the Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
5.1 Application of QCM in Studying Nanomaterials for Sensors . . . . . . . . . . . . . . . . . . . . . . . 359
5.2 Application of QCM for Nanotoxicology and Detection of Nanomaterials

as Analytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360
5.3 QCM for Study of Environmental Aspects of Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . 364
5.4 Using QCM for Studying of Nanoparticles Deposition and Growth Process . . . . . . . 371

6 Conclusions and Future Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379

Abbreviations
AFM Atomic Force Microscopy
CVD Chemical Vapor Deposition
EQCM Electrochemical Quartz Crystal Microbalance
GO Graphene Oxide
IR Infrared
MWCNT Multiwalled Carbon Nano Tubes

V. S. Popov (*)
Department of advanced research and development, Polyus Research Institute of M.F.Stelmakh,
Moscow, Russia

Sector for high-temperature and sensor materials, Kurnakov Institute of General and Inorganic
Chemistry, The Russian Academy of Sciences, Moscow, Russia
e-mail: popov.chem@gmail.com

A. Sopilniak
The Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem, Israel

# Springer-Verlag GmbH Germany, part of Springer Nature 2018
C. S. S. R. Kumar (ed.), In-situ Characterization Techniques for Nanomaterials,
https://doi.org/10.1007/978-3-662-56322-9_10

351

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-56322-9_10&domain=pdf
mailto:popov.chem@gmail.com
https://doi.org/10.1007/978-3-662-56322-9_10


NOM Natural Organic Matter
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QCM Quartz Crystal Microbalance
QCM-D Quartz Crystal Microbalance with Dissipation Monitoring
QCR Quartz Crystal Resonator
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SEM Scanning Electron Microscopy
SPM Scanning Probe Microscopy
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1 Definition of the Topic

Quartz crystal microbalance (QCM) or quartz microbalance (QMB) as an in situ
precise method for mass control allows vast research of many processes of hetero-
phasic mass transfer.

In the current chapter, we discuss the recent research dedicated to the application
of QCM to study growth and degradation processes of nanomaterials, as well as
interactions of nanomaterials with different compounds and natural systems, includ-
ing compounds from a biological origin.

2 Overview

It is a common conception that the era of nanoscience began with the development of a
measurement device, giving the necessary resolution to identify a nano-object – the
scanning tunneling microscope or STM. The development of a high resolution both
scanning and transmission electronicmicroscopy (SEMandTEM, respectively) quickly
followed the STM development and surpassed its abilities to receive a clear image of
nano-objects. The SEM/TEM images were highly detailed and opened the possibility to
study substructures and crystal structures of the objects. The development of new
research tools led to the discovery of nano-scale phenomena, which, in turn, explained
the unique properties of well-known materials. The systematic study of the reasons
behind the appearance of nano-scale phenomena could have been achieved only with
the development of specialized tools and precise methods of analytical quantification.
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Quartz crystal microbalance (QCM) or quartz microbalance (QMB) as a mea-
surement tool could monitor changes in mass on the scale of nano to pico grams in
real time as well as registering precise changes in viscoelastic properties and
structures of materials on thin films, even in cases where such accuracy cannot be
achieved with atomic force microscopy. It is therefore a highly necessary and desired
research tool in the study of nanomaterials.

Here, we look at the application of QCM for the study of processes related to the
growth and degradation of nanostructures and ultrathin films, and the detection of
molecular analytes by sensor-nanomaterials and nanoparticle-analytes on special-
ized receptors. Moreover, a large portion of this work is dedicated to the application
of QCM in research of nanostructures transport in different ecosystems as well as
nanomaterial toxicology.

3 Introduction

The piezoelectric effect is the occurrence of an electrical potential on certain
materials due to mechanical deformation (e.g., quartz). The effect was first discov-
ered in 1880 by Paul-Jacques and Pierre Curie [1]. A year later in 1881, a reverse
effect was hypothesized by Lippman [2], which was experimentally proven by the
Curie brothers later on that year [3]. Nevertheless, the mathematical analysis,
connecting the reverse piezoelectric effect with the changes in a resonator’s mass,
appeared only 77 years later in the work of Sauerbrey [4]. The proposed method
allowed conducting measurements of changes in a resonator’s mass with very high
sensitivity, which was limited only by the nature of the quartz crystal, used for this
purpose. The later was the basis of the development of the quartz crystal microbal-
ance (QCM). Modern day piezoelectric quartz crystal resonators (QCR) can detect
changes in mass on the scale of 10�9–10�12 grams. A disadvantage of the method is
the relatively narrow range of measurement.

Due to the high precision and sensitivity, QCM was widely used for different
applications: (a) for quality control of layer depositions, to allow evaluating the
thickness of the deposited layer; (b) for piezoelectric mass sensors armed with layers
of receptors, ensuring selective binding of an analyte; (c) for research purposes of
investigating in situ processes of deposition and growth of layers.

The rapid development of nanoscience and nanotechnology in the last decade of
the twentieth century renewed the interest of the scientific community in QCM.
Foremost, it became apparent that QCM is irreplaceable as an instrument of in situ
measurements of thin layer thickness in electronics in both chemical and physical
vapor deposition (CVD and PVD, respectively) apparatus [5], even with recent
developments in process technology (14–10 nm) [6]. Moreover, it is possible to
utilize QCM not only for layer thickness control but also for the studies of nano-
material growth and aggregation from both gas and liquid phases [7].

Work in the field of nanomaterials introduced the concept of nanomaterials as
receptor layers on piezoelectric mass sensors [8, 9].
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Finally, as nanomaterials were incorporated into the industry, scientific attention
was devoted to questions regarding the influence of these materials on living
organisms and the environment, leading to new branches of nanoscience “nano-
pharmacology” and “nanotoxicology” [10]. For these reasons, QCM became a vital
instrument for investigation of interaction processes of nanoparticles with various
biomolecules, development of analytical methods for biosensing of and with nano-
materials [11, 12], as well as in biotechnology [13] and toxicology [14].

As a traditional instrument for mass-metric process control, QCM was utilized
not only as a research tool but is also utilized for educational purposes. For example,
process control of self-assembled monolayers (SAMs) using QCM was suggested in
a paper from Cea et al. [15] as an educational experimental work for students of
nanoscience and nanomaterials.

The questions of application of QCM were partially discussed in previously
published reviews, covering only a narrow spectrum of nanoscience and nanotech-
nology, for instance, nanosensors and analytics [12, 16–18] or nanomedicine and
health care [19–21]. However, no specialized review covers broad practical appli-
cations of QCM in the field of nanoscience.

The latest tightly themed review was published in 2016 and focused on the
application of QCM in the research of nanoparticle interactions, with emphasis of
aggregation and deposition on nanoparticles from colloidal solutions [22]. The
authors devoted much attention to the type of works described by the DLVO theory
(Derjaguin, Landau, Verwey, and Overbeek theory). During the course of discussing
the forces governing the aggregation process, the authors present research works in
application of QCM for investigating only aggregation and deposition processes
from colloidal solutions, but for different nano-objects (carbon-based, metal, metal
oxide and other nanoparticles).

The goal of the present work is to conduct a systematic review, for the first
time, of all possible directions of QCM application in the research of nano-objects.
This review includes original publications from the last 6 years. A detailed inquiry
using databases such as Web of Knowledge and CAS revealed advancements in
the application of QCM. Noticeable work was observed in the following direc-
tions: nanomaterial-based sensors, nanotoxicology, detection of nanoparticles
as analytes, research of ecological aspects of nanoparticle transportation and
distribution in the environment, the study of growth and formation of nano-
structures during nanomaterial synthesis, and different and unusual applications
of QCM for process control of nanostructures deformation because of external
influence. Moreover, this review includes studies dedicated to the combinations of
QCM with other methodologies for a better in situ characterization of the inves-
tigated processes.

Based on the current review of the latest research trends using QCM at their
center, the expansion perspectives of QCM and QCM combined methods application
for the study of nanostructures were discussed in the concluding section of this
chapter.
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4 Experimental and Instrumental Methodology

4.1 Working Principle

The core of any quartz microbalance is the piezoelectric quartz crystal (usually with
an ATcut) with two adjacent metal electrodes (Au, Pt, Ag), together referred to as the
quartz crystal resonator (QCR). Due to the reverse piezoelectric effect, when elec-
trical potential is applied between the two electrodes, the quartz crystal begins to
resonate. The frequency of resonance is an internal property of the crystal, as well as
all the higher resonance harmonics. The value of the resonance frequency tightly
depends on the mass of the crystal (Fig. 10.1).

Relationship between the change of the QCM frequency and the change of the
mass can be found from the Sauerbrey model [4]:

Δf ¼ 2:3∙106∙F2
0∙
Δm

s
(10:1)

where Δf – change the oscillation frequency of quartz resonator at the fundamental
harmonic, Hz; F0 – the natural vibration frequency of the QCR, in MHz; Δm – mass
change of the QCR, in gr; s – area of the oscillating part of the QCR (between
contacts), in cm2.

Substitution in (1) the specified values (i.e., F0, s and ΔF) allow to estimate the
change of the sample mass as a function of the change in frequency for the first
harmonics of quartz crystal:

Δm ¼ �Cm∙Δf (10:2)

or for harmonics number n [23]:

Δm ¼ �Cm∙
Δf

n
(10:3)

Fig. 10.1 Quartz crystal
resonator in holder (a) and
scheme of deposition area on
frontal electrode (b)
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where Cm is a constant of the resonator parameters from Eq. 10.1.
The Sauerbrey model gives an accurate description for the cases of deposition for

a gas phase or for vacuum, and only for thin rigid films.
For cases of nonrigid films, the Sauerbrey model cannot be applied. These cases

use an additional measurement of dissipation energy, which describes the scattering
rate of the resonance energy of the crystal to the surroundings. When any material is
applied on the QCR surface, the dissipation energy will correlate with the viscoelas-
tic properties of the material. High viscoelastic materials will better dissipate the
resonance energy.

The dissipation energy can be evaluated from the dissipation factor D, which can
be estimated as follows [24]:

D ¼ 1

πFτ
(10:4)

where F is the resonance frequency and τ – decay time constant.
Most cases use the Voigt-based model, described in Eqs. 10.5 and 10.6 [23, 25],

which correlates between the density and length of the quartz crystal (ρq and hq),
characteristics of the adsorbed film or coating material (hf – thickness, μf – elastic
modulus, ηf – viscosity, ρf – density), and the bulk-liquid density and viscosity (ηl
and ρl).

ΔF ¼ Im
β

2πρqhq

 !
(10:5)

ΔD ¼ �Re
β

2πFρqhq

 !
(10:6)

where

β ¼ ξ1
2πFηf�iμf

2πF
1�αe2ξ1hf
1þαe2ξ1hf

,

α ¼
ξ1
ξ2

2πFηf � iμf
2πFηl

þ 1

ξ1
ξ2

2πFηf � iμf
2πFηl

� 1
,

ξ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� 2πFð Þ2ρf

μfþi2πηf

q
,

ξ2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
i 2πFρlηl

q
:

For some cases described in this review, a nonrigid film is formed, especially for
deposition from a liquid phase; the full Voigt-based model can be used. However for
practical reasons, the signal analysis is limited to measurements of the changes in
frequency and dissipation without additional description.
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4.2 Tools for Research

4.2.1 Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D)

Quartz crystal microbalance with dissipation monitoring (QCM-D) is the most
common and used commercial version of QCM. QCM-D has a hermetic gas/liquid
chamber, which can be used for flow experiments. The chamber contains the QCR
holder, connecting the electrodes to an electrical circuit (Fig. 10.2). When a QCR sits
in the measurement chamber, it is connected to an oscillator and frequency counter.
The mass flow controller (Fig. 10.2c), which introduces the gas/liquid sample into
the chamber, is connected to the entrance of the detecting chamber (Fig. 10.2d).
QCM-D can also be equipped with a thermostat and a humidity hygrometer
(Fig. 10.2e–f). QCM can come without the dissipation monitoring system, but the
difference between them is in an additional computation block.

4.2.2 In Situ Electrochemical Quartz Crystal Microbalance (EQCM)
In situ electrochemical quartz crystal microbalance (EQCM) is similar in construc-
tion to QCM-D with additional electrochemical components in the detecting cham-
ber. The EQCM measuring chamber is integrated with a counter and a reference
electrode. The working electrode is the QCR (Fig. 10.3). The electrodes are
connected to a potentiostat.

Fig. 10.2 Schematic diagram of experimental setup for the QCM sensor measurement and low
humidity atmosphere controller. (a) Molecular sieve and desiccating agent; (b) water; (c) mass flow
controller; (d) detecting chamber and QCM; (e) thermostat; (f) low humidity hygrometer; (g)
oscillator and frequency counter; (h) PC [26]
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4.2.3 Integrated System Scanning Probe Microscope: Quartz
Microbalance

Figure 10.4 shows the design of the gas-liquid cell for an integrated system scanning
probe microscope – quartz microbalance: in situ testing of surface potential, topog-
raphy, and mass of the adsorbed gases [28, 29]. The cell consists of a carriage (1),
base (2), bottom cell part (3) with a build-in gold-coated spring contacts (4). Quartz-
crystal resonator (QCR) (5) is placed on spring contacts. Fixation of the QCR is
carried out by a top cell part (6) with a nozzle (7) and by a screw-nut (8). The gas is
supplied through input/output connectors (9). Tightness of the cell is provided by an
O-ring (10) between the upper and lower part, and a rubber membrane (11) between

Reference
Electrode

Potentiostat

Frequency
Counter

Work
Electrode

Counter
Electrode

Crystal
Holder

Fig. 10.3 In situ electrochemical quartz crystal microbalance (EQCM) [27]

Fig. 10.4 Gas-liquid cell with integrated quartz microbalance [28]
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the probe holder and the upper part. An AFM probe (12) is fixed in the probe holder,
which allows you to apply electric AC/DC voltage to the probe.

5 Key Research Findings from the Review

5.1 Application of QCM in Studying Nanomaterials for Sensors

Nanomaterials have large surface areas, hence a large number of active centers,
which in turn, allow their very broad application as catalysts and highly selective
materials for sensors in the gas and liquid phases. Recent works showed promising
developments in utilizing nanomaterials as receptors or as matrix for receptor
materials for mass sensitive sensors. Recently, carbon nanostructures, such as
multiwall carbon nanotubes (MWCNT), MWCNT-COOH (carboxyl functional
group), and graphene oxide (GO), were used as receptor materials for sensing
water vapor via sorption onto their surface [26]. QCM was used as means to assess
the sorption rate and efficiency through measurements of changes in mass. The
studied water vapor concentrations were as low as 345 ppm. The authors demon-
strated a correlation between the number of functional groups on the surface of
MWCNT-COOH and GO (determined using IR spectra) and the sensitivity for low
water vapor concentrations. The highest sensitivity to water vapor concentrations
was shown for GO based on observations of a larger sorption rate and association
constants of water vapor than the corresponding constants for MWCNT-COOH. The
authors attribute the difference in sensitivities to the number of -COOH groups on
the surface of these materials.

In a paper by Barsan et al. [30], a graphene-based receptor is used as an enzyme
biosensor. The activity of the system was demonstrated using QCM as a sensing
device for accumulated enzyme (layer deposition). The authors show a rise in
deposition of layer containing glucose oxidase enzymes onto the surface of the
gold QCM electrode in the presence of nitrogen-doped graphene, used as a template
for immobilization of enzymes. The use of nitrogen-doped graphene was shown to
increase the sensitivity of the biosensor. Further research is suggested for different
nanostructures such as carbon nanotubes/nanorods and fullerenes.

The application of nanostructures as a matrix for receptor materials was success-
fully shown for a previously developed aptasensor by Du et al. [31]. The binding of
microcystin-LR (MC-LR) with the electrochemiluminescence aptasensor, based on
three-dimensional boron and nitrogen codoped graphene hydrogels (BN-GHs), was
registered using QCM (Fig. 10.5). BN-GHs were applied on a QCR and change in
mass was registered due to the binding of the model selective target.

In an interesting research effort, the combination of several in situ techniques,
which allow the study of material sensor properties, was proposed by Popov et al.
[28]. This idea was demonstrated using a device, integrating both QCM and a
scanning probe microscope (SPM), for in situ detection of gas sorption properties
on surfaces of nanostructures (Fig. 10.4). Different materials were applied on gold
electrode quartz resonators (QCR): SnO2, palladium-doped tin dioxide (SnO2-Pd),
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and hafnium dioxide coated with bromocresol purple (HfO2– BCP). The analyte
gases (NH3, H2, and CH4 mixtures with air) were introduced into the measurement
chamber, containing one of the nanostructures. Due to gas sorption, frequency shifts
were registered with QCM and changes in surface potential were mapped with SPM
using a Kelvin probe over an area of 100 � 100 nm. The results are summarized in
Table 10.1. These results suggest that sensor properties can be assessed using a
single nanocrystal with a surface area of 10�8 mm2.

5.2 Application of QCM for Nanotoxicology and Detection
of Nanomaterials as Analytes

The large investment in nanotechnology in the last two decades triggered rapid
development of the field of nanoscience and the use of nanomaterials as common
analytes. Due to the small scale and high permeability of nanostructures, research
effort was devoted to the newly raised question of toxicity of nanomaterials for

Fig. 10.5 Frequency
responses of the aptamer-
based QCM biosensor without
and with being incubated with
5 pM MC-LR [31]

Table 10.1 Response of QCM and the Kelvin probe at the action of analytes [28]

Sample

Change of the vibration frequency of
resonator, Hz (change in the mass,
calculated by the Sauerbrey model, ng)

Change of the average surface potential of
samples, mV

10% (vol)
NH3 in air

0.1% (vol)
H2 in air

0.1% (vol)
CH4 in air

10% (vol)
NH3 in air

0.1% (vol)
H2 in air

0.1% (vol)
CH4 in air

SnO2 758(2198.2) 420(1218.0) 38(110.2) 189.0 54.7 68.9

SnO2-Pd 115(333.5) <1 (�) 70(203.0) 25.8 22.5 30.0

BCP-HfO2 15(43.5) 1(2.9) 1(2.9) 6.6 15.7 14.1

QCR 12(8.7) <1(�) <1(�) 46.3 13.5 6.4
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living organisms. The forecast of size of the global market for nanotoxicology by the
year 2019 is expected to reach 64.2 billion dollars [32]. In the last few years, many
methods were developed not only for characterizing the toxicity of nanostructures but
also for detection of nanostructures as toxic agents, including methods based on QCM.

5.2.1 Application of QCM in Sensor Systems for Detection
of Nanomaterials as Analytes

Among the vast number of investigated nanostructures, nano-ZnOs are especially
interesting, due to their semiconductive and piezoelectric properties. Jang et al. [33]
depicts a method for detection of zinc oxide nanowires (ZnO NWs) based on the
covalent interaction between the nanowires, modified with a single-stranded DNA
(i.e., linker DNA) using a phosphoric acid group, and the QCM electrode surface,
modified with single-stranded DNA containing thiol groups. The authors report a
sensitivity level that is 105 times higher than the toxic ZnO NW concentration level
in deionized water (limit of detection of 10�4 μg/ml).

It should be noted that this method of detection has rather long response times
(90% of sensor saturation). For concentrations between 100 pg/mL and 10 ng/mL,
as well as for 10 μg/mL, the reported response time was between 10 and 25 min,
while for the mid-range concentrations of 100 ng/mL–1 μg/mL, the response time
reached 45–50 min.

Other commonly used inorganic materials were also detected using the suggested
method (AgNW, SiO2NW, and single-walled carbon nanotubes (SWCNTs)), and
their relative sensitivity compared to ZnO NW detection is depicted in Fig. 10.6a.
The low sensitivity to inorganic materials was explained by the absence of interac-
tions with the DNA or by interaction resulting in a low mass difference.

Fig. 10.6 (a) Relative frequency shifts for Ag NW, SiO2 NW, and SWCNT in comparison with
ZnO NW; (b) relative frequency shifts for SWCNTs and SiO2 NWs in comparison with Ag NWs.
Plot based on data [33, 34], respectively
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However, a following paper by the same authors reports contradicting results,
suggesting high sensitivity for Ag NW in an analogous method, which makes use of
the same modifications for NW as well as for the QCM electrodes (Fig. 10.6b) [34].
In 2015, another paper by Jang et al. was released, in which the same methodology
was successfully applied for detection of SWCNTs [35].

Unfortunately, the authors did not conduct comparison analysis between their
works. Therefore, the selectivity of the suggested method remains to be determined
in further research efforts.

5.2.2 Using QCM for Nanotoxicology Research
Developments in the field of nanomedicine increase the human exposure to nano-
materials in the forms of diagnostic and therapeutic agents [36]. Recent QCM-based
studies explore the effects of nanostructures on the human body.

The effects of CdTe quantum dots (QD) on the functionality of human blood
platelets were demonstrated by Samuel et al. [37] using a QCM-D device. In the
course of the study, the QCR was coated with fibrinogen (plasma protein). The
changes in frequencies and dissipation response due to platelet deposition were
monitored as the QCR was placed in contact with platelet rich plasma (PRP) and
platelet poor plasma (PPP) in the presence and absence of CdTe QDs. Measurements
were carried out in the third harmonic. The authors did not observe any influence of
the CdTe QDs on the deposition of platelets for PPP; however, for PRP, CdTe QDs
increased the deposition by 25% due to platelet aggregation. The QCM was reported
to be more sensitive to the influence of QDs on the aggregation of platelets than for
the commonly used method in such cases, light transmission aggregometry (LTA).

A positive effect to toxicity of nanomaterials was found in a study dedicated to the
aggregation of amyloid beta (Aβ) peptides, which cause the amyloid plaques in the
brain associated with Alzheimer’s disease. The aggregation inhibition with graphene
was investigated by Jie Wang et al. [38]. The effects of GO sizes on Aβ (33–42)
peptide aggregation were monitored. The shifts in frequencies of a quartz resonator
were registered due to precipitation on the surface of its gold electrodes. Various
solutions were used with combinations of different GO sizes and Aβ (33–42) peptide
(amino acid sequence: NH2-GLMVGGVVIA-COOH). This experiment illustrates
the enhancement of inhibition of Aβ (33–42) peptide aggregation with increasing GO
size. These results can become a basis of a new specific inhibition technique for Aβ
(33–42) peptide aggregation. Nevertheless, this approach requires additional research
on the other effects of GO on a living organism, for instance, toxicity to other proteins.

Toxic effects of deposition of multiwalled carbon nanotubes (MWCNTs) on
biological membranes were checked as a function of electrolyte concentration,
cation charge, and solution pH [39]. Supported lipid bilayers (SLBs) composed of
zwitterionic 1,2-dioleoyl-sn-glyero-3-phosphocholine (DOPC) and vesicles were
used as model biological membranes. QCRs were coated with SLBs and vesicles
by the method described in Richter et al. [40]. The system was put in different
solutions containing the model membranes. The authors show favorable deposition
of MWCNTs on biological membranes in acidic conditions (pH 2–3) as well as in the
presence of Ca2+ ions (Fig. 10.7).
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The reversibility of depositionwas also observedwhen rinsing themembraneswith
low ionic strength solutions at slightly basic conditions (pH 7.3). In addition, a study
of the interactions between graphene oxide (GO) sheets of different sizes and small
and large liposomes prepared from 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleyl-sn-glycero-3-ethyl- phosphocholine (POEPC) [41].
On the surface of a QCR, a layered structure was constructed in the following order:
liposomes, GO, small and large unilamellar vesicles (SUVs and LUVs), and
GO. QCM-D was used to monitor both frequency shifts (ΔF) due to material adsorp-
tion and shifts in dissipation (energy,ΔD). TheΔD-response serves as an indication of
viscoelastic coating properties on the QCR. As a result, the lateral dimensions of
liposomes and GO were obtained. ΔF and ΔD together allowed the construction of a
schematic representation of the process (Fig. 10.8).

Implant integration in the body (soft tissue and osseointegration) can possibly be
improved by coating the implant surface with different nanoparticles. In a recent
study, the adhesion properties of human gingival fibroblasts were tested on the surface
of hydroxyapatite and titanium nanostructures using QCM-D, as materials of interest
for dental implant applications [42]. Titanium and hydroxyapatite nanostructures
(nanoHA) coated titanium crystals were applied on a surface of a quartz resonator.
The authors used a cell suspension, which was introduced into the QCM-D measure-
ment chamber with a constant flow rate. Simultaneously, the adhesion and cell
coverage kinetics of the cells were observed in situ while registering shifts in
frequencies and dissipation of the resonator. Interestingly, no difference was found
in cell spreading rate on titanium and nanoHA, and further studies are advised in order
to conclude whether nanoHA and titanium improve soft tissue integration or not.

Fig. 10.7 Frequency (blue) and dissipation (red) shifts during the formation of a supported
vesicular layer (SVL) and the deposition of MWCNTs on the SVL at 1 mM CaCl2 and pH 7.3.
The inset illustrates the deposition of MWCNTs on a SVL (not drawn to scale) [39]
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Amechanistic understanding of nanoparticle-induced bacterial toxicity has impli-
cations for understanding ecosystem health in general. Shewanella oneidensis
(metal-reducing bacteria) were chosen as a model system for understanding nano-
toxicity (due to their importance for geochemical nutrient cycling) in a study of the
influence of TiO2 nanoparticles on biofilm formation and riboflavin secretion using
QCM [43]. In an incubator of 30 �C, a QCR was immersed into a Lysogeny broth
(LB), followed by a suspension of bacteria and clean LB. TiO2 nanoparticles were
introduced with the LB or bacteria. The authors used nanoparticles of three kinds:
self-synthetized and commercial P25 and T-Eco nanoparticles. The different nano-
particles were used to differentiate between the effects of mass changes due to
deposition and biofilm growth. The authors show a decrease in biofilm formation
rate in the presence of TiO2 nanoparticles. Interestingly, riboflavin secretion was
increased significantly as a function of present nanoparticles (Fig. 10.9). Both
phenomena were attributed to cellular stress response.

5.3 QCM for Study of Environmental Aspects of Nanomaterials

Incorporation of structural and functional nanomaterials in industrial production is a
competitive advancement with a substantial profit for any company. This fact let to
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Fig. 10.8 Schematic representation of the GO/lipid membrane (SLB and liposome) interactions,
deduced from the data presented in Fig 2.2. The following series of events is illustrated (from the
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worldwide distribution of products containing nanostructures. Nevertheless, in many
cases the producing company does not take under consideration the ecological
aspects regarding the effects of nanomaterial on the environment. Therefore, in the
last two decades, research in environmental science has become vaster. Not only for
the study of toxicity of nanomaterials of living organisms but also for the study of
distribution, transport, adsorption, and accumulation as well as biodegradation in the
environment. Among the most commonly used nanomaterials in industry, two main
groups stand out due to their chemical nature: metal nanoparticles and their binary
compounds, including quantum dots, and another large group is the different nano-
forms of carbon, such as fullerene, carbon nanotubes, graphene and its derivatives.

5.3.1 Nanoparticles of Metals and Metal Compounds
In a recent paper by Afrooz et al. [44], the influence of the shape of nanoparticles on
the nature of aggregation and deposition was studied using QCM with an emphasis
on aquatic ecosystems. The authors used gold nanospheres (AuNSs) and nanorods
(AuNRs) coated with polyacrylic acid (PAA) as model nanostructures. The deposi-
tion rate of the nanoparticles onto a silica-coated quartz crystal was measured
using in NaCl solution of concentrations between 10 and 1000 mM (Fig. 10.10).
The authors show an increase in deposition rate with increased electrolyte concen-
tration. The observed differences in deposition rates are attributed in the article to
unique packing of the nanoparticles as well as to various chemical interfacial
properties. In a similar study, Quevedo et al. [45] utilized QCM to study the
deposition of commercial quantum dots (QDs) on the surface of Al2O3, which is
present on aquifer or filter grain, and in the presence of dissolved organic molecules
(DOM). CdTe/CdS QDs were stabilized with polyacrylic-acid (PAA) and CdSe/ZnS
QDs were coated with poly-ethylene-glycol (PEG) in the form of water suspensions.
Carboxyl-functionalized (cPL) and sulfate-functionalized (sPL) polystyrene latex
nanospheres were used as control samples.

The model DOMs used were Suwannee River humic acid (SRHA) and JBR215
(10% mixture of the two rhamnolipids RLL (C26H48O9) and RRLL (C32H58O13)) as
coating material as well as for QD suspension preparation. The alumina-coated QCR
was put first in electrolyte-rich solutions (KCl) and afterward in the QD suspensions.
Measurements with QCM showed the deposition rate decreases with the increase in

Fig. 10.9 QCM analysis of bacteria exposed to 25 μg/mL as-syn, P25, or T-Eco nanoparticles
during bacterial attachment, indicated by the window of time between the arrows. Red = TiO2
exposure and black = control (no nanoparticles) introduced in LB broth [43]
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occupied surface area. The maximum deposition rate was observed in the first
minute. The authors note that the deposition rate is affected by modifications of
the surface of the QDs and the composition of their solution (Fig. 10.11). The
surface-modified QDs had a lower deposition rate on the Al2O3 than the model
polymer nanoparticles. Coating Al2O3 with DOM adds an additional electrostatic
barrier (due to charge reversal), which decreases the retention of all QDs. Hence, the
deposition of charged QDs is not favorable on adsorbing materials containing DOM
in natural systems and filters.

5.3.2 Carbon Nanoforms
The fate and distribution of fullerene C60 in natural systems peaks research interest
due to their potential risk to the natural ecosystem and human health. In a study by
Tong et al. [46], the influence of biofilms on the transport of fullerene (C60)
nanoparticles was studied both using QCM and in soil-like porous media. The
biofilms were encapsulated in extracellular polymeric substances (EPS), which
was extracted from E. coli. QCR with precoated silica surfaces or with EPS was
put in solutions of C60 and NaCl, CaCl2 with different environmentally relevant
concentrations. Measurements were carried out in a flow system. The authors report
that an increased deposition of C60 is observed probably due to the increase in the
roughness of SiO2 in the presence of a biofilm (Fig. 10.12). Hence, biofilms can
assist in the inhibition distribution and transport of C60-like materials in the natural
ecosystems.

In a parallel study, the thermal dependence of fullerene C60 on the surface of SiO2

was investigated in the presence and absence of Harpeth humic acids and Harpeth
fulvic acids (HHA and HFA), representing the dominant organic components in soils
and sediments (soil organic matter (SOM) and attached phase soil organic matter
(AP-SOM)) [46].

Fig. 10.10 Deposition rates
of AuNPs onto a silica-coated
quartz crystal in the presence
of NaCl. Deposition rates are
expressed as the rates of
normalized frequency shift at
the third overtone. Each data
point represents the mean of
triplicate measurements
conducted at the same
experimental conditions, and
the error bars represent
standard deviations.
Measurements were carried
out at 20 �C [44]
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The working electrode of a QCM quartz resonator was used as a model surface.
The electrodes were coated with a layer of SiO2. The study shows a rise in
interactions of C60 with immobilized HHA and HFA at higher temperatures, while
the interactions with the clean surface of SiO2 were mostly independent of changes
in temperature (Fig. 10.13). The authors attribute this behavior to water-assisted
disruption of polar SOM contacts and hydration-induced swelling of AP-SOM
matrix. Structures such as C60 are predicted to accumulate in soil and sediments
during warm seasons. Further research in this field will be able to predict more
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accurately the possible anthropological effects on similar ecosystems and to develop
the means to counter negative interactions of this sort. A following work by the same
authors demonstrated the use of QCM for the study of deposition kinetics of
colloidal fullerene C60 particles (nC60) as a result of interaction with HHA in the
presence of various electrolyte concentrations [48]. A SiO2-coated QCR was put into
electrolyte solutions with different concentrations and HHA. After reaching equilib-
rium, the nC60 solution was introduced into the setup. The slope of the linear section
in Fig. 10.14f corresponds to the deposition rate (Hz/min) of nC60 onto the surface
of the resonator (Fig. 10.15), under experimental conditions, which correlates to
transport rate of nC60 in natural systems. The authors observed no dependence of
deposition rate for PLL-coated silica with increasing ionic strength. Rise in deposi-
tion rate was reported at higher ionic strengths for HHA-coated silica and bare silica.
Charge reverse was probably observed for NaCl solutions higher than 50 mM in all
cases. It should be noted that the HHA system had higher deposition rates than PLL
and bare silica at all NaCl solutions.

The silica-based system was used to model the release conditions of multiwalled
carbon nanotubes (MWCNT) from the surface of soil-like systems using QCM-D [49].
Deposition of MWCNTs on a SiO2-coated resonator was carried out in the presence of
1.5 mM CaCl2 or 600 nm NaCl, both at pH 7.1. The coated resonator with MWCNT
was placed in solutions with different concentrations of NaCl and CaCl2 and pH
conditions, corresponding to actual concentrations found in aquatic systems. During
the experiments, the change in frequency (ΔF) and dissipation response (ΔD) of
the crystal sensors were monitored at different harmonics (n = 1, 3, 5, 7, 9, 11, 13).
The authors used the Voight-based model, since the values of ΔF and ΔD were
significantly different from one another at changing harmonics, and the ΔD/ΔF ratio
at all harmonics was high (ca. 0.6� 10�6/Hz). The results show that MWCNTwill be
released from the surface at decreasing concentrations of NaCl and CaCl2 solutions and
at increasing pH (pH= 10). These results are believed to assist in further research of the
bioavailability of MWCNTs in the environment as well as for construction of possible
water treatment systems.

Fig. 10.13 C60 attachment
efficiencies onto bare,
HHA-coated, and HFA-coated
silica sensors as a function of
temperature. Error bars
represent the standard
deviation [47]
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Parallel experiments were carried out for graphene oxide (GO) on the surface of
SiO2 using QCM-D [50]. Changing concentrations of GO were used in the
presence of different solutions of NaCl, CaCl2, and MgCl2. A SiO2-coated QCR
was placed in the studied solutions. Measurements were carried out after a lag time
of 40 min in order to achieve equilibrium. The deposition attachment efficiency

Fig. 10.14 Representative nC60 deposition experiment. The initial baseline was collected in HEPES
solution (a) before PLL was attached to the silica surface and rinsed in HEPES solution (b). The PLL
layer was then rinsed in 1 mM NaCl (c) before HHAwas attached to the PLL surface and rinsed in
1 mM NaCl (d). Finally, the HHA layer was rinsed in the electrolyte concentration at which the
deposition experiment would take place (100 mM NaCl in this case) (e). Once a stable baseline was
observed the nC60 was mixed with a premeasured volume of electrolyte to form the desired concen-
tration (100 mM NaCl in this case) and immediately introduced onto the sensor surface (f) [48]

Fig. 10.15 nC60 deposition
rates as a function of NaCl
concentrations onto three
different surfaces [48]
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(αD) was measured in favorable conditions, achieved by coating the SiO2 surface
with cationic poly-L-lysine hydrobromide. The obtained results for GO deposition
in the presence of NaCl and MgCl2 are very similar. These observations fitted the
Derjaguin�Landau�Verwey�Overbeek (DLVO) theory, correlating the decreas-
ing deposition rate of GO in high ionic strength conditions. The critical deposition
concentration (CDC) for GO exceeds the CDC of carbon nanotubes and fullerenes,
showed in prior studies [51, 52]. In the presence of Ca2+ ions, GO deposition was
negligible, due to the reversible role of Ca2+ in the formation of bridges with
GO. The release of GO was significantly influenced by the presence of different
ions in the solution with an overall trend of NaCl > MgCl2 > CaCl2. In a further
research effort, the authors studied the interactions of GO and Al2O3 surface in
the presence natural organic matter (NOM) [53]. The chosen NOMs were
Suwannee River humic and fulvic acids (SRHA and SRFA) and alginate. The
experimental method is described above for SiO2 [50]. The attachment trend of
GO to the studied surfaces in a decreasing order was reported as follows: SRFA,
SRHA, and aluminum oxide surfaces. The increasing interaction of GO with NOM
was attributed to hydroxyl, epoxy, and carboxyl functional groups of GO. In
solutions of monovalent and bivalent ions, Na+ and Ca2+, with concentrations of
10 mM and 1 mM (typical concentrations in aquatic environments), respectively,
the rates of deposition of GO on NOM were significantly higher than on Al2O3.
The authors note that the deposition of GO on NOM and on alumina are highly
reversible and, therefore, do not immobilize the distribution of GO in natural
aquatic environment.

Following the research of the fate and transport of GO in natural aquatic envi-
ronmental systems, where the stability of GO against aggregation and deposition
was demonstrated, the same authors investigated the possibility of GO transforma-
tions and alteration of its properties due to the effect of sunlight [54], since sunlight
photolysis is one of the primary routes by which carbonaceous nanomaterials react in
natural waters [55, 56]. Moreover, natural organic matter (NOM) can facilitate
radical formation under sunlight which can further react with graphene
nanomaterials.

Suwannee River humic acid (SRHA) was used as a model NOM. The study
was carried out with QCM-D on quartz resonators coated with either clean SiO2 or
with additionally applied SRHA. GO was irradiated with sunlight, prior to any
measurements, at different durations (1–187 h) in an/aerobic conditions. The results
suggest that on the one hand, photo-induced transformations of GO had slower
deposition rate in the presence of NOM and on the other hand, these interactions
with NOM were irreversible and no solvation of photo-induced transformations
of GO back into water was observed (Fig. 10.16a). It should be noted that
photo-induced transformations of GO are faster in anaerobic conditions and there-
fore have lower mobility in aquatic environments (Fig. 10.16b). The results of this
study can be very useful in designing water treatment systems based on irradiation
with sunlight or UV.
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5.4 Using QCM for Studying of Nanoparticles Deposition
and Growth Process

QCM as an in situ tool continues to be one of the most useful and common methods
for mass-metric control. QCM is easy to use and can be utilized to study many
different processes. The high sensitivity to changes in mass makes this method
irreplaceable for investigation of deposition of nanomaterial, their hetero-phasic
growth, catalysis on nanoparticles, and finally for processes of modification of
nanostructures. The classical application of QCM as a mass-metric device for the
study of propagation of different processes continues in recent research.

5.4.1 Application of QCM for Studying Nanostructure Deposition
and Interactions with Other Materials

It is well known that the many nanoparticle properties, such as catalytic [57],
structural [58], electromagnetic [59, 60], and more, are size dependent. Moreover,
the size was shown to effect surface charge properties and due to high surface area
and curvature effect of nanoparticles [61–63].

In a recent study, the surface chemistry interactions with a flat SiO2 surface
(curvature ~0) were investigated for three different-sized SiO2 nanoparticles using
QCM-D [64]. Various suspensions of NaCl were used to induce different ionic
strengths. The authors monitored the mass changes due to nanoparticle adsorption
onto the surface of the quartz resonator, which was coated with a 50 nm layer of SiO2.
The results show that the adsorption of nanoparticles is reduced with the decrease in
ionic strength. Almost no adsorption was detected for a solution of 1 mM.
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Fig. 10.16 (a) Deposition of phototransformed GO on SRHA-coated surface using QCM-D in
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formation of SRHA layer on silica surface; Step ii: injection of phototransformed GO; Step iii:
injection of background electrolyte; and Step iv: injection of DI water. GO concentration was
maintained 1 mg/L TOC at pH 5.5 � 0.3 [54]
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Noncovalent interactions between peptides and gold nanoparticles were investi-
gated using a QCM device, as part of a bionanocombinatorics study, aiming to
control the arrangement of the nanocomponents using biomolecules [65].

A standard QCR with a gold electrode was immersed in water solutions of
peptides. The authors suggest that equilibrium in the system gold-peptide is achieved
after 600 s. The absence of change in dissipation, during these experiments, indicates
the presence of a monolayer of peptides on gold, rather than a multilayer
(Fig. 10.17). The authors therefore suggest that in such a system, the only favorable
interactions are peptide-gold. The change in frequency can be used to characterize
the binding interaction between the peptides and the gold nanoparticles and calculate
the Gibbs free energy for this interaction.

Unfortunately, the authors do not show the characteristics of the gold electrode,
hence it is unclear whether the electrode is composed of nanocrystal gold. The
absence of specifications of the gold (particle size, shape, functional groups, etc.)
impedes the transfer of the suggested model to other metal particle-peptide systems,
even for other gold nanoparticles with other characteristics.

In a recent research effort, QCM was used to monitor mass changes and kinetics
of electroless copper deposition (ECD), catalyzed with silver (Ag) nanocubes
enclosed by (1 0 0) planes and nanoparticles [66]. The catalyst was applied on the
surface of the gold electrode of a QCR. The received electrodes were used for
electrochemical deposition of copper. The changes in frequency with time showed
that the deposition of copper begins after an incubation period of up to 65 s in the
presence of silver (Fig. 10.18). Ag nanoparticles induce a faster deposition than the
compared Ag nanocubes.

Silver nanoparticles were used as well to study the silver leaching kinetics from a
polysulfone membrane embedded with silver nanoparticles using QCM-D [67]. The
nanocomposite solution was applied onto a gold QCR electrode using spin-coating
and dried in a desiccator. The authors show the decrease in silver leaching rate with
time (Fig. 10.19).

In an attempt to increase the redox activity of carbon electrodes, electrochemical
quartz microbalance (EQCM) was used to study the modification process of

5

4

3

2

1

0

5

4

3

2

1

0

0 100 200

Pd4AuBP1
2.5 μg/mL

7.5 μg/mL
15.0 μg/mL

5.0 μg/mL

10.0 μg/mL
Energy Dissipation

300 400 500 600
Time (s)

D
is

si
pa

tio
n 

(1
0–6

)

–Δ
f (

H
z)

5

4

3

2

1

0

5

6

7

4

3

2

1

0

0 100 200

2.5 μg/mL

7.5 μg/mL
15.0 μg/mL

5.0 μg/mL

10.0 μg/mL
Energy Dissipation

300 400 500 600
Time (s)

D
is

si
pa

tio
n 

(1
0–6

)

–Δ
f (

H
z)

ba

Fig. 10.17 QCM analysis of peptides (a) AuBP1 (strongest binder) and (b) Pd4 (weakest binder)
to obtain ka and kd values [65]

372 V. S. Popov and A. Sopilniak



multiwalled carbon nanotubes (MWCNT) with quinoline quinones (QLO) for glassy
carbon electrodes [68]. The authors suggest a method to obtain highly redox active
and stable QLO functionalized MWCNT modified glassy carbon electrode
(GCE/MWCNT@QLO) by oxidizing 8-hydroxyquinoline (QL) on GCE/MWCNT.
The amount of immobilized QLO on the surface of the MWCNTwas determined in
situ using EQCM. Changes in mass (Δm) were detected during the process of
electrical oxidation in a QL solution when MWCNT modified EQCM-Au electrode
(EQCM-Au/MWCNT) was used. The registered amount of passed charge (Q) and
Δm allowed the calculation of the molar mass of different intermediate species
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Fig. 10.19 QCM-D
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involved in the electrochemical reactions from the slopes in Fig. 10.20. This method
can be useful to study reaction mechanism.

QCM-D was applied for the study of formation of magnetic nanoparticle-vesicle
aggregates (MNPVs) as part of the research of transport of proteins and enzymes
through phospholipid bilayers via induced magnetic fields [69].

QCM-D confirms the formation of MNPVs when mixing avidin-coated
biotinylated APTES ((3-aminopropyl)triethoxysilane)–MNPs and dipalmitoyl phos-
phatidylcholine vesicles. The authors show that a magnetic impulse can cause the
release of proteins and enzymes from within the MNPV into the suspension.

5.4.2 Using QCM for Studying Shape Transformations
of Nanostructured Systems

A recent study by Kasputis et al. [70] investigates the formation of new functional
nanomaterial through combining organic polymer brushes with gold or silicon
slanted columnar thin films (SCTFs) to give unique material properties with poten-
tial for applications in chemical and biological sensing, biomaterials, tissue engi-
neering, and nanoelectronics. In situ combinatorial generalized ellipsometry and
quartz crystal microbalance with dissipation (GE/QCM-D) were used to demonstrate
feasibility of the suggested nanomaterials. The nanomaterial received on the surface
of the QCR was shown to swell and deswell under various pH values (Fig. 10.21).
These allow to control the geometry of the nanomaterial.

Similar shape transformations as well as changes in viscoelastic properties were
induced for Cowpea chlorotic mottle virus (CCMV), used as an active nanomaterial
[71]. For this purpose, deposition of CCMVs was carried out on the surface of a gold
electrode of a QCR. The change of CCMVs from closed to swollen forms was
induced by changing the solution buffer composition. The change in dissipation was
the most sensitive parameter to indicate closed and swollen forms due to changes in
the viscoelastic properties (Fig. 10.22).

Fig. 10.20 Plot of Δm vs. Q
of EQCM-Au/
MWCNT@QLO [68]
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Fig. 10.21 Modeled QCM-D frequency and dissipation data demonstrate the functional swelling
characteristics of polymer brushes within SCTFs by changing the pH of the liquid
ambient�buffered acetate solution. Changes in pH are indicated by the different shaded background
regions on the plots, and changes in pH caused changes in the overall mass (black line) and viscosity
(red line) of the thin film, indicative of polymer brush swelling at pH = 7.3 (white background
regions) and deswelling at pH = 3.7 (gray-shaded background region) [70]
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5.4.3 Using QCM for Microscale Thermogravimetric Analysis (m-TGA)
Mansfield et al. [72] developed the methodology of microscale thermogravimetric
analysis (μ-TGA) based on the use of elevated-temperature quartz crystal microbal-
ance. Practically, the authors demonstrate the use of μ-TGA for measurements of
nanoparticle purity and presence of any surface coatings of nanomaterials. Samples
of nanomaterials in dispersions were applied onto the QCR by drop-cast or by
spray-coating. The QCR was then heated for 10 min at 75 �С to remove the water
solvent. Layer-by-layer gold nanoparticles (AuNP) were used with a varying num-
ber of layers coated by Poly(L-lysine) (PLL) and DNA as well as SiO2 nano-
particles, coated with polyethylene gycol (SiO2-PEG) and single-wall carbon
nanotubes (SWCNTs). A layer of glass was applied on the QCR prior to carried
out experiments with AuNP. μ-TGA was done ex situ: QCR was heated at 10 �C/
min to some goal temperature. The QCR was then cooled down and the change in
mass registered using QCM. The QCR would then be heated to the next goal
temperature up to the desired temperature. A few such cycles were carried out to
construct thermogravimetric analysis. Similarly, a QCR with no coatings was heated
to the same goal temperatures in order to account for the compensation of the
influence of the heating cycles on the quartz crystal. Such compensation is neces-
sary for temperatures above 425�С, where the values of thermal stresses for quartz
are not negligible [73].

In addition, mass was recalculated after heating above 100 �С to compensate for
the mass of desorbed water. The authors show that their method is sensitive enough
to detect mass changes for materials with a difference in one layer for layer-by-layer
coated AuNP (Fig. 10.23).

This is by definition an ex situ method; however, the authors are positive that
μ-TGA can potentially be used to study nanomaterials in general. This system can
involve into an in situ method in condition that the temperature of a QCR could be

Fig. 10.23 μ-TGA mass %
versus temperature
thermograms of four layer-by-
layer coated Au nanoparticle
samples. 30 nm AuNPs + PLL
(black), 30 nm AuNPs +
PLL + DNA (red), 30 nm
AuNPs + PLL + DNA + PLL
(blue), and 30 nm AuNPs +
PLL + DNA + PLL + DNA
(green) [72]
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changes during the experiment, without the need to interrupt the process. Such a
system should also be equipped with a system of signal analysis to compensate for
the thermal changes in quartz.

6 Conclusions and Future Perspective

Applying layers of receptor materials on a surface of a QCR is a well-known method
that serves as a sensor for detecting various compounds in the gas and liquid phases.
In the last decade, these techniques were implemented for nanomaterials, which are
used as analytes as well as matrices for applying receptor materials.

Nanomaterials can rarely be used as unique receptor materials for any analyte;
hence, nanomaterials can be utilized to assess sensor properties. Important develop-
ments in this field are the use of combined methods of research to study complex
properties of sensor materials, for instance, QCM and SPM. In this case, QCM can
serve as a reliable method of data quantification for integrative properties of a sensor
material, which is a complementary data for other specific properties studied by
another method.

Researchers who apply layers of receptor materials on QCM to detect nano-
structures as analytes experience difficulties similar to the ones described above. The
received contradicting results in such cases cannot be used for practical applications.
Possible future development in this field can improve the correlations for
nanoparticle-receptor interactions and in integration with other methods.

In recent research of nanotoxicology, QCM proved to be more sensitive than
other more standard methods. For instance, QCM was reported to be more sensitive
to the influence of QDs on the aggregation of human blood platelets than for the
commonly used method in such cases, light transmission aggregometry (LTA). The
use of QCM to study the influence of nanoparticles on the general and specific
bacterial function helped accurately evaluate bacterial secretion functions as well as
the decrease in the ability to form biofilms in the presence of TiO2 nanoparticles.
During the study of GO interactions with liposomes, the combined analysis of the
change in frequency and dissipation allowed building a possible schematic repre-
sentation of GO-lipid formation process. This in turn can prove useful for study of
environmental aspects of nanomaterials.

Moreover, QCM is a useful tool for the study of nanoparticle interactions with
model soil-like materials (alumina, silica) and model DOMs (Suwannee River
humic, fulvic acids, Harpeth humic acids, Harpeth fulvic acids), which are essential
when assessing processes of distribution, transport, and accumulation of nano-
materials in natural environments. The works presented in this chapter are dedicated
primarily to the study of environmental aspects of metal-based nanoparticles: gold
nanospheres, gold nanorods, CdTe/CdS and CdSe/ZnS quantum dots, as well as
сarbon nanoforms: fullerene, carbon nanotubes, and GO. The shift in frequency of
QCM can be used to evaluate the deposition rate of nanoparticles in different
solution compositions. Based on similar measurements, favorable deposition condi-
tions of nanoparticles can be determined. Such information can prove useful for

10 Quartz Crystal Microbalance Application for Characterization of. . . 377



predicting the effects of nanostructures on the surrounding environment and for
possible water treatment systems.

Many recent works utilized QCM as an in situ tool for mass-metric control of
various processes involving nanostructures.

QCMwas used to gather essential experimental data to develop general models of
noncovalent interactions of nanoparticles with different materials and complexes.
Since these papers stand-alone in their line of research and tend to be more
exploratory, the presented results in these studies are of a theoretical nature.

The use of the combination of QCMwith an electrochemical chamber to study the
modification processes of nanotubes allowed determining the composition of inter-
mediate reaction products and to suggest a possible mechanism for the process. This
method was validated with techniques such as XPS, FTIR, and GC-MS.

A developed thermogravimetric analysis based on in situ heating of a QCR is of
great interest. Unfortunately, this technique was developed for ex situ measurements.
If further engineering can solve a line of constructive problems, we could have real-
time thermogravimetric resolution.

In the meantime and in the near future, QCM will be utilized for the studies of
dependence of material properties as a function of the nanostructure shape in various
processes. Moreover, the application of EQCM for the study of electrochemical
processes involving nanomaterials can develop in utilizing two QCRs with different
electrode materials for simultaneous monitoring of changes in mass on both the
electrodes of the electrochemical chamber.

Examples of research progress in the direction of integration of a few analytical
methods together can be QCM and IR, as well as the combination of EQCMs. These
kinds of study can be proven very useful to investigate nanomaterial sensors and for
detection processes of gas analytes.

In conclusion, definite and easily analyzed measurements with QCM can usually
be received for the cases of thin rigid films in a gas-filled detection chamber of in
vacuum. These kinds of measurements are commonly used for process control in
electronics and for study of gas sensors.

The interpretation of QCM measurements for deposition of complex bulky
nanostructures, especially deposition from the liquid phase, involves a thorough
experiment planning and the use of additional verification methods. The develop-
ment of the QCM methodology is still in progress. Today QCM can seldom be used
as a stand-alone research method; however, as a complementary method, QCM can
provide useful and unique information for unfolding processes involving
nanomaterials.

Nomenclature
Cm Constant of the resonator parameters
D Dissipation factor [�]
F Resonance frequency [1/T]
F0 Natural vibration frequency of the QCR [1/T]
hf Thickness of film [L]
hq Thickness of quartz [L]
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n Number of harmonics [�]
s Area of oscillation in the QCR [L2]
ΔD Change in dissipation [�]
Δf Change in frequency [1/T]
Δm Change in mass [M]
ηf Viscosity of the film [M�L�1�T�1]
ηL Viscosity of liquid [M�L�1�T�1]
μf Elastic modulus [M�L�1�T�2]
ρf Density of coated film [M�L�3]
ρL Density of liquid [M�L�3]
ρq Density of quartz [M�L�3]
τ Decay time constant [T]
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