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Abstract: AT-cut quartz crystals vibrating in the thickness-shear mode (TSM), especially quartz
crystal resonators (QCRs), are well known as very efficient mass sensitive systems because of their
sensitivity, accuracy, and biofunctionalization capacity. They are highly reliable in the measurement
of the mass of deposited samples, in both gas and liquid matrices. Moreover, they offer real-time
monitoring, as well as relatively low production and operation costs. These features make mass
sensitive systems applicable in a wide range of different applications, including studies on protein
and peptide primary packaging, formulation, and drug product manufacturing process development.
This review summarizes the information on some particular implementations of quartz crystal
microbalance (QCM) instruments in protein and peptide drug product development as well as their
future prospects.

Keywords: AT-cut crystals; quartz crystal microbalance; protein formulation; sensors; biosensors;
peptide aggregation; protein aggregation

1. Introduction

Biologics are currently one of the fastest growing sectors of the pharmaceutical industry [1].
Specifically, this group of modern and dynamically developing therapeutics constituted the majority
of best-selling drugs in 2019 [2]. Moreover, patent protection and exclusivity rights of many
biological medicines either have expired or will expire in the near future. Hence, a significant
interest in the production of their cheaper, off-patent counterparts, biosimilars, has been observed
among pharmaceutical companies. The biosimilar market, as an additional part of biologics sector,
will contribute to health care costs reduction and, thus, to an increase in access to innovative therapies
for patients [3]. One of the largest groups of biologicals are recombinant DNA-derived proteins and
peptides. Development of drug products based on the abovementioned molecules is challenging and
at the same time burdened by a high failure risk. This results from the fact that both proteins and
peptides, because of their structural complexity, are characterized by an enhanced susceptibility to
various environmental factors [4].

Generally, two main degradation pathways of peptides and proteins can be distinguished,
(i) chemical degradation (i.e., covalent-bonded aggregation, disulfide exchange, deamidation,
isomerization, racemization, fragmentation, oxidation, (-elimination, Maillard reaction, and
diketopiperazine formation) and (ii) physical degradation (i.e., denaturation, unfolding, adsorption,
and non-covalent aggregation) [5]. These instability events can occur during manufacturing, storage,
handling, and administration to the patient [6]. Aggregation, as one of the physical degradation
pathways in both protein and peptide drug products, has raised great concern among biopharmaceutical
companies, academia, and regulatory agencies. This is due to the potential impact of some aggregates on
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pharmacokinetics, bioactivity and, most importantly, immunogenicity [7]. To date, many specialized
techniques aiming at aggregate qualitative and quantitative evaluation, as well as aggregation
propensity of products have been reported [8]. One of these, quartz crystal microbalance (QCM), a mass
sensing method characterized by high resolution and sensitivity, offers an interesting, adsorption-based
predictive tool utilizable in protein and peptide drug product development [9].

This review is focused on the up-to-date applications of QCM equipment in the biopharmaceutical
industry with particular reference to its applicability in formulation, primary packaging, and drug
product manufacturing process development (Figure 1). In addition, technology basics, as well as
peptide and protein adsorption mechanisms on the QCM surface, were also accounted for.
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Figure 1. Key research findings of quartz crystal microbalance (QCM) applications in peptide- and
protein-based drug product development.

2. QCM Technology Basics

The recent development of microsystems and nanotechnology triggered significant progress in
biological and biochemical research. Sensors such as QCMs have widely been applied to monitor
interactions between biomolecules, for instance protein and peptide aggregation. QCM design is
based on a piezoelectric quartz crystal placed between two electrodes (Figure 2). After connecting the
electrodes to an oscillator and application of alternating voltage, the quartz crystal oscillates with a very
stable resonant frequency (the so-called piezoelectric effect) [10]. QCM devices are simply designed
and easy to use analytical instruments. However, they require fundamental knowledge about design
and interpretation of generated data. The quartz crystal microbalance provides real-time mass change
measurement owing to the application of a quartz resonator. The QCM transducers’ surfaces can be
covered with different layers, such as metals, metal alloys, metal oxides [11], semiconductors, polymers,
biomaterials, etc. [12-14]. The sensitivity of QCMs is about 100 times higher than that of a typical
precise analytical balance, thus enabling observation of mass change at a nanogram level (for a typical
piezoelectric sensor with 10 MHz frequency, a change in mass of 4.4 ng-cm~2 results in a frequency
change of around 1 Hz) [15], as well as distinguishing single layers or even atomic monolayers [16].
If a thin, non-dispersible layer is uniformly deposited on an active electrode, the resonant frequency
of the electrode decreases proportionally to the mass of the adsorbed layer. A relationship between
frequency change and the adsorbed mass efficiency is expressed by the Sauerbrey equation [17] (1):
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where, p; and i, are the density (2.648 g-cm~2) and shear modulus of quartz (2.947 x 10'! g-em~1:s2),
respectively, fj is the unloaded crystal frequency, A is the crystal piezoelectrically active geometrical
area, defined by the area of the deposited metallic film on the crystal, Am and Af are the mass and
system frequency changes. According to this equation, the mass of a thin layer deposited on a surface
can be calculated by measuring changes in the resonant frequency.
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Figure 2. (A) Basic scheme of QCM sensor consisting of a piezoelectric AT-cut quartz crystal coated
with two gold electrodes, one on each side. (B) Schematic working principle provides information
on variations in Af and AD plotted as molecules become adsorbed on gold sensor surface. In the
schematic adsorption mechanism, section I shows a bare surface and stable baselines; during adsorption
molecular changes in Af and AD are observed (section II). After complete adsorption on the surface,
the baselines are stabilized (section III). The collected quartz crystal microbalance with dissipation
monitoring (QCM-D) data can be used for viscoelastic modelling and quantification of mass, as well as
calculating the viscoelasticity and thickness of the adsorbed layer.

Due to the application of selected transduction techniques in chemo- and bio-sensors [18-23],
it is possible to evaluate the deposition degree of particular materials [24], for instance in the form of
self-assembled monolayers (SAM) [12,25], and to analyze gas phase composition [14,26,27]. Nowadays,
the priority in design and development of QCM analytical platforms is given to naturally occurring
compounds, since they are excellent receptors with superior selectivity for the target analytes [28].
The data acquired from liquid analysis require assessment of potential contributions from surface
microporosity changes, which can be solved using a quartz crystal microbalance with dissipation
monitoring (QCM-D), preferred in the measurement of molecular aggregation [29,30]. QCM-D
technology enables measurement of not only frequency but also the dissipated energy of the oscillating
crystal, which makes it a promising tool for investigation of the adsorption of biomolecules that have a
tendency to form films with high viscoelasticity [31]. Upon contact with liquids, the crystal enables
acquisition of the information about their density (p;) and viscosity (1) via frequency change following
the Kanazawa—Gordon Equation (2) [19]. If one side of the crystal is immersed in liquid, free resonant
frequency accounts for additional shifts due to viscous damping from the liquid (2,3):
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where, fj is the unloaded crystal frequency, p, is density of quartz, y, is shear modulus of quartz, p

and 7 are the liquid density and viscosity, respectively. Equation (3) describes decay characteristic
length (8) proportional to the viscosity/density ratio of the liquid and as inversely proportional to
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the angular frequency (w). For a 10 MHz AT-cut quartz crystal in contact with water of 5 = 178 nm,
the acoustic wave generated by the crystal and transferred to the liquid is completely damped at 178 nm
on the crystal’s surface. Consequently, the quartz resonators react to a liquid, occurring in the direct
vicinity of their surface. In the QCM-D method, a dissipation coefficient (D) is obtained via decay in
crystal oscillation after a short perturbation impulse close to the resonant frequency (Fy). The degree of
protein immobilization on the crystal’s surface can be followed by monitoring the frequency changes,
matching the obtained data to the Sauerbrey Equation (1). However, with samples containing water,
just as with those for investigation of protein aggregation, coefficient D is a fundamental value for the
acquisition of the full characteristics of the adsorbed structure of the deposited layer [32]. For energy
dissipation D = Q!, which is a reciprocal of oscillator quality coefficient, the following relation is

obeyed (4):
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where I' is the bandwidth of the corresponding frequency, p; and 1 are the density and viscosity of the
liquid on the crystal, respectively. Moreover, the shifts in frequency due to adsorption of the molecules
from solution depend not on dry mass but on hydrodynamic mass including adsorbed molecules in
water. More complex contributions to the frequency shift result from internal viscoelasticity and from
changes of surface roughness upon aggregates’” growth [33].

A basic scheme of QCM construction and working principles are displayed in Figure 2.

In practice, variations of the frequency and sensitivity are distributed and assume the shape
of a Gaussian curve because of an energetic trap of the quartz resonator. This effect is not uniform
over the entire surface [34]. To provide normal oscillations of the QCM, it is necessary to apply a
metal layer on both sides of the quartz plate. QCM mass sensitivity can vary significantly depending
on material, shape, thickness, and size of the metal electrodes. The possibility of using the quartz
resonators in an aqueous environment opened new research prospects and widened biotechnological
and biomedical applications. The reason, among others, was that biological samples usually call for a
liquid medium to maintain their properties. The use of QCMs encompasses a wide range of sensors
and biosensors for mass, viscosity, temperature, and humidity measurements, which can operate in
both the gas and liquid phases [35]. Implementations in medicine and environmental monitoring are
currently two fields, which benefit from the QCM technique owing to its reliability, high sensitivity, and
ability to deposit a wide spectrum of materials. An important feature is also the short response time
providing real-time results [36]. The QCM has been successfully utilized for diagnosis of diseases such
as cancer [21,37-39] as well as viral [40] and bacterial [41] infections. Moreover, the QCM technique,
especially QCM-D, is widely used in cellular characterization [42] and interactions [43-45], DNA
detection [40,46], and protein detection [47], as well as high-throughput real-time screening of protein
drug targets [48-50]. Overall, the QCM technology attracts a lot of attention due to the wide variety of
possible applications [48,51-53]. The present review is mainly focused on the latest QCM instruments’
achievements in protein and peptide drug product development, with general operations reduced
to basic concepts. Detailed developments and properties of QCM instruments have already been
extensively presented in the literature [35,54,55].

5

3. Adsorption of Peptide and Protein Molecules on the QCM Surface

Recent years have witnessed a renaissance of QCM technology for the investigation of adsorption
phenomena in biological systems. Kinetics of protein and peptide adsorption as well as the interactions
with particular ligands are still subjects of interest [56]. QCM technology enables the monitoring of
changes of deposited layers’ properties and of receptors binding with small and big ligands [22,57,58].

Surface investigations are aimed at, inter alia, learning how proteins adsorb onto the surface
and what the consequences are of surface interactions. Protein adsorption is a key factor in cell
activity, for instance in cell attachment, surface migration, proliferation, and differentiation of growth.
Investigation of the processes associated with adsorption of biomolecules enables control of the
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adsorption phenomena and achieving desired structural-chemical properties. Adsorption control
is crucial for the design of biomedical implants, development of biosensors, and elaboration of the
materials, which force or limit biomolecular and cell adhesion, e.g., surfaces designed to reduce
inflammatory responses [59-61]. Extending QCM technology to the processes of peptide and protein
adsorption opened new perspectives regarding the explanation of their fundamentals. The molecular
structure determined by an amino acid sequence has a substantial impact on the properties and activity
of peptides and proteins. Apart from quantitative analysis of adsorbed biopolymers, QCM also allows
determination of relative surface adsorption affinity, i.e., hydrophobic polystyrene versus hydrophilic
silica [62] or graphene derivatives [52].

Peptides and proteins play various roles in the human organism, which are driven mainly by
amino acid sequence and native conformation. They also reveal a distinct tendency and susceptibility to
aggregation and amyloid formation. These processes underlie pathological events associated with a wide
range of disorders. Aggregation is also a serious problem in the field of biotechnology and pharmacy
where it interferes with the characteristics of therapeutically active peptides and proteins [63,64]. Excessive
deposition of insoluble, amorphous, and ordered protein or peptide aggregates in human organs and
tissues leads to serious biological dysfunctions. Moreover, aggregation of drugs can drastically affect
their bioavailability and storage possibilities, decreasing their availability and therapeutic effectiveness.
Unfortunately, efficient methods of complete aggregation inhibition are not currently widely available.

Protein folding is one of the most important physiological processes and on the other hand it
is associated with pathological states known as conformational diseases or amyloidosis. Amyloids
are highly ordered, fibril-aggregated structures and, independently of a protein precursor, they are
characterized by a similar morphology and high thermodynamic stability. It should be emphasized that
many proteins not connected with any diseases undergo in vitro fibrillation upon partial denaturation
conditions [65]. During the aggregation process, native proteins undergo incorrect folding, which leads
to the formation of insoluble amyloid fibrils having (3-sheet structure (peptide chains oriented in parallel
and anti-parallel ways) [66]. The amyloid fibrils might be cytotoxic and their toxicity is correlated with the
fibrils’ morphology [67]. Oligomeric pre-fibril structures are currently believed to be the most toxic [68].
However, recent investigations also suggest existence of non-toxic oligomeric species [69].

Despite significant progress in both amyloid formation analysis, as well as general protein aggregates
characterization [70,71] there is still a need for the results of quantitative in vitro measurements of the
kinetics and thermodynamics of aggregates’ growth. They are necessary to elaborate a systematic
approach to investigation of the strategies aimed at prevention or delay of aggregates’ formation onset
and the characterization of the fundamental parameters conditioning the aggregation processes. In vitro
as well as in vivo aggregation processes are the routes to incorrect folding of the native proteins. The most
important factors influencing the aggregation process are hydrophobicity of side chains of amino acids
and interactions between aromatic residues [72]. Physicochemical conditions, namely temperature, high
or low pH, and oxidizing agents also determine aggregation. The stabilization of mature protein fibers
depends on protein concentration and presence of steric effects in an amino acid sequence [73]. Interest
in the amyloid form of peptides and proteins grew drastically during the last decade, mainly because of
the classification of pathological amyloid fibrils as the precursors of many neurodegenerative diseases.
To date, more than 40 diseases in humans, including Alzheimer’s, Parkinson’s, Huntington’s, and prion
diseases, non-neuropathic systemic amyloidosis, and various non-neuropathic localized diseases, such as
cataract and type 2 diabetes mellitus [74], have been associated with aggregation of (partially) unfolded
peptides and proteins into cytotoxic amyloid aggregates via the formation of intermolecular (3-sheets [75].
They are also likely to play a key role in numerous biological processes occurring in different organisms,
e.g., human premelanosome amyloids can sequester highly reactive oxidative intermediates generated
from melanin synthesis, and thereby protect melanocytes from oxidative damage [76]. The upsurge

7

of interest in the amyloid structures of peptides and proteins related to health disorders (Table 1) is
associated with increasing costs of medical care and difficulties in contemporary societies [77].
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Table 1. A selection of some QCM applications connected with formation of extracellular amyloid

deposits or intracellular inclusions with amyloid-like characteristics.

Protein/Peptide

Used Techniques QCM Sensing Layer/System Aggregating Protein/Peptide Length Disease/Application Ref.
Ure2p protein, rate of fibril o -
QCM, DLS, AFM Ure2p covalently bonded to QCM growth 354 or 359- Fibril assembly [78]
QCM, AFM, CD Q-Sense E4, BiolinScientific, Sweden Amylin aggregates and 20-29 T2DM 79]
Au/g-C3Ny
5-MHz SiO,-coated QCM (Inficon,  Ap, binding interactions between . P N
QCM East Syracuse, NY, USA). SPBs and A proteins 1-40 Alzheimer’s disease (801
QCM QCM with ABq_y4 intermediates AR, rate of elongation monitoring 1-40 Alzheimer’s disease [81]
QCM, ARM QCM with short fibril segments Insulin 21+30 Injection-localized [s2]
amyloidosis
In situ multilaver amvloid Regulation of blood,
QCM-D sttu muitiayer amylo Glucagon 29 treatment of severe [83]
deposition monitoring h .
ypoglycemia
TIRE, QCM DE2 antibodies with PAH AB in the direct immune reaction 1-16 Alzheimer’s di [84]
. antibodies with monoclonal DE2 antibodies eimer’s disease
AFM, SPR, QCM-D Q-Sense E1 BiolinScientific, Sweden AR 142 Alzheimer’s disease [85]
QCM, Simoa Silica-coated crystals AB, dlSCl’lmlnaflOnl between 1-42 Alzheimer’s disease [30]
monomers and oligomers
Degradation of Ap fibrils
byphotoactive . rs diceas
QCM, AFM B meso-tetra(4-sulfonatophenyl)porphyrin -2 Alzheimer’s disease 50l
under UV irradiation
. a-synuclein fibrils, secondary
QCM-D, Super QCM immobilized with fibrils nucleation of monomers on fibril 140 Parkinson’s disease [87]

Resolution Microscopy surface

ApB—Amyloid- 3 protein/peptide, AFM—Atomic Force Microscopy, CD—Circular Dichroism, T2DM—Type 2
Diabetes Mellitus, XPS—X-ray Photoelectron Spectroscopy, SEM—Scanning Electron Microscope, CA—Contact
Angle, ATR-FTIR—Attenuated Total Reflectance-shift Fourier Transform Infrared Spectroscopy, AL-BSA—Amyloid
like-Bovine Serum Albumin, GA—Glutaraldehyde, SPBs—Supported Phospholipid Bilayers, TIRE—Total Internal
Reflection Mode, PAH—poly(allylamine hydrochloride), Simoa—Single Molecular Array.

Studies performed so far have shown that despite the diversity of amino acid sequences of
peptides and proteins, the aggregation process occurs according to a similar mechanism. It is believed
that initiation of the aggregation process is related to short amino acid sequences (protein segments),
built mainly of hydrophobic amino acid residues, self-recognition elements (SRE), and amyloidogenic
hot spots. Short peptide fragments (di-, tri-, tetra-peptides) act as precursors of aggregation of whole
proteins under in vitro conditions; these are often SRE fragments triggering inhibition of the native
protein aggregation process [88].

A decisive influence on promotion and inhibition of amyloid aggregation originates from
physicochemical characteristics of the surface such as hydrophobicity or charge because they have
a direct impact on an interaction with monomers. Slight changes of these properties can affect the
conformation and mobility of the adsorbed monomers. They can also influence the interaction of proteins
and peptides and thus modulate their aggregation [89]. The types of amyloidogenic interactions of
peptides and proteins with model surfaces are currently topics of intensive research [90]. A number of
techniques were elaborated to estimate kinetic aspects of the aggregation encompassing monitoring the
increase in light scattering of a growing amyloid suspension or the change in fluorescence or absorption
of dyes that bind to amyloid [91,92]. However, heterogeneity of formed aggregation products and lack
of detailed knowledge about their structure at the molecular level make quantitative interpretation
troublesome in certain cases. Modern techniques enabling observation of fiber growth include atomic force
microscopy (AFM), total internal reflection fluorescence microscopy (TIRFM), experiments that detect the
growth of an ensemble of fibrils by surface plasmon resonance (SPR) or dynamic light scattering (DLS).
Moreover, there are also techniques employing mass spectrometry (MS) coupled with high-performance
liquid chromatography (HPLC) that monitor variations in concentration of the precursor protein as
a determinant of incorporation during the fibers” growth process [93,94]. An alternative approach to
monitoring amyloid formation, enabling, among others, measurement of the kinetics of amyloid growth
via real-time monitoring of increase in fiber mass, is based on QCM technology. Its implementation
provides precise information about monitored desorption and adsorption processes, as does the SPR
technique [95]. This technique is widely utilized for investigation of the aggregation process as well as
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identification and characterization of inhibitors and modulators of that process. Evaluation of the rate
of fibril growth on different surfaces is currently widely examined [96,97], as well as the possibility of
QCM-D application to study amyloid aggregation upon contact with various model surfaces, for example
double lipid layers, self-assembled monolayers (SAMs), and metal oxides [25,83,98-100]. The benefits
stemming from monitoring of dispersion changes include the option of discrimination between the types
of amyloid adsorption [85] and characteristic fibril growth and conformations [25]. Formation of the
fibrils often generates complex sensors response requiring application of appropriate sensor models
and supplementary microscopic measurements, e.g., ex-situ AFM, fluorescence microscopy [25], or total
internal reflection fluorescence (TIRF) [101]. One of the latest achievements is the elaboration of a combined
QCM-TIRF technique allowing simultaneous measurement of the mass of a peptide adsorbed on the
sensor’s surface and visualization of fibril growth using the TIRF microscope [24]. Performance, stability,
and reliability of QCM biosensors have been limited by steps required for functionalization and activation
of their surfaces, causing increase in film thickness and reduced biological activity. Kabay et al. [102]
eliminated chemical steps by introducing a sensing layer modification using electrospun amyloid-like
bovine serum albumin nanofibers on QCM surfaces. This modification enables the direct immobilization
of bioactive agents by eliminating any surface functionalization process for further mass-sensitive
biosensor applications. Understanding the molecular mechanisms of aggregation should provide a
better comprehension of the interaction of aggregates with cell membranes and should contribute to the
elaboration of new, improved therapies for diseases caused by protein and peptide aggregation.

Protein aggregation is a complex process affected by many factors, pathways, and mechanisms.
Under appropriate conditions any protein could form amyloid-like structures with their possible
degradation. Schematic representation of those mechanisms is presented in Figure 3 accompanied by
possible monitoring by QCM techniques.
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Figure 3. (1) Mechanism of amyloid formation proposed by Stroo et al. [103]. Misfolded protein

can be refolded, degraded, and aggregated. The first step in the aggregation pathways involves
oligomers, followed by fibril formation around the fibril axis and aggregation. (2) Measurement
of fibril growth kinetics using QCM (2A) and atomic force microscopy (AFM) (2B,C) performed by
Wang et al. [78]. (3) Utilization of QCM for evaluation of the degradation of amylin (20-29) aggregated
by Au/g-C3Ny under light irradiation. (3A) AFM images of amylin (20-29) aggregates and images after
photodegradation (3B,C) [79].
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4. Application of the QCM in Formulation and Primary Packaging Development

Almost all of the currently commercially available biologics and peptide drugs are offered either
as liquids or lyophilizates for parenteral use [104]. Degradation of those drug molecules is likely
to occur during their production, processing, storage, and administration. It is common for both
liquid and solid presentations and depends on, inter alia, amino acid sequence, isoelectric point, and
hydrophobicity of the molecule as well as storage temperature, container, and composition of the drug
product [6]. The degradation products can reduce drug activity and, in the worst case, enhance its
immunogenicity. Moreover, a strong immune response can lead not only to neutralization of medicine,
but also of other, endogenous proteins [105]. Thus, the main purpose of therapeutic formulation is to
assure the protein and peptide stability so that the drug product remains safe for the patient [5,6].

As mentioned above, many of the degradation routes are highly dependent on the pH and ionic
strength of solution (composition), as well as the primary packaging (storage container). Although it is
virtually impossible to prevent all degradation pathways from occurring, development of an effective
formulation might minimize it to an acceptable extent [106]. Two of the most important peptide and
protein degradation pathways are aggregation and adsorption. The QCM is an interesting, sensitive
technique which can be utilized for testing those phenomena. In addition, it can be applied to study
the potential interactions between drug molecule and excipient. So far, several articles describing the
application of the QCM technology for drug product development have been published.

For instance, Hartl et al. [107] applied the QCM system to study stabilizing effectiveness of
hydroxypropyl 3-cyclodextrin (HPBCD) in monoclonal antibody solution subjected to shaking stress.
Both the unfolded and native form of IgG antibodies exhibited a reduced tendency to undergo adsorption
on a gold QCM electrode in the presence of HPBCD. The authors explained this phenomenon as a result
of protein-cyclodextrin complex formation, which was characterized by a reduced hydrophobicity as
compared to lone protein.

Another example of application of QCM technology in drug product development is a series of
research articles dedicated to protein-silicone oil interactions. Silicone oil is widely used as a lubricant
in prefilled syringes and cartridges to ensure functional and consistent drug delivery [108]. Moreover,
in some cases vials are also internally siliconized to reduce the incident of molecule adsorption to
the glass surface [5] or enable a free drainage of the solution [109]. On the other hand, silicone
oil may induce aggregation of certain proteins and peptides [110,111]. Therefore, it is essential to
evaluate protein adsorption kinetics at the oil/water interface, as well as the influence of excipients
on the adsorption. Dixit et al. [112] utilized the QCM to evaluate adsorption of Fc-fusion protein to
silicon oil-coated crystal as a function of the pH of the drug product (3.0-9.0) and the ionic strength
(10 mM and 150 mM). The adsorption was most pronounced at a low ionic strength and the pH
close to that of the isoelectric point of the protein. Moreover, adsorption at a high ionic strength
was pH-independent, due to shielding of surface charges. The study was followed up with another
article in which Dixit et al. [113], while using the same setup, assessed the influence of polysorbate 20
on Fc-fusion protein-silicon interaction. Interestingly, the authors observed a significant decrease in
protein adsorption when the system was equilibrated with a polysorbate 20 solution prior to analysis.
On the other hand, both polysorbate 20 and the Fc-fusion protein adsorbed at oil/water interface
when mixed solution of the components was added into the QCM system. The influence of nonionic
surfactants was further evaluated in the next article written by Dixit et al. [114]. The panel of the
tested excipients was extended by polysorbate 80 and poloxamer 188. Nevertheless, the results were
consistent with those for polysorbate 20: (i) pre-adsorbed surfactants inhibited protein adsorption to
siliconized QCM crystal and (ii) when introduced into the system together with the surfactant and
protein, they were adsorbed on the silicone oil layer. Based on the QCM and maximum bubble pressure
technique results, the authors hypothesized that protein-surfactant binding might not be considered
as a mechanism reducing adsorption of protein to the silicone oil. Similar conclusions regarding the
mechanism of surfactant adsorption inhibition were made by Li et al. [115]. The authors utilized the
QCM-D system to study the influence of polysorbate 80 and poloxamer 188 on abatacept-silicon oil
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interactions. In contrast to the previous publication by Dixit et al., however, polysorbate 80 turned out
to be more effective than poloxamer 188 in prevention of protein adsorption. Polysorbate 80 superiority
was explained in terms of an outcome of its rapid adsorption kinetics. Furthermore, Zheng et al. [116]
applied the QCM-D system together with a micro-flow imaging (MFI) and Archimedes instrument
to evaluate the role of polysorbate 80 in mitigation of particle formation in a protein drug product
present in a prefilled syringe. The results showed that polysorbate 80 inhibited both the particle
formation and protein adsorption to silicone oil. Moreover, their study proved that QCM-D can be
successfully utilized as complementary to particle counting analytical methods in protein-silicone oil
compatibility studies.

The QCM-D system has also been applied to study protein-protein interactions and viscosity
of high-concentration (HC) formulations. Briefly, HC formulations typically contain a protein at
concentrations of 100-200 mg/mL and are dedicated to subcutaneous injection. This form of protein
drug presentation enables patients to self-administer the dose, without the need for hospitalization.
On the other hand, protein formulations concentrated to such an extent are characterized by
two potential challenges: (i) high protein aggregation tendency and (ii) high viscosity of the drug
product [117]. Patel et al. [118] used the QCM-D system to evaluate the viscoelastic behavior of
HC IgG; solutions at different pH values. This was done via the calculation of the storage and loss
moduli (G’ and G”, respectively). The G”/G’ ratio demonstrated the highest value for the pH 5.5
sample, thus indicating that the solution exhibited peak liquid-like behavior over the tested pH range.
Additionally, Hartl et al. [119] studied the influence of pH and two excipients—citrate and histidine—on
the viscoelastic properties of HC formulation of a monoclonal antibody (200 mg/mL). The authors fitted
the QCM data to the Maxwell model. One of the fitting parameters—relaxation time T—was correlated
with other protein-protein interaction parameters, shear viscosity, second osmotic viral coefficient (Byy),
and a diffusion interaction parameter (kp). However, as opposed to self-interaction chromatography;,
static light scattering (By, parameter) and DLS (kp parameter) analyses, QCM analysis did not require
sample dilution, and thus did not introduce a potential alternation in protein-protein interactions.

Finally, an example of using the QCM-D system in a study of clinical administration material
compatibility was presented by Kapp et al. [120]. The authors studied adsorption of two IgG molecules
diluted with 0.9% NaCl to a gold QCM-D sensor coated with propanethiol to simulate the hydrophobic
surfaces encountered in infusion bags and intravenous lines. Both proteins were adsorbed in a
comparable manner in the absence of polysorbate 80. Moreover, in both cases the adsorption was
absent when the QCM-D sensor was pre-exposed to polysorbate 80.

The examples of QCM systems applied in formulation and primary packaging development
studies are set out in Table 2.
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Table 2. Selection of QCM applications in formulation and primary packaging development-related studies.
Application Method Instrument Molecule Type Molecule Concentration Ref.
. - . . QCM200 + QCM25 _
Evaluation of HPBCD stabilizing properties QCM-R (Stanford Research Systems) IgG A, IgG B 0.1-1.0 mg/mL [107]
Influence of pH and ionic strength on protein-silicone QCM-R QCM200 (Stanford Research Systems) Fe-fusion protein 0.001-1 mg/mL [112]
oil interactions
Influence of polysorbate 20 on protein-silicone oil interactions QCM-R QCM200 (Stanford Research Systems) Fc-fusion protein 0.1 mg/mL [113]
Influence of polysorbaFe 2(.J,.poly50.r bate 80 an d poloxamer 188 on QCM-R QCM200 (Stanford Research Systems) Fe-fusion protein 0.1 mg/mL [114]
protein-silicone oil interactions
Influence of polysorbate 80. a.nd polo'x amer 188 on protein-silicone QCM-D Q-Sense (Biolin Scientific Inc.) Abatacept 1 and 10 mg/mL [115]
oil interactions

Supplementary analysis during particle characterization studies

(MFI and Archimedes) of protein drug product stored in QCM-D Q-Sense (Biolin Scientific Inc.) Therapeutic protein 0.3 mg/mL [116]
prefilled syringes
Characterization of viscoelastic properties of HC TN
protein formulation QCM-D Q-Sense (Biolin Scientific Inc.) 1gGo 70 mg/mL [118]
o L - Lo QCM sensors (Suzhou SJ Biomaterials Co.,
Characterization of protein-protein interactions in HC QCM-1 Ltd.,) Network analyzer (N2PK design; Mabl 200 mg/mL [119]
protein formulation
Makarov Instruments)

Clinical administration material compatibility study QCM-D Q-Sense (Biolin Scientific Inc.) IgGy, IgGy 10 mg/mL [120]
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5. Application of the QCM in Drug Product Manufacturing Process Development

The protein and peptide parenteral drug product manufacturing process (otherwise known as
‘fill and finish”) consists of several stages. These may include, but are not limited to, drug substance
thawing, formulation, mixing, sterile filtration, and filling into target primary packaging (vial, cartridge
or prefillable syringe) followed by stoppering. The vials are then capped. If the product is intended to
be presented as a lyophilizate, the filled vials, prior to capping, are loaded into the freeze dryer and
the lyophilization cycle is executed. Finally, each product is subjected to visual inspection [106,121].
Designing the appropriate manufacturing process is of great importance for the quality of the final
drug product. This emerges from the fact that during the fill and finish operations the molecule is
subjected to shear forces and air/liquid interfaces which may lead to degradation [122]. The contact with
incompatible solid/liquid interfaces is another potential risk factor during drug product manufacturing.
Only a few articles describing the application of the QCM technique to process material compatibility
studies have been published thus far. For instance, Oom et al. [123] utilized the QCM-D system to
study the influence of molecule hydrophobicity, the presence of surfactant, pH, protein concentration,
and a layer material (polystyrene, Teflon, Au, and silicon dioxide) on the adsorption propensity of the
protein. Interestingly, although the presence of polysorbate 80 reduced the adsorption of the studied
proteins to all surfaces, a significant portion of the more hydrophobic protein, mAb2, was still adsorbed
to polystyrene and Teflon in the presence of this surfactant. In addition, the authors noticed that
reversible adsorption to surfaces was stronger at higher protein concentrations. Furthermore, mAb2,
a protein characterized by enhanced propensity to reversible self-association in solution, was also
characterized by higher reversible adsorption as compared to mAb1. Kalonia et al. [124] investigated
stainless steel surface-mediated particle formation as a function of protein concentration. Specifically,
the authors used the QCM-D technique to evaluate the thickness, viscoelastic properties, and mass
of the adsorbed protein layers. Protein primary layers deposited on QCM crystals during analysis
of adsorption of HC formulations (>50 mg/mL) were characterized by higher mass accumulation
as compared to that of low concentration formulations. Interestingly, although a secondary protein
layer (formed over the primary one) had thickness dependent on protein concentration, it remained
liquid-like (two-layer Voigt model). The study was followed up by Defante et al. [125], where a similar
stainless steel surface-mediated particle formation was studied for fusion protein. Overall, the results
have shown that the QCM is a valuable supportive technique in root cause investigations for increased
sub-visible particle content. The abovementioned drug product manufacturing process development
studies are presented in Table 3.

Table 3. Selection of the QCM system in drug product manufacturing process
development-related studies.

Molecule

Application Method Instrument Molecule Type Concentration Ref.
: Q-Sense (Biolin
QCM-D Scientific Inc.) mAb 1, mAb 2 1 and 50 mg/mL [123]
Process
material Qcmp  QSense (Biolin NISTmADb 0.1-100 mg/mL [124]
compatibility Scientific Inc.)
studies _ - 1 .
QCM-D Q-Sense (Biolin Fc-fusion 0.1-110 mg/mL [125]

Scientific Inc.) protein

6. Conclusions and Future Perspectives

The application of the QCM technique in the biopharmaceutical industry can be very useful.
As presented above, it was successfully integrated into the analytical panel of particle formation-based
root cause investigation, as well as primary packaging, formulation, and drug product process
development. Depending on the study considered, the QCM analytical method was used to evaluate:
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(i) mass, (ii) thickness, (iii) viscoelastic properties, and (iv) reversibility of adsorbed protein layer.
Significantly, the QCM method enabled analysis of HC protein formulations without the need of
sample dilution. Furthermore, there has been a recent trend in automation of commercial QCM
equipment. As an example, a fully automated QCM-D—Q-Sense Pro with autosampler module—was
marketed enabling the user to conduct studies in a more reproducible manner with high efficiency [126].
Nevertheless, the QCM analyses still have some limitations, namely the lack of a standardization
method for protein/peptide drug product development studies and a relatively long time of analysis
(approximately 1 h). Another important problem with the QCM might be poor reproducibility of layer
deposition on the surface of transducer, which can have a massive impact on the measurements with this
technology [12,127] and might call for complementary techniques, such as microscopic characterization
of obtained surfaces. However, to overcome this problem one can also acquire commercially available
sensors [128]. It should be noted that although numerous scientific articles on QCM analysis of peptides
can be found in the literature, none of them are dedicated to the pharmaceutical development of peptide
drug products. To sum up, the QCM emerges as an analytical method with a significant potential
to become one of the routine analyses in peptide and protein drug product development. However,
further studies, especially ones dedicated to precision, accuracy, and robustness of the method are
desirable in this field.

Funding: This research was funded by Polish National Science Centre PRELUDIUM grant no. 2019/33/N/ST5/01517
and Gdarnski Uniwersytet Medyczny statutory grant no. ST-02-0087/07/508.

Acknowledgments: We wish to thank Ryszard Piekos for his invaluable help in preparing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moorkens, E.; Meuwissen, N.; Huys, L.; Declerck, P.; Vulto, A.G.; Simoens, S. The market of biopharmaceutical
medicines: A snapshot of a diverse industrial landscape. Front. Pharmacol. 2017, 8, 8. [CrossRef] [PubMed]

2. Urquhart, L. Top Companies and Drugs by Sales in 2019. Available online: https://www.nature.com/articles/
d41573-020-00047-7 (accessed on 28 June 2020).

3. Moorkens, E.; Jonker-Exler, C.; Huys, I.; Declerck, P.; Simoens, S.; Vulto, A.G. Overcoming barriers to
the market access of biosimilars in the European Union: The case of biosimilar monoclonal antibodies.
Front. Pharmacol. 2016, 7, 1-9. [CrossRef] [PubMed]

4. De Weert, V. Pharmaceutical Formulation Development of Peptides and Proteins; CRC Press: Boca Raton, FL, USA,
1999; ISBN 9781439853894.

5. Nema, S.; Ludwig, ].D. Parenteral Medications; CRC Press: Boca Raton, FL, USA, 2019; ISBN 9788578110796.

6.  Shire, S.J. Monoclonal Antibodies Meeting the Challenges in Manufacturing, Formulation, Delivery and Stability of
Final Drug Product; Elsevier: Cambridge, UK, 2015; ISBN 9788578110796.

7. Shah, M. Commentary: New perspectives on protein aggregation during Biopharmaceutical development.
Int. J. Pharm. 2018, 552, 1-6. [CrossRef] [PubMed]

8. Mahler, H.C,; Jiskoot, W. Analysis of Aggregates and Particles in Protein Pharmaceuticals; John Wiley & Sons,
Inc.: Hoboken, NJ, USA, 2012; ISBN 9780470497180.

9.  Zurdo, J.; Michael, R.; Stallwood, Y.; Hedman, K., Aastrup, T. Improving the developability of
biopharmaceuticals. Innov. Pharm. Technol. 2011, 37, 34-39.

10. Sunar, M. 2.22 Piezoelectric materials. In Comprehensive Energy Systems; Elsevier: Cambridge, MA, USA,
2018; ISBN 9780128095973.

11.  Reyes, PI; Duan, Z.; Lu, Y.; Khavulya, D.; Boustany, N. ZnO nanostructure-modified QCM for dynamic
monitoring of cell adhesion and proliferation. Biosens. Bioelectron. 2013, 41, 84-89. [CrossRef] [PubMed]

12.  Wasilewski, T.; Szulczyniski, B.; Kamysz, W.; Gebicki, J.; Namiesnik, J. Evaluation of three peptide
immobilization techniques on a QCM surface related to acetaldehyde responses in the gas phase. Sensors
2018, 18, 3942. [CrossRef] [PubMed]

13.  Yu,L.;Huang, Y, Jin, X.; Mason, A.].; Zeng, X. Ionic liquid thin layer EQCM explosives sensor. Sens. Actuators
B Chem. 2009, 140, 363-370. [CrossRef]


http://dx.doi.org/10.3389/fphar.2017.00314
http://www.ncbi.nlm.nih.gov/pubmed/28642701
https://www.nature.com/articles/d41573-020-00047-7
https://www.nature.com/articles/d41573-020-00047-7
http://dx.doi.org/10.3389/fphar.2016.00193
http://www.ncbi.nlm.nih.gov/pubmed/27445826
http://dx.doi.org/10.1016/j.ijpharm.2018.09.049
http://www.ncbi.nlm.nih.gov/pubmed/30253208
http://dx.doi.org/10.1016/j.bios.2012.07.039
http://www.ncbi.nlm.nih.gov/pubmed/23062553
http://dx.doi.org/10.3390/s18113942
http://www.ncbi.nlm.nih.gov/pubmed/30441858
http://dx.doi.org/10.1016/j.snb.2009.04.038

Molecules 2020, 25, 3950 13 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Jha, S.K.; Hayashi, K. A quick responding quartz crystal microbalance sensor array based on molecular
imprinted polyacrylic acids coating for selective identification of aldehydes in body odor. Talanta 2015, 134,
105-119. [CrossRef]

Huang, X.-H.; Bai, Q.; Hu, J.; Hou, D. A practical model of quartz crystal microbalance in actual applications.
Sensors 2017, 17, 1785. [CrossRef]

Avila, J.R.;; Demarco, E.J.; Emery, ].D.; Farha, O.K,; Pellin, M.; Hupp, J.T.; Martinson, A.B.E. Real-time
observation of atomic layer deposition inhibition: Metal oxide growth on self-assembled alkanethiols.
ACS Appl. Mater. Interfaces 2014, 6, 11891-11898. [CrossRef]

Latif, U.; Can, S.; Hayden, O.; Grillberger, P; Dickert, F.L. Sauerbrey and anti-Sauerbrey behavioral studies in
QCM sensors—Detection of bioanalytes. Sens. Actuators B Chem. 2013, 176, 825-830. [CrossRef]

Muckley, E.S.; Anazagasty, C.; Jacobs, C.B.; Hianik, T.; Ivanov, LN. Low-cost scalable quartz crystal
microbalance array for environmental sensing. In Proceedings of the Organic Sensors and Bioelectronics IX;
SPIE-International Society Optical Engineering: San Diego, CA, USA, 2016; Volume 9944, p. 99440Y.
Beifiner, S.; Thies, ].-W.; Bechthold, C.; Kuhn, P,; Thiirmann, B.; Diibel, S.; Dietzel, A. Low-cost, in-liquid
measuring system using a novel compact oscillation circuit and quartz-crystal microbalances (QCMs) as a
versatile biosensor platform. J. Sens. Sens. Syst. 2017, 6, 341-350. [CrossRef]

Jin, H,; Tao, X.; Feng, B.; Yu, L.; Wang, D.; Dong, S.; Luo, J. A humidity sensor based on quartz crystal
microbalance using graphene oxide as a sensitive layer. Vacuum 2017, 140, 101-105. [CrossRef]

Yao, C.; Qu, L.; Fu, W.-L. Detection of fibrinogen and coagulation factor VIII in plasma by a quartz crystal
microbalance biosensor. Sensors 2013, 13, 6946—6956. [CrossRef] [PubMed]

Li, X.; Song, S.; Shuai, Q.; Pei, Y.; Aastrup, T.; Pei, Y.; Pei, Z. Real-time and label-free analysis of binding
thermodynamics of carbohydrate-protein interactions on unfixed cancer cell surfaces using a QCM biosensor.
Sci. Rep. 2015, 5, 14066. [CrossRef]

Zainuddin, A.A.; Nordin, A.N.; Mansor, A.EM.; Ab Rahim, R.; Mak, W.C. Integrated multichannel
electrochemical-quartz crystal microbalance sensors for liquid sensing. IEEE Access 2020, 8, 3668-3676.
[CrossRef]

Ogi, H.; Fukukshima, M.; Hamada, H.; Noi, K.; Hirao, M.; Yagi, H.; Goto, Y. Ultrafast propagation of
-amyloid fibrils in oligomeric cloud. Sci. Rep. 2014, 4, 6960. [CrossRef]

Hajiraissi, R.; Hanke, M.; Yang, Y.; Duderija, B.; Orive, A.G.; Grundmeier, G.; Keller, A. Adsorption and
fibrillization of islet amyloid polypeptide at self-assembled monolayers studied by QCM-D, AFM, and
PM-IRRAS. Langmuir 2018, 34, 3517-3524. [CrossRef]

Wasilewski, T.; Szulczynski, B.; Wojciechowski, M.; Kamysz, W.; Gebicki, J. Determination of long-chain
aldehydes using a novel quartz crystal microbalance sensor based on a biomimetic peptide. Microchem. .
2020, 154, 104509. [CrossRef]

Roto, R.; Rianjanu, A.; Rahmawati, A.; Fatyadi, I.A.; Yulianto, N.; Majid, N.; Syamsu, I.; Wasisto, H.S.;
Triyana, K. Quartz crystal microbalances functionalized with citric acid-doped polyvinyl acetate nanofibers
for ammonia sensing. ACS Appl. Nano Mater. 2020, 3, 5687-5697. [CrossRef]

Pauliukaite, R.; Voitechovic, E. Multisensor systems and arrays for medical applications employing
naturally-occurring compounds and materials. Sensors 2020, 20, 3551. [CrossRef] [PubMed]
Santos-Martinez, M.].; Inkielewicz-Stepniak, I.; Medina, C.; Rahme, K.; D"Arcy, D.M,; Fox, D.; Holmes, ].D.;
Zhang, H.; Radomski, M.W. The use of quartz crystal microbalance with dissipation (QCM-D) for studying
nanoparticle-induced platelet aggregation. Int. ]. Nanomed. 2012, 7, 243-255. [CrossRef] [PubMed]
Hwang, S.S.; Chan, H.; Sorci, M.; Van Deventer, J.; Wittrup, K.D.; Belfort, G.; Walt, D.R. Detection of amyloid
3 oligomers toward early diagnosis of Alzheimer’s disease. Anal. Biochem. 2019, 566, 40—-45. [CrossRef]
[PubMed]

Ansorena, P; Zuzuarregui, A.; Pérez-Lorenzo, E.; Mujika, M.; Arana, S. Comparative analysis of QCM and
SPR techniques for the optimization of immobilization sequences. Sens. Actuators B Chem. 2011, 155, 667-672.
[CrossRef]

Ahumada, L.A.C.; Pérez, N.P; Sandoval, O.H.; Guerrero, ED.P.; Olmedo, ].J.S. A new way to find dielectric
properties of liquid sample using the quartz crystal resonator (QCR). Sens. Actuators A Phys. 2016, 239,
153-160. [CrossRef]


http://dx.doi.org/10.1016/j.talanta.2014.09.049
http://dx.doi.org/10.3390/s17081785
http://dx.doi.org/10.1021/am503008j
http://dx.doi.org/10.1016/j.snb.2012.09.064
http://dx.doi.org/10.5194/jsss-6-341-2017
http://dx.doi.org/10.1016/j.vacuum.2016.10.017
http://dx.doi.org/10.3390/s130606946
http://www.ncbi.nlm.nih.gov/pubmed/23708275
http://dx.doi.org/10.1038/srep14066
http://dx.doi.org/10.1109/ACCESS.2019.2962324
http://dx.doi.org/10.1038/srep06960
http://dx.doi.org/10.1021/acs.langmuir.7b03626
http://dx.doi.org/10.1016/j.microc.2019.104509
http://dx.doi.org/10.1021/acsanm.0c00896
http://dx.doi.org/10.3390/s20123551
http://www.ncbi.nlm.nih.gov/pubmed/32585936
http://dx.doi.org/10.2147/IJN.S26679
http://www.ncbi.nlm.nih.gov/pubmed/22275839
http://dx.doi.org/10.1016/j.ab.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30267709
http://dx.doi.org/10.1016/j.snb.2011.01.027
http://dx.doi.org/10.1016/j.sna.2016.01.021

Molecules 2020, 25, 3950 14 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Knowles, T.PJ.; Devlin, G.L.; Dobson, C.M.; Welland, M.E. Probing Protein Aggregation with Quartz Crystal
Microbalances. In Protein Folding, Misfolding, and Disease; Hill, A.F., Barnham, K.J., Bottomley, S.P., Cappai, R.,
Eds.; Humana Press: Totowa, NJ, USA, 2011; Volume 752, ISBN 978-1-60327-221-6.

Gao, J.; Huang, X.-H.; Wang, Y. The modified design of ring electrode quartz crystal resonator for uniform
mass sensitivity distribution. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2013, 60, 2031-2034. [CrossRef]
Alassi, A.; Benammar, M.; Brett, D.J.L. Quartz crystal microbalance electronic interfacing systems: A review.
Sensors 2017, 17, 2799. [CrossRef]

Bragazzi, N.L.; Amicizia, D.; Panatto, D.; Tramalloni, D.; Valle, I.; Gasparini, R. Quartz-Crystal Microbalance
(QCM) for public health. In Advances in Protein Chemistry and Structural Biology; Elsevier: San Diego, CA,
USA, 2015; Volume 101, pp. 149-211.

Arif, S.; Qudsia, S.; Urooj, S.; Chaudry, N.; Arshad, A.; Andleeb, S. Blueprint of quartz crystal
microbalance biosensor for early detection of breast cancer through salivary autoantibodies against ATP6AP1.
Biosens. Bioelectron. 2015, 65, 62-70. [CrossRef]

Atay, S.; Cakur, C.; Yavuz, H.; Piskin, K.; Yilmaz, F; Denizli, A. Quartz crystal microbalance based biosensors
for detecting highly metastatic breast cancer cells via their transferrin receptors. Anal. Methods 2016, 8,
153-161. [CrossRef]

Sinn, M.H.S.; Hussain, M.; Zeilinger, M.; Northoff, H.; Lieberzeit, P.A.; Gehring, FK. Blood coagulation
thromboplastine time measurements on a nanoparticle coated quartz crystal microbalance biosensor in
excellent agreement with standard clinical methods. J. Biosens. Bioelectron. 2013, 4, 1-6. [CrossRef]

Afzal, A.; Mujahid, A.; Schirhagl, R.; Bajwa, S.Z.; Latif, U.; Feroz, S. Gravimetric viral diagnostics: QCM
based biosensors for early detection of viruses. Chemosensors 2017, 5, 7. [CrossRef]

Wang, L.; Wang, R.; Chen, F; Jiang, T.; Wang, H.; Slavik, M.; Wei, H.; Li, Y. QCM-based aptamer selection
and detection of Salmonella typhimurium. Food Chem. 2017, 221, 776-782. [CrossRef] [PubMed]

Xi, J.; Chen, J.Y. Quartz crystal microbalance in cell biology studies. J. Biochips Tissue Chips 2013, 2013, 5.
[CrossRef]

Henstridge, C.M.; Hyman, B.T.; Spires-Jones, T.L. Beyond the neuron—cellular interactions early in Alzheimer
disease pathogenesis. Nat. Rev. Neurosci. 2019, 20, 94-108. [CrossRef] [PubMed]

Rehman, A.; Zeng, X. Monitoring the cellular binding events with Quartz Crystal Microbalance (QCM)
biosensors. Adv. Struct. Saf. Stud. 2017, 1572, 313-326. [CrossRef]

Tonda-Turo, C.; Carmagnola, I.; Ciardelli, G. Quartz crystal microbalance with dissipation monitoring;:
A powerful method to predict the in vivo behavior of bioengineered surfaces. Front. Bioeng. Biotechnol. 2018,
6, 158. [CrossRef] [PubMed]

Vézquez-Quesada, A.; Schofield, M.M.; Tsortos, A. Mateos-Gil, P; Milioni, D.; Gizeli, E,;
Delgado-Buscalioni, R. Hydrodynamics of quartz-crystal-microbalance DNA sensors based on liposome
amplifiers. Phys. Rev. Appl. 2020, 13, 064059. [CrossRef]

Pirich, C.L.; De Freitas, R.A.; Torresi, R.M.; Picheth, G.E,; Sierakowski, M.R. Piezoelectric immunochip coated
with thin films of bacterial cellulose nanocrystals for dengue detection. Biosens. Bioelectron. 2017, 92, 47-53.
[CrossRef]

Al-Husseini, ] K.; Stanton, N.J.; Selassie, C.R.; Johal, M.S. The binding of drug molecules to serum albumin:
The effect of drug hydrophobicity on binding strength and protein desolvation. Langmuir 2019, 35,
17054-17060. [CrossRef]

Tagaya, M. In situ QCM-D study of nano-bio interfaces with enhanced biocompatibility. Polym. . 2015, 47,
599-608. [CrossRef]

Campos, |J.; Jimenez, C.; Trigo, C.; Ibarra, P; Rana, D.; Thiruganesh, R.; Ramalingam, M.; Haidar, Z.S. Quartz
crystal microbalance with dissipation monitoring: A powerful tool for bionanoscience and drug discovery.
J. Bionanosci. 2015, 9, 249-260. [CrossRef]

Clegg, ].R.; Ludolph, C.M.; Peppas, N.A. QCM-D assay for quantifying the swelling, biodegradation, and
protein adsorption of intelligent nanogels. |. Appl. Polym. Sci. 2020, 137, 48655. [CrossRef]

Hampitak, P.; Melendrez, D.; Iliut, M.; Fresquet, M.; Parsons, N.; Spencer, B.; A Jowitt, T.; Vijayaraghavan, A.
Protein interactions and conformations on graphene-based materials mapped using a quartz-crystal
microbalance with dissipation monitoring (QCM-D). Carbon 2020, 165, 317-327. [CrossRef]

Kolev, LN.; Ivanova, N.A.; Marinov, M.K,; Alexieva, G.; Strashilov, V. A QCM-based assay of drug content in
Eudragit RS 100-based delivery systems. Talanta 2019, 202, 531-539. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/tuffc.2013.2788
http://dx.doi.org/10.3390/s17122799
http://dx.doi.org/10.1016/j.bios.2014.09.088
http://dx.doi.org/10.1039/C5AY02898A
http://dx.doi.org/10.4172/2155-6210.1000139
http://dx.doi.org/10.3390/chemosensors5010007
http://dx.doi.org/10.1016/j.foodchem.2016.11.104
http://www.ncbi.nlm.nih.gov/pubmed/27979272
http://dx.doi.org/10.4172/2153-0777.S5-001
http://dx.doi.org/10.1038/s41583-018-0113-1
http://www.ncbi.nlm.nih.gov/pubmed/30643230
http://dx.doi.org/10.1007/978-1-4939-6911-1_21
http://dx.doi.org/10.3389/fbioe.2018.00158
http://www.ncbi.nlm.nih.gov/pubmed/30425985
http://dx.doi.org/10.1103/PhysRevApplied.13.064059
http://dx.doi.org/10.1016/j.bios.2017.01.068
http://dx.doi.org/10.1021/acs.langmuir.9b02318
http://dx.doi.org/10.1038/pj.2015.43
http://dx.doi.org/10.1166/jbns.2015.1310
http://dx.doi.org/10.1002/app.48655
http://dx.doi.org/10.1016/j.carbon.2020.04.093
http://dx.doi.org/10.1016/j.talanta.2019.05.033
http://www.ncbi.nlm.nih.gov/pubmed/31171218

Molecules 2020, 25, 3950 15 of 18

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Chen, ].Y; Penn, L.S; Xi, J. Quartz crystal microbalance: Sensing cell-substrate adhesion and beyond. Biosens.
Bioelectron. 2018, 99, 593-602. [CrossRef] [PubMed]

Neupane, S.; De Smet, Y.; Renner, FU.; Losada-Pérez, P. Quartz crystal microbalance with dissipation
monitoring: A versatile tool to monitor phase transitions in biomimetic membranes. Front. Mater. 2018, 5, 46.
[CrossRef]

Barbosa, A.J.M.; Oliveira, A.R.; Roque, A.C.A. Protein- and peptide-based biosensors in artificial olfaction.
Trends Biotechnol. 2018, 36, 1244-1258. [CrossRef]

Cho, N.-J.; Frank, C.W.; Kasemo, B.; Ho6k, F. Quartz crystal microbalance with dissipation monitoring of
supported lipid bilayers on various substrates. Nat. Protoc. 2010, 5, 1096-1106. [CrossRef]

Baltus, R.E.; Carmon, K.S.; Luck, L.A. Quartz Crystal Microbalance (QCM) with immobilized protein receptors:
Comparison of response to ligand binding for direct protein immobilization and protein attachment via
disulfide linker. Langmuir 2007, 23, 3880-3885. [CrossRef]

Ozboyaci, M.; Kokh, D.B.; Corni, S.; Wade, R.C. Modeling and simulation of protein—surface interactions:
Achievements and challenges. Q. Rev. Biophys. 2016, 49, 1-45. [CrossRef] [PubMed]

Wang, P.; Wang, X.; Wang, L.; Hou, X.; Liu, W.; Chen, C. Interaction of gold nanoparticles with proteins and
cells. Sci. Technol. Adv. Mater. 2015, 16, 34610. [CrossRef] [PubMed]

Stank, A.; Kokh, D.B.; Fuller, ].C.; Wade, R.C. Protein binding pocket dynamics. Acc. Chem. Res. 2016, 49,
809-815. [CrossRef] [PubMed]

Marx, K.A. Quartz crystal microbalance: A useful tool for studying thin polymer films and complex
biomolecular systems at the solution—surface interface. Biomacromolecules 2003, 4, 1099-1120. [CrossRef]
[PubMed]

Zapadka, K.L.; Becher, FJ.; Dos Santos, A.L.G.; Jackson, S.E. Factors affecting the physical stability
(aggregation) of peptide therapeutics. Interface Focus 2017, 7, 20170030. [CrossRef]

Roberts, C.J. Protein aggregation and its impact on product quality. Curr. Opin. Biotechnol. 2014, 30, 211-217.
[CrossRef]

Iadanza, M.G.; Jackson, M.P,; Hewitt, E.W.; Ranson, N.A.; Radford, S.E. A new era for understanding amyloid
structures and disease. Nat. Rev. Mol. Cell Boil. 2018, 19, 755-773. [CrossRef]

Chuang, E.; Hori, A.; Hesketh, C.D.; Shorter, ]. Amyloid assembly and disassembly. J. Cell Sci. 2018, 131,
jcs189928. [CrossRef]

Marshall, K.E.; Marchante, R.; Xue, W.-E,; Serpell, L.C. The relationship between amyloid structure and
cytotoxicity. Prion 2014, 8, 192-196. [CrossRef]

Deger, ].M.; Gerson, J.; Kayed, R. The interrelationship of proteasome impairment and oligomeric
intermediates in neurodegeneration. Aging Cell 2015, 14, 715-724. [CrossRef]

Fusco, G.; Chen, S.; Williamson, P.T.; Cascella, R.; Perni, M.; Jarvis, ].A.; Cecchi, C.; Vendruscolo, M.; Chiti, E,;
Cremades, N.; et al. Structural basis of membrane disruption and cellular toxicity by a-synuclein oligomers.
Science 2017, 358, 1440-1443. [CrossRef]

Langkilde, A.; Vestergaard, B. Methods for structural characterization of prefibrillar intermediates and
amyloid fibrils. FEBS Lett. 2009, 583, 2600-2609. [CrossRef] [PubMed]

Amin, S.; Barnett, G.V.; Pathak, ].A.; Roberts, C.J.; Sarangapani, P.S. Protein aggregation, particle formation,
characterization & rheology. Curr. Opin. Colloid Interface Sci. 2014, 19, 438-449. [CrossRef]

Herczenik, E.; Gebbink, M.E.B.G. Molecular and cellular aspects of protein misfolding and disease. FASEB ].
2008, 22, 2115-2133. [CrossRef] [PubMed]

Sawaya, M.R.; Sambashivan, S.; Nelson, R.; Ivanova, M.I; Sievers, S.A.; Apostol, M.I,; Thompson, M.].;
Balbirnie, M.; Wiltzius, J.J.W.; McFarlane, H.T.; et al. Atomic structures of amyloid cross-3 spines reveal
varied steric zippers. Nature 2007, 447, 453-457. [CrossRef]

Eisenberg, D.S.; Jucker, M. The amyloid state of proteins in human diseases. Cell 2012, 148, 1188-1203.
[CrossRef]

Knowles, T.PJ.; Vendruscolo, M.; Dobson, C.M. The amyloid state and its association with protein misfolding
diseases. Nat. Rev. Mol. Cell Boil. 2014, 15, 384-396. [CrossRef]

Watt, B.; Van Niel, G.; Raposo, G.; Marks, M.S. PMEL: A pigment cell-specific model for functional amyloid
formation. Pigment Cell Melanoma Res. 2013, 26, 300-315. [CrossRef]

Patterson, C. Alzheimers Disease International World Alzheimer’s Report 2018; Alzheimer’s Disease International:
London, UK, 2018; ISBN 9783804728387


http://dx.doi.org/10.1016/j.bios.2017.08.032
http://www.ncbi.nlm.nih.gov/pubmed/28830033
http://dx.doi.org/10.3389/fmats.2018.00046
http://dx.doi.org/10.1016/j.tibtech.2018.07.004
http://dx.doi.org/10.1038/nprot.2010.65
http://dx.doi.org/10.1021/la0628468
http://dx.doi.org/10.1017/S0033583515000256
http://www.ncbi.nlm.nih.gov/pubmed/26821792
http://dx.doi.org/10.1088/1468-6996/16/3/034610
http://www.ncbi.nlm.nih.gov/pubmed/27877797
http://dx.doi.org/10.1021/acs.accounts.5b00516
http://www.ncbi.nlm.nih.gov/pubmed/27110726
http://dx.doi.org/10.1021/bm020116i
http://www.ncbi.nlm.nih.gov/pubmed/12959572
http://dx.doi.org/10.1098/rsfs.2017.0030
http://dx.doi.org/10.1016/j.copbio.2014.08.001
http://dx.doi.org/10.1038/s41580-018-0060-8
http://dx.doi.org/10.1242/jcs.189928
http://dx.doi.org/10.4161/pri.28860
http://dx.doi.org/10.1111/acel.12359
http://dx.doi.org/10.1126/science.aan6160
http://dx.doi.org/10.1016/j.febslet.2009.05.040
http://www.ncbi.nlm.nih.gov/pubmed/19481541
http://dx.doi.org/10.1016/j.cocis.2014.10.002
http://dx.doi.org/10.1096/fj.07-099671
http://www.ncbi.nlm.nih.gov/pubmed/18303094
http://dx.doi.org/10.1038/nature05695
http://dx.doi.org/10.1016/j.cell.2012.02.022
http://dx.doi.org/10.1038/nrm3810
http://dx.doi.org/10.1111/pcmr.12067

Molecules 2020, 25, 3950 16 of 18

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Wang, Y.-Q.; Buell, A K.; Wang, X.-Y.; Welland, M.E.; Dobson, C.M.; Knowles, T.PJ.; Perrett, S. Relationship
between prion propensity and the rates of individual molecular steps of fibril assembly. J. Boil. Chem. 2011,
286,12101-12107. [CrossRef]

Wang, J.; Feng, Y; Tian, X,; Li, C; Liu, L. Disassembling and degradation of amyloid protein aggregates
based on gold nanoparticle-modified g-C3N4. Colloids Surf. B Biointerfaces 2020, 192, 111051. [CrossRef]
Kotarek, J.; Moss, M. Impact of phospholipid bilayer saturation on amyloid-{3 protein aggregation intermediate
growth: A quartz crystal microbalance analysis. Anal. Biochem. 2010, 399, 30-38. [CrossRef]

Kotarek, J.A.; Johnson, K.C.; Moss, M.A. Quartz crystal microbalance analysis of growth kinetics for
aggregation intermediates of the amyloid-f3 protein. Anal. Biochem. 2008, 378, 15-24. [CrossRef] [PubMed]
Knowles, T.PJ.; Shu, W.; Devlin, G.L.; Meehan, S.; Auer, S.; Dobson, C.M.; Welland, M.E. Kinetics and
thermodynamics of amyloid formation from direct measurements of fluctuations in fibril mass. Proc. Natl.
Acad. Sci. USA 2007, 104, 10016-10021. [CrossRef] [PubMed]

Hovgaard, M.B.; Dong, M.; Otzen, D.E.; Besenbacher, F. Quartz crystal microbalance studies of multilayer
glucagon fibrillation at the solid-liquid interface. Biophys. J. 2007, 93, 2162-2169. [CrossRef] [PubMed]
Mustafa, M.; Nabok, A.; Parkinson, D.; Tothill, I.; Salam, F.; Tsargorodskaya, A. Detection of 3-amyloid peptide
(1-16) and amyloid precursor protein (APP770) using spectroscopic ellipsometry and QCM techniques:
A step forward towards Alzheimers disease diagnostics. Biosens. Bioelectron. 2010, 26, 1332-1336. [CrossRef]
Ragaliauskas, T.; Mickevicius, M.; Budvytyte, R.; Niaura, G.; Carbonnier, B.; Valincius, G. Adsorption of
-amyloid oligomers on octadecanethiol monolayers. J. Colloid Interface Sci. 2014, 425, 159-167. [CrossRef]
Wang, T.; Zhang, L.; Wang, J.; Feng, Y.; Xu, E.; Mao, X.; Liu, L. Evaluation of the photo-degradation of
Alzheimer’s amyloid fibrils with a label-free approach. Chem. Commun. 2018, 54, 13084-13087. [CrossRef]
Gaspar, R.; Meisl, G.; Young, L.; Kaminski, C.E; Knowles, T.PJ.; Sparr, E.; Linse, S.; Buell, A.K. Secondary
nucleation of monomers on fibril surface dominates x-synuclein aggregation and provides autocatalytic
amyloid amplification. Q. Rev. Biophys. 2017, 50, e6. [CrossRef]

Kametani, F.; Hasegawa, M. Reconsideration of amyloid hypothesis and tau hypothesis in Alzheimer’s
disease. Front. Mol. Neurosci. 2018, 12, 25. [CrossRef]

Ke, P.C.; Pilkington, E.-H.; Sun, Y.; Javed, I.; Kakinen, A.; Peng, G.; Ding, F; Davis, T.P. Mitigation of
amyloidosis with nanomaterials. Adv. Mater. 2019, 32, €1901690. [CrossRef]

Keller, A.; Grundmeier, G. Amyloid aggregation at solid-liquid interfaces: Perspectives of studies using
model surfaces. Appl. Surf. Sci. 2020, 506, 144991. [CrossRef]

Nilsson, M.R. Techniques to study amyloid fibril formation in vitro. Methods 2004, 34, 151-160. [CrossRef]
[PubMed]

Arosio, P.; Knowles, T.PJ.; Linse, S. On the lag phase in amyloid fibril formation. Phys. Chem. Chem. Phys.
2015, 17, 7606-7618. [CrossRef] [PubMed]

Hu, J.; Zheng, Q. Applications of mass spectrometry in the onset of amyloid fibril formation: Focus on the
analysis of early-stage oligomers. Front. Chem. 2020, 8, 324. [CrossRef] [PubMed]

Cole, H.; Porrini, M.; Morris, R.J.; Smith, T.; Kalapothakis, J.; Weidt, S.; Mackay, C.L.; Macphee, C.E.;
Barran, P.E. Early stages of insulin fibrillogenesis examined with ion mobility mass spectrometry and
molecular modelling. Analyst 2015, 140, 7000-7011. [CrossRef]

Ausili, A.; Berglin, M.; Elwing, H.; Corbalan-Garcia, S.; Gomez-Fernandez, J. Quartz crystal microbalance
with dissipation monitoring and the real-time study of biological systems and macromolecules at interfaces.
Biomed. Spectrosc. Imaging 2012, 1, 325-338. [CrossRef]

Rodriguez, R.A.; Chen, L.; Plascencia-Villa, G.; Perry, G. Thermodynamics of amyloid-f fibril elongation:
Atomistic details of the transition state. ACS Chem. Neurosci. 2017, 9, 783-789. [CrossRef]

Buell, A.K.; Dobson, C.M.; Welland, M.E. Measuring the kinetics of amyloid fibril elongation using quartz
crystal microbalances. In Advanced Structural Safety Studies; Springer Science and Business Media LLC:
Singapore, Singapore, 2012; Volume 849, pp. 101-119.

Westwood, M.; Kirby, A.R.; Parker, R.; Morris, V.J. Combined QCMD and AFM studies of lysozyme and
poly-l-lysine-poly-galacturonic acid multilayers. Carbohydr. Polym. 2012, 89, 1222-1231. [CrossRef]
Zanden, C.M.V.; Wampler, L.; Bowers, 1.; Watkins, E.B.; Majewski, J.; Chi, E.Y. Fibrillar and nonfibrillar
amyloid beta structures drive two modes of membrane-mediated toxicity. Langmuir 2019, 35, 16024-16036.
[CrossRef]


http://dx.doi.org/10.1074/jbc.M110.208934
http://dx.doi.org/10.1016/j.colsurfb.2020.111051
http://dx.doi.org/10.1016/j.ab.2009.12.016
http://dx.doi.org/10.1016/j.ab.2008.03.022
http://www.ncbi.nlm.nih.gov/pubmed/18396143
http://dx.doi.org/10.1073/pnas.0610659104
http://www.ncbi.nlm.nih.gov/pubmed/17540728
http://dx.doi.org/10.1529/biophysj.107.109686
http://www.ncbi.nlm.nih.gov/pubmed/17513349
http://dx.doi.org/10.1016/j.bios.2010.07.042
http://dx.doi.org/10.1016/j.jcis.2014.03.042
http://dx.doi.org/10.1039/C8CC07164K
http://dx.doi.org/10.1017/S0033583516000172
http://dx.doi.org/10.3389/fnins.2018.00025
http://dx.doi.org/10.1002/adma.201901690
http://dx.doi.org/10.1016/j.apsusc.2019.144991
http://dx.doi.org/10.1016/j.ymeth.2004.03.012
http://www.ncbi.nlm.nih.gov/pubmed/15283924
http://dx.doi.org/10.1039/C4CP05563B
http://www.ncbi.nlm.nih.gov/pubmed/25719972
http://dx.doi.org/10.3389/fchem.2020.00324
http://www.ncbi.nlm.nih.gov/pubmed/32432078
http://dx.doi.org/10.1039/C5AN01253H
http://dx.doi.org/10.3233/BSI-2012-0025
http://dx.doi.org/10.1021/acschemneuro.7b00409
http://dx.doi.org/10.1016/j.carbpol.2012.03.097
http://dx.doi.org/10.1021/acs.langmuir.9b02484

Molecules 2020, 25, 3950 17 of 18

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Hajiraissi, R.; Hanke, M.; Orive, A.G.; Duderija, B.; Hofmann, U.; Zhang, Y.; Grundmeier, G.; Keller, A. Effect
of terminal modifications on the adsorption and assembly of hIAPP(20-29). ACS Omega 2019, 4, 2649-2660.
[CrossRef]

Kubiak, K.; Adamczyk, Z.; Wasilewska, M. Mechanisms of fibrinogen adsorption at the silica substrate
determined by QCM-D measurements. J. Colloid Interface Sci. 2015, 457, 378-387. [CrossRef]

Kabay, G.; Can, G.K.; Mutlu, M. Amyloid-like protein nanofibrous membranes as a sensing layer infrastructure
for the design of mass-sensitive biosensors. Biosens. Bioelectron. 2017, 97, 285-291. [CrossRef]

Stroo, E.; Koopman, M.; Nollen, E.A.A.; Mata-Cabana, A. Cellular regulation of amyloid formation in aging
and disease. Front. Mol. Neurosci. 2017, 11, 64. [CrossRef] [PubMed]

Jain, D.; Mahammad, S.S.; Singh, P.P.; Kodipyaka, R. A review on parenteral delivery of peptides and proteins.
Drug Dev. Ind. Pharm. 2019, 45, 1403-1420. [CrossRef] [PubMed]

Moussa, E.M.; Panchal, J.P.; Moorthy, B.S.; Blum, ].S.; Joubert, M.K.; Narhi, L.O.; Topp, E.M. Immunogenicity
of therapeutic protein aggregates. J. Pharm. Sci. 2016, 105, 417—430. [CrossRef]

Warne, N.W.; Mahler, H.-C. Challenges in Protein Product Development; Springer International Publishing AG:
Cham, Switzerland, 2018; ISBN 9783319906010.

Hartl, E.; Dixit, N.; Besheer, A.; Kalonia, D.; Winter, G. Weak antibody-cyclodextrin interactions determined
by quartz crystal microbalance and dynamic/static light scattering. Eur. . Pharm. Biopharm. 2013, 85, 781-789.
[CrossRef] [PubMed]

Funke, S.; Matilainen, J.; Nalenz, H.; Bechtold-Peters, K.; Mahler, H.-C.; Friess, W. Optimization of the
bake-on siliconization of cartridges. Part I: Optimization of the spray-on parameters. Eur. . Pharm. Biopharm.
2016, 104, 200-215. [CrossRef]

Hoger, K.; Mathes, J.; Fries, W. IgG1 adsorption to siliconized glass vials—Influence of pH, ionic strength,
and nonionic surfactants. J. Pharm. Sci. 2015, 104, 34—43. [CrossRef]

Thirumangalathu, R.; Krishnan, S.; Ricci, M.S.; Brems, D.N.; Randolph, T.W.; Carpenter, J.F. Silicone oil-
and agitation-induced aggregation of a monoclonal antibody in aqueous solution. J. Pharm. Sci. 2009, 98,
3167-3181. [CrossRef] [PubMed]

Jones, L.S.; Kaufmann, A.; Middaugh, C.R. Silicone oil induced aggregation of proteins. J. Pharm. Sci. 2005,
94,918-927. [CrossRef]

Dixit, N.; Maloney, K.M.; Kalonia, D.S. Application of quartz crystal microbalance to study the impact of pH
and ionic strength on protein-silicone oil interactions. Int. |. Pharm. 2011, 412, 20-27. [CrossRef]

Dixit, N.; Maloney, K.M.; Kalonia, D.S. The effect of Tween®20 on silicone oil-fusion protein interactions.
Int. J. Pharm. 2012, 429, 158-167. [CrossRef] [PubMed]

Dixit, N.; Maloney, K.M.; Kalonia, D.S. Protein-silicone oil interactions: Comparative effect of nonionic
surfactants on the interfacial behavior of a fusion protein. Pharm. Res. 2013, 30, 1848-1859. [CrossRef]
[PubMed]

Li, J.; Pinnamaneni, S.; Quan, Y.; Jaiswal, A.; Andersson, EI; Zhang, X. Mechanistic understanding of
protein-silicone oil interactions. Pharm. Res. 2012, 29, 1689-1697. [CrossRef]

Zheng, S.; Puri, A; Li, J.; Jaiswal, A.; Adams, M. Particle characterization for a protein drug product stored in
pre-filled syringes using micro-flow imaging, Archimedes, and quartz crystal microbalance with dissipation.
AAPS ]. 2016, 19, 110-116. [CrossRef] [PubMed]

Sahin, E.; Deshmukh, S. Challenges and considerations in development and manufacturing of high
concentration biologics drug products. J. Pharm. Innov. 2019, 15, 255-267. [CrossRef]

Patel, A.R.; Kerwin, B.A.; Kanapuram, S.R. Viscoelastic characterization of high concentration antibody
formulations using quartz crystal microbalance with dissipation monitoring. J. Pharm. Sci. 2009, 98,
3108-3116. [CrossRef]

Hartl, J.; Peschel, A.; Johannsmann, D.; Garidel, P. Characterizing protein—protein-interaction in
high-concentration monoclonal antibody systems with the quartz crystal microbalance. Phys. Chem.
Chem. Phys. 2017, 19, 32698-32707. [CrossRef]

Kapp, S.J.; Larsson, I.; Van De Weert, M.; Cardenas, M.; Jorgensen, L. Competitive adsorption of monoclonal
antibodies and nonionic surfactants at solid hydrophobic surfaces. J. Pharm. Sci. 2015, 104, 593-601.
[CrossRef]

Rathore, N.; Rajan, R. Current perspectives on stability of protein drug products during formulation, fill and
finish operations. Biotechnol. Prog. 2008, 24, 504-514. [CrossRef]


http://dx.doi.org/10.1021/acsomega.8b03028
http://dx.doi.org/10.1016/j.jcis.2015.07.009
http://dx.doi.org/10.1016/j.bios.2017.06.016
http://dx.doi.org/10.3389/fnins.2017.00064
http://www.ncbi.nlm.nih.gov/pubmed/28261044
http://dx.doi.org/10.1080/03639045.2019.1628770
http://www.ncbi.nlm.nih.gov/pubmed/31215293
http://dx.doi.org/10.1016/j.xphs.2015.11.002
http://dx.doi.org/10.1016/j.ejpb.2013.04.021
http://www.ncbi.nlm.nih.gov/pubmed/23685354
http://dx.doi.org/10.1016/j.ejpb.2016.05.007
http://dx.doi.org/10.1002/jps.24239
http://dx.doi.org/10.1002/jps.21719
http://www.ncbi.nlm.nih.gov/pubmed/19360857
http://dx.doi.org/10.1002/jps.20321
http://dx.doi.org/10.1016/j.ijpharm.2011.03.062
http://dx.doi.org/10.1016/j.ijpharm.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22429889
http://dx.doi.org/10.1007/s11095-013-1028-1
http://www.ncbi.nlm.nih.gov/pubmed/23568525
http://dx.doi.org/10.1007/s11095-012-0696-6
http://dx.doi.org/10.1208/s12248-016-9983-1
http://www.ncbi.nlm.nih.gov/pubmed/27620008
http://dx.doi.org/10.1007/s12247-019-09414-3
http://dx.doi.org/10.1002/jps.21610
http://dx.doi.org/10.1039/C7CP05711C
http://dx.doi.org/10.1002/jps.24265
http://dx.doi.org/10.1021/bp070462h

Molecules 2020, 25, 3950 18 of 18

122.

123.

124.

125.

126.

127.

128.

Jameel, E; Hershenson, S. Formulation and Process Development Strategies for Manufacturing Biopharmaceuticals;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; ISBN 9780470118122.

Oom, A.; Poggi, M.; Wikstrom, J.; Sukumar, M. Surface interactions of monoclonal antibodies characterized
by quartz crystal microbalance with dissipation: Impact of hydrophobicity and protein self-interactions.
J. Pharm. Sci. 2012, 101, 519-529. [CrossRef]

Kalonia, C.K.; Heinrich, E; Curtis, J.E.; Raman, S.; Miller, M.A.; Hudson, S.D. Protein adsorption and layer
formation at the stainless steel-solution interface mediates shear-induced particle formation for an IgGl1
monoclonal antibody. Mol. Pharm. 2018, 15, 1319-1331. [CrossRef] [PubMed]

Defante, A.P; Kalonia, C.K.; Keegan, E.; Bishop, S.M.; Satish, H.A.; Hudson, S.D.; Santacroce, P.V. The impact
of the metal interface on the stability and quality of a therapeutic fusion protein. Mol. Pharm. 2020, 17,
569-578. [CrossRef] [PubMed]

QSense Pro. Available online: https://www.biolinscientific.com/qsense/instruments/qsense-pro (accessed on
11 July 2020).

Lal, G.; Tiwari, D. Investigation of nanoclay doped polymeric composites on piezoelectric Quartz Crystal
Microbalance (QCM) sensor. Sens. Actuators B Chem. 2018, 262, 64—69. [CrossRef]

Biolin Scientific, Sensors. Available online: https://www.biolinscientific.com/qsense/sensors (accessed on
11 July 2020).

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jps.22771
http://dx.doi.org/10.1021/acs.molpharmaceut.7b01127
http://www.ncbi.nlm.nih.gov/pubmed/29425047
http://dx.doi.org/10.1021/acs.molpharmaceut.9b01000
http://www.ncbi.nlm.nih.gov/pubmed/31917583
https://www.biolinscientific.com/qsense/instruments/qsense-pro
http://dx.doi.org/10.1016/j.snb.2018.01.200
https://www.biolinscientific.com/qsense/sensors
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	QCM Technology Basics 
	Adsorption of Peptide and Protein Molecules on the QCM Surface 
	Application of the QCM in Formulation and Primary Packaging Development 
	Application of the QCM in Drug Product Manufacturing Process Development 
	Conclusions and Future Perspectives 
	References

