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Abstract: A cost-effective immunosensor for the detection and isolation of dental pulp stem cells (DPSCs)
based on a quartz crystal microbalance (QCM) has been developed. The recognition mechanism relies
on anti-CD34 antibodies, DPSC-specific monoclonal antibodies that are anchored on the surface of the
quartz crystals. Due to its high specificity, real time detection, and low cost, the proposed technology
has a promising potential in the field of cell biology, for the simultaneous detection and sorting of stem
cells from heterogeneous cell samples. The QCM surface was properly tailored through a biotinylated
self-assembled monolayer (SAM). The biotin–avidin interaction was used to immobilize the biotinylated
anti-CD34 antibody on the gold-coated quartz crystal. After antibody immobilization, a cellular pellet,
with a mixed cell population, was analyzed; the results indicated that the developed QCM immunosensor
is highly specific, being able to detect and sort only CD34+ cells. Our study suggests that the proposed
technology can detect and efficiently sort any kind of cell from samples with high complexity, being simple,
selective, and providing for more convenient and time-saving operations.
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1. Introduction

During the last few decades, quartz crystal microbalances (QCMs) have become powerful
and well-established noninvasive tools for clinical bioassays, and for investigating biomolecular
interactions, due to their high sensitivity, low cost, real time output, and label- or radiation-free
entities [1–10]. QCMs are weighting devices based on the piezoelectric properties of the quartz
crystal [11,12]. According to Sauerbrey’s equation [13], the frequency shift is linearly proportional to
the change of surface mass (∆m) on the crystal:

∆ f =
(
− 2 f 2

0/A
√

µρq

)
∆m

where ∆f (Hz) is the measured frequency shift; f 0 (Hz) is the fundamental resonance frequency of the
quartz oscillator; ∆m (g) is the mass change; A (cm2) is the active area of the electrode; ρq is the quartz
density; µ is the shear stress of quartz. This proportionality allows for the quantification of the wet
adsorbed mass (analyte plus coupled solvent) onto the QCM [14].
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The mass sensing of the QCM does not require any labeling step for the signal transduction and
enables the measuring of a mass deposition down to 0.1 ng. Furthermore, it is possible to perform
measurements in both complex and optically opaque solution media, because the signal transduction
mechanism relies upon the piezoelectric effect of crystal quartz [14]. More sophisticated hybrid
detection methods have also been developed by integrating QCM with localized surface plasmon
resonance (LSPR) [15].

The QCM technique, for its unique advantages and versatility, can be applied to detect a wide range
of entities, spanning from small molecules [16,17] to virus and whole cells, such as bacterial and eukaryotic
cells [12]. A QCM-based biosensor usually comprises a quartz crystal functionalized with a recognition
element, which includes antigens or antibodies, enzymes, or substrates [18–20]. The immunoassay
format, based on antibody–antigen (Ab–Ag) interactions, remains a robust, ubiquitous analytical tool [21].
Indeed, a number of QCM immunosensors [22] have been reported for the determination of different
analytes, such as glucose [4], microbes [23–27], nucleic acids [28,29], environmental pollutants [30],
cells [31], and food pathogens [32], for drug discovery applications, and for diagnostics and biomedical
applications [33].

In this work, we seek to apply QCM immunosensors in the field of cell biology, for the detection
and sorting of stem cells (SCs). Stem cells are unspecialized cells that exhibit self-renewal and
multilineage differentiation capability [34–37]. They are of broad scientific and clinical interest,
due to their numerous therapeutic applications. SCs may be used to promote complete tissue repair
and avoid detrimental fibrosis, to differentiate and replace damaged cells, providing an alternative
to organ transplantation [34]. Further, they have the potential to drastically change the treatment of
pathologies such as cancer, Alzheimer's and Parkinson's disease, and paralysis [35]. Among SCs,
dental pulp stem cells (DPSCs) are multipotent adult stem cells, expressing mesenchymal and
hematopoietic markers [38–40]. They are able to differentiate into different tissue of mesenchymal
origin, but also in neurons, adipocytes, cardiomyocytes, chondrocytes, melanocytes, and osteoblasts.
Thus, DPSCs have shown great potential in regenerative medicine and cell-based therapies for the
treatment of various human diseases, including dental problems [38,39].

A drawback for SCs applications is their low occurrence into complex cell mixtures. Thus,
a key issue to be addressed is the targeting of specific stem cells. To this end, researchers have been
devoting considerable efforts to the development of new methodologies for their detection, isolation,
and characterization from different tissues [41–43]. Low-resolution methods for stem cell separation
exploit their physical parameters, such as size and density, or their ability to adhere onto plastic
surfaces. They are widely used for preliminary, fast, and cost-effective separations [42]. Approaches to
stem cell separation techniques with high resolution and more specificity involve selection of specific
markers, as targets for cell detection and isolation [42,44]. In this respect, immunoaffinity separation
techniques, employing antibodies targeting specific cell markers, are the most valuable approaches.
By labeling antibodies with fluorescent dyes, instruments such as the fluorescent activated cell sorter
(FACS) can be used to detect and isolate target cells. Among flow cytometry [45], FACS technology
is widely used for counting and sorting cells tagged with fluorescent probes [46]. The applications
of monoclonal antibodies as FACS staining reagents has strongly enhanced the potentiality of one
of the most sensitive method for cells isolation [47]. However, FACS application to stem cells has
several drawbacks and limitations [42]. The equipment required by this technology is expensive,
employs a relatively large sample volume, is difficult to sterilize, is mechanically complex, and can
only be operated and maintained by trained personnel.

Therefore, alternative methods for stem cell detection and sorting should be developed with the
goal of isolating a homogeneous cell population starting from a heterogeneous one. To address this
issue, herein we report the development and working principles of a QCM-based immunosensor for
the detection and isolation of CD34+ stem cells derived from human dental pulp (see Figure 1).
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Figure 1. Schematic illustration of the quartz crystal microbalance (QCM) immunosensor for the 
detection of CD34+ stem cells. 

A key aspect of this system is the surface modification of the QCM with antibodies targeting to 
a specific stem cell marker, the CD34 antigen. Sensitive and reproducible biosensor surfaces need the 
immobilization of active biomolecules with a controllable and homogeneous orientation, thus 
retaining their biological activity [48–51]. This aspect is crucial to antibodies: once immobilized onto 
a solid support, they could partially lose their specific binding competence, if they are randomly 
oriented on the surface. To attain ultimate selectivity as well as sensitivity for immunosensing, 
highly oriented antibody molecular layers on the solid support surfaces are required. Several 
immobilization techniques have been developed [48–51], though only three are the most common: 
physical, covalent, and bioaffinity immobilization (Figure 2). 

 
Figure 2. Antibodies immobilization techniques for biosensor construction. 

For immobilizing the antibodies targeting the CD34 antigen on the QCM surface, we selected 
the bioaffinity technique, based on the biotin–avidin interaction [52,53]. This method is well suited 
for driving biological interaction and to obtain a well-oriented and stable biomolecule 
immobilization. To further assure a well-ordered functional monolayer of antibodies, the gold 
surface of QCM was coated with a mixed biotinylated self-assembled monolayer (SAMs) [54–56]. 

The resulting QCM-based immunosensor allows for the detection of DPSCs and their sorting 
from a heterogeneous cell population, as confirmed by post-analysis cell culture experiments. The 
obtained results demonstrate the reliability of the proposed device and its potential applicability in 
detecting and sorting any cell lineage.  

Figure 1. Schematic illustration of the quartz crystal microbalance (QCM) immunosensor for the
detection of CD34+ stem cells.

A key aspect of this system is the surface modification of the QCM with antibodies targeting to
a specific stem cell marker, the CD34 antigen. Sensitive and reproducible biosensor surfaces need the
immobilization of active biomolecules with a controllable and homogeneous orientation, thus retaining
their biological activity [48–51]. This aspect is crucial to antibodies: once immobilized onto a solid
support, they could partially lose their specific binding competence, if they are randomly oriented on
the surface. To attain ultimate selectivity as well as sensitivity for immunosensing, highly oriented
antibody molecular layers on the solid support surfaces are required. Several immobilization
techniques have been developed [48–51], though only three are the most common: physical, covalent,
and bioaffinity immobilization (Figure 2).
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Figure 2. Antibodies immobilization techniques for biosensor construction.

For immobilizing the antibodies targeting the CD34 antigen on the QCM surface, we selected the
bioaffinity technique, based on the biotin–avidin interaction [52,53]. This method is well suited for
driving biological interaction and to obtain a well-oriented and stable biomolecule immobilization.
To further assure a well-ordered functional monolayer of antibodies, the gold surface of QCM was
coated with a mixed biotinylated self-assembled monolayer (SAMs) [54–56].

The resulting QCM-based immunosensor allows for the detection of DPSCs and their sorting from
a heterogeneous cell population, as confirmed by post-analysis cell culture experiments. The obtained
results demonstrate the reliability of the proposed device and its potential applicability in detecting
and sorting any cell lineage.



Sensors 2017, 17, 2747 4 of 14

2. Materials and Methods

2.1. Chemicals and Reagents

Avidin and all chemicals used for the synthesis of biotin-terminated thiol were purchased from
Sigma Aldrich, except biotinyl-N-hydroxysuccinimide, which was purchased from Novabiochem.
Biotinylated anti-CD34 was from tgcBIOMICS. Lyophilized His-tagged-CD34 protein was purchased
from Life Technologies. Solvents were purchased from Romil. All solvents and reagents were
used without further purification. Phosphate-buffered saline (PBS) and PBS Tween-20 0.05% (v/v)
(PBST) solutions were prepared according to the Cold Spring Harbor protocol with ultrapure water,
purchased from Romil. Sulfuric acid 98% and hydrogen peroxide 30% aqueous solutions, used for
the cleaning procedure of the QCM gold surfaces, were purchased from Fluka. Pre-coated silica G-60
plates, F254, used for thin-layer chromatography (TLC), were from Merck-Millipore.

The cellular pellet used in this study included a mixed cell population, comprising the 5.6% of
stem cells CD34+, as established by cytofluorimetry measurements.

2.2. Instrumentation

HPLC and LC-MS analyses were performed with a Shimadzu LC-10ADvp equipped with
an SPDM10Avp diode-array detector (Shimadzu Europa GmbH, Duisburg, Germany). ESI-MS spectra
were recorded on a Shimadzu LC-MS-2010EV system with ESI interface, Q-array-octapole-quadrupole
mass analyzer, and Shimadzu LC-MS solution Workstation software for data processing. For all LC
and LC-MS analysis, ultrapure water 0.1% TFA (A) and ultrapure acetonitrile 0.1% TFA (B) were used
as solvent system.

The QCM device (open source QCM) was supplied from Novaetech s.r.l. (Napoli, Italy).
ATR experiment was performed on FT-IR Jasco 430 Spectrometer (JASCO Corporation, Tokyo,

Japan) utilizing an ATR cell composed by ZnSe, purchased from Pike Technologies (Madison, WI,
USA). Spectra were recorded on cleaned quartz crystal at 2 cm−1 of resolution with 256 accumulations,
from 4000 to 700 cm−1.

2.3. Synthesis of Biotinylated Linker: N-Dithiooctanoylamidohexyl-5-Biotinylpentanamide (LHB)

The biotinylated linker is based on lipoic acid (LA) as a thiol anchor, 1,6-hexanediamine (HMDA)
as a spacer molecule, and a biotin moiety as a terminal group (Figure 3).

The synthesis was carried out following a stepwise approach.
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Figure 3. Reaction scheme for the synthesis of the biotinylated linker.

The lipoic acid was first transformed into its active ester using dicyclohexylcarbodiimide (DCC)
and N-hydroxysuccinimide (NHS) (Compound 1). The dithiooctanoyl succinimidyl ester was coupled
to 1,6-hexanediamine to provide the mono adduct 6-aminohexyldithiooctanoylamide (Compound 2).
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Finally, the mono adduct was coupled with biotin N-succinimidyl ester to obtain the desired
product (Compound 3). The synthesis is described in detail below.

Dithiooctanoyl succinimidyl ester (1): Lipoic acid (1.0 g, 4.9 mmol) and N-hydroxysuccinimide (NHS)
(0.56 g, 4.9 mmol) were dissolved in tetrahydrofuran (THF). N,N′-dicyclohexylcarbodiimide (DCC)
(990 mg, 4.9 mmol) was added and the solution was stirred overnight at room temperature.
During the reaction course, a white precipitate corresponding to dicyclohexylurea (DCU) was formed.
The reaction was monitored by thin layer chromatography (TLC) (eluent: CHCl3/CH3OH 98/2,
Rf = 0.51). The reaction mixture was filtered from DCU, the solution was dried and the compound was
crystallized from n-hexane. A yellow powder (1.43 g, yield = 96%), corresponding to the dithiooctanoyl
succinimidyl ester was obtained. The ESI-MS spectrum confirmed the molecular weight of the product
(theoretical [M-H]+: 304.39 m/z, experimental [M-H]+: 304.07 m/z).

6-aminohexyldithiooctanoylamide (2): Dithiooctanoyl succinimidyl ester (200 mg, 0.657 mmol) was
dissolved in anhydrous THF (10 mL). This solution was added dropwise, under argon, to a solution
of HMDA (76.3 mg, 0.657 mmol) in THF (30 mL), and the reaction mixture was stirred at
room temperature for 18 h under argon. The reaction was monitored by TLC analysis (eluent:
CHCl3/CH3OH/CH3COOH 67/30/3). A white precipitate corresponding to the disubstituted HMDA,
containing two terminal lipoic acid units, was observed during the reaction. The reaction mixture
was filtered, the solvent was evaporated, and the residue was purified by flash chromatography.
The desired product was dried, and its purity was checked by TLC (Rf = 0.57). The product was also
analyzed by analytical RP-HPLC-MS (Vydac C18 column, 5% to 40% B over 35 min at a flow rate of
1 mL/min) (theoretical [M-H]+: 305.51 m/z, experimental [M-H]+: 305.10 m/z). The reaction yield was
20% (40.0 mg, 0.131 mmol).

N-dithiooctanoylamidohexyl-5-biotinylpentanamide (LHB) (3): 6-aminohexyldithiooctanoylamide (40.0 mg,
0.131 mmol), dissolved in 10.0 mL of DMF, was added to biotinyl-N-hydroxy-succinimide (41.9 mg,
0.131 mmol) DMF solution (2.0 mL). The solution was stirred overnight at room temperature.
The reaction mixture was analyzed by RP-HPLC-MS. LC-ESI-MS analysis confirmed product formation
(theoretical [M-H]+: 531.84 m/z, experimental [M-H]+: 531.10 m/z, experimental [M-Na]+: 553.20 m/z).
The crude product was purified by preparative RP-HPLC (Vydac 2.2 cm C18 column, using a 5% to
40% B linear gradient over 35 min, at a flow rate of 22 mL/min). The fractions containing the desired
product were pulled together, analyzed by LC-ESI-MS and lyophilized. Pure biotinylated linker was
obtained with 70% yield (48.7 mg).

2.4. QCM Setup and Detection Test

The quartz crystals (supplied from IEV s.r.l., Varese, Italy) are AT-cut with a fundamental frequency
of 10 MHz. The quartz crystal and the gold electrode are 8 and 4.5 mm in diameter, respectively. For all the
experiments only one side of the crystal was coated.

Before all experiments, the gold surface was thoroughly cleaned by immersing the quartz crystal
in a hot piranha solution (3:1 concentrated H2SO4/30% H2O2) for 30 min, rinsed in ultrapure water,
followed by ethanol washing. Finally, the quartzes were dried under argon steam.

The gold–quartz crystal was placed on the electronic console and the resonance frequency of
the oscillator was monitored. The volume of the liquid interacting with the QCM (i.e., the cell
compartment) was approximately 20 µL. The response of the QCM is proportional to the mass tethered
to the electrode [11]. The mass sensitivity of the crystal used in this work was 4.41 ng/mm2 per 1 Hz
of frequency shift.

2.4.1. QCM Immunosensor Assembly

To functionalize the gold surface with a self-assembled thiol mixed monolayer, cleaned quartz
crystals were left in contact with a solution containing 0.01 mM LHB and 1 mM 11-MUA (ratio 1/100)
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for 18 h at room temperature. The quartzes were then rinsed with ethanol and water and dried under
argon steam.

Biotin-derivatized quartz crystals were installed into the QCM detection chamber. The whole
detection procedure was monitored in real time by the QCM biosensor and the frequency changes of
the crystals were recorded. The oscillation frequency of the quartz crystals was monitored until stable
(10 min) after 100 µL of phosphate buffer were infused.

Afterwards, 20 µL of avidin (5 mg/mL in phosphate buffer pH 7.4) were incubated onto the
crystal until saturation was reached. The resonance frequency, during the avidin addition was
recorded in real time and no change in frequency was observed after 20 min. Subsequently, the crystals
were rinsed with the washing solution (PBS pH 7.4 with 0.05% Tween 20, PBST) to remove any
un-specifically bound molecule. A 30 µL solution of BSA-PBS solution (25 µg/mL) was added to cover
any un-filled space on the gold surface and avoid possible non-specific interactions in further steps.
Finally, 20 µL of biotinylated anti-CD34 antibodies (25 µg/mL in PBS pH 7.4) were directly placed onto
the functionalized gold surface, until no variation in oscillation frequency was observed. The excess of
antibody was removed by PBS and PBST washing.

2.4.2. Procedure for the Detection of DPSCs

The detection of stem cells derived from dental pulp was performed as follows: 20 µL of
the cellular pellet, composed of 500,000 cells/mL (5.6% was constituted by stem cells CD34+),
was introduced with a syringe into the QCM cell and the frequency shift of the sensor was monitored
for 30 min until it plateaued.

In order to reduce the exposure time of the stem cells to mechanical vibration of the quartz,
the immunoassay was performed adding the stem cells to the switched-off QCM device. After 30 min
of incubation, the frequency shift was measured. After the measurement, the liquid flow was switched
back to the PBS buffer until a stable baseline was obtained, to wash out bound analyte and prepare the
crystal for further use.

After the analysis, the quartz was incubated into a culture medium to verify the cellular growth.

3. Results and Discussion

3.1. Derivatization of the Gold Surface for QCM Immunosensor Construction

In order to immobilize anti-CD34 specific monoclonal antibodies for DPSC detection, the gold
surface was modified via a mixed SAM strategy. Bare gold surface functionalization was performed
using thiolated linkers, exploiting the strong affinity between gold and sulfur [54–57].

A crucial issue in the development of the QCM immunosensor was the establishment of
an optimal biotin density on the gold surface. Previous studies, performed on different kinds of
SAM, showed that good control over the surface density of biotin groups is extremely important and
that a loosely packed monolayer is needed to afford a stable avidin monolayer for the upcoming
antibody immobilization [49]. A loosely packed mixed SAM was afforded by mixing 11-MUA
and a LHB. The biotinylated linker designed and developed in this work is based on lipoic acid
as a thiol anchor. It provides two sulfur atoms that ensure a tight and secure binding onto gold surface.
1,6-Hexanediamine was chosen as a spacer molecule between LA and biotin, which was used for
affinity interaction with the avidin (Figure 3). According to literature, a 100:1 ratio of 11-MUA/LHB
was used to obtain a moderate biotin coverage of the SAM surface [58].

Fuctionalized gold surfaces were characterized by attenuated total reflectance infrared
spectroscopy (ATR-FTIR). The presence of the peaks at 2930 cm−1 and 2858 cm−1, assigned to the
νas(CH2) and νs (CH2) modes of methylene groups, respectively, can be ascribed to the 11-MUA and
LHB alkyl chains. The vibrational pattern of stretching signals was not characterized by sharp peaks.
This phenomenon can be attributed to the presence of different morphological domains onto the
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surface of polycrystalline gold. Furthermore, the bands at 1520–1660 cm−1 are consistent with amide
vibrations modes and provide reliable evidence that biotin molecules are bound onto the surface [59].

3.2. Immobilization of Anti-CD34 Antibodies on QCM Surface and Test for CD34 Protein Binding

The mixed SAM-coated quartz crystals were used to immobilize anti-CD34 antibodies. Figure 4
shows the flow cell of the QCM device.
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To assay the functionality of the immobilized antibodies and to evaluate the reliability of
the QCM device in a bio-sensing application, a test for CD34 protein binding was performed,
after immobilization of the anti-CD34 antibodies onto the avidin layer. Figure 5 reports the real-time
sensor resonance frequency shift, acquired during this experiment.
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It should be noted that the frequency shift corresponds to the beat frequency of the sensor
compared with the reference crystal. The QCM device used in this work provides a more accurate
estimation of frequency shift by comparing each measurement to a reference passive crystal.
The difference between the sensor and the reference crystal produces curves with a positive profile.
This asset minimizes variations between measurements, thus ensuring reproducibility in replicates.

In the first step, avidin at a concentration of 5 mg/mL in phosphate buffer was added
to the biotin-derivatized crystals until saturation was reached. A frequency change confirmed
the biotin-avidin recognition event (Figure 5) [60,61]. The avidin immobilization showed high
reproducibility: ∆F values ≈ 115 Hz were measured in several experiments carried out on different
crystals (data not shown).

After avidin immobilization, the crystals were rinsed with the washing solution, and subsequently
20 µL of 25 µg/mL BSA solution were added. The addition of BSA solution did not determine any
frequency shift, thus indicating the complete surface coverage and the presence of a homogeneous layer
of avidin. Biotinylated anti-CD34 antibodies were then added to the flow cell and their immobilization
was ascertained by a frequency shift of 70 Hz; saturation was reached after 20 min.
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After antibody immobilization, a solution of His-tagged-CD34 protein (20 µL, 25 µg/mL) was
added and a frequency shift of 60 Hz was observed. These results confirmed the specificity of the
avidin/biotinylated Ab system and the possibility to use this system to detect stem cells.

3.3. Stem Cell Detection by QCM-Immunosensor

A typical assay for stem cells detection consisted of the same steps reported in Section 3.2,
with the differences that a mixture of cells, instead of His-tagged-CD34 protein, was added to the
QCM-immunosensor in the last step. The assay steps can be summarized as follows: (1) frequency
measurement of the biotin-functionalized quartz crystal; (2) measurement of frequency shift after
avidin addition; (3) measurement of frequency shift after anti-CD34 biotinylated antibody binding;
(4) measurement of frequency shift upon stem cell sample addition. The frequency shift observed in
each step of the assay is reported in Figure 6.

After addition of the avidin solution to the flow cell containing biotinylated gold surface,
saturation was reached in about 90 min. Avidin adsorption caused a frequency shift of 207 Hz.
Once avidin was immobilized on the surface, the crystal was washed with PBS and Tween 20 solution.
Then, biotinylated anti-CD34 antibody was added and the resonance frequency of quartz crystal was
monitored for about 70 min until saturation was reached. The crystal was rinsed with the washing
solution, to remove the unbound or weakly adsorbed antibodies and a frequency shift of 261 Hz
was observed.

As shown by the Sauerbrey equation [13], there is a linear correlation between the resonant
frequency of the quartz crystal and the mass of a substance deposited on its surface. This correlation
is valid when a thin rigid film is added on the crystal surface; the film should be uniform (constant
density and thickness), and cover the acoustically active area of the whole crystal. The behavior of
a quartz crystal is different in liquid phase, where the response frequency of the QCM also depends on
the density and the viscosity of the contacting media (the frequency shift from air to aqueous solution is
in the range 4–12 kHz). For this reason, in the liquid-phase, a term containing the viscosity (ηL) and the
density (ρL) of the solution should be taken into account. Nevertheless, as reported by Wang et al. [26],
in the static liquid-phase measurement, the viscosity and the density of the background buffer are
constant in each measurement, so their contribution can be overlooked. Based on these considerations,
the mass change and the amounts of molecules of each layer on the gold surface were calculated using
the following equation [26]:

∆m = −∆ f (A/C f 2
0 ) where C =

2
√
µρq

.

Considering a quartz density of 2.648 g cm−3 and a shear stress for AT-cut quartz of
2.947 × 1011 g cm−1 s−2, the C value is 2.26 × 10−6 cm2 Hz−1 g−1. The measured frequency shifts,
the calculated adsorbed mass, and number of molecules in each layer are reported in Table 1.

Table 1. Frequency shift, mass, and number of molecules in each step of surface functionalization.

Layer MW (Da) ∆f (Hz) ∆m (ng) mol (pmol) N

Avidin 66,000 207 145 2.20 1.32 × 1012

Antibody 150,000 261 184 1.23 0.74 × 1012

Inspection of Table 1 indicates that the QCM-based immunosensor is capable of binding up
to 1012 molecules of the target analyte. However, this amount can be affected by several different
factors, such as antibody activity, temperature, and pH. The results herein reported are in good
agreement with those described for QCM-based immunosensors developed for Escherichia coli O157:H7
detection [26,27].
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After the antibody immobilization, the sample containing stem cells was added to the detection
cell. The sample consisted of a cellular pellet with a heterogeneous cell population, comprising the
5.6% of stem cells CD34+, as established by cytofluorimetry measurements. Twenty microliters of this
suspension were added to the QCM cell, and the frequency was monitored for 30 min until saturation
was reached: the observed ∆F was of 165 Hz (Figure 6).
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This result indicates that molecular recognition occurs and that the designed immunosensor can
be successful used to detect stem cells.

The experiment for stem cells detection was carried out in triplicate. In order to assess stem cell
detection reproducibility, a statistical analysis on three independent replicas was performed. A data
set of 500 sample was extracted for each replica, corresponding to each step of the detection assay.
The possibility of combining data sets coming from different replicas is justified under the hypothesis
that each experimental test has been performed in the same condition (i.e., measurement apparatus
and setup, concentration of chemical species, etc.); thus, the frequency measurements are influenced
only by random errors. However, data analysis may not be trivial, so a more detailed statistical analysis
was carried out.

Statistical populations are shown in Figure 7 using a box plot to display variation for each data set.
Average frequency shift values obtained from the three independent replicas are reported in Table 2.
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Figure 7. Box plot related to the four steps of data set collection. The measurement steps correspond to
(1) determination of zero, (2) avidin, (3) antibody, and (4) stem cells. Each box shows the median (red),
25th and 75th percentile (blue borders), and maximum and minimum (bases in black).

Firstly, the statistical populations do not show outliers. The starting frequency measurement was
stable, demonstrating the device reproducibility. Populations corresponding to avidin addition and
antibody binding showed a higher dispersion for values below the mean value, while the frequency
variation corresponding to stem cells had a more symmetric behavior around the expected value.
Value dispersion in Steps 2 and 3 might have occurred since proteins can pack themselves under
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a variety of possible arrangements onto the gold surface, thus originating SAMs with variable density.
Step 4, instead, exhibited a more uniform distribution of points around the mean value. The higher
homogeneity could have been because, upon cells binding, a large number of antibodies become
inaccessible due to the ligand hindrance. Therefore, the differences in antibody packing did not
influence the overall binding capacity of the QCM immunosensor, ensuring high reproducibility in
sensor construction and reliability in sensor measurements.

Table 2. Average frequency shift values obtained from the three independent replicas.

Starting Frequency Avidin Anti-CD34 Stem Cell

Average value (Hz) 0 203 485 684
Median (Hz) −0.12 229 506 676

Standard Deviation (Hz) 1.2 62 32 40
Mean Absolute Deviation (Hz) 1.3 56 30 34

All these results indicate the efficacy of the designed immunosensor in successfully detecting and
sorting CD34+ cells, such as DPSCs. Real-time detection of living cells by QCMs has already been
reported [62], as well as the ability of QCM devices to assess cellular adhesion, differentiation processes,
self-renewal activity, and cell–substrate interactions [41,43]. It should be pointed out that QCM
immunosensors have not been applied for stem cell detection and sorting, to the best of our
knowledge [41]. Furthermore, the methodology herein proposed takes advantages of two strong
binding: the biotin–avidin recognition has been combined with the antigen–antibody interaction,
the most selective molecular recognition known in biochemistry.

As outlined in the introduction, the most widely used methods for living cell detection and
sorting, such as FACS [46,47], actually count cells passing through the detector. The proposed method
provides a cost-effective, time-saving alternative by avoiding the use of expensive fluorescently
labeled antibodies and flow cytometers. Moreover, the integration of the QCM immunosensor,
hereby developed, in the microfluidic system remarkably scales down the amount of sample needed.
Even though QCM devices measure wet mass adsorbed onto the crystal, this aspect does not influence
the overall potentiality of the technique, when compared to FACS. Indeed, QCM-based sensors can
appreciate very small differences in wet mass adsorbed, down to 0.1 ng (compared with putative cell
mass weight of 3.5 ng [63]).

All these findings broaden the QCM applications in SC research and pave the way to the
development of fully customizable protocols for living cell detection in unknown samples and their
direct sorting, applicable in both diagnostic fields [64] and cell biology [41].

To verify that the proposed detection technique did not alter stem cell behaviors, an experiment
of cell growth on the quartz crystal immunosensor was performed. The quartz crystal was rinsed with
the washing solution, placed into the cell culture plate, and treated with trypsin/EDTA, in order to
detach the cells from its surface. The cells were then filtered and immersed in Dulbecco’s Modified
Eagle Medium (DMEM) 10% FBS culture medium for 7 days at 37 ◦C in 5% CO2. Visual inspections
after 24 h revealed cell growth, which further increased after seven days (Figure 8).
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In order to assess the nature of the grown cells, osteogenic differentiation experiments were
carried out (alpha-MEM buffer 20% FBS for 30 days) and proved that all the detected cells were
CD34+ stem cells. These results confirmed the validity of the developed QCM-based immunosensor in
detecting and sorting stem cells, without affecting their differentiation capacities.

4. Conclusions

An effective biosensor for the direct detection and sorting of dental pulp stem cells (DPSCs) has been
developed. It combines QCM technology and the SAM-based strategy for antibody immobilization onto
gold surfaces. The formation of SAMs offers great versatility in terms of bio-recognition, thus allowing
reliable control over packing density. Surface functionalization was obtained by coating the gold surface
of QCM, through a mixed SAM composed by thiolated chains with and without end-attached biotin
groups. This layer has been used for specific avidin immobilization that acts as a cross-linker between the
sensor surface and the anti-CD34 antibodies. Using this asset, the developed QCM-based immunosensor
was able to discriminate CD34+ stem cells within a heterogeneous cellular sample. As ascertained by
cell culture and osteogenic differentiation experiments, the detection and sorting method did not alter
stem cell differentiation potentials. All the results obtained strongly suggest that the proposed QCM
biosensor is a selective, fast, and economic method for the detection and sorting of stem cells. By using
different kinds of stem cell markers, the proposed methodology could be applied to different stem cells if
proper antibodies are selected. Furthermore, the proposed QCM device holds several advantages: simple
technology in production, extension to a variety of biomarkers, possibility of miniaturization, ease of use,
and low cost. As a consequence, such a device may have great potential with regard to point-of-care (POC)
testing for early, reliable, and non-invasive detection of important diseases [64].
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6. Della Ventura, B.; Sakačb, N.; Funaria, R.; Velotta, R. Flexible immunosensor for the detection of salivary
α-amylase in body fluids. Talanta 2017, 174, 52–58. [CrossRef] [PubMed]

7. Fernández, R.; García, P.; García, M.; García, J.V.; Jiménez, Y.; Arnau, A. Design and Validation of a 150 MHz
HFFQCM Sensor for Bio-Sensing Applications. Sensors 2017, 17, 2057. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/b719389k
http://www.ncbi.nlm.nih.gov/pubmed/18575648
http://dx.doi.org/10.1016/0003-2670(94)00579-B
http://dx.doi.org/10.1016/j.aca.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20457306
http://dx.doi.org/10.1016/j.aca.2010.11.054
http://www.ncbi.nlm.nih.gov/pubmed/21237320
http://dx.doi.org/10.3390/s150408540
http://www.ncbi.nlm.nih.gov/pubmed/25871722
http://dx.doi.org/10.1016/j.talanta.2017.05.075
http://www.ncbi.nlm.nih.gov/pubmed/28738617
http://dx.doi.org/10.3390/s17092057
http://www.ncbi.nlm.nih.gov/pubmed/28885551


Sensors 2017, 17, 2747 12 of 14

8. Della Ventura, B.; Iannaccone, M.; Funaria, R.; Pica Ciamarra, M.; Altucci, C.; Capparelli, R.; Roperto, S.;
Velotta, R. Effective antibodies immobilization and functionalized nanoparticles in a quartz-crystal
microbalance-based immunosensor for the detection of parathion. PLoS ONE 2017, 12, e0171754. [CrossRef]
[PubMed]

9. Karczmarczyka, A.; Haupt, K.; Fellera, K.H. Development of a QCM-D biosensor for Ochratoxin A detection
in red wine. Talanta 2017, 166, 193–197. [CrossRef] [PubMed]

10. Rixiang, H.; Peng, Y.; Yuanzhi, T. Probing the interactions of organic molecules, nanomaterials, and microbes
with solid surfaces using quartz crystal microbalances: Methodology, advantages, and limitations. Environ. Sci.
Process. Impacts 2017, 19, 793–811. [CrossRef]

11. Huang, X.; Bai, Q.; Hu, J.; Hou, D. A Practical Model of Quartz Crystal Microbalance in Actual Applications.
Sensors 2017, 17, 1785. [CrossRef]

12. Dixon, M.C. Quartz Crystal Microbalance with Dissipation Monitoring: Enabling Real-Time Characterization
of Biological Materials and Their Interactions. J. Biomol. Tech. 2008, 19, 151–158.

13. Sauerbrey, G. Verwendung Von Schwingquarzen Zur Wagung Dunner Schichten Und Zur Mikrowagung.
Z. Phys. 1959, 155, 206–222. (In German) [CrossRef]

14. 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]

15. Ferhan, A.R.; Jackman, J.A.; Cho, N.J. Integration of Quartz Crystal Microbalance-Dissipation and
Reflection-Mode Localized Surface Plasmon Resonance Sensors for Biomacromolecular Interaction Analysis.
Anal. Chem. 2016, 88, 12524–12531. [CrossRef] [PubMed]

16. Dirri, F.; Palomba, E.; Longobardo, A.; Biondi, D.; Boccaccini, A.; Bortolino, S.; Scaccabarozzi, D.; Zampetti, E.
QCM-based sensor for volatile organic compounds characterization. In Proceedings of the 2017 IEEE
International Workshop on Metrology for AeroSpace (MetroAeroSpace), Padua, Italy, 21–23 June 2017.
[CrossRef]

17. Rizzo, S.; Sannicolò, F.; Benincori, T.; Schiavon, G.; Zecchin, S.; Zotti, G. Calix[4]arene-functionalized
poly-cyclopenta[2,1-b;3,4-b′]bithiophenes with good recognition ability and selectivity for small organic
molecules for application in QCM-based sensors. J. Mater. Chem. 2004, 14, 1804–1811. [CrossRef]

18. Becker, B.; Cooper, M.A. A survey of the 2006–2009 quartz crystal microbalance biosensor literature.
J. Mol. Recognit. 2011, 24, 754–787. [CrossRef] [PubMed]

19. Vashist, S.K.; Vashist, P. Recent advances in quartz crystal microbalance-based sensors. J. Sens. 2011, 571405.
[CrossRef]

20. Speight, R.E.; Cooper, M.A. A Survey of the 2010 Quartz Crystal Microbalance Literature. J. Mol. Recognit.
2012, 25, 451–473. [CrossRef] [PubMed]

21. Hosu, O.; Selvolini, G.; Cristea, C.; Marrazza, G. Electrochemical Immunosensors for Disease Detection and
Diagnosis. Curr. Med. Chem. 2017, 24. [CrossRef] [PubMed]

22. Kurosawa, S.; Aizawa, H.; Tozuka, M.; Nakamura, M.; Park, J.-W. Immunosensors using a quartz crystal
microbalance. Meas. Sci. Technol. 2003, 14, 1882–1887. [CrossRef]

23. Muramatsu, H.; Tamiya, E.; Karube, I. Determination of microbes and immunoglobulins using a piezoelectric
biosensor. J. Membr. Sci. 1989, 41, 281–290. [CrossRef]

24. Dultseva, F.N.; Tronin, A.V. Rapid sensing of hepatitis B virus using QCM in the thickness shear mode.
Sens. Actuators B 2015, 216, 1–5. [CrossRef]

25. Su, X.L.; Li, Y. A self-assembled monolayer-based piezoelectric immunosensor for rapid detection of
Escherichia coli O157:H7. Biosens. Bioelectron. 2004, 19, 563–574. [CrossRef]

26. Wang, L.J.; Wu, C.S.; Hu, Z.Y.; Zhang, Y.F.; Li, R.; Wang, P. Sensing Escherichia coli O157:H7 via frequency shift
through a self-assembled monolayer based QCM immunosensor. J. Zhejiang Univ. Sci. B 2008, 9, 121–131.
[CrossRef] [PubMed]

27. Ngo, V.K.T.; Nguyen, D.G.; Nguyen, H.P.U.; Tran, V.M.; Nguyen, T.K.M.; Huynh, T.P.; Lam, Q.V.; Huynh, T.D.;
Truong, T.N.L. Quartz crystal microbalance (QCM) as biosensor for the detecting of Escherichia coli O157:H7.
Adv. Nat. Sci. Nanosci. Nanotechnol. 2014, 5, 045004. [CrossRef]

28. Mannelli, I.; Minunni, M.; Tombelli, S.; Mascini, M. Quartz crystal microbalance (QCM) affinity biosensor for
genetically modified organism (GMOs) detection. Biosens. Bioelectron. 2003, 18, 129–140. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0171754
http://www.ncbi.nlm.nih.gov/pubmed/28182720
http://dx.doi.org/10.1016/j.talanta.2017.01.054
http://www.ncbi.nlm.nih.gov/pubmed/28213222
http://dx.doi.org/10.1039/c6em00628k
http://dx.doi.org/10.3390/s17081785
http://dx.doi.org/10.1007/BF01337937
http://dx.doi.org/10.1021/bm020116i
http://www.ncbi.nlm.nih.gov/pubmed/12959572
http://dx.doi.org/10.1021/acs.analchem.6b04303
http://www.ncbi.nlm.nih.gov/pubmed/28193076
http://dx.doi.org/10.1109/MetroAeroSpace.2017.7999547
http://dx.doi.org/10.1039/B314345G
http://dx.doi.org/10.1002/jmr.1117
http://www.ncbi.nlm.nih.gov/pubmed/21812051
http://dx.doi.org/10.1155/2011/571405
http://dx.doi.org/10.1002/jmr.2209
http://www.ncbi.nlm.nih.gov/pubmed/22899590
http://dx.doi.org/10.2174/0929867324666170727104429
http://www.ncbi.nlm.nih.gov/pubmed/28748767
http://dx.doi.org/10.1088/0957-0233/14/11/005
http://dx.doi.org/10.1016/S0376-7388(00)82408-4
http://dx.doi.org/10.1016/j.snb.2015.04.027
http://dx.doi.org/10.1016/S0956-5663(03)00254-9
http://dx.doi.org/10.1631/jzus.B0710307
http://www.ncbi.nlm.nih.gov/pubmed/18257134
http://dx.doi.org/10.1088/2043-6262/5/4/045004
http://dx.doi.org/10.1016/S0956-5663(02)00166-5


Sensors 2017, 17, 2747 13 of 14

29. Lazerges, M.; Perrot, H.; Zeghib, N.; Antoine, E.; Comperec, C. In Situ QCM DNA-biosensor probe
modification. Sens. Actuators B 2006, 120, 329–337. [CrossRef]

30. Kurosawa, S.; Park, J.W.; Aizawa, H.; Wakida, S.I.; Tao, H.; Ishihara, K. Quartz crystal microbalance
immunosensors for environmental monitoring. Biosens. Bioelectron. 2006, 22, 473–481. [CrossRef] [PubMed]

31. Shen, H.; Zhou, T.; Hu, J. A high-throughput QCM chip configuration for the study of living cells and
cell-drug interactions. Anal. Bioanal. Chem. 2017, 409, 6463–6473. [CrossRef] [PubMed]

32. Masdor, N.A.; Altintas, Z.; Tothill, I.E. Sensitive detection of Campylobacter jejuni using nanoparticles
enhanced QCM sensor. Biosens. Bioelectron. 2016, 78, 328–336. [CrossRef] [PubMed]

33. Zhang, B.; Zhang, X.; Yan, H.H.; Xu, S.J.; Tang, D.; Fu, W.L. A novel multi-array immunoassay device for
tumor markers based on insert-plug model of piezoelectric immunosensor. Biosens. Bioelectron. 2007, 23,
19–25. [CrossRef] [PubMed]

34. Tögel, F.; Westenfelder, C. The role of multipotent marrow stromal cells (MSCs) in tissue regeneration.
Organogenesis 2011, 7, 96–100. [CrossRef] [PubMed]

35. Dantuma, E.; Merchant, S.; Sugaya, K. Stem cells for the treatment of neurodegenerative diseases. Stem Cell
Res. Ther. 2010, 1, 37. [CrossRef] [PubMed]

36. Toma, J.G.; Akhavan, M.; Fernandes, K.J.L.; Barnabé-Heider, F.; Sadikot, A.; Kaplan, D.R.; Miller, F.D.
Isolation of multipotent adult stem cells from the dermis of mammalian skin. Nat. Cell Biol. 2001, 3, 778–784.
[CrossRef] [PubMed]

37. Henningson, C.T.; Stanislaus, M.A.; Gewirtz, A.M. Embryonic and adult stem cell therapy. J. Allergy
Clin. Immunol. 2003, 111, S745–S753. [CrossRef] [PubMed]

38. Ashri, Y.N.; Ajlan, S.A.; Aldahmash, A.M. Dental pulp stem cells. Saudi Med. J. 2015, 36, 1391–1399.
[CrossRef] [PubMed]

39. Potdar, P.D.; Jethmalani, Y.D. Human dental pulp stem cells: Applications in future regenerative medicine.
World J. Stem Cells 2015, 26, 839–851. [CrossRef] [PubMed]

40. Chang, J.; Zhang, C.; Tani-Ishii, N.; Shi, S.; Wang, C.Y. NF-kB Activation in human dental pulp stem cells by
TNF and LPS. J. Dent. Res. 2005, 84, 994–998. [CrossRef] [PubMed]

41. Fathi, F.; Rahbarghazi, R.; Rashidi, M.R. Label-free biosensors in the field of stem cell biology.
Biosens. Bioelectron. 2018, 101, 188–198. [CrossRef] [PubMed]

42. Nicodemou, A.; Danisovic, L. Mesenchymal stromal/stem cell separation methods: Concise review.
Cell Tissue Bank 2017, 18, 443–460. [CrossRef] [PubMed]

43. Cagnin, S.; Cimetta, E.; Guiducci, C.; Martini, P.; Lanfranchi, G. Overview of Micro- and Nano-Technology
Tools for Stem Cell Applications: Micropatterned and Microelectronic Devices. Sensors 2012, 12, 15947–15982.
[CrossRef] [PubMed]

44. Tucker, H.A.; Bunnell, B.A. Characterization of human adipose-derived stem cells using flow cytometry.
Methods Mol. Biol. 2011, 702, 121–131. [CrossRef] [PubMed]

45. Battye, F.L.; Shortman, K. Flow cytometry and cell-separation procedures. Curr. Opin. Immunol. 1991, 3,
239–241. [CrossRef]

46. Herzenberg, L.A.; Parks, D.; Sahaf, B.; Perez, O.; Roederer, M.; Herzenberg, L.A. The history and future
of the fluorescence activated cell sorter and flow cytometry: A view from Stanford. Clin. Chem. 2002, 48,
1819–1827. [PubMed]

47. Herzenberg, L.A.; De Rosa, S.C. Monoclonal antibodies and the FACS: Complementary tools for
immunobiology and medicine). Immunol. Today 2000, 21, 383–390. [CrossRef]

48. Collings, A.F.; Caruso, F. Biosensors: Recent advances. Rep. Prog. Phys. 1997, 60, 1397–1445. [CrossRef]
49. Rusmini, F.; Zhong, Z.; Feijen, J. Protein Immobilization Strategies for Protein Biochips. Biomacromolecules

2007, 8, 1775–1789. [CrossRef] [PubMed]
50. Vashist, S.K.; Dixit, C.K.; MacCraith, B.D.; O’Kennedy, R. Effect of antibody immobilization strategies on

the analytical performance of a surface plasmon resonance-based immunoassay. Analyst 2011, 136, 4431.
[CrossRef] [PubMed]

51. Vashist, S.K.; Lam, E.; Hrapovic, S.; Male, K.B.; Luong, J.H.T. Immobilization of Antibodies and Enzymes
on 3-Aminopropyltriethoxysilane-Functionalized Bioanalytical Platforms for Biosensors and Diagnostics.
Chem. Rev. 2014, 114, 11083–11130. [CrossRef] [PubMed]

52. Diamandis, E.P.; Christopoulos, T.K. The Biotin-(Strept)Avidin System: Principles and Applications in
Biotechnology. Clin. Chem. 1991, 37, 625–636. [PubMed]

http://dx.doi.org/10.1016/j.snb.2006.02.024
http://dx.doi.org/10.1016/j.bios.2006.06.030
http://www.ncbi.nlm.nih.gov/pubmed/16884900
http://dx.doi.org/10.1007/s00216-017-0591-4
http://www.ncbi.nlm.nih.gov/pubmed/28889243
http://dx.doi.org/10.1016/j.bios.2015.11.033
http://www.ncbi.nlm.nih.gov/pubmed/26649490
http://dx.doi.org/10.1016/j.bios.2007.03.007
http://www.ncbi.nlm.nih.gov/pubmed/17442563
http://dx.doi.org/10.4161/org.7.2.15781
http://www.ncbi.nlm.nih.gov/pubmed/21521944
http://dx.doi.org/10.1186/scrt37
http://www.ncbi.nlm.nih.gov/pubmed/21144012
http://dx.doi.org/10.1038/ncb0901-778
http://www.ncbi.nlm.nih.gov/pubmed/11533656
http://dx.doi.org/10.1067/mai.2003.133
http://www.ncbi.nlm.nih.gov/pubmed/12592319
http://dx.doi.org/10.15537/smj.2015.12.12750
http://www.ncbi.nlm.nih.gov/pubmed/26620980
http://dx.doi.org/10.4252/wjsc.v7.i5.839
http://www.ncbi.nlm.nih.gov/pubmed/26131314
http://dx.doi.org/10.1177/154405910508401105
http://www.ncbi.nlm.nih.gov/pubmed/16246929
http://dx.doi.org/10.1016/j.bios.2017.10.028
http://www.ncbi.nlm.nih.gov/pubmed/29073520
http://dx.doi.org/10.1007/s10561-017-9658-x
http://www.ncbi.nlm.nih.gov/pubmed/28821996
http://dx.doi.org/10.3390/s121115947
http://www.ncbi.nlm.nih.gov/pubmed/23202240
http://dx.doi.org/10.1007/978-1-61737-960-4_10
http://www.ncbi.nlm.nih.gov/pubmed/21082399
http://dx.doi.org/10.1016/0952-7915(91)90058-9
http://www.ncbi.nlm.nih.gov/pubmed/12324512
http://dx.doi.org/10.1016/S0167-5699(00)01678-9
http://dx.doi.org/10.1088/0034-4885/60/11/005
http://dx.doi.org/10.1021/bm061197b
http://www.ncbi.nlm.nih.gov/pubmed/17444679
http://dx.doi.org/10.1039/c1an15325k
http://www.ncbi.nlm.nih.gov/pubmed/21904732
http://dx.doi.org/10.1021/cr5000943
http://www.ncbi.nlm.nih.gov/pubmed/25299435
http://www.ncbi.nlm.nih.gov/pubmed/2032315


Sensors 2017, 17, 2747 14 of 14

53. Savage, M.D.; Mattson, G.; Desai, S.; Nielander, G.W.; Morgensen, S.; Conklin, E.J. Avidin-Biotin Chemistry:
A Handbook; Pierce Chemical Co.: Rockford, IL, USA, 1992; ISBN 978-0935940114.

54. Ulman, A. Formation and structure of self-assembled monolayers. Chem. Rev. 1996, 96, 1533–1554. [CrossRef]
[PubMed]

55. Wink, T.; van Zuilen, S.J.; Bult, A.; Van Bennekom, W.P. Self-assembled monolayers for biosensors. Analyst
1997, 122, 43R–50R. [CrossRef] [PubMed]

56. Vestergaard, M.C.; Tamiya, E. Introduction to Nanobiosensors and Nanobioanalyses. In Nanobiosensors and
Nanobioanalyses; Vestergaard, M.C., Kerman, K., Hsing, I.-M., Tamiya, E., Eds.; Springer: Tokyo, Japan, 2015;
pp. 3–20, ISBN 978-4-431-55189-8.

57. Schwartz, D.K. Mechanisms and kinetics of self-assembled monolayer formation. Annu. Rev. Phys. Chem.
2001, 52, 107–137. [CrossRef] [PubMed]

58. Seifert, M.; Rinker, M.T.; Galla, H.J. Characterization of Streptavidin Binding to Biotinylated, Binary Self-Assembled
Thiol Monolayers. Influence of component ratio and solvent. Langmuir 2010, 26, 6386–6393. [CrossRef] [PubMed]

59. Yam, C.M.; Pradier, C.M.; Salmain, M.; Marcus, P.; Jaouen, G. Binding of Biotin to Gold Surfaces
Functionalized by Self-Assembled Monolayers of Cystamine and Cysteamine: Combined FT-IRRAS and
XPS Characterization. J. Colloid Interface Sci. 2001, 235, 183–189. [CrossRef] [PubMed]

60. Azzaroni, O.; Mir, M.; Knoll, W. Supramolecular architectures of streptavidin on biotinylated self-assembled
monolayers. Tracking biomolecular reorganization after bioconjugation. J. Phys. Chem. B 2007, 111,
13499–13503. [CrossRef] [PubMed]

61. Martin, S.J.; Granstaff, V.E.; Frye, G.C. Characterization of a Quartz Crystal Microbalance with Simultaneous
Mass and Liquid Loading. Anal. Chem. 1991, 63, 2272–2281. [CrossRef]
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