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Abstract: Human papillomavirus (HPV) DNA detection can enable the early diagnosis of high-risk
HPV types responsible for cervical cancer. HPV detection is also essential for investigating the clinical
behavior and epidemiology of particular HPV types, characterization of study populations in HPV
vaccination trials and monitoring the efficacy of HPV vaccines. In this study, two azaBODIPY dyes
(1 and 2) were used as references and were doped into polystyrene particles (PS40), while a short HPV
DNA single strand was used as a target molecule and was covalently bound to the silica shell. These
particles were employed as optical probes in 1:1 hybridization assays, and their potential applicability
as a tool for multiplex assays for the detection of different strands of HPV was evaluated using flow
cytometry. A good separation in the fluorescence of the four different concentrations prepared for each
dye was observed. To perform the hybridization assays, HPV18, HPV16, HPV11 and HPV6 single
strands were attached to the particles through EDC-mediated coupling. The c-DNA-1-PS40 and
c-DNA-2-PS40 particles exhibited low limit of detection (LOD) and quantification (LOQ) values for
HPV11, and a narrow detection range was obtained. Multiplexed assay experiments were successfully
performed for both particles, and the results proved that c-DNA-1-PS40 could potentially be used as
a tool for multiplexing assays and merits further in-depth study in this context.

Keywords: azaBODIPY; flow cytometry; multiplex assay; single assay; polystyrene microparticles;
silica shell; human papillomavirus

1. Introduction

The fluorescence of organic dyes has been extensively used as a signal transduction
tool to provide highly sensitive fluorescence-based detection techniques [1,2]. However,
some of these organic fluorophores have major drawbacks, such as environmental sensitiv-
ity due to their molecular nature, photostability and their bioconjugation possibilities [3].
The absence of functional groups for further conjugation to biomolecules without interfer-
ing with the target’s binding specificity or causing it to precipitate can be problematic [3,4].
To combat these limitations, polystyrene or silica particles can be used as carrier platforms
for the analysis since they can be produced at low cost, in large batches and different sizes,
and because they can be facilely doped with organic dyes [5–8]. While silica nanopar-
ticles are mainly used for ensemble measurements, polystyrene (PS) microparticles are
commonly used in single particle-based methods, including many commercial assays,
because of their high refractive index and excellent scattering properties [9,10]. However,
combining polystyrene and silica particles results in beads that combine the properties
of easy modification and tolerance to organic (co-)solvents with the presence of organic
functional groups, a low sedimentation tendency and good scattering properties [11,12].
AzaBODIPY-doped PS particles coated with a silica shell were used for the assays in this
study. Similar BODIPY-doped particles have been studied previously [13,14]. The dyes
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are used as a reference and are doped into polystyrene particles [14], while short DNA
single-strands corresponding to specific genetic sequences of the Human Papillomavirus
(HPV) were used as a target, the complementary strands of which were covalently bound
to the silica shell. The detection of HPV is essential due to its relevance as a carcinogen and
its presence in many different diseases, including cervical cancer, the second most common
cancer among women worldwide [15]. Hence, HPV DNA detection can enable the early
diagnosis of high-risk HPV types responsible for cervical cancer.

In an earlier work, some of us reported polystyrene (PS) microparticles with conver-
gently grown mesoporous silica shells as a promising tool for multiplexed bioanalytical
assays [14]. In that study, two different PS particles were used, i.e., particles prepared with
poly(vinylpyrrolidone) of molecular weights 10 and 40 kDa as stabilizing agents, PVP10 and
PVP40, yielding PS10 and PS40, in combination with mesoporous silica particles to detect
HPV types using a BODIPY dye as a reference. In this study, two unfunctionalized azaBOD-
IPY dyes were separately doped into PS40 particles in combination with a non-porous silica
shell for the multiplex detection of HPV DNA sequences by flow cytometry. AzaBODIPY
dyes have potential in this regard due to their structural versatility, photochemical stability,
high molar absorption coefficients and tunable emission wavelengths [16].

Microparticles encoded with combinations of fluorophores of different fluorescence
wavelengths at different intensity levels have proved useful for the multiplexed detection
of biomarkers through their laser excitation and flow cytometry detection setups [4,10,17].
Multiplex analyses can simultaneously perform multiple discrete assays in a single tube
with the same sample [18]. In comparison to large-scale traditional assays such as ELISAs
and microarrays, which require analysis of one antigen at a time and relatively large
volumes of sample for multiple assays, bead-based suspension array technology (SAT) is an
attractive alternative [18–21]. SAT based on spherical microparticles is a low-cost, flexible
and high-throughput method capable of simultaneous detection of multiple molecular
targets in a single sample (multiplexed analysis) using small volumes of the sample. In this
method, for a successful multiplexed analysis, each bead must be encoded with a unique
identifier to facilitate the quantification of the attached probe molecule [18–21].

The doping of identically-sized particles with two different dyes, emitting at two dif-
ferent wavelengths, can be used to achieve this type of assay [22]. This method circumvents
problems such as particle aggregation, which compromises size-coded bead assays, while
allowing for higher-number multiplexing. The aim of this study is to use PS particles
doped with azaBODIPY dyes, coated with a silica shell and appropriately functionalized to
analyze their sensitivity, general functionality and utility for use in flow-cytometry for DNA
hybridization assays. Specific genetic sequences of different types of human papillomavirus
(HPV) were chosen as the analytes for both single and multiplexed assays. The multiplexed
assays were studied on four HPV types, 6, 11, 16 and 18.

2. Materials and Methods
2.1. Materials

Absolute ethanol (EtOH), tetraethylorthosilicate (TEOS), ammonia, 3-aminopropyltriethoxysilane
(APTES), methanol (MeOH), hydrochloric acid (HCl) (37%), pentylamine, succinic an-
hydride, N,N-dimethylformamide (DMF), amino-modified DNA, complementary (c-DNA), target
sequence DNA (t-DNA), 2-(N-morpholino)ethanesulfonic acid (MES), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS) solution, magnesium chloride
(MgCl2), tetramethylammonium chloride (TMAC), ethylenediaminetetraacetic acid (EDTA),
trisaminomethane (Tris), sodium dodecyl sulfate (SDS) and tetrahydrofuran (THF) were
purchased from Sigma-Aldrich. AzaBODIPYs 1 and 2 were synthesized according to the
reported literature procedures except for the modifications noted for 1 (Figure S1 in Sup-
plementary Information) below [23–28]. The photophysical properties [28,29] are provided
in Figure S2 and Table S1 in Supplementary Information. The anionic PS40 polystyrene
core (PS40) was synthesized as reported earlier [11]. Limits of detection (LOD, according
to DIN 32645:2008-11) and limits of quantification (LOQ) were determined according to
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the procedures reported in [14,30]; for more experimental details, see the Supplementary
Information.

2.2. Equipment
1H NMR spectra were recorded at room temperature in CDCl3 on a Bruker AMX 600

instrument operating at 600 MHz. Transmission electron microscopy (TEM) images were
obtained using a JEOL TEM 1210 transmission electron microscope at a 100 kV accelerating
voltage. TEM samples were prepared by placing a drop of conjugate or nanoparticle
solution on the sample grid and allowing it to dry prior to measurements. Ultraviolet-
visible (UV–vis) absorption spectra were measured for solution studies at room temperature
on a Shimadzu UV-2550 and an Analytik Jena Specord 210 plus spectrophotometer with
a 1 cm pathlength quartz cuvette. Energy dispersive (EDX) spectroscopy was carried
out on an INCA PENTA FET coupled to the VAGA TESCAM using 20 kV accelerating
voltage. Thermogravimetric analysis (TGA) was performed using a Perkin Elmer TGA
4000 analyzer. The analysis was carried out under a nitrogen flow rate of 120 cm−3 min−1.
The weighed sample masses were heated from 50 to 850 ◦C at a heating rate of 10 ◦C min−1.
Flow cytometric analysis was performed on a BD Accuri C6 equipped with a 488 and
635 nm argon and diode laser for excitation, respectively. Forward-scattered (FSC) and
sideward-scattered light (SSC) were detected at 180 and 90◦, respectively, with 488 nm
bandpass filters and gains of 137 and 180. Fluorescence (FL1) was detected at 90◦ with a
520−50 band-pass filter and a gain of 650. The fluorescence in channels FL3 and FL4 (red
channel, 675/25 nm; λex = 650 nm) were used for recording the analytical signals and for
decoding in the multiplexing experiments. All samples were measured in dispersion using
water at a concentration of ≈ 1 × 10−5 % (w/v). Each run was performed under the same
instrumental settings with a run time of 60 s for all the experiments. Results are reported
by gating the signal appropriately, followed by data export to Origin 9.1 (OriginLab) for
further data handling.

2.3. Synthesis of AzaBODIPY 1

A modified synthetic procedure was used to synthesize azadipyrromethane 1a (Scheme 1).
A mixture of a 1,3-(bis-(hetero)aryl)-4-nitrobutanone a (1 mmol) and urea (35 mmol) was
refluxed in 50 mL of n-BuOH: AcOH (4:1) for 24 h. The dark blue product precipitated
from the solution. The dark brown reaction mixture was filtered, and the product was
recrystallized from dichloromethane/hexane (1:4) to give pure product 1a as a dark blue
solid.
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Scheme 1. Synthesis of azadipyrromethene 1a and azaBODIPY 1.

Azadipyrromethene 1a obtained in 98% yield; 1H NMR (600 MHz, CDCl3): δ/ppm
7.33−7.36 (2H, m, Ar-H), 7.44−7.55 (12H, m, Ar-H), 7.76 (2H, d, J = 7.1 Hz, Ar-H),
7.90 (2H, s, Ar-H) and 8.22 (4H, d, J = 7.1 Hz, Ar-H).

Diisopropylamine (0.8 mL, 4.8 mmol) was added to a solution of 1a (1 mmol) in
dichloromethane (50 mL), and the mixture was stirred for 1 h. BF3·OEt2 (0.6 mL, 5.0 mmol)
was added at room temperature, and the resulting mixture was refluxed until the starting
material was completely converted (ca. 2 h) to the corresponding product (monitored
with thin layer chromatography). The cold reaction mixture was diluted with water and
extracted twice with dichloromethane (100 mL). The combined organic layers were dried
with sodium sulfate and concentrated in vacuo. The crude products were purified by flash
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chromatography using dichloromethane/hexane (2:1) as eluent to obtain the products as
shiny coppery-colored crystals.

AzaBODIPY 1 obtained in 62% yield; IR (νmax/cm−1): 2953 (=C-H stretch),
2916−2849 (-C-H stretch), 1682 (C=N stretch), 1544–1504 (Ar C-C), 1340–1027 (C-N stretch);
1H NMR (600 MHz, CDCl3): δ/ppm 7.47 (2H, s, Ar-H), 7.50 (2H, t, J = 7.2 Hz, Ar-H),
7.53–7.56 (10H, m, Ar-H), 8.15–8.17 (4H, m, Ar-H) and 8.25 (4H, d, J = 9.0 Hz, Ar-H).

2.4. Preparation of PS40 Particles

Polyvinylpyrrolidone (PVP)-stabilized microparticles were synthesized by dispersion
polymerization with 4,4-azobis(4-cyanovaleric acid) (ACVA) as the initiator. First, 1.7 g
(1.8 weight % (w/w) with regard to total weight of solvent) of the stabilizer (PVP40) was
dissolved in 100 mL ethanol in a 250 mL 3-necked round-bottom flask with a magnetic
stirrer. The solution was heated to 75 ◦C in an oil bath. ACVA was weighed separately
(2.1 weight % (w/v) with regard to the volume of monomer) and dissolved in 20 mL ethanol.
Styrene (9.6% (w/w) with regard to the total weight of solvent) was filtered through a basic
alumina column to remove the stabilizer and then added to the ACVA solution. Both
solutions were degassed simultaneously with an Ar stream for 30 min. Afterwards, the
solution containing ACVA and styrene was directly transferred to the preheated PVP
solution and the mixture was stirred for 24 h at 500 rpm. The particles were subsequently
separated from the solution by centrifugation and washed thrice with methanol. The
microparticles were obtained as a white solid after drying overnight in a vacuum oven.
The product was stored at room temperature without any further treatment.

2.5. Doping of PS40 Particles

A stock solution (5%) was prepared with 250 mg of PS40 in 5 mL of Milli-Q water.
1.3 mL of this solution was added to 130 µL of THF and immediately put on a rotator
at 40 rpm at room temperature. Then, 300 µL of ca. 5% anionic polystyrene suspension
and 30 µL of a solution of dye D (D = 1 or 2) in THF were added, and the mixture was
immediately vortexed. Four different dye concentrations were added to the solutions
(Scheme 2), namely 14, 7.5, 3.5 and 1.5 × 10−3 M. The particles were centrifuged (three
times at 1 min, 10,000 rpm) after rotating for another 2 h, washed twice with 1.5 mL of
Milli-Q water and once with absolute ethanol and dried in a vacuum oven overnight at
room temperature to obtain D-doped PS40 (D-PS40). Only THF was added to prepare a
blank solution.
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Scheme 2. A schematic representation of dye doping and silica coating of the PS40 particles.
D = azaBODIPY dyes 1 or 2; and TEOS = tetraethylorthosilicate.

2.6. Coating of PS40 with Silica Shell

About 10 mg of the D-PS40 particles were weighed in Eppendorf tubes and suspended
in 1 mL of absolute ethanol. About 20 µL of Milli-Q water was added. The suspension
was sonicated for a few minutes and then vortexed. An amount of 30 µL of TEOS and
ammonia was added, and the solution was vortexed (Scheme 2). The particles were left
to mix at room temperature for 20 h in a Thermomixer. The suspension was washed by
centrifugation (10 min, 6000 rpm) three times in Milli-Q water with subsequent removal of
the supernatant. The silica-coated D-PS40 (Si-D-PS40) particles prepared in this manner
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were dispersed in 5 mL of 70% ethanol using a vortex followed by centrifugation. This was
repeated twice for 5 min, and each time the supernatant was removed. The particles were
then put in the oven to dry overnight.

2.7. Functionalization with APTES and COOH Groups

For the functionalization with amino groups (Scheme 3), ca. 20 mg of the Si-D-PS40
particles were dispersed in 800 µL of ethanol. A total of 400 µL of a 1 M HCl solution in
ethanol was added to activate the surface of the particles, and the mixture was sonicated
for 5 min. The particles were washed twice with 400 µL of ethanol and dispersed in 400 µL
of ethanol. Then, 4 µL of APTES was added for amino modification, and the mixture
was left to react in a Thermomixer (500 rpm) at room temperature overnight. The amino-
functionalized Si-D-PS40 (NH2-D-PS40) particles prepared in this manner were washed
three times with an EtOH:H2O mixture (1:1). Then, they were dried in vacuo at room
temperature.
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Scheme 3. Functionalization of Si-D-PS40 particles with APTES, and subsequently with carboxylic
acid groups.

For the preparation of carboxylic-acid-substituted Si-D-PS40 particles (COOH-D-PS40)
particles, 5 mg of the corresponding NH2-D-PS40 amino group-modified particles were
dispersed in 1.5 mL of ethanol by using 2 mL Eppendorf tubes. Then, 30 µL of succinic
anhydride in DMF (10%, 10 mg in 100 µL) was added, and the mixture was left to react in a
thermomixer (800 rpm) at room temperature overnight. Then, the particles were washed
three times with an EtOH:H2O mixture (1:1). In the last step, 500 µL of ethanol was added
to provide the final concentration of 1% (w/v) as a stock solution.

2.8. Coupling with c-HPV and Hybridization Assay

For the coupling of c-DNA to the COOH-D-PS40 particles (Scheme 4), 10 µL of
1% (w/v) stock solution of COOH-D-PS40 particles was dispersed in 200 µL of MES buffer
(pH 5, 0.1 M). To this dispersion, 80 µL of a freshly prepared EDC solution and 160 µL of an
NHS solution in MES buffer were added. After being left for 15 min at room temperature,
12 µL of a 0.1 mM c-HPV solution was added, and the mixture was left to react in a
Thermomixer (1000 rpm) at room temperature overnight to obtain the c-HPV coupled
particles (c-HPV-D-PS40). 200 µL of Tris/SDS buffer (0.1 M Tris-HCl with 0.05% SDS) was
added, and after centrifugation, the mixture was washed twice with 1000 µL of Tris/SDS
(0.1 M Tris–HCl with 0.05% SDS). Finally, the particles were dispersed in 200 µL of 0.1 M
Tris–HCl MgCl2 (pH 8) to reach a stock solution concentration of 0.025%.
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Scheme 4. A schematic representation for the covalent bonding of the c-DNA to the COOH-D-PS40
particles in the first step, and in the second step hybridization with the t-DNA.

For the hybridization assays, 5 µL of the c-HPV modified stock solution was mixed
with 95 µL of hybridization buffer. A total of 5 µL of the complementary t-HPV was added
at concentrations of 2, 0.2, 0.1, 0.02, 0.01, 0.002, 0.0002, 0.00002 and 0.00001 pmol/µL along
with a blank measurement with no t-HPV. The hybridization buffer was a mixture of Tris
(50 mmol) and MgCl2 (80 mmol) in water (pH 8).

2.9. Ninhydrin Test

The ninhydrin test (Scheme 5) was used to quantify amino groups (Table 1) by fol-
lowing the protocol of Soto Cantu et al. [31]. A total of 5 mg of amino-functionalized
particles were dispersed in 1.4 mL of ethanol, and 0.4 mL of a ninhydrin solution (0.35%)
was added. The reaction was carried out in a Thermomixer at 65 ◦C and 10 rpm over 2 h.
Upon cooling, the mixture was centrifuged, and 0.5 mL of the supernatant was diluted
with 1.5 mL of ethanol. The absorbance of the solution was measured on a Specord 210
plus spectrophotometer from Analytik Jena.
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Table 1. Concentrations of the amino groups on the NH2-D-PS40 particles.

NH2-D-PS40 Absorbance Conc. (mM) Mass (mg) Conc. (mM g−1) (×10−5) 1

NH2-1-PS40 2.3 × 10−2 6.0 × 10−2 1 6.0
NH2-2-PS40 1.3 × 10−2 2.4 × 10−2 1 2.4
NH2-B-PS40 5.3 × 10−3 2.2 × 10−2 1 2.2

1 M/g = number of moles per mass of supporting particles.

3. Results and Discussion
3.1. Synthesis and Characterization

Experiments were performed using PS40 polystyrene particles produced according to
our established protocol [11]. The PS40 particles were stabilized by poly(vinylpyrrolidone)
(PVP) with an average molecular weight of ca. 40 kDa. PVP also acts as a capture agent,
promoting precipitation of silica seeds on the surface which are further overgrown during
the shell formation step [32,33]. The polystyrene particles had a diameter of 2.5 µm. The
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relatively large surface area provides a desirable environment for enhancing reaction
kinetics and enables the use of small reaction volumes. Unfunctionalized hydrophobic
azaBODIPY dyes 1 and 2 were used to encode the PS40 particles (Figure 1).

To confirm the successful doping of PS40 beads with the azaBODIPY dyes, fluores-
cence spectra of 1 and 2 of the particles were measured at excitation wavelengths of 650 and
700 nm in ethanol, respectively, at a concentration of 1.0 µM. As shown in Figure S3 in the
Supplementary Material, when the dye is incorporated in the PS40 beads, blue shifts of 12
and 5 nm are observed in the emission spectra of 1 and 2, respectively, since azaBODIPYs
are known to be solvatochromic [34]. The environment of the dye differs markedly in the
PS40 beads from that in ethanol solution. The light scattering properties of the polystyrene
beads may also have an influence, as reported by Lagorio et al. [35]. They showed that
the scattering of light can lead to light re-absorption processes, which produce emission
spectral distortions depending on the layer thickness of the fluorescent material, sample
absorption at the excitation and emission wavelengths, and the excitation wavelength. As
expected, no emission was observed for the undoped PS40 beads.
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Figure 1. Schematic diagram of a dye-doped and silica-coated polystyrene core-shell particle function-
alized with DNA strands [11] (left), a typical flow cytometer measurement cell (middle), highlighting
the hydrodynamic focusing of the single particles and their optical interrogation via scattering (for-
ward, FSC, 180◦ geometry; sideward, SSC, 90◦ geometry) and fluorescence channels (FL1-FL4) [36],
and typical measurement results (right; histogram, density dot plot).

The doping of PS40 particles was carried out in THF, and the particles were washed
twice with ethanol in dispersion/centrifugation cycles. For further modification, the
azaBODIPY dye-doped PS40 particles were redispersed in an ethanol:water mixture func-
tionalization medium to prepare a stock concentration of 1% w/v. The formation of a
hydrophilic silica shell on the surface of the PS40 particles was achieved by following an
ammonia-catalyzed sol–gel process with TEOS as a precursor. Since the aim of this work
was to use the particles produced in DNA hybridization assays as carriers for the target
strands, further functionalization of the silica shell was vital. Aminopropyltriethoxysi-
lane was condensed on the surface of the core/shell particles, to provide amino groups
as anchors for further conjugation in a ring-opening reaction with succinic anhydride to
form carboxylic acid moieties on the surface (COOH-D-PS40 in Scheme 3). In order to
quantify the amino groups on the surface of the NH2-D-PS40 particles, a ninhydrin test
was carried out. In this test, primary amines react with ninhydrin and produce the dye
Ruhemann’s Purple, which has an absorption maximum at 580 nm [37]. Spectra of the col-
ored supernatant of the suspension were measured with a spectrophotometer. A calibration
curve was obtained with pentylamine which is provided in Figure S4 of the Supplementary
Material. Table 1 provides the concentration of the amino groups in mM in solution and
in mM.g−1 of solid. The concentration of the amino groups was found to be around 2.19,
6.04 and 2.43 × 10−5 mM g−1 for the blank non-doped particles (NH2-B-PS40), dye-doped
NH2-1-PS40 and NH2-2-PS40 particles, respectively.

As can be observed in Figure S4B in the Supplementary Information, azaBODIPY 1
leached out at 65 ◦C during the ninhydrin test experiment. To avoid this, all experiments
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were carried out at room temperature. The low concentration of amino groups on the
surface of these particles compared to values reported in the literature [14] could be due
to an incomplete formation of the shell and/or because the SiO2 coating did not result in
a shell with a significantly increased surface area. The different elements present in both
the blank and doped particles were confirmed by EDX analysis. As shown in Figure 2A,
the EDX data for the bare PS40 particles (left) contain strong peaks for carbon and oxygen
atoms from the polystyrene core. The presence of Si, B, N, O and F peaks confirms the
successful adsorption of the azaBODIPY dyes and the presence of silica coating (Figure 2B,
right). In addition, the high carbon content in the silica shelled particles can be attributed
to the diffusion of PVP chains of the polymeric core into the shell layer via capillary forces
due to the small size of the SiO2 seeds on the surface [38].
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SEM was used to view the morphology of the particles and to determine their di-
ameters (Figure 2). The SEM images were processed by ImageJ [39], a freely available
open-source software. The projection area of individual particles was determined using
ImageJ’s built-in analysis tool. Statistical analysis of all counted particles was carried out
to calculate the mean diameter size and the standard deviation (σ). The doped particles
had an average diameter of 2.50 ± 0.03 µm, whereas the average value for the doped
silica-coated particles was 2.55 ± 0.03 µm, implying a shell thickness of ca. 0.025 µm. This
increase in the particle size is consistent with successful coating of the particles. The size
distribution can be described with a coefficient of variation (Cν), which corresponds to the
ratio of the standard deviation to mean size (χm). The coefficients of variation (Cν = σ/χm)
for the doped and doped silica-coated particles amounted to 1.6 and 1.5%, respectively.
Since these values are less than 5%, an acceptable level of monodispersity was achieved.



Chemosensors 2023, 11, 1 9 of 21

This is of great importance for comparability and data interpretation in suspension array
technologies (SATs), especially with regard to cytometric assays [40].

Different silica shell morphologies can be obtained depending on the synthetic strategy.
Water-based emulsifier-free emulsion techniques can be used to prepare positively or
negatively charged polymeric core templates [38]. In this work, negatively charged polymer
cores were synthesized. Figures 3 and 4 show the TEM images of the uncoated, silica-coated,
and APTES and COOH functionalized particles. The coated particles show an assembly of
small silica nanoparticles fused together to varying degrees to form the shell. The particle
morphology is rougher in appearance for the coated particles compared to the uncoated
particles (Figures 3 and 4).
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Figure 4. TEM images of doped PS40 and doped silica-coated PS40 particles showing unmodified
and modified surfaces.

Thermogravimetric analyses were performed for azaBODIPY 1 and the D-PS40,
Si-D-PS40 and NH2-D-PS40 particles under a nitrogen atmosphere to determine the suc-
cess of the functionalization. The decomposition temperature was found to increase with
the functionalization of the particles. The decomposition temperature (Td) values ob-
tained at a 5% weight loss were ≈199 ± 1 ◦C for azaBODIPY 1, ≈239 ± 1 ◦C for D-PS40,
≈ 304 ± 1 ◦C for Si-D-PS40 and≈341± 1 ◦C for NH2-D-PS40 (Figure 4). The TGA profiles
of the particles also reveal three phases which can be assigned to the following processes:
up until ≈280 ± 1 ◦C, water desorption takes place (phase 1) followed by core burning
until ca. 450 ◦C (phase 2) [32]. In the third phase, condensation reactions and removal of
organic residues from the silica domain occur until only the inorganic SiO2 remains [41].
The SiO2 content was estimated to be 1.6%, which is consistent with the presence of a thin
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silica shell as would be anticipated based on the TEM images, the low silicon composition
observed by EDX and the small diameter increase of the particles in the SEM images. The
Td value for azaBODIPY 1 increased from 170 to 288 ◦C when doped onto the polystyrene
bead, which implies that there is enhanced thermal stability in this context (Figure 5).
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3.2. Characterization of the Particles in Flow Cytometry

To characterize the particles by flow cytometry, dynamic light scattering was used to
gain insight into their size, granularity and the overall outside structure of the particles
by measuring the forward (FSC) and sideward scattering (SSC). The FSC correlates with
the volume of the particles and is a measure of the diffraction of the light at a flat angle,
whereas, with SSC, the scattering of the light is detected at right angles. Larger particles
with an uneven surface lead to high values for FSC and SSC, while smaller particles with
an even surface result in lower values. To investigate the potential utility of the doped
silica-coated particles as SAT elements, their scattering properties were compared to those
of the bare core particles. The difference in size should be significant to enable successful
detection by cytometry.

There is an increase in the FSC and SSC intensities on moving from blank PS40 particles
to the silica-coated particles, which further increases upon functionalization with APTES
to obtain NH2 functional groups (Table 2). The statistical analyses of these measurements
in Table 2 show the differences in the Cν values before and after silica coating. Values
of more than 5% were obtained for both uncoated and silica-coated particles, indicative
of less monodispersed particles. However, the monodispersity improves slightly upon
functionalization with APTES, as indicated by the decrease in the Cν values.

Table 2. Statistical analysis of the scattering properties of unmodified and modified PS40 particles.

Mean FSC-H
(×105)

Cν FSC-H
(%)

Mean SSC-H
(×105) Cν SSC-H (%)

Blank 2.27 7.8 (±0.39) 3.47 11.8 (±0.59)
Si-1-PS40 2.49 8.2 (±0.41) 4.36 11.5 (±0.58)
Si-2-PS40 2.39 11.8 (±0.59) 3.97 11.4 (±0.57)
NH2-Blank 2.62 7.4 (±0.37) 3.86 10.7 (±0.53)
NH2-1-PS40 2.67 7.2 (±0.36) 3.89 10.8 (±0.54)
NH2-2-PS40 2.78 6.7 (±0.34) 3.88 10.9 (±0.55)
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Figure 6 contains histogram plots obtained in flow cytometry measurements for the
uncoated, silica-coated, and APTES and COOH functionalized PS40 particles doped with
azaBODIPYs 1 and 2 (Figure 6). This plot provides qualitative information on the properties
of the particles, such as their size distributions and the presence of secondary particles
with high-intensity values. In the histogram plot, three different regions can be identified;
the main peak centered at the peak maximum (χm ± 3σ, derived from a Gaussian fit),
secondary particles at lower values (<χm − 3σ) and aggregated particles at higher values
(>χm + 3σ). For the 1-PS40 particles, a bell-shaped distribution was observed with both
secondary particles at lower FSC-H values and aggregated particles at higher FSC-H values.
In contrast, the histogram plot of 2-PS40-doped particles showed a slightly left-skewed
distribution with secondary particles at lower FSC-H values. A right-skewed distribution
was observed upon modification of the doped PS40 particles with silica, APTES and COOH,
with the data lacking any hint of smaller secondary particles.
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3.3. HPV Detection Using Flow Cytometry

For HPV detection studies, three structurally different dyes were used, and four
concentrations of each were prepared. However, problems can be encountered when
using dyes as a color code to generate larger library codes, including spectral cross-talk
or concentration quenching. In this work, these can be neglected since the dyes were
sterically loaded into the PS core by swelling [42–45]. BODIPY dyes [43,45] are excellent
candidates for this application due to their photostability and bright color. In this context,
azaBODIPY dyes were applied for the first time following the dye encoding procedure for
PVP-stabilized PS cores shown in Scheme 2. The following concentrations were prepared:
C1 = 14 mM, C2 = 7 mM, C3 = 3.5 mM and C4 = 1.75 mM in THF. All particle population
distributions are well resolved in the fluorescence histogram plots (FL1-H and FL3-H
and/or FL4-H) and the correlation plot between FL1-H and FL3-H (Figure 7). Figures 7–9
show a dot and histogram plot for the doped (D-PS40) and the COOH functionalized
(COOH-D-PS40) particles. 1 and 2 emit red fluorescence at 672 ± 13 and 731 ± 14 nm,
respectively, at excitation wavelengths of 650 and 700 nm. This matches the optical layout
of the conventional benchtop cytometer that was used (Figure 1). As shown in Table S2 in
the Supplementary Material, the D-PS40 lost some of the dye they were coded with initially.
The red boxes inside the dot plots highlight the location of the doped PS40 particles before
the formation of the silica shell (Figure 7A).
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and FL4-H channels, respectively.
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COOH-2-PS40, showing dot plots (left) and the separation in the fluorescence of the four different 
concentrations of each of these dyes in the FL3-H and FL4-H channels (middle and right). 

The flow cytometry was measured after each step during the synthesis and modifi-
cation of the doped PS40 silica-coated particles to monitor the separation in the fluores-
cence of the four different concentrations prepared for each dye. Figures 8 and 9 show the 
results obtained for all the dyes after doping and functionalization with the COOH groups 
of the PS40 particles. As shown in Figures 8 and 9, both the doping and COOH steps of 
the particles doped with 1 resulted in an acceptable separation of the concentrations from 
highest to lowest with both layers and as expected, the fluorescence increased with dye 
concentration (Figures 8A and 9A). The highest and the lowest concentrations were well 
separated upon doping with 2, but the middle two concentrations were not (Figures 8B 
and 9B). These results could be due to the leaching out of 2 during the reaction and/or 
washing stage. 
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The hybridization assays were performed using different strands of c-DNA. HPV18, 

HPV16, HPV11 and HPV6 were attached to the particles through EDC-mediated cou-
pling. A c-DNA with an amino group at the 5′-position was covalently bound to COOH-
D-PS40, where D represents azaBODIPYs 1 and 2. The c-DNA-D-PS40 was hybridized 
with the corresponding t-DNA complementary strand, and the suspension of c-DNA-D-
PS40 was then measured on the cytometer. To prepare for the hybridization and multiplex 
assay experiments, the PS40 particles doped with C1, C2, C3 and C4 concentrations of 
azaBODIPYs 1 and 2 were covalently linked with HPV18, HPV16, HPV11 and HPV6 DNA 
strands, respectively (Table 3). Each concentration contained a different c-DNA strands 
that were mixed with the corresponding t-DNA. Nine different concentrations of the t-
DNA were prepared, and upon mixing with c-DNA-D-PS40 particles, the fluorescence 
properties of the particles were measured in flow cytometry. The results obtained are pre-
sented in Figures 10 and S5 in the Supplementary Material, with c-DNA-1-PS40 provided 
as an example. The fluorescence measured in the FL1-H channel corresponding to the 6-
carboxyfluorescein (FAM) labeled, complementary t-DNA strand increased with the con-
centration of t-DNA added to each c-DNA-D-PS40 particle. As expected, only one signal 
was observed in the FL3-H channel during this titration, this channel identifying the c-
DNA sequence through the unique dye and concentration that have been used for doping 

Figure 9. Characterization of a single particle flow cytometric analysis of (A) COOH-1-PS40 and
(B) COOH-2-PS40, showing dot plots (left) and the separation in the fluorescence of the four different
concentrations of each of these dyes in the FL3-H and FL4-H channels (middle and right).

The flow cytometry was measured after each step during the synthesis and modifica-
tion of the doped PS40 silica-coated particles to monitor the separation in the fluorescence
of the four different concentrations prepared for each dye. Figures 8 and 9 show the results
obtained for all the dyes after doping and functionalization with the COOH groups of the
PS40 particles. As shown in Figures 8 and 9, both the doping and COOH steps of the parti-
cles doped with 1 resulted in an acceptable separation of the concentrations from highest to
lowest with both layers and as expected, the fluorescence increased with dye concentration
(Figures 8A and 9A). The highest and the lowest concentrations were well separated upon
doping with 2, but the middle two concentrations were not (Figures 8B and 9B). These
results could be due to the leaching out of 2 during the reaction and/or washing stage.

3.4. Hybridization Assays

The hybridization assays were performed using different strands of c-DNA. HPV18,
HPV16, HPV11 and HPV6 were attached to the particles through EDC-mediated coupling.
A c-DNA with an amino group at the 5′-position was covalently bound to COOH-D-PS40,
where D represents azaBODIPYs 1 and 2. The c-DNA-D-PS40 was hybridized with the
corresponding t-DNA complementary strand, and the suspension of c-DNA-D-PS40 was
then measured on the cytometer. To prepare for the hybridization and multiplex assay
experiments, the PS40 particles doped with C1, C2, C3 and C4 concentrations of azaBOD-
IPYs 1 and 2 were covalently linked with HPV18, HPV16, HPV11 and HPV6 DNA strands,
respectively (Table 3). Each concentration contained a different c-DNA strands that were
mixed with the corresponding t-DNA. Nine different concentrations of the t-DNA were
prepared, and upon mixing with c-DNA-D-PS40 particles, the fluorescence properties
of the particles were measured in flow cytometry. The results obtained are presented in
Figure 10 and Figure S5 in the Supplementary Material, with c-DNA-1-PS40 provided
as an example. The fluorescence measured in the FL1-H channel corresponding to the
6-carboxyfluorescein (FAM) labeled, complementary t-DNA strand increased with the
concentration of t-DNA added to each c-DNA-D-PS40 particle. As expected, only one
signal was observed in the FL3-H channel during this titration, this channel identifying
the c-DNA sequence through the unique dye and concentration that have been used for
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doping the PS40 core. The data in Figures 10 and S5 were used to plot the calibration
curves presented in Figures 11 and 12.
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Figure 10. Flow cytometry measurements for the 1:1 hybridization assay of complementary FAM-
labeled t-DNA towards the C1-C4 concentrations of (A) c-DNA18-1-PS40, (B) c-DNA16-1-PS40, (C) 
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Figure 10. Flow cytometry measurements for the 1:1 hybridization assay of complementary FAM-
labeled t-DNA towards the C1-C4 concentrations of (A) c-DNA18-1-PS40, (B) c-DNA16-1-PS40,
(C) c-DNA11-1-PS40 and (D) c-DNA6-1-PS40 particles at the nine different concentrations shown in
Figure 11 of the strand complementary to the target, showing dot plots (left) and the fluorescence
measured in the FL1-H (middle) and FL3-H (right) channels highlighted with a series of different
colors.
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of existing techniques by determining the limit of detection (LOD) values. For example, 
Horejsh et al. derived the LOD value as the background signal plus 10σ and found values 
of ca. 30 fmol for a molecular beacon-based, amplification-free direct binding assay with-
out washing [46]. On the other hand, Thiollet et al. used quantum-dot encoded micro-
spheres and determined similar detection limits but had to perform several washing steps 
after hybridization [47]. Sarma et al. [11] reported an LOD of < 1 fmol, i.e., ca. 0.1–0.2 fmol 
without extra washing. In addition to quantifying the LOD, logistic regression can be used 
to determine the limit of quantification (LOQ) and define the linear range to adequately 
describe the hybridization assay performance of the materials. 

In this study, a logistic function was used to fit the data and to obtain the linear range 
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PS40 had LOD values > 5 fmol µL-1, while values < 1 fmol µL-1 were obtained for c-DNA11-
1-PS40, c-DNA6-1-PS40, c-DNA18-2-PS40 and c-DNA11-2-PS40. Therefore, both types of 
particles exhibit very high sensitivity towards the detection of c-DNA11. These LOD val-
ues are slightly higher than what has been reported previously for other similar systems 
mentioned above. In comparison to the ELISA and microarray assay, however, which 
have LODs ranging from 1pg/mL to 10 nm/mL [18,48–51], SAT-based assays exhibit 
higher sensitivity with LOD values in the 0.1−5 fmol µL-1 range and lower [11,12,14]. 

Figure 11. Calibration curves for the hybridization of complementary FAM-labeled t-DNA towards
c-DNA-1-PS40 particles using nine concentrations of the strand complementary to the target. A
logistic function was used to fit the data and to extract the linear range (EC20 to EC80) and the limit of
quantification (LOQ, EC20).

Table 3. Details of the hybridization assays with azaBODIPYs 1 and 2.

Concentration of Dye Added (mM) HPV c-DNA Strand Added Name of Material

C1 = 14 HPV-18 c-DNA18-1-PS40
C2 = 7 HPV-16 c-DNA16-1-PS40
C3 = 3.5 HPV-11 c-DNA11-1-PS40
C4 = 1.75 HPV-6 c-DNA6-1-PS40

C1 = 14 HPV-18 c-DNA18-2-PS40
C2 = 7 HPV-16 c-DNA16-2-PS40
C3 = 3.5 HPV-11 c-DNA11-2-PS40
C4 = 1.75 HPV-6 c-DNA6-2-PS40
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The sensitivities of the model assays using D-PS40 particles were compared to those
of existing techniques by determining the limit of detection (LOD) values. For example,
Horejsh et al. derived the LOD value as the background signal plus 10σ and found values
of ca. 30 fmol for a molecular beacon-based, amplification-free direct binding assay without
washing [46]. On the other hand, Thiollet et al. used quantum-dot encoded microspheres
and determined similar detection limits but had to perform several washing steps after
hybridization [47]. Sarma et al. [11] reported an LOD of < 1 fmol, i.e., ca. 0.1–0.2 fmol
without extra washing. In addition to quantifying the LOD, logistic regression can be used
to determine the limit of quantification (LOQ) and define the linear range to adequately
describe the hybridization assay performance of the materials.

In this study, a logistic function was used to fit the data and to obtain the linear
range (EC20 to EC80) and the limit of quantification (LOQ, EC20). The data obtained
for the 1:1 assays in this study are summarized in Table 4, and the calibration curves
are shown in Figures 11 and 12. c-DNA16-1-PS40, c-DNA18-1-PS40, c-DNA6-2-PS40
and c-DNA16-2-PS40 had LOD values > 5 fmol µL−1, while values < 1 fmol µL−1 were
obtained for c-DNA11-1-PS40, c-DNA6-1-PS40, c-DNA18-2-PS40 and c-DNA11-2-PS40.
Therefore, both types of particles exhibit very high sensitivity towards the detection of
c-DNA11. These LOD values are slightly higher than what has been reported previously
for other similar systems mentioned above. In comparison to the ELISA and microarray
assay, however, which have LODs ranging from 1 pg/mL to 10 nm/mL [18,48–51], SAT-
based assays exhibit higher sensitivity with LOD values in the 0.1−5 fmol µL−1 range and
lower [11,12,14].

Table 4. LOD values, LOQ values and linear ranges for c-DNA-1-PS40 and c-DNA-2-PS40.

c-DNA-1-PS40 HPV18 HPV16 HPV11 HPV6

LOD (fmol µL−1) 1.47 6.64 0.78 0.83
LOQ (fmol µL−1) 1.09 7.45 1.40 5.41

Linear range (fmol µL−1) 2.4−10 7.8−23.0 1.0−5.5 0.66−2.50

c-DNA-2-PS40 HPV18 HPV16 HPV11 HPV6

LOD (fmol µL−1) 0.22 5.27 0.67 4.72
LOQ (fmol µL−1) 3.36 4.46 3.14 9.40

Linear range (fmol µL−1) 0.99−9.01 7.04−17.7 0.82−2.07 5.4−13.7

The LOQ values were also relatively low for c-DNA18-1-PS40, c-DNA11-1-PS40,
c-DNA18-2-PS40 and c-DNA11-2-PS40. On the other hand, the detection ranges (rep-
resented as the linear range in Table 4) of the assays were determined to lie between
0.99−23 fmol µL−1, a relatively narrow range. This could have a beneficial impact if the
measurements are carried out at lower concentrations.

3.5. Multiplexed Assays

After optimizing the parameters of each assay separately in a nonmultiplexed format,
the assays were multiplexed by preparing several particles containing different DNA
strands. For these assays, the main focus was on c-DNA-1-P40 because it had met the
requirement of having a fluorescence signal that lies in a different region than that of the
6-FAM marker that was used to label the t-DNA with peaks for the different concentrations
that are well separated. The monodispersity was maintained after the incorporation of all
the dye concentrations, as shown by the dot plots presented in Figures 9, 10, 13 and 14.
Since the c-DNA-1-PS40 particles contain four different concentrations, four batches are
present in the FL3-H fluorescence channel (Figure 13F). The 4:1 assay presented in Figure 13
shows the fluorescence of the particles plotted against the green fluorescence (FL1-H)
corresponding to the complementary c-DNA used in a dot plot for the four batches.
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The first experiment that was performed involved a 4:1 assay format, in which a mix-
ture of the four types of particles containing the four different c-DNA strands for the de-
termination of different HPV species was mixed in a solution containing only one type of 
t-DNA strand. Figure 13B shows the mixture for the incubation of particles only in the 
presence of HPV18 t-DNA (encoded with the highest dye concentration). Figure 13C–E 
shows similar experiments in the presence of only HPV16, HPV11 and HPV6, respec-
tively. An increase in the signal of FL1 was only observed for the coded particles corre-
sponding to the complementary c-DNA used. This demonstrates that a qualitative analy-
sis of the sample is already possible. 

 
Figure 13. Flow cytometry measurements of the 4:1 multiplex assay with c-DNA-1-PS40. (A) The 
assay response to the particles free of HPV t-DNA strands. (B–E) The assay response in the presence 
of the HPV18, HPV16, HPV11 and HPV6 t-DNA strands, respectively. The detected t-DNA is high-
lighted with a red circle. (F) The signal in the FL3-H fluorescence channel for the c-DNA-1-PS40 
particles doped with four different concentrations of 1. 

 
Figure 14. Flow cytometry measurements of the 4:2 multiplex assay with c-DNA-1-PS40. The de-
tected t-DNA is highlighted with a red circle. 

Figure 13. Flow cytometry measurements of the 4:1 multiplex assay with c-DNA-1-PS40. (A) The
assay response to the particles free of HPV t-DNA strands. (B–E) The assay response in the presence
of the HPV18, HPV16, HPV11 and HPV6 t-DNA strands, respectively. The detected t-DNA is
highlighted with a red circle. (F) The signal in the FL3-H fluorescence channel for the c-DNA-1-PS40
particles doped with four different concentrations of 1.
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Figure 14. Flow cytometry measurements of the 4:2 multiplex assay with c-DNA-1-PS40. The
detected t-DNA is highlighted with a red circle.

The first experiment that was performed involved a 4:1 assay format, in which a
mixture of the four types of particles containing the four different c-DNA strands for the
determination of different HPV species was mixed in a solution containing only one type
of t-DNA strand. Figure 13B shows the mixture for the incubation of particles only in the
presence of HPV18 t-DNA (encoded with the highest dye concentration). Figure 13C–E
shows similar experiments in the presence of only HPV16, HPV11 and HPV6, respectively.
An increase in the signal of FL1 was only observed for the coded particles corresponding
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to the complementary c-DNA used. This demonstrates that a qualitative analysis of the
sample is already possible.

In the second experiment, 4:2 and 4:3 assay formats were performed to further inves-
tigate the sensitivity and selectivity of the c-DNA-1-PS40 particles. Solutions containing
two or three types of t-DNA stands were added to a mixture of the four types of particles
containing four different c-DNA strands (Figures 14 and 15). Binding of the functional-
ized c-DNA in the PS40 particles to the t-DNA enhances the fluorescence (FL1-H). The
c-DNA-1-PS40 particle still shows high sensitivity and selectivity to the two types of
t-DNA that are added. However, when three strands were added, the sensitivity was
lost in some cases, possibly due to human error. On the other hand, the multiplex assay
experiments on the c-DNA-2-PS40 were unsuccessful (Figure S6 in the Supplementary
Material). There was no clear separation in the fluorescence of the particles in the flow
cytometry in both FL3-H and FL4-H channels. This was attributed to the loss of some dye in
c-DNA18-2-PS40, c-DNA16-2-PS40 and c-DNA11-2-PS40 during the washing stages. This
could be optimized by using dye concentrations that would ensure a better separation on
the cytometry even after the washing stages. Low concentrations would be recommended
in this context.
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4. Conclusions

The PS40 particles were successfully doped with four different concentrations of
azaBODIPYs 1 and 2 for use in multiplex assays and were subsequently coated with
silica and further functionalized with APTES and then COOH-groups. Flow cytometry,
SEM and TEM were used to prove the formation of the D-PS40, Si-D-PS40, NH2-D-PS40,
COOH-D-PS40 and c-DNA-D-PS40 particles. The ninhydrin test was used to determine
that the concentration of the NH2 groups in the 10−5 M g−1 range. There was a clear
separation in the fluorescence of the four different concentrations of 1-PS40 measured
in the FL3-H and FL4-H fluorescence channels. The FL3-H fluorescence channel gave
the best results and was used to study 1:1 hybridization and multiplexed assays. The
c-DNA-1-PS40 and c-DNA-2-PS40 particles showed low LOD and LOQ values for HPV11,
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and a narrow detection range was obtained. The multiplexed assay experiments were
successfully performed on c-DNA-1-PS40 particles, and the results proved that these
particles could potentially be used as a tool for multiplexing assays, thus, they merit further
in-depth study in this context.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11010001/s1, Figure S1: 600 MHz 1H NMR spec-
trum of azaBODIPY 1 in CDCl3; Figure S2: Normalized absorption spectra and emission spectra
of azaBODIPYs 1 and 2 in EtOH; Figure S3: Emission spectra of Blank, 1-PS40 and 2-PS40 with
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