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ARTICLE INFO ABSTRACT

Keywords: The rapid, precise identification and quantification of specific biomarkers, toxins, or pathogens is currently a key
DPP_amine strategy for achieving more efficient diagnoses. Herein a dopamine-biotin monomer was synthetized and
B‘_Utm . oxidized in the presence of hexamethylenediamine, to obtain adhesive coatings based on polydopamine-biotin
E;s\;c:;t;:insor (PDA-BT) on different materials to be used in targeted molecular therapy. Insight into the structure of the
Avidin PDA-BT coating was obtained by solid-state 13C NMR spectroscopy acquired, for the first time, directly onto the
HL-60 and MCE-7 cells coating, deposited on alumina spheres. The receptor binding capacity of the PDA-BT coating toward 4-
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hydroxyazobenzene-2-carboxylic acid/Avidin complex was verified by means of UV-vis spectroscopy. Different
deposition cycles of avidin onto the PDA-BT coating by layer-by-layer assembly showed that the film retains its
receptor binding capacity for at least eight consecutive cycles. Finally, the feasibility of PDA-BT coating to
recognize cell lines with different grade of overexpression of biotin receptors (BR) was investigated by tumor cell
capture experiments by using MCF-7 (BR-+) and HL-60 (BR—) cell lines. The results show that the developed
system can selectively capture MCF-7 cells indicating that it could represent a first approach for the development
of future more sophisticated biosensors easily accessible, low cost and recyclable with the dual and rapid
detection of both proteins and cells.

1. Introduction

The rapid, precise identification and quantification of specific bio-
markers, toxins, or pathogens is currently a key strategy for achieving
more efficient diagnoses. Targeted molecular therapy could perform for
example release of anticancer drugs, specifically identify overexpressed
natural receptors on the cancer cell, and achieve targeted killing of
tumor cells [1].

Current technology platforms for the simultaneous capture and
identification of circulating tumor cells, cells that detach from solid
primary tumors during metastasis, involve immunomagnetic beads,
microfluidic devices, a lot of inorganic or organic materials (e.g., silica
and titanium dioxide nanospheres or nanofibers, graphene oxide nano-
plates, silicon nanowires and polymer nanostructures) as well as nano-
structures conjugated with antibodies [2-12]. However, the clinical
applications of these materials suffer several disadvantages related to
the high cost of synthetic materials, the difficulty of creating nano-
structures, the device’s poor reproducibility, the low capture specificity,
and the high price of the graft antibody [13-18].

Among the cancer-targeting units, biotin has recently drawn much
attention due to its low molecular weight, relatively simple biochemical
structure, low cytotoxicity, absence of antigenicity and immunogenicity
and high tumor specificity [19-24]. In fact, biotin proved to be an ideal
targeted ligand for various anti-cancer drugs since its receptor are over
expressed on numerous cancer cells, characterized by rapid dividing and
aggressive growth, as opposed to healthy cells where the receptors are
hardly ever expressed [25-28]. In addition, biotin has a strong affinity
and specificity for avidin and streptavidin (its bacterial counterpart),
through noncovalent bonds, and relatively low immune response in vivo,
which facilitate the receptor-mediated endocytosis of biotinylated
nanoparticles in cancer cells and therefore represent an attractive choice
for target specific diagnostic and theranostic studies [21,25,29-32]. In
this regard, the development of biotin-avidin technologies has raised
much attention because of both the avidin-biotin unparalleled binding
properties to various biomaterials (e.g, DNA/RNA, NPs, antibodies, and
aptamers) and the interaction is a useful tool for surface modification of
materials as a rapid screening platform [33-41].

Polydopamine (PDA), a melanin-like pigment that derives from the
oxidative polymerization of dopamine under mild alkaline conditions,
has recently attracted intense research in biomedical field for sensing
applications due to the simplicity of its synthesis, versatility, biocom-
patibility and more importantly its universal substrate-independent
coating properties [42-45].

Dopamine molecules, featuring a catechol unit and a primary amine
side chain, also provide an effective means of secondary functionaliza-
tion with either polymers, metallic nanoparticles or biomolecules (such
as proteins, nucleotides, oligosaccharides and lipids). Furthermore, the
surface modification of PDA coated materials is facile affording thus new
biohybrid materials for diverse applications [45-51]. Most of the bio-
molecules can interact with PDA through hydrogen bonding, n-n
stacking, cation-= and electrostatic attraction interactions as well as via
covalent grafting by means of thiol or amino groups for specific recog-
nition [52-55].

Some of the recent examples in this field include for example the
deposition of PDA on cancer cell membranes to facilitate targeted
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delivery of anticancer drugs [56-58], the targeting transmembrane
MUC18, a tumor progression marker, with polydopamine nanoparticles
as well as the sensitive detection of HeLa and HL-60 cells by specific
recognition of a polydopamine-coated carbon nanotubes—folate nanop-
robe to cell-surface folate receptors [59,60].

In addition, a previous finding suggested also that the functionali-
zation of the outer surface of halloysite nanotubes with PDA represents a
suitable anchoring point for the grafting of biotin, followed by avidin
binding, for further developments in theranostics and bioimaging for
cancer treatment [61].

Based on these premises, herein, we merge the unique adhesive
properties of dopamine precursor with the receptor-binding capability
of biotin to develop, for the first time to the best of our knowledge, easily
accessible, low cost, and recyclable biosensors with the dual and rapid
detection of both proteins and tumor cells. To this aim, a N-biotinyl-(3,4-
dihydroxyphenylethylamide) (DA-BT) was simply prepared through
amide bond formation by EDC mediated condensation between dopa-
mine and biotin. Afterwards, its oxidation in the presence of hexame-
thylenediamine (HMDA), a long aliphatic chain diamine, provides the
basis for the design of an innovative, and simple dip-coating method-
ology to achieve a biocompatible organic thin film (PDA-BT) which can
adhere to a broad range of surfaces. The coated surface was character-
ized from the chemical and morphological standpoints and its receptor-
binding ability toward the 4-hydroxyazobenzene-2-carboxylic acid
(HABA)/Avidin complex was investigated as well as the capture of
tumor cells.

The development of PDA-biotin technology could represent an
attractive choice for potential applications in different areas of material
functionalization, biomedical imaging and pharmacology (e.g., cell im-
aging, bio-species sensing, prodrug designing, and tumor therapy).

2. Materials and methods

Dopamine hydrochloride, biotin, 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC), HMDA, HABA/Avidin reagent (lyophi-
lized powder, MQ200) and Avidin from egg white were purchased from
Sigma Aldrich (Merck, Milan, Italy) and used without any further
purification.

Quartz or glass substrates were cleaned by soaking in a piranha so-
lution (96 % H2S04/30 % H204 5:1 v/v) overnight, rinsed with distilled
water and dried under vacuum.

UV-vis spectra were recorded on a Jasco V-730 Spectrophotometer.

Solid-state NMR experiments were performed on a Bruker Avance II
400 spectrometer equipped with a 4 mm MAS probe. Alumine oxide
coated particles were packed into 4 mm zirconia rotors sealed with Kel-F
caps. 3¢ cp-MAS spectra were acquired with a variable spin-lock
sequence and a contact time of 2 ms, using a 'H n/2 pulse width of
3.8 ps and a relaxation delay of 4 s. The spinning speed was set at 9 kHz
and 20,000 scans were recorded.

Transmission Electron Microscopy (TEM) was performed by means
of a FEI Titan G2 60-300 ultra-high resolution transmission electron
microscope coupled with Analytical Electron Microscopy (AEM) per-
formed with a SUPER-X silicon-drift windowless X-ray Energy-
Dispersive Spectroscopy (XEDS) detector. AEM spectra were saved in
mode STEM (Scanning Transmission Electron Microscopy) with a
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HAADF (High Angle Annular Dark Field) detector. X-ray chemical
element maps were also collected.

The film morphology of the investigated films was characterized by
AFM using a Catalyst AFM microscope (Bruker Inc, Santa Barbara, CA,
USA). The images were acquired at a frequency of 0.5 Hz in the scan
assist mode and in the dry state within regions of interest (5 pm x 5 pm
or 20 ym x 20 um) and with a resolution of 512 x 512 pixels. The used
cantilevers had a spring constant of 0.7 N.m ! as given by the furnisher
(Bruker Inc, Santa Barbara, CA, USA).

The static contact angles of small water droplets (5 plL) were
measured on the investigated films with an Attension Theta goniometer
(Biolin Scientific, Vastra Frolunda, Sweden) and the given values
correspond to the average (t+one standard deviation) over three
deposited droplets.

2.1. Synthesis of N-biotinyl-(3,4-dihydroxyphenylethylamide) (DA-BT)

In a round bottom flask, biotin (2 g, 8.9 mmol, 1 eq) and EDC-HCl
(1.92 g, 10 mmol, 1.12 eq) were weighed and anhydrous DMF (80 mL)
was added. The obtained solution was left under stirring at room tem-
perature for 10 min. Afterwards, to this, a solution of dopamine HCI
(3.95 g, 20 mmol, 2.24 eq) and pyridine (3.20 mL, 40 mmol, 4.5 eq) in
anhydrous DMF (40 mL) was added dropwise. The mixture was left to
stir at r.t. overnight. Then the solvent was evacuated and the obtained
solid was purified by chromatographic column using CH,Cly/MeOH
(10:1) as eluent. DA-BT compound was obtained as a white powder with
a yield of 45 %. The identity and purity were confirmed by 'H and '3C
NMR analysis (Figs. S1 and S2).

'H NMR (300 MHz, CDs0D) & (ppm): 1.34-1.39 (m, 2H, CHy),
1.59-1.65 (m, 4H, CHj), 2.17-2.20 (t, 2H, CH>), 2.63-2.68 (t, 2H, CH>),
2.93-3.00 (dd, 1H, CH), 3.16-3.19 (m, 1H, CH), 3.33-3.39 (m, 3H, CH,
and CH), 4.29-4.32 (m, 1H, CH), 4.49-4.52 (m, 1H, CH), 6.55-6.56 (d,
1H, Ar-CH), 6.65-6.71 (t, 2H, CH).

'3C NMR (300 MHz, CD30D) & (ppm): 25.10, 28.01, 33.98, 35.39,
39.57, 40.46, 55.49, 60.22, 61.92, 105.67, 114.94, 115.51, 119.66,
130.61, 143.34, 144.81, 174.58, 207.37.

2.2. General procedure for substrate coating (PDA-BT)

DA-BT was dissolved in the minimal amount of methanol and added
to a solution of HMDA in 0.05 M sodium carbonate buffer pH=9.0 to
final concentrations in the range of 1-10 mM, at a catechol/amine molar
ratio of 1:1 and the mixture was taken under vigorous stirring. Quartz or
glass substrates were dipped into the reaction mixture and left under
stirring for 24 h, then rinsed with distilled water, sonicated in methanol/
water solution 1:1 v/v in an ultrasonic bath, air-dried and analyzed by
UV-vis spectrophotometry. Coating of other materials including poly-
carbonate and aluminum oxide was run under the same conditions.

2.3. Interaction with HABA/Avidin

The PDA-BT coated glass substrates were immersed in a stock solu-
tion of HABA/Avidin reagent in deionized water (1 mL) and the
receptor-binding capacity was evaluated by UV-vis spectroscopy
measuring the absorbance of HABA/Avidin at 500 nm over 1 h.

2.3.1. Calculation of biotin adhered on the surface
The amount of biotin in the coated sample was determined as
follows:

AAsgp = 0.9-As50 HABA/Avidin + Asgg sample blank — Asog HABA/

Avidin + sample (@D)]

where 0.9 is the dilution factor of HABA/Avidin upon addition of sam-
ple, Asso HABA/Avidin, Asg sample blank and Asyg HABA/Avidin +
sample are the absorbance of the HABA/Avidin reagent solution, the
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PDA-BT coating dissolved in DMSO and the HABA/Avidin reagent
dispersion in the presence of PDA-BT solution at 500 nm.

[Biotin] (uM) = (AA_500)/34-10 (2)

where 34 is the uM extinction coefficient at 500 nm and 10 is the dilu-
tion factor of the sample into the cuvette.

2.3.2. Layer-by-layer Avidin-biotin deposition

PDA-BT (10 mM) coatings were dipped in 1 mL HABA/Avidin solu-
tion for 1 h. The substrates were then rinsed with distilled water, air
dried and dipped in a 50 mM biotin solution in distilled water. After 30
min the substrates were rinsed with distilled water and air dried. The
two sequential assembly steps were repeated four times. Aliquots of the
medium were withdrawn periodically and analyzed spectrophotomet-
rically measuring the HABA/Avidin absorption peak at 505 nm.

2.4. Cell culture and capture experiment

HL-60 cells were cultured in Roswell Park Memorial Institute (RPMI)
1640, while MCF-7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (HyClone Europe Ltd., Cramlington, UK) supple-
mented with 10 % heat inactivated fetal calf serum, 2 mM t-glutamine,
100 units/mL penicillin and 100 pg/mL streptomycin (all reagents were
from HyClone Europe Ltd., Cramlington, UK) in a humidified atmo-
sphere at 37 °C in 5 % CO,. HL-60 and MCF-7 cells were obtained from
ATCC®, cells from both cell lines were seeded on glass slides at the
density of 5000 cells/well in a final volume of 200 pL of complete me-
dium without serum, to avoid a possible interference on the adhesion
processes of factors contained in the serum, and incubated overnight at
37 °C in a humidified 5 % COy atmosphere. After 24 h the cells were
washed in 1x PBS for three times and fixed with 4 % formaldehyde for
10 min before washing three times with PBS and nuclei were stained
with 1 pg/mL of the nuclear stain DAPI (4',6-diamidino-2-phenylindole)
(Invitrogen) for 10 min. After nuclear staining, cells were further
washed with PBS 1x for three times and the slides were observed with
an Olympus Fluorescence microscope (Olympus, Japan) using a 20x
objective.

2.5. Statistical analysis

The statistical analysis of the experimental data was estimated using
the statistical analysis software Past 4.03. The test was performed in
duplicate, and the data were analyzed using a one-way analysis of
variance (ANOVA). The significant difference values were tested using
the Tukey test with a 95 % of confidence interval (p < 0.05). The final
results were displayed in the form of mean + standard deviation.

3. Results and discussion

N-Biotinyl-(3,4-dihydroxyphenylethylamide) (DA-BT) was synthe-
tized adapting a procedure reported elsewhere [62]. In details, dopa-
mine hydrochloride (DA) was reacted with biotin (BT) in DMF in the
presence of EDC as coupling agent, affording the DA-BT molecule with a
yield of 45 % (Scheme 1).

Autoxidation of DA-BT (1 mM, pH 8.5-9.0), in phosphate or bicar-
bonate buffer didn’t result in detectable coatings on glass or quartz,
despite apparent polymerization and darkening of the mixture. There-
fore, based on preliminary observations indicating that the addition of
HMDA enables film deposition with most of catechol [63-66] (including
dopamine at very low concentrations) [67] during catechol polymeri-
zation, the HMDA-modified dip-coating protocol was extended to the
DA-BT. In this procedure, the immersion of quartz substrates into a so-
lution containing DA-BT (1 mM, pH 9.0) in the presence of HMDA (1
mM) resulted in the deposition of a yellowish-orange film (PDA-BT)
after 24 h, as detected by UV-vis spectroscopy (Fig. 1A). A systematic
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Scheme 1. Schematic synthesis of DA-BT.

A)
0.9 4 —— PDA-BT (1 mM) coating

—— PDA-BT (5 mM) coating

0.8 - ——— PDA-BT (10 mM) coating

0.7
0.6 4
0.5

0.4 4

Abs (a.u.)

0.3 4

0.2 4

0.1 1

0.0 . ;
200 400 600

Wavelength (nm)

1
800

B) i) |

>

Fig. 1. A) UV-vis spectra of quartz slides dipped in DA-BT solutions (in the range 1-10 mM) in 0.05 M carbonate buffer (pH 9.0) in the presence of equimolar
amounts of HMDA for 24 h. B) PDA-BT coatings on: i) quartz; ii) glass; iii) polycarbonate; and iv) aluminum oxide.

investigation of the reaction conditions, by increasing the amount of DA-
BT/HMDA (Fig. 1A), showed that the maximal film deposition occurs at
the concentration of DA-BT/HMDA 10 mM.

Interestingly, the coating was independent of the properties of the
surface, indeed efficient film deposition was observed on various ma-
terials other than quartz, including plastic surfaces and porous
aluminum oxide particles (Fig. 1B).

Insight into the structure of the PDA-BT coating was obtained by
solid state 13C NMR analysis.

In this work, 13C solid state NMR spectrum was recorded, for the first
time, to the best of our knowledge, directly on PDA-BT coated on porous
alumina, chosen as model for its high surface area, rather than on the
bulk materials that precipitate during the autoxidation reactions.

As it is possible to note in the 13C solid state NMR spectrum of PDA-
BT film, shown in Fig. 2, broad signals in the range 20-40 ppm, attrib-
utable to the aliphatic chains of biotin (C1-4), of dopamine-based units
(C6, C7) and of HMDA (C1"-C6"), are observable [64]. Furthermore, in
the spectrum are clearly observable the signals at ca. 55-61 ppm due to
carbons C1'-C5’ of biotin; whereas the signals attributable to C3' and C5
of carboxylic groups of biotin in the low field region are partially su-
perposed with the carbonyl/carboxyl signals of polydopamine.

Based on those evidence it was possible to retrieve some information
about the probable structure of the PDA-BT. In particular, the absence of
the signals at ca.145 ppm, due the C-OH carbons in the catechol ring of
DA suggested a high degree of oxidation of DA-BT units during film
formation, also confirmed by the increased intensity of the carbonyl/
carboxyl peak at ca. 170 ppm that indicates a higher conversion of
catechol to oxidized quinone groups. Moreover, the aromatic region of
the spectrum (110 - 130 ppm) presents two well resolved peaks, in
contrast with the complex pattern generally shown by bulk materials
that precipitated from the reaction mixtures [64,67]. This would indi-
cate a low level of substitution on the aromatic ring of PDA, suggesting

769

200 180 160 140 120 100 80 60 40 20 0 -20
Chemical shift (ppm)

Fig. 2. 13C CP-MAS NMR spectrum recorded on the PDA-BT film deposited
onto porous alumina spheres.

that the film is composed of oligomeric species with a relatively low
degree of polymerization. Dopamine-quinone could be thus considered
as a key branching point in the PDA pathway. In fact, the quinone may
be engaged with sequential bimolecular coupling processes of the
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dopamine-quinone which would direct the oxidative process toward
linear oligomers featuring amide bonds with biotin molecule and giving
rise to adhesive cross-linked structures.

The morphology of the PDA-BT coating was imaged by high angle
annular dark field Scanning Transmission Microscopy (HAADF/STEM).
For this analysis two different films at two different DA-BT initial con-
centration were considered. In Fig. 3A, for instance, the PDA-BT coating
obtained starting from DA-BT 5 mM is shown. As it is possible to
observe, the coating consists of round shaped particles with diameters of
ca. 500 nm. EDX analysis showed the presence of C and N atoms of
polydopamine and of S atoms related to the biotin moieties (Fig. 3B). By
elemental mapping extrapolated from EDX it was possible to note that
the S atoms are uniformly dispersed in the polymer indicating that the
biotin, during the polymerization process, arranges itself on the surface
of the coating further confirming the NMR results. Similar observations
can be drawn for the coating obtained in the case of DA-BT 10 mM
(Fig. 3C-D) indicating that the DA-BT initial concentration did not affect
the morphology of the final film. However, in this latter case, a more
compact morphology was observed in line with the maximum coating
achieved in these conditions as observed by the UV-vis measurements
(Fig. 1A).

A further insight into the surface topography and roughness of the
coated sample was obtained by means of Atomic Force Microscopy
(AFM) where particles of about the same size as those seen in HAADF/
STEM images were observed (Fig. S3).

3.1. Evaluation of the avidin-binding ability

PDA-BT coatings were then investigated for their receptor-binding
capacity toward the 4-hydroxyazobenzene-2-carboxylic acid HABA/
Avidin complex by means of UV-vis spectroscopy. The HABA/Avidin
assay was run by dipping the coated substrates (PDA-BT (1 mM), PDA-
BT (5 mM), PDA-BT (10 mM)) directly into an aqueous solution of the
HABA/Avidin reagent. Aliquots of the medium were then withdrawn
periodically and analyzed spectrophotometrically measuring the HABA/
Avidin absorption peak at 505 nm. As shown in Fig. 4 and Fig. S4 a
progressive decrease in the absorption maximum band of HABA/Avidin
complex was observed over time with all types of coated surfaces,
consistent with the displacement of HABA molecules from the avidin
complex as expected considering the higher association constant for
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Avidin-Biotin compared to that of HABA/Avidin complex. In particular,
the coating prepared starting from the lowest concentration of the DA-
BT conjugate that is 1 mM showed lower binding properties leading to
a ca. 43 % reduction of HABA/Avidin absorption maximum in the first 5
min. Good binding properties have been instead observed for the coating
prepared starting from 5 mM DA-BT concentration with a ca. 69 %
reduction of HABA/Avidin absorption maximum whereas the coating
prepared starting from the highest concentration of DA-BT that is 10 mM
showed the more efficient binding properties, leading to a ca. 87 %
reduction of HABA/Avidin absorption maximum in the first 5 min
reaching a 94 % reduction after 60 min. The receptor-binding capacity
of the polydopamine-biotin coatings is thus proportional to the amount
of material deposited on the glass substrate.

Moreover, as shown in Fig. S5, a detectable increase in the film
absorbance in the visible region has been observed after one hour dip-
ping in the HABA/Avidin solution further confirming the occurrence of
biotin-avidin binding directly on the surface. This assay allowed to es-
timate the amount of biotin adhered on the surface in the order of 61 png/
cm? for glass.

To further prove the interaction of the PDA-BT coating with avidin,
the morphology of the nanocomposite treated with HABA/Avidin solu-
tion was imaged by HAADF/STEM. The micrographies reported in
Fig. 5A-C showed that morphology of the particles changed after
interaction with Avidin. As it is possible to observe, the classical round
shape of polydopamine is preserved but the particles seem to be
aggregated to each other in an organized structure. This morphology
could arise from the interaction of the different biotin molecules present
at the surface of the coating and avidin (Fig. 5E). From a microscopic
point of view, these organized structures result in a compact
morphology (Fig. 5D) with some elongated particles that could be due to
the presence of biotin units on the coating surface as reported elsewhere
for other biotinylated nanomaterials [61].

Layer-by-layer (LbL) self-assembly technique [68] has been explored
to fabricate multilayered structures that could not only improve the
biomolecules loading but were also capable of maintaining the optimum
biochemical activity.

Interestingly the biotin-avidin binding ability of the PDA-BT (10
mM) coating was hold on even after alternated immersion in freshly
prepared HABA/Avidin and biotin solutions. After four cycles of avidin/
biotin dipping, the absorbance decay at 505 nm did not change much

600

500 A

400 A

300 -

200 -

Counts/ a.u.

100

0 2
Energy / eV

Fig. 3. HAADF/STEM images of (A-B) PDA-BT coating obtained from DA-BT 5 mM and its elemental mapping; the inset shows the EDX spectrum of the selected area;

(C-D) PDA-BT obtained from DA-BT 10 mM.

770



M. Notarbartolo et al.

1.2

505 nm)
o
[+ -]

o
o

o
>

*%k%

Abs ()

0.2

* %%

Journal of Colloid And Interface Science 678 (2025) 766-775

*%

* %

* %k %k
*%¥%

* %k I eew

PDA-BT (1 mM)

30 60

Time (min)

PDA-BT (5 mM)

= PDA-BT (10 mM)

Fig. 4. Kinetics of decay of HABA/Avidin complex absorption maximum at a selected wavelength (505 nm). Reported are the mean + SD values of three experi-
ments. Significance is given for each coating at the selected times versus the initial HAVA/Avidin complex absorbance (time 0). ** p < 0.05, *** p < 0.01.

Fig. 5. (A-D) HAADF/STEM images of PDA-BT coating obtained from DA-BT 5 mM treated with HABA/Avidin solution; (E) possible hypothesized interaction among

the different biotin units of the PDA-BT coating and avidin.

compared with the initial state suggesting that the film is still active
(Fig. S6).

The films undergo a morphology change from particle like for the
PDA-BT deposition to a mixture of particles and small needles (about 1
um long) after one deposition cycle to extremely long and broad needles
(more than 20 pm long and a few um broad) after 8 deposition cycles
(Fig. 6b). This suggests an ordered self-assembly process which will be
investigated in upcoming studies. Furthermore, PDA-BT coating
exhibited a relatively high water-contact angle (WCA) of about 64.7 +
0.4° indicating a moderate hydrophilic character that lowered to 59.8 +
0.5° after 1 h interaction with avidin. After sequential immersion in
biotin and avidin solutions, the WCA value of the PDA-BT coating
significantly decreased to 33.1 + 0.7°, suggesting an increase in hy-
drophilicity likely due to specific biotin-avidin interaction. This marked
decrease in WCA after LbL deposition could also be due to an increased
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surface roughness in relation to the needle morphology (Fig. 6B).

3.2. Cancer cell recognition

Accurate differentiation of cancer cell types at a molecular level is
highly desirable for diagnostic and therapeutic purposes.

To investigate the feasibility of PDA-BT (10 mM) coating to recog-
nize cell lines with different grade of overexpression of biotin receptors
(BR), a tumor cell capture experiment was performed on a glass slide, or
PDA coating glass slide, as negative controls, or on PDA-BT coating on a
glass slide, using BR(+) and BR(—) cancer cell lines. In particular, the BR
(+) MCF-7 cell lines [69] and the BR(—) HL-60 ones, where chosen as
model.

In the experimental conditions adopted no toxicity of the PDA-
coating was detected.
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Fig. 6. (A) Schematic representation of the LbL avidin-biotin deposition. (B) AFM topographies (20 um x 20 um) of i): the PDA-BT film (RMS roughness: 112 nm),
ii): the same with one deposition cycle of avidin (RMS roughness: 271 nm) and iii) after 8 deposition cycles (RMS roughness: 412 nm).

Fig. 7A-C show the DAPI-staining fluorescence images of captured
MCEF-7 cells on glass slide (Fig. 7A), PDA (Fig. 7B) and PDA-BT (Fig. 7C)
coating glass slides. As it is possible to observe, the captured cell number
on the PDA-BT coating is much higher compared to both blank glass
slide and PDA coating further confirming the presence of biotin units
exposed at the surface of PDA-BT coating, exerting their receptor-
binding ability. On the contrary, as shown in Fig. 7D-E, a very low

amount of HL-60 cells was captured by the film showing thus, the PDA-
BT coating developed in this study can selectively recognize cancer cells
showing an high expression of biotin receptors on their surface.

The number of cells captured on the same areas of different surfaces
was counted to quantify the capture efficiency and the obtained results
are reported in Fig. 7F.
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Fig. 7. The DAPI fluorescence microscopy images of captured cells of MCF-7 (A-C) and HL-60 (D-E) cells on (A, D) blank glass; (B) PDA coating glass, (C, E) PDA-BT
coating glass; (F) number of cells captured on the different glass substrates. Image captured under fluorescence microscope (20x). Scale bar: 25 pm. In the graph,

different letters above the columns indicate significant differences (p < 0.05).
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4. Conclusions

In conclusion, an easily accessible, low cost and recyclable biosensor
with the dual and rapid detection of both proteins and cells was devel-
oped. To achieve this objective, firstly, N-biotinyl-(3,4-dihydrox-
yphenylethylamide) (DA-BT) was synthetized by an EDC mediated
condensation between dopamine hydrochloride and biotin. Then, the
synthetized DA-BT was used as monomer to obtain the final PDA-BT
film. Since autoxidation of DA-BT did not lead to any appreciable
polymerization, the latter was performed in the presence of hexame-
thylenediamine in carbonate buffer at pH 9.0, which results in the
deposition of a yellowish-orange thin film on a series of different ma-
terials ranging from quartz or plastic surfaces to porous aluminum oxide
particles. The best experimental conditions, in terms of DA-BT concen-
tration, were investigated by UV-vis spectroscopy.

The structural features of the PDA-BT films were studied by *C NMR
solid state spectroscopy performed, for the first time, on the film
deposited onto alumina spheres. This technique confirmed the presence
of biotin in the final film exposed onto the coating surface, as well as the
successful incorporation of HMDA into it. Morphological characteriza-
tion by HAADF/STEM coupled with EDX showed the presence of a
compact structure and round shaped particles typical of polydopamine
as also confirmed by AFM measurements. The receptor binding capacity
of the PDA-BT coating toward 4-hydroxyazobenzene-2-carboxylic acid
(HABA)/Avidin complex was also verified by means of UV-vis spec-
troscopy. By dipping the PDA-BT film into the HABA/Avidin solution, a
decrease in the absorption maximum band of the complex was observed
consistent with displacement of HABA molecules from the avidin com-
plex; in particular ca. 87 % reduction of HABA/Avidin absorption
maximun in the first 5 min was achieved. Different deposition cycles of
avidin onto the PDA-BT coating by layer-by-layer assembly showed that
the film retains its receptor binding capacity for at least eight consecu-
tive cycles as also verified by water contact angle measurements and
morphological investigations. Finally, the feasibility of PDA-BT coating
to recognize cell lines with different grade of overexpression of biotin
receptors (BR) was investigated by a tumor cell capture experiment by
using MCF-7 (BR+) and HL-60 (BR—) cell lines. The study indicates that
the developed film is able to selectively capture MCF-7 cells over the HL-
60 ones. Thus, the development of PDA-biotin technology could repre-
sent an attractive choice for potential applications in different areas of
material functionalization, biomedical imaging and pharmacology.
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