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Abstract: The combination of materials that possess different properties (such as, for instance, fluorescence
and magnetism) into one single object of nanoscale size represents an attractive challenge for biotechnology,
especially for their potential relevance in biomedical applications. We report here the preparation of novel
bifunctional conjugates based on the linkage of inorganic nanoparticles to organic oligothiophene
fluorophores (OTFs). In comparison to the organic dyes commonly used in bioimaging and more similarly
to colloidal quantum dots, OTFs have broad optical absorption spectra, and therefore OTF fluorophores
emitting at different colors can be excited with a single excitation source, allowing for easier multiplexing
analysis. In this work we show the preparation of OTF—nanoparticle conjugates based on gold and iron
oxide nanoparticles and their characterization using different techniques such as gel electrophoresis,
photoluminescence spectroscopy, dynamic light scattering, and so on. In addition, by performing an in
vitro study on human tumor cells we show that OTF—nanoparticle conjugates emitting at different colors
can be used for multiplexing detection. Also, in the case of iron oxide—OTF conjugates, once uptaken by

the cells, we show that they preserve both their fluorescent and their magnetic properties.

1. Introduction

Inorganic nanoparticles (NPs), including noble metal, mag-
netic, and semiconductor nanocrystals, are emerging as a novel
class of probes for medical applications. Superparamagnetic iron
oxide NPs, for instance, are currently under investigation
because their magnetic properties make them potentially useful
as contrast agents for molecular resonance imaging (MRI),'™®
magnetic probes capable of being manipulated under an external
magnetic field,” and hyperthermia agents for cancer treatment. !
Also, gold NPs have been demonstrated to be useful as
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hyperthermal agents as the local temperature around the gold
NPs can be increased by laser illumination due to the surface
plasmon resonance effect.'>!'* On the other hand, fluorescent
properties stemming from fluorophores of different nature,
ranging from the most conventional organic dyes like FITC,
Cy3, Cy5, and rhodamine, to inorganic semiconductor NPs, the
latter also called quantum dots, have been widely exploited as
probes for optical imaging.'*"'® The combination in one single
nanotool of different nanoparticle probes that allow simulta-
neously for bioseparation, MRI, and/or fluorescent detection that
can be used for cellular imaging, biodetection, and biosensing
and for cancer treatment opens the door to a broader variety of
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applications.”®° Detection and separation of different molecules
in a biological liquid for diagnosis of diseases and more
specifically the simultaneous identification of different tumor
cell populations for investigation of cancer at a premature phase
of its development are, for instance, key issues that can be better
addressed by magnetic—fluorescent nanoprobes.’*>* As a
further example, an in vivo application that can benefit from
the use of magnetic—fluorescent conjugates is certainly the dual
modal imaging of an organ or a tissue of a clinical patient.*—°
Here, the magnetic portion would allow for MRI imaging to
capture the patient condition in a presurgical phase, while the
fluorescent portion would act as a fluorescent guide during the
surgery as it could offer a higher resolution than the MRI tool
for the resection of the tumor area. Only recently, fluorescent-
gold-based conjugates have been exploited as fluorescent probes
for detecting biomolecules,*® small analytes,*' and ions** in in
vitro assays.*> In these tests, the species that has to be
determined modulates the fluorescence energy transfer between
the gold nanoparticles and the proximal dyes allowing for their
quantitave detections. While no studies of such gold-fluorescent-
based conjugate for in vivo applications have been reported so
far, such conjugates might be seen as bioprobes in which the
fluorescent portion of the conjugate would act as a imaging tool
for detecting a tumor mass (due to the fluorescent portion with
properly tailored spectral features), while the gold domain would
act as a therapeutic agent for performing hyperthermia
treatment.'***~*¢ Such important goals drive part of the research
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in nanobioscience toward the development of novel types of
multifunctional nanoparticle-based conjugates to the study of
their interaction with living cells and exploitation in biomedical
applications. The suitability for the applications mentioned above
is strongly related to the final size of the nanostructures
employed, maintenance of the intrinsic properties of the different
portions that form the nanostructures, their surface biochemistry,
and not least importantly their biocompatibility. All these
features are tightly associated to the approach chosen to prepare
multimodal nanostructures and selection of the specific type of
fluorescent, magnetic, and noble metal domains. So far, prepara-
tion of nanometer-sized magnetic—fluorescent conjugates has
exploited different routes, which can be grouped in the following
three main categories: (i) encapsulation of both magnetic and
fluorescent or metallic and fluorescent probes within a shell of
either an organic or an inorganic material;?!->>-30-33.34.39.42,47-50
(ii) linkage between the two types of probes by means of cross-
linker molecules;*¢>*3¢404151-53 (iij) direct synthesis of a
bifunctional nanostructure formed by two inorganic domains
attached together without the need of cross-linker molecules.>*~>’

We report here the preparation of a new type of hybrid
bifunctional nanostructure based on colloidal NPs conjugated
to fluorescent oligothiophenes (OTFs) by means of polyethylene
glycol (PEG) molecules acting as spacers. OTFs are character-
ized by tunable emission spectra that depend on structural
features, such as the number of the thiophene rings and the
substituents grafted to the aromatic backbone.’®® They are
characterized by a generally good photochemical stability and
large Stokes shifts, are only a few nanometers long, and in
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addition can be prepared with suitable functional groups for
linkage to other types of molecules.®*®* In analogy with
colloidal quantum dots and differently from the standard organic
dyes that are commonly used in detection experiments, OTFs
have broad optical absorption spectra. Therefore, different types
of OTFs emitting at different colors can be excited with a single
excitation source, allowing for easier multiplexing analysis.
Furthermore, a new generation of OTFs containing the N-
hydroxylsuccinimidyl ester group (NHS—OTF) has been syn-
thesized recently.®® The presence of this carboxylic-activated
moiety makes the linkage procedure to amino-modified NPs
rather simple and reproducible via formation of amide bonds.**
To demonstrate the versatility of this approach we conjugated
different types of OTFs emitting at various colors to colloidal
NPs. The procedure that we report here offers the further
advantage of being easily applicable to the preparation of
different types of OTF—NP conjugates. This is possible due to
the general approach used for transferring in water the NPs and
that delivers NPs characterized by different types of inorganic
core materials but always with the same type of surface
chemistry.®® As a proof of principle, we report here OTF—NP
conjugates based on both polymer-coated iron oxide and gold
NPs. We fully characterized such conjugates and studied their
interaction with tumor cells. We have shown their use as
multiplexing probes for fluorescent detection and have carried
out a cytotoxicity study on such conjugates that aimed at
assessing their biocompatibility. Furthermore, in the case of
OTF—iron oxide conjugates we also proved the viability of such
conjugates, once uptaken by the cells, in cell accumulation by
means of magnetic attraction.

2. Experimental Section

2.1. Chemicals. All chemicals were used as received. Sodium
tetraborate decahydrate (S9640), boric acid (B1934), N-(3-dim-
ethylaminopropyl)-NV'-ethylcarbodiimide hydrochloride (EDC, E7750),
Tris-borate-EDTA buffer (T3913), 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT salt 135038), as well as
all the disposable materials and products needed for cell culture
were purchased from Sigma-Aldrich. Diamine-PEG 897 (06703),
diamine-PEG 2000 (14501), and diamine-PEG 3000 (14502)
were purchased from Fluka. Diamine-PEG 3400 (2V2VO0F22) was
purchased from Nektar. Diamine-PEG 6000 (11-6000-2) was
purchased from Rapp-polymer. Agarose (D-1 low EEO, C1349)
was purchased from Eppendorf. All solvents used were of analytical
grade and purchased from Sigma-Aldrich. Ultrapure-grade water
having a conductivity of 18.2 42 was used in all experiments.

2.2. NP Synthesis and Water Solubilization. Nearly spherical-
shaped and monodispersed colloidal y-Fe,O; and Au NPs with
average diameters of 8 and 6 nm, respectively, were synthesized
according to standard procedures®®~® (Figure 1s, SI). The con-
centration of gold NPs was determined by recording their optical
adsorption spectra since their optical extinction coefficient is known
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(64) Hermanson, G. "l_ Academic Press: San
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(65) Pellegrino, T.; Manna, L.; Kudera, S.; Liedl, T.; Koktysh, D.; Rogach,
A. L.; Keller, S.; Radler, J.; Natile, G.; Parak, W. J. Nokgabgd 2004,
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(for Au NPs of 6 nm average diameter this is equal to 8.63 x 10°
cm ! M1 at 525 nm®®). In the case of iron oxide NP solutions,
since their optical extinction coefficient is not known, the concen-
tration of NPs could be derived by estimating the average number
of Fe atoms per NP (the average NP diameter is assessed via
statistical analysis on transmission electron microscopy images of
several hundreds of NPs, see below) and determining the total
concentration of iron atoms in the solution (via elemental analysis
on microwave-digested NP solutions with an ICP-AES spectro-
photometer, see also below). As-synthesized NPs are passivated
with surfactant molecules, and they are stable in organic solvents.
Such NPs could be transferred in water via a polymer-coating
procedure that has been reported in a previous work by our group.®’
Briefly, the NPs were wrapped in an amphiphilic polymer shell
made of poly(maleic anhydride alt-1-tetradecene), and this shell
was then cross-linked at the surface of the NPs using a triamine.
In order to remove the excess unbound polymer the NPs were
purified twice via high-performance liquid chromatography (Agilent
1100, instrument) either on a Sephacryl S-300 HR 16/60 column
in the case of Au NPs or on a handmade-packed Sephacryl S-500
HR XK 16/70 column for y-Fe,O3 NPs, in both cases using as
mobile phase a 50 mM phosphate buffer at pH 7.0 containing 150
mM NaCl at a flow rate of 0.5 mL/min.

2.3. Surface Functionalization of NPs with Diamino-PEG. To
the NPs delivered from the purification step, the phosphate buffer
was exchanged with a 50 mM sodium borate buffer (pH 9.0) on
centrifuge filter tubes (using membranes with pore sizes of 30 000
MWCO for Au NPs and 100 000 MWCO for y-Fe,Os, respec-
tively). The same buffer was used for all of the following reaction
steps. Diamino-PEG molecules (NH2-PEG-NH2) of different
molecular weights (897, 2000, 3000, and 3400 MW) were employed
in order to introduce amino moieties at the NP surface (which are
needed for the coupling reaction to the NHS—OTF molecules) using
EDC as activator of amide bond formation.”®

By fixing the ratio of PEG molecules added per NP and varying
the molar ratio of EDC added to NP solution, it was possible to
increase the number of PEG units bound on average to each NP,
as previously reported.”® The ratio of PEG molecules added per
NP was kept constant at 500 as this excess of diamino-PEG
molecules was proven to prevent interparticle cross-linking. The
conjugation reaction of NPs with diamino-PEG was performed at
different EDC/NP ratios, depending on the length of the diamino-
PEG molecules and type of NPs. After a reaction time of 3 h under
vigorous stirring at room temperature, the conjugates were run on
agarose gel for 1 h at 100 V (see details below). Different
experimental conditions in the preparation of the conjugates led to
mobility profiles that were different from sample to sample. From
these “calibration” runs we could therefore set the most appropriate
reaction conditions for preparing a specific sample of diamino-PEG-
functionalized NPs with a defined gel retardation band and thus
having a specific size (see Figure 2s, SI). On the basis of these
preliminary runs, we therefore chose the EDC/NP ratios that are
reported in Table 1.

Once the best experimental conditions for the diamino-PEG/NP
and EDC/NP ratios were set, the protocol was finalized and
consisted of the following steps: (i) mixing together diamino-PEG,
EDC, and NPs; (ii) incubation of the mixture for 3 h under stirring
at room temperature; (iii) purification of the reaction mixture on
centrifuge tubes (Millipore Amicon tubes) in order to remove excess
unreacted PEG molecules.
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Table 1. Summary of the EDC/NP Ratios Used To Prepare the
Diamino-PEG-Functionalized NPs Reported in This Work

sample name EDC/NP
Au-PEG897 120 000
Au-PEG2000 16 000
Au-PEG3000 16 000
Au-PEG3400 8000
Au-PEG6000 16 000
v-Fe,03-PEG897 120 000
y-Fe,03-PEG3400 4000

2.4. Synthesis of Oligothiophene Fluorophores. All OTFs were
synthesized according to published procedures.®*”! The molecular
structure and corresponding spectral position of the maximum of
the photoluminescence (PL) of the OTFs most studied in this work
are reported in Figure la (see also Table 1s). The molecules are
OTF1 (5'-methylsulfanyl-[2,2']-bithiophenyl-5-carboxylic acid (2,5-
dioxopyrrolidin-1-yl) ester; Ap (DMSO) = 505 nm) and OTF2 (5'-
(4-thienyl-2,1,3-benzothiadiazole)-[2,2']-bithiophenyl-5-carboxyl-
ic acid (2,5-dioxopyrrolidin-1-yl) ester; Ap,(DMSO) = 615 nm).
The molecular structure and wavelength in the maxima PL emission
of all the OTFs that have been studied in this work are reported in
Table 1s of the SI together with additional data on preparation of
the conjugates and their stability under UV irradiation.

2.5. OTF—NP Conjugation. We performed this reaction in the
presence of a ratio of OTF molecules per NP equal to 100. More
specifically, a buffer solution of 1 #M diamino-PEG-functionalized
NPs and a 100 uM solution of OTFs dissolved in DMSO were
mixed together and left under stirring at room temperature for 96 h.
After this time elapsed the samples were washed at least 5 times
on centrifuge tubes (15 mL volume, 30 000 MWCO) and purified
twice on NAP-25 columns (Sephadex G-25) in order to remove
the unreacted OTF molecules.

2.6. Optical Absorption and Photoluminescence (PL)
Measurements. Optical characterization of the starting components
and OTF—NP conjugates was carried out using a Varian Cary 300
UV —vis spectrophotometer and a Varian Cary Eclipse fluorescence
spectrophotometer. The absorption spectra of the NPs were acquired
after synthesis, after following the polymer-coating procedure, and
after carrying out surface functionalization with OTFs. The PL
spectra of the bare OTF molecules dissolved in DMSO were also
compared with those of the OTF—NP conjugates. PL spectra were
also recorded on OTF—NP conjugates that had been transferred
by dialysis from the aqueous solution to a DMSO solution.

2.7. Characterization by Gel Electrophoresis and Dialysis.
Electrophoretic characterization was carried out by running the
conjugates through a 2% agarose gel for a run time of 1 h at 100
V, after which the gel was observed under both UV light (to locate
the OTF signal) and visible light (to locate the NPs). Before the
loading step on the gel, to each sample a solution of Orange G and
30% glycerol in a gel-loading buffer (corresponding to 20% of the
sample volume) was added. In a series of experiments, the samples,
after the gel electrophoretic run, were extracted from the gel and
dialyzed (see SI for details).

2.8. Transmission Electron Microscopy (TEM). Low-resolu-
tion TEM images were recorded with a Jeol Jem 1011 microscope
operating at an accelerating voltage of 100 kV. Images were taken
on the bare polymer-coated gold and iron oxide NPs and also on
the respective NPs functionalized with OTFs. For sample prepara-
tion, a drop of a OTF—NP conjugate solution was deposited on
carbon-coated grids and the water was allowed to evaporate.

2.9. Compositional Analysis on Nanocrystal Ensembles. An
inductively coupled plasma atomic emission spectrometer (Varian
Vista AX) was used to investigate the elemental composition of
the nanocrystals. The samples were digested in HCI/HNO; 3:1 (v/
v) using a CEM “MARS 5” microwave digester.

2.10. Dynamic Light Scattering (DLS). DLS measurements
were performed on a Zetasizer Nano ZS90 (Malvern) equipped with
a 4.0 mW He—Ne laser, operating at 633 nm, and an avalanche
photodiode detector. Measurements were carried out at 25 °C on
filtered aqueous solutions of NPs (filtration was performed on a
0.22 um PTFE syringe filter). The average sizes of polymer-coated
NPs, the corresponding diamino-PEG-functionalized NPs, and the
final OTF—NP conjugates were evaluated and compared with each
other. Such comparison provided further characterization of the
binding between the diamino-PEG-functionalized NPs and the
NHS—OTFs.

2.11. Cell Culture. The human epidermoid carcinoma cells,
known as KB cells (ATCC # CCL-17) were grown continuously
as a monolayer at 37 °C and under 5% CO, atmosphere in RPMI-
1640 medium, supplemented with L-glutamine (2 mL), penicillin
(100 units/mL), streptomycin (100 ug/mL), and 10% heat-
inactivated fetal bovine serum (FBS).

2.12. Cytotoxicity Assay. In order to estimate the toxicity of
the conjugates a viability test was carried out using the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay
(MTT assay).”> More specifically, 10° cells were first seeded in
each well of a 12-well plate, and after incubation at 37 °C for 24 h,
the medium was replaced with a fresh medium that contained
OTF—NP conjugates at different concentrations (from 1 to 200 nM).
After an additional 24 h of incubation time at 37 °C, the medium
was removed and the cells were washed twice with phosphate buffer
(pH 7). Soon after, 1 mL of a solution containing 1 mg/mL of MTT
dissolved in culture medium was added into each well. After 3 h
of incubation at 37 °C, the MTT, reduced by the mitochondrial
reductase of vital cells, formed a dark insoluble product, the
formazan.”* At this point the medium was collected from each well,
centrifuged, and then discarded. The dark pellet was dissolved in
DMSO, leading to a violet solution whose absorbance at 570 nm
was determined. The absorbance value can be correlated to the
percentage of vital cells, by comparing the data of the doped cells
with those of the control cells (i.e., with no conjugates added into
medium). In addition, cytotoxicity tests were carried out by loading
the cells with the individual components (i.e., either OTFs or bare
NPs).

2.13. Magnetic Assay. In order to carry out such assay, the cells
were first seeded into a Petri dish (5 x 10* cells per well), after
which a solution containing the OTF—NP conjugates (with a
concentration equal to 50 nM) was added to them and the dish
was incubated at 37 °C for 24 h. The medium was then removed,
and the adhering cells were washed twice with phosphate buffer.
Soon after, the cells were trypsinazed and then seeded in a 6-well
plate, underneath which a cylindrical permanent magnet (NdFeB,
0.5 mm in diameter, corresponding to a total field strength of 1.3
T) had been positioned and located in the central part at the bottom
of the dish. After incubation for 24 h at 37 °C, optical images of
the adhering cells in the areas above the magnet were acquired,
and a statistical analysis was carried out on such images. In order
to count only adherent cells, after incubation the medium was
exchanged with a fresh medium so as to remove all the cells left
in the suspension. For a meaningful statistical analysis, the number
of cells seeded in the areas on top of the magnet were counted and
compared to the number of adhered cells that had been counted in
the control sample (i.e., cells doped with the conjugate but incubated
without any magnet underneath the dish). For each sample (well)
the experiment was repeated three times, and an average of 30 phase
contrast images were recorded on regions on top of the magnet
(and similarly for the control experiments).

2.14. Confocal Microscopy Imaging. Confocal microscopy
images aimed at assessing cellular uptake, localization, fluorescent
signaling of the nanocomposites, and behavior of cells under a
magnetic field were recorded on an Olympus FV-1000 microscope
equipped with an argon laser source (excitation centered at 488
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Figure 1. (a) Sketch of the reaction scheme for preparing OTF—NP conjugates. For the reaction, the NPs (brown sphere) were first made soluble in water
by wrapping them in an amphiphilic polymer shell based on cross-linked poly anhydride molecules (the blue shell). Hydrolysis of the poly anhydride
provides carboxylic groups at the surface of polymer-coated NPs (1), which were reacted with diamino-PEG molecules by means of the coupling agent
EDC. Then the diamino-PEG—NPs (2) were reacted with the N-hydroxysuccinimidyl ester group of the OTFs to yield the final conjugate by means of an
amide bond formation (3). The scheme here refers to linkage of the OTF1 and OTF2 molecules. (b, ¢, and d) Electrophoresis characterization is reported for
the product after each reaction step, namely, polymer-coated (lane 1) NPs, diamino-PEG-functionalized NPs (lane 2), and finally OTF—NP conjugates (lane
3). (b) Gold NPs reacted with diamino-PEG (M,, = 3400 g/mol) and OTF1. (c) Gold NPs reacted with diamino-PEG (MW = 897 g/mol) and then to the
OTF2 molecules. Panel d) refers to y-Fe,O3; NPs reacted with diamino-PEG (M,, = 3400 g/mol) and then to OTF2. The NPs are visible under white light,
whereas the OTFs are detected under UV exposure (excitation wavelength = 365 nm). Retardation of the migration is observed for the diamino-PEG-
functionalized NPs as compared to the polymer-coated NPs, while colocalization of bands is observed in the case of the OTF—NP conjugates.

nm) with a DM488/405-type dicroic filter and two reading channels
having acquisition windows at 527 4+ 10 and 605 £ 15 nm,
respectively. The z-scan images were recorded by focusing on the
xy plane of the cells and moving the objective at different heights
along the z axis with a step size of 2 yum.

2.15. Multiplexing Imaging. KB cells at a density of 2 x 10°
cells/mL/per well were seeded in a 6-well plate and doped separately
with 50 nM concentration of both OTF1—NP and OTF2—NP. After
24 h at 37 °C, the medium was removed and the cells were washed
twice with phosphate buffer, trypsinized, fixed with paraphormal-
deide, and then resuspended in 1 mL of phosphate buffer. An equal
amount of cells doped with OTF1—NP and OTF2—NP were mixed
together, and a drop of this suspension was loaded onto a glass
slide and observed under the confocal microscope using a 405 nm
excitation laser and two different acquisition channels (450 % 20
nm for OTF1—NP and 620 4 20 nm for OTF2—NP).

3. Results and Discussion

3.1. Preparation of the OTF—NP Conjugates and Their
Characterization via Gel Electrophoresis. For the preparation
of OTF—NP conjugates we exploited both gold and iron oxide
NPst6-68 (Figure la illustrates the reaction scheme). The
surfactant-coated NPs were first transferred from the organic
phase to the water phase by embedding them in a polymer shell
made of poly(maleicanhydrid unitalicize alt-1-tetradecene)
(following a previously published procedure developed by us®).
Hydrolysis of the anhydride groups of the polymer provides
the NPs surface of outstretched carboxylic/carboxylate groups,
which stabilize the NPs in water by means of electrostatic
repulsion. We then bound diamino-PEG molecules to the NP
surface by reacting one of the amino groups present on the
diamino-PEG molecules with the exposed carboxylic moieties

of the outer polymer shell via EDC chemistry.”® This procedure
introduced amino groups on the surface of the NPs (the
unreacted amino groups of the diamino-PEG molecules) and
could therefore promote formation of an amidic linkage between
NPs and NHS—OTFs according to the reaction NP—NH2 +
NHS—OTF — NP—NHC(O)—OTF. The PEG molecules act
also as stabilizers as they improve the water stability of NPs
and prevent their aggregation under the reaction conditions of
the following steps.

Figure 1b—d shows the gel electrophoresis characterization
of the product after each reaction step for preparation of the
conjugates. On each gel we always ran in parallel the initial
polymer-coated NPs, the corresponding diamino-PEG-function-
alized NPs, and finally the OTF—NP conjugates. The diamino-
PEG-functionalized NPs always showed a retarded migration
with respect to the initial polymer-coated NPs, and this was
taken as an indication of the successful binding of diamino-
PEG molecules to the NP surface. The specific migration of
such bands depended both on the conditions under which the
diamino-PEG molecules had been reacted with both gold and
iron oxides NPs and clearly on their molecular weights, which
were either 3400 (Figure 1b) or 2000 (Figure Ic) for the
diamino-PEG molecules that had been bound to gold NPs and
3400 for those bound to iron oxide NPs (Figure 1d). The
migration bands corresponding to the OTF—NP conjugates
always showed a colocalization of the fluorescence signal arising
from the OTFs and the optical absorption arising from the
inorganic cores (either red-violet for gold Au or brown for
y-Fe;03) and therefore provided a straightforward indication
of the successful binding of the OTFs to the NPs.
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Panels b and c of Figure 1 are referred to gold NPs bound to
blue-emitting OTFs (named OTF1, A¢,, = 505 nm) and orange-
emitting OTFs (named OTF2, Ae, = 590 nm), respectively,
while panel d refers to y-Fe,O3 NPs bound to orange-emitting
OTFs (OTE2).

As a control experiment, bare polymer-coated NPs were
mixed with NHS—OTFs. Since these NPs lacked primary amino
groups, they should not be able to bind to the NHS—OTF
molecules. For this reason, despite the same reaction conditions
as reported above for preparing the conjugates being followed
in the present case, the final product was washed only partially
in order to avoid complete removal of the free OTFs. When
this control sample was finally run on the agarose gel, the
fluorescent band was not colocalized with the adsorption band
of the NPs and as expected its migration on the gel corresponded
to that of the free OTF (see, for instance, Figure 5s of the SI),
so no binding occurred. A further gel migration control, which
allows us to confirm the binding between the OTFs and the
NP, is given by the comparison of the gel migration of
the OTF—NP and that of free OTFs in water (for this purpose
the OTFs were transferred from DMSO into water, see SI for
details). The migration behavior of these free OTFs was different
from that of the corresponding OTFs bound to the NPs (it was
either faster as OTF1 or slower as OTF2) (see Figure 6s of the
SD).

To asses the binding stability of the OTF—NP conjugates
we performed a gel extraction and dialysis study, as described
in the SI. After applying this procedure and running again the
dialyzed OTF—NP conjugates through an agarose gel, colocal-
ization of the UV and visible bands also in this case confirmed
the stability of the binding between the NPs and the OTF as
the conjugates could stand this procedure while unspecifically
bound OTFs would detach from the NPs and pass through the
membrane pores (these results are reported in Figure 3s of the
SD).

3.2. Optical Properties of the Conjugates. The optical ad-
sorption spectra of the conjugates did not show any significant
variation with respect to those of the initial NPs (Figure 7s of
the SI) as they were mainly dictated by the wide and intense
adsorption of the inorganic NP cores in the wavelength range
where the OTF molecules also adsorb. The PL profile of the
OTF—NP conjugates which were solubilized in water showed,
on the other hand, a blue shift with respect to the PL spectrum
of the free OTF in DMSO. The entity of this shift depended
actually on the type of OTFs considered (being largest for blue-
emitting OTFs), while it did not seem to depend on the type of
NP to which the OTFs were bound (see Figure 2). The shift
was about 65 nm for both OTF1—Au and OTF1—y-Fe,03
conjugates and about 18 nm for both OTF2—Au and OTF2—y-
Fe,O3 conjugates. The shift in the maximum of the emission is
likely due to a variation in structural conformation of the OTFs
when they are linked to the NP surface with respect to their
unbound state in solution.

Interestingly, if the water-soluble OTF1—Au and OTF2—Au
conjugates were dialyzed against DMSO, they could be
transferred back in DMSO in which they also remained stable
and did not undergo any aggregation. We also compared the
PL spectra of the OTF—NP conjugates in the aqueous buffer
and of the same conjugates in DMSO at the same nanoparticles
concentration (i.e., same optical density at 515 nm). In the case
of the OTF1—Au we did not observe any shift of the PL profile
when passing from water to DMSO, whereas an increase of
the PL signal was actually recorded (see Figure 3 a). The
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Figure 2. Comparison of emission spectra of OTF1 and OTF2 in DMSO
to those of the respective OTF—NP conjugates for (a) gold and (b) iron
oxide NPs in water. In all cases the conjugates showed a significant blue
shift in the maximum of the emission peak with respect to that of the free
OTFs.

maximum of the emission peak for OTF1—Au conjugates both
in water and in DMSO was blue shifted as compared to the PL
emission from the free OTF1 in DMSO. This feature might
indicate that once the OTF1 molecule is linked to the NP it
switches to a conformation that is not influenced by the solvent
(whether water or DMSO) as no major shift of the PL peak
position is observed in the two solvents.

Also, by comparing the PL peak profiles of the conjugates
to that of the free OTF1, we could confirm the stability of the
linkage between the OTF1 and the NP as again the spectra of
the conjugates in water and DMSO are both shifted with respect
to that of the free oligothiophene.

The interaction of the conjugate with the solvent can have a
significant effect on the emission intensity as an increase of
the fluorescent signal is observed when passing from water to
DMSO. This behavior is however not general. In the case of
the OTF2—Au conjugates, for instance, their transfer from water
to DMSO was accompanied by a red shift of about 30 nm in
the PL peak position and an increase in the fluorescent signal
was again observed (Figure 3b). This behavior might be due to
a different conformation taken by the OTF2 linked to the NP
when the conjugate is dissolved in water with respect to when
it is dissolved in DMSO. It is nonetheless remarkable that the
PL peak profile of the OTF2—NP conjugate in DMSO is still
shifted with respect to that the free OTF in DMSO.

3.3. Dynamic Light Scattering Characterization. The binding
of the OTF to the NPs was assessed further by determining the
average hydrodynamic diameter of the NPs at each step of the
conjugation (polymer-coated NPs, diamino-PEG-functionalized
NPs, and OTF—NP conjugates) by means of dynamic light
scattering measurements. We found that each of these steps led
to an increase in the average hydrodynamic diameter of the NPs.
Also, larger increases in NP diameters after the first step of
surface anchorage of diamino-PEG molecules could be cor-


http://pubs.acs.org/action/showImage?doi=10.1021/ja800102v&iName=master.img-001.jpg&w=220&h=244

Nanostructures Based on Inorganic Nanoparticles and Oligothiophenes

ARTICLES

1000, 4a) OTF1 Emission | — OTF1-PEGBIT-Au in buffer
] — OTF1-PEGAST-Au in DMSO
; oy | —oTFiinoumso

800 - b)

OTF2 Emission — OTF2-PEGES7-Au in buffer
700 N — OTF2-PEGE97-Au in DMSO
Vol i e ~OTF2 in DMSO

500 550 600 650 700 750 sol
gl AL

Figure 3. Comparison of emission spectra of OTF1—Au (a) and OTF2—Au (b) dissolved in both DMSO and aqueous buffer with respect to that of the free
OTF molecules in DMSO. While for the OTF1—Au there was no shift of the conjugates when the buffer was exchanged from water to DMSO, in the case
of OTF2—Au conjugates a red shift of 30 nm was observed. In both cases however when exchanging the solvent from water to DMSO an increase in the
PL signal was observed (the spectra were recorded at the same Au nanoparticle concentration).

Table 2. Average Hydrodynamic Diameters (as determined via
DLS) of Polymer-Coated NPs, Diamino-PEG-Functionalized NPs,
and OTF—NP Conjugates, for Samples Characterized by Different
Types of Inorganic Cores (Either Au or I'-Fe;O3), and Molecular
Weights of the Diamino-PEG Molecules®

sample name size (nm)
]/-F6203-PC 17.9 £0.3
y-Fe,03-PEG3400 241+0.5
y-Fe,03-PEG3400-OTF2 269+ 1.8
Au-PC 105+ 1.8
Au-PEG2000 195+ 14
Au-PEG2000- OTF2 21.0+ 1.7
Au-PEG3000 214+1.2
Au-PEG3000- OTF2 23.1+19
Au-PEG3400 20.6 £1.3
Au-PEG3400- OTF2 233+1.8
Au-PEG6000 295+19
Au-PEG6000- OTF2 327+19

“By increasing the molecular weight (i.e., chain length) of the
diamino-PEG molecules attached to the NPs, larger diameters were
measured, while almost the same increase in the hydrodynamic diameter
(between 1.5 and 2.8 nm) for all types of diamino-PEG-functionalized
NPs was recorded when OTF molecules were anchored to them.
related straightforwardly to the length of the diamino-PEG
molecules employed (hence to their molecular weight, see
Table 2).

In the following step of OTF functionalization, binding of
the same OTF to the NPs functionalized with PEG molecules
having different molecular weights led, on the other hand, to a
constant increase in diameter, which corresponded to an increase
in size between 1.5 and 2.8 nm, and this did not depend on the
type of diamino-PEG-functionalized NPs.

3.4. Stability of the Conjugates and Magnetic Response. TEM
images of the OTF—NP conjugates showed no remarkable signs
of aggregation on the carbon support film of the TEM grids. In
addition, no noticeable differences in the type of patterns formed
on the film either on average interparticle distance could be
observed when comparing TEM images of NPs before and after
conjugation to OTFs, which confirmed that the conjugates are
based on individual NPs and that no major structural or
aggregation effects take place as a result of the conjugation
reaction. (Figure 1s, SI). Also, salt and pH stability tests led us
to conclude that the OTF—NP conjugates do not precipitate
under physiological conditions (pH 7 and 114 mM NacCl) and
that they are stable in a pH range from basic (pH 9) to acidic
(pH 3) conditions.

The fluorescence stability of the conjugates, on the other hand,
was assessed via comparison with that of fluorescein-based NPs

conjugates that were prepared by reacting diamino-PEG-
functionalized NPs with NHS—fluorescein (data not shown).
We could observe that while fluorescein—NP conjugates
underwent a complete loss of fluorescence already a few days
after their preparation, the OTF—NPs conjugates, specifically
those based on the OTF1 and OTF2 samples, could be stored
for several months without undergoing any degradation of the
fluorescent properties.

Besides the oligothiophene OTF1, emitting in the blue, and
OTEF2, emitting in the orange, which were thoroughly investi-
gated and shown to be stable dye molecules for preparation of
such hybrid fluorescent magnetic conjugates and gold-based
conjugates, we also tested the conjugation of NPs with other
OTF molecules. Through these experiments we could conclude
that we were able to link successfully most of the OTF
molecules to the NPs (see Table 1s, SI).

In a few cases the conjugation reaction between diamino-
PEG-functionalized NPs and the OTF molecules did not occur,
as formation of the conjugates could not be confirmed by gel
electrophoresis. In these cases, the fluorescence signal from the
OTF could be detected only in the loading well. This occurred,
for instance, with the OTF sample named OTF8 (see Figure 4s,
SI), for which it is likely that the poor availability of the NHS
group and its molecular structure render this specific OTF
molecule scarcely accessible to the nanoparticle and also poorly
soluble in water. We believe that these were critical parameters
for the failure of the linking reaction. In other cases although
the conjugation reaction to the NPs was successful, as confirmed
by colocalization of the bands on the agarose gel, a loss of
fluorescence of the conjugates was observed if they were
exposed to the UV lamp for a time longer than 10 min (see
Table 1s, SI, for the case of OTF4- and OTF5-based conjugates).
In these cases we concluded that the stability of the OTF—NP
conjugates was related to the structure of the specific OTF under
study and the conformation that it took once linked to the NPs.
In the case of OTF4 and OTFS, for instance, we can speculate
that the binding of these molecules to the NPs modifies their
configuration such that they are now characterized by a lower
degree of p-electron conjugation (i.e., lower fluorescence) and
that presumably this change adversely affects their photostability.

In the case of the OTF—y-Fe,03 conjugates, the magnetic
response was macroscopically observed by placing a small
magnet close to a vial containing the solution of conjugates. A
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Figure 4. Magnetic response of OTF2—iron oxide conjugates. A solution
of conjugates was promptly attracted to the NdFeB magnet placed close to
the vial. The images of the conjugates were taken under visible light (a),
which evidenced the adsorption color of iron oxide NPs, and under UV
light exposure (b), by which the fluorescence of the OTFs could be seen.

10 nM [ 50 nM | 100 nM

Figure 5. Confocal microscopy images of KB cells doped with OTF2—iron
oxide conjugates at different concentrations: (a and d) 10 nM, (b and e) 50
nM, and (c and f) 100 nM. (a—c) Acquired under excitation by the 488 nm
line of an argon laser using a 605 £ 15 nm filter. (d—f) Acquired under
bright field exposure.

sudden noticeable attraction of the conjugates to the lateral wall
of the vial, where the magnet was positioned, could be observed
(Figure 4).

As a general remark about the protocol that we developed to
attach OTFs to NP we should point out that although our
procedure involved different reaction steps and different puri-
fication steps and time lapses required per each step, the
chemical and physical stability of the resulting conjugates is
high (as confirmed by optical absorption and emission spectra,
gel electrophoresis runs, TEM analysis, and pH and salt stability,
which were run periodically on stored samples).

3.5. Cell Studies Based on OTF—NP Conjugates: Cell Up-
taking, Fluorescent and Magnetic Behavior, and Biocompat-
ibility. Figure 5 reports representative images of cell samples
to which solutions of OTF2—y-Fe,O3 conjugates (at concentra-
tions of conjugates equal to 10, 50, and 100 nM) had been
administered. The concentration of the conjugates added to the
culture media was referred to that of the NPs. The set up
parameters used for imaging the three samples were identical.
Figure 5a, 5b, and 5c shows the fluorescent signals detected at
605 nm emission due to the OTF2, while Figure 5d, Se, and 5f
shows the corresponding bright field images. From a qualitative
point of view, we could appreciate a difference in the intensity
of fluorescence when comparing the results of the three
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experiments carried out at different concentrations of conjugates.
This gave us an indication of the increasing nonspecific uptaking
by the cells. Furthermore, in all these experiments the cells
preserved a normal morphology and no alteration of the cell
functions was recorded. Also, the fluorescence images showed
that already at a conjugate concentration of 10 nM the
fluorescence signal was strong enough within the doped cells
(Figure 5). A z-scan study was performed in order to localize
the conjugates within cells (Figure 6). By focusing on the lower
plane of the cells that were adherent to the substrate and moving
up along the z axis with a step size of 2 um, we could capture
the fluorescent signal distribution under excitation by blue light.
An intense fluorescence was localized just at the middle height
of the cells, where the cytoplasm is located. This clearly
indicated an intracellular storage of the conjugates within the
cell and not at their membrane surface.

Besides the maintenance of the fluorescent signal within the
cells (once the conjugates had been uptaken by the cells) it was
important to evaluate the cytotoxicity effect of the conjugates.
To this aim we used the standard MTT test, as described in the
Experimental Section.”” This was carried out on the individual
components that formed the conjugate (i.e., both the diamino-
PEG-functionalized NPs and the free NHS—OTFs transferred
in water) and on the final OTF—NP conjugates as a function of
the concentration administered to the culture medium. The
results are reported in Figure 7. The trends show clearly that in
all cases studied the cell mortality rate increased as a function
of the concentration added to the media both for the individual
components and for the conjugates. Also, at concentrations
higher than 50 nM the toxicity of the resulting conjugates was
more pronounced than that of the individual components,
therefore indicating that the presence within the same nano-
structure of both the NPs and the OTFs leads to a synergetic
toxic effect on cells.

The increased toxicity of the conjugates with respect to the
bare components was less pronounced for y-Fe,Os-based
conjugates than for gold-based ones. In general, a reduced
cytotoxicity of the OTF—y-Fe,O3 conjugates was observed (with
a mortality rate lower than 20%) when the concentration of the
administered conjugates was lower than 100 nM. It is not
straightforward to compare the toxicity of our conjugates with
that of other iron oxide- or gold-based nanostructures reported
so far in the literature. This is mainly because several parameters,
including the size of the NPs, the specific type of NP coating,
the type of cells studied, and so on, can have a strong effect on
the overall cytotoxicity. We can say however that the toxicity
of our particles is on the same order of magnitude as that found
in several relevant works in the field,”*~’> although the NP size
and coating as well as the types of cells studied in those reports
differed from the ones examined in the present work. However,
the cytotoxicity found for our conjugates does not prevent
application of the OTF—NP nanostructures for cellular studies.

It is worth noting that the concentration for the OTF—NP
conjugates was referred to the NPs concentration, while for the
free OTF we considered a concentration range 20 times higher
than that of the NPs. This estimate was based on previous
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Figure 6. Confocal microscope z-scan sections of KB cells doped with 50 nM OTF2—iron oxide conjugates. The images were acquired with a step size of
2 um. Here, from left to right (panels a—e and f—j), we only show images of sections separated from each other by a step size of 14 um. The images of
panels a—e were acquired using the 488 nm line of an argon laser and a 605 & 15 nm filter, whereas the images of panels f—j were acquired under bright

field exposure.
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Figure 7. Cytotoxicity assay of gold- (a) and iron oxide- (b) based
conjugates on KB cells. The viability trends (via the MTT assay) were
obtained by administering different concentrations of individual components
(i.e., either PEG-functionalized NPs or OTFs in water) and OTF—NP
conjugates. Administered concentrations were between 1 and 200 nM for
both NPs and OTF2—NP conjugates and between 20 and 4000 nM for the
free OTF2 in water.

experimental evidence’® according to which the number of PEG
molecules attached per NP under the conditions described in
the Experimental Section is between 15 and 20, and thus, an
equivalent number of NHS—OTF molecules is expected to be
linked to the NP surface (as we performed the conjugation
reaction in the presence of a large excess of OTF molecules
per NP).

To demonstrate the application of OTF-based conjugates in
multiplexing labeling of cells we mixed together the samples
of KB cells doped, respectively, with OTF1—y-Fe,O3 and
OTF2—y-Fe,03 and imaged them under a confocal microscope.

Figure 8. Typical confocal image of KB cells doped, respectively, with
OTF1—y-Fe;0O3 (blue-emitting cells) and OTF2—y-Fe;O3; conjugates
(orange emitting cells). The image was obtained by merging the phase
contrast image and the fluorescent image (the latter was taken with
acquisition channels at 450 £ 20 nm for OTF1—y-Fe,O03 and 620 + 20
nm for OTF2—y-Fe,03, respectively, and using a 405 nm excitation laser).

We used the same wavelength of excitation, which corresponded
to 405 nm, and we acquired the fluorescent signals of the blue-
emitting OTF1—y-Fe,O3 conjugate in the 450 &+ 20 nm spectral
range and the orange-emitting OTF2—v-Fe,O3 conjugate in the
620 £+ 20 nm spectral range. As observed in Figure 8, it is
possible to image both the orange and blue fluorescent cells
using a single excitation source, which clearly represents an
advantage of our OTF—NP conjugates in multiplexing experi-
ments with respect to standard organic dyes.

The study of the magnetic response of KB cells doped with
OTF—y-Fe,O3 was carried out by culturing the doped KB cells
in a Petri dish under which a small magnet had been placed
followed by exchange with fresh buffer, as described in the
Experimental Section. Typical images of the adherent cells in
the region above the magnet and far from this zone are shown
in Figure 9. We observed, both in contrast phase and in
fluorescence mode, that there were more adherent cells in the
region underneath which the magnet had been placed than far
from this region. This indicated clearly that the doped cells had
been attracted by the magnet. It is worth noting that we used
an adherent cell lineage as we wanted to look only at adhering
cells cultured in the presence of the magnet, and therefore, the
statistical study was carried out only on those cells. Indeed, the
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Figure 9. Magnetic assay on KB cells doped with OTF2—y-Fe,03
conjugates. Doped KB cells were cultured in the presence of a small magnet
placed underneath a Petri dish. After an incubation time of 24 h at 37 °C
and after the medium had been exchanged with fresh medium to remove
the cells in suspension, images were taken both in the region underneath
which the magnet had been placed (a and b) and far (1.5 cm) from this
region (c and inset). Images a and ¢ were taken under bright field while
image b and inset of image ¢ were taken under UV exposure.(d) Statistical
analysis of doped KB cells attracted by the magnet versus the incubation
time. The graph describes the ratio between the cells counted in the region
where the magnet was placed with respect to a control sample (doped cells
seeded at the same density but in the absence of the magnet) as a function
of the incubation time.

number of total cells that could be imaged on top of the magnet
before removing the cells left in suspension (i.e., before
exchanging the media) was much higher than that after exchange
with fresh medium (see, for instance, Figure 9s, SI) since in
the latter case only the cells adhering to the substrate remained
and could be imaged. Although in fact the magnet attracts a
large number of cells, not all of them find a place to adhere on
the substrate once the first layer of cells has coated the surface
area available on the Petri dish. As observed both in bright field
and in fluorescent mode, several clusters of cells are visible on
a plane higher than the plane of the adhering cells (Figure 9s,
SI).

The number of adhering cells in the region above the magnet
was compared to that of control samples in which doped cells
had been cultured under the same conditions except that no
magnet was placed underneath the dish. We report in Figure
9c the ratio of cells entrapped in the region on top of the magnet
with respect to that of the control sample for KB cells doped
with OTF2—y-Fe,03 conjugates (with PEG897 as PEG mol-
ecules attached to the nanoparticle surface) as a function of the
incubation time. We observed that the extent of attraction was
related to the incubation time as the maximum effect of the
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magnet attraction was observed over a longer incubation time.
After 24 h of incubation the ratio of adherent cells in the area
on top of the magnet to those of the control experiment was
around 2.5.

A similar behavior was also observed for the other OTF—NP
conjugates (data not shown). While this enrichment factor might
seem low, we should point out that we counted only adherent
cells and discarded all those cells that during incubation had
moved in the area close to the magnet but could not adhere to
the substrate and remained instead in solution (and as such were
washed away, see Figure 9s, SI). The cell response to the magnet
however took some hours, and this is due to several reasons.
First, our test was based on single colloidal iron oxide NPs with
a diameter equal to 8 nm, which therefore have a small magnetic
moment, and in addition the field generated by the magnet was
only equal to 1.3 T. Furthermore, it is clear that the tumor cells
are preferentially accumulated close to the magnet only if they
uptake the conjugates. In this respect, the influence of PEG
molecules, which reduce the nonspecific uptaking by the cells,
should be responsible for the slow response to the magnet. A
study is in progress in our group on the quantification of the
intracellular amount of conjugates engulfed by the cells as a
function of the PEG molecules used for preparing the OTF—NP
conjugates. We should point out, on the other hand, that reduced
nonspecific uptaking will be desirable whenever specific target-
ing experiments will be carried out.

4. Conclusions

In summary, we presented a rational design for the preparation
of OTF—NPs conjugates mediated by diamino-PEG molecules
that act as bridging molecules. In the reaction scheme developed
to prepare such conjugates (Figure 1a) we could vary indepen-
dently the type of inorganic NPs (we reported here results for
both gold and iron oxide NPs, but the scheme should be
extendable to other types of NPs easily), the molecular weight
of the PEG molecules (therefore the surface properties of the
conjugates), and the type of OTF molecules as well (hence, the
emission color of the conjugates).

The stability of the linkage between NPs and OTFs was
established by several techniques, such as gel electrophoresis,
PL measurements, and dynamic light scattering. Furthermore,
the average hydrodynamic diameters of the conjugates, always
below 33 nm, along with TEM characterization indicated a
substantial absence of aggregation. The pH and salt tests allowed
us to verify the stability of the conjugates under physiological
conditions and suggest the suitability of such fluorescent—magnetic
conjugates for in vivo applications. For this purpose in fact
longer blood circulation times are required, and these are
strongly related to the size of the specific nano-object, its
monodispersity, and its physiological stability. In addition, one
important advantage of the present OTF—NP conjugates is that
they can be prepared well before their intended use as they can
be stored for several months without compromising their
fluorescent and magnetic properties.

In this study we focused mainly on the interaction of
magnetic—fluorescent conjugates based on OTF—y-Fe,0O3 con-
jugates with tumor cells and also on their response to an external
magnetic field. Once taken up by the tumor cells, the conjugates
have been shown to be promising tools for combined optical
detection and magnetic separation/delivery experiments. The
fluorescence signal was clearly detectable even when the
concentration of the conjugates in the solution that was
administered to the cells was such that the mortality of the cells
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was less than 20%, at least for the iron-based conjugates (with
an administered concentration below 100 nM).

In addition, by performing a multilabeling experiment we
could demonstrate the suitability of OTFs—NP conjugates in
multiplexing experiments in which just one single excitation
wavelength is required. Finally, the possibility to reduce the
specific uptaking of these conjugates by choosing the right PEG
molecules makes them appealing in a future study for the
receptor surface functionalization and specific targeting and
testing them in in vivo systems on animal models. Experiments
are currently under way in our group in this direction.

Supporting Information Available: TEM images of the bare
NPs and conjugates, further gel characterization including some
control experiments, gel extraction and dialysis procedure,
absorption and emission spectra of the conjugates, and fluo-

rescent and phase contrast images of the magnetic assay;
absorption, emission, and FT-IR spectra and gel characterization
of free OTFs are also included. This material is available free
of charge via the Internet at http://pubs.acs.org.
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