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I
n the past decade, significant achieve-
ments have been witnessed in the field
of nanotechnology, especially inmaterial

science, electronics, photonics, supramolecu-
lar assemblies and drug delivery. In particular,
themedical application of nanotechnologies,
usually termednanomedicine,1�7 has given a
crucial impulse to thedevelopment of various
types of drug-loaded nanocarriers. A great
deal of effort is now focused on the engineer-
ing of nanoparticulate systems able to
serve as efficient diagnostic and/or therapeu-
tic tools against severe diseases, such as
cancer or infectious or neurodegenerative
disorders.1,8�19 Among the different classes
of materials suitable for drug delivery pur-
poses, nanoparticles (NPs) based on biode-
gradable polymers have attracted much
attention1,8 due to the flexibility offered
by macromolecular synthesis methods, the
almost infinite diversity of polymer composi-
tions and their ease of functionalization.
However, polymeric nanocarriers designed
for drug delivery purposes need to fulfill
various criteria that are rarely met in a single
colloidal system. Thus, the conception of flex-
ible nanomedicine platforms represents an
urgent need in the field. Ideally, they should
(i) be biocompatible/biodegradable to allow
safe administration; (ii) exhibit stealth proper-
ties to escape the immune response; (iii) be
functionalized with fluorescent or radioactive
probes for traceability/localization purposes
and, above all, (iv) display at their periphery
suitable ligands in order to achieve the
“active targeting” to specific cells or tissues.

In addition, the versatility of the envisaged
nanoconstructs toward different pathologies,
simply by changing the nature of the exposed
ligand, may be a highly desirable advantage
to engineer a universal nanocarrier.
In this context, biodegradable poly(alkyl

cyanoacrylate) (PACA) nanoparticles hold
great promise as they have demonstrated
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ABSTRACT A versatile and efficient functionaliza-

tion strategy for polymeric nanoparticles (NPs) has been

reported and successfully applied to PEGylated, biode-

gradable poly(alkyl cyanoacrylate) (PACA) nanocarriers.

The relevance of this platformwas demonstrated in both

the fields of cancer and Alzheimer's disease (AD). Prepared by copper-catalyzed azide�alkyne

cycloaddition (CuAAC) and subsequent self-assembly in aqueous solution of amphiphilic

copolymers, the resulting functionalized polymeric NPs exhibited requisite characteristics for

drug delivery purposes: (i) a biodegradable core made of poly(alkyl cyanoacrylate), (ii) a

hydrophilic poly(ethylene glycol) (PEG) outer shell leading to colloidal stabilization, (iii)

fluorescent properties provided by the covalent linkage of a rhodamine B-based dye to the

polymer backbone, and (iv) surface functionalization with biologically active ligands that enabled

specific targeting. The construction method is very versatile and was illustrated by the coupling of

a small library of ligands (e.g., biotin, curcumin derivatives, and antibody), resulting in high

affinity toward (i) murine lung carcinoma (M109) and human breast cancer (MCF7) cell lines, even

in a coculture environment with healthy cells and (ii) the β-amyloid peptide 1�42 (Aβ1�42),

believed to be the most representative and toxic species in AD, both under its monomeric and

fibrillar forms. In the case of AD, the ligand-functionalized NPs exhibited higher affinity toward

Aβ1�42 species comparatively to other kinds of colloidal systems and led to significant

aggregation inhibition and toxicity rescue of Aβ1�42 at low molar ratios.

KEYWORDS: nanoparticles . poly(alkyl cyanoacrylate) . Alzheimer's disease .
cancer . Aβ peptide . targeting
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significant preclinical results in multiple pathologies
such as cancer20 and severe infections (viral, bacter-
iologic, and parasitic)21 as well as in several metabolic
and autoimmune diseases.22 Currently in phase III
clinical trials, doxorubicin-loaded PACA NPs (i.e.,
Transdrug) have shown improved survival and safety,
comparatively to the standard treatment in patients
with multidrug resistance (MDR) hepatocarcinoma.23

Their additional coating with poly(ethylene glycol)
(PEG) via the use of poly[hexadecyl cyanoacrylate-
co-methoxypoly(ethylene glycol) cyanoacrylate]
(P(HDCA-co-MePEGCA)) amphiphilic random copoly-
mer that can self-assemble into well-defined NPs,24

not only turns them into long-circulating nanocarriers,
but also enables them to cross the blood�brain barrier
(BBB).25,26 The latter feature makes them potential
drug transporters to the central nervous system
(CNS) for the therapy of CNS-related diseases. How-
ever, despite these numerous benefits, the functiona-
lization of PACA NPs in order to achieve cell/tissue
targeting has been challenging because of the high
reactivity of cyanoacrylate monomers and the marked
tendency of the resulting polymers to hydrolyse and
biodegrade.27

Herein is reported the design of a versatile and
multifunctional targeted PACA nanoparticulate plat-
form and its successful in vitro application in two dis-
eases, namely cancer and Alzheimer's disease (AD), the
most common elderly dementia, affecting 35 million
people worldwide. While cancer therapy is still an
active challenge due to the difficulty of targeting
cancer cells, the mechanism involved for AD is still
under debate, which hampers any clear and effective
therapeutic response. With this in mind, we designed
a common colloidal system for which the flexibility of

the synthetic strategy allowed ready adaptation of the
targeting to the desired pathology simply by choosing
the appropriate ligand. In this system, all the required
features for drug delivery purposes and cell targeting
are gathered: (i) a biodegradable poly(alkyl cyano-
acrylate) core,28 (ii) a PEG outer shell leading to
stealth/stabilization features, (iii) fluorescent proper-
ties provided by the covalent linkage of a rhodamine
B-based dye to the polymer backbone, and (iv) biolo-
gically active ligands displayed at their surface for
active targeting (Figure 1).
To accomplish specific disease targeting, we devel-

oped two original routes. For cancer, whereas folic acid
has been extensively employed as cancer cell homing
device,29�31 we used here biotin as a ligand32 to sel-
ectively target different cancer cell lines (i.e., human
breast carcinomaMCF7 andmurine lung cancer M109)
via a biotin receptor-mediated uptake, which has
scarcely been studied and may open new therapeutic
avenues toward cancer therapy. Regarding AD, we
functionalized the NPs with either curcumin deriva-
tives, known for their potential role in the prevention
and treatment of AD,29�31 or with a novel specific
antibody, via the biotin/streptavidin binding strategy,
in order to bind not only the β-amyloid peptide 1�42
(Aβ1�42) monomer, a biomarker of AD, but also Aβ1�42

fibrillar aggregates, usually located in AD brains. Be-
yond the report of a new methodology for multifunc-
tional NPs construction, this also represents the first
example of targeted polymeric NPs for therapeutic
application in AD.

RESULTS AND DISCUSSION

Design of a Versatile Nanoparticulate Platform. Multifunc-
tional and biodegradable PACA NPs exhibiting stealth,

Figure 1. Design of functionalized, PEGylated and biodegradable poly(alkyl cyanoacrylate) (PACA) nanoparticles for specific
targeting in the fields of cancer and Alzheimer's disease (AD).
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fluorescent, and targeting abilities were synthesized
by a combination of (i) copper-catalyzed azide�
alkyne cycloaddition (CuAAC)33 to covalently attach
the ligand of interest; (ii) copolymerization of different
monomer species to introduce the desired features
(fluorescence, targeting moiety, hydrophobicity/
hydrophilicity), and (iii) self-assembly in aqueous solu-
tion of the resulting amphiphilic copolymers (Figure 2).
Practically, a heterobifunctional azidopoly(ethylene
glycol) (N3PEG) was first derivatized with the selected
ligand by CuAAC using CuSO4/sodium ascorbate as
the catalytic system and turned into its cyanoacet-
ate derivative (Ligand-PEGCA) under DCC-assisted
chemistry. This functionalized building block was
then terpolymerized with varying amounts of MePEG-
CA andHDCA by tandemKnoevenagel condensation�
Michael addition24 to afford the corresponding ligand-
containing P(MePEGCA-co-Ligand-PEGCA-co-HDCA)
amphiphilic copolymer. Its concomitant self-assembly
in aqueous solution with a rhodamine B-tagged
P(HDCA-co-RCA-co-MePEGCA) copolymer34 allowed
the production of the desired colloidal nanocarrier.
The versatility of this methodology was illustrated by
the synthesis of a small library of biologically active

ligands in order to target cancer and Alzheimer's
disease.

The use of biotin as a biologically active ligand
recently appeared as an elegant way to target cancer
cells,32,35 and represents an original alternative to the
extensive use of folic acid toward tumor overexpressed
folate receptors. In this view, we prepared PACA
NPs functionalized with biotin (VB7) via the synthesis
of a P(HDCA-co-VB7PEGCA-co-MePEGCA) copolymer
following the synthetic pathway described in Figure 2.
The stoichiometry was chosen so as to achieve a
copolymer with 20% of biotinylated PEG chain-ends.
A 50/50 P(HDCA-co-VB7PEGCA-co-MePEGCA)/P(HDCA-
co-RCA-co-MePEGCA) copolymer blendwas then coself-
assembled in aqueous solution to yield a stable suspen-
sion of fluorescent NPs exhibiting 10% of biotin at the
extremity of the PEG chains (N1, Table 1). This amount
was selected in order to display a sufficient amount of
biotin while not altering stealth/stabilizing properties.

A similar strategy was followed with curcumin
derivatives in order to target Aβ1�42 peptide and
the corresponding fibrils. It has recently been shown
that curcumin, a major component of the yellow
curry spice turmeric, presents potent antioxidant and

Figure 2. Synthetic pathway to prepare fluorescent, PEGylated and biodegradable poly(alkyl cyanoacrylate) nanoparticles
functionalized with biotin (VB7) or curcumin derivatives (CurA and CurB).

A
RTIC

LE



LE DROUMAGUET ET AL . VOL. 6 ’ NO. 7 ’ 5866–5879 ’ 2012

www.acsnano.org

5869

anti-inflammatory activities,36 but is also able to bind
Aβ and to disaggregate Aβ plaques, as well as to
prevent fibril and oligomer formation.37�39 Structure�
activity relationships of Aβ-aggregation using curcu-
min derivatives also revealed that subtle changes in
the structure led to severe variations of activity.40

Therefore, two curcumin derivatives (CurA and CurB)
were equippedwith an alkynemoiety and employed in
the synthetic pathway depicted in Figure 2 to achieve
the corresponding curcumin-functionalized NPs (N2
and N3, respectively, Table 1). Whereas the alkyne
group was positioned on one aromatic ring for CurA,
allowing conformation mobility, the conformation of
CurB was blocked via the formation of a N-hetero-
nuclear pyrazole ring bearing the alkyne moiety. The
initial stoichiometry of the reactant was chosen so as to
give NPs with 5mol % of PEG chain functionalized with
curcumin.

NPs were characterized by dynamic light scattering
(DLS) and transmission electron microscopy (TEM).
In all cases, NPs N0�N3 were obtained with average
diameters in the 85�106 nm range together with
rather narrow particle size distributions (Table 1 and
Supporting Information, Figures S1�S4). Long-term
stability was also assessed over a period of three days
in water and in cell culture medium (endothelial cell
basal medium supplemented with fetal bovine serum
5%, hydrocortisone 1.4 μM, basic fibroblast growth
factor 1 ng 3mL�1, pen-strep 1%, and HEPES 10 mM),
the later being a relevant medium since biomedical
applications are envisioned (see Supporting Informa-
tion, Figure S5). ζ-potential measurements for NPs
N1�N3 showed negative values from �7.9 to�16.2 mV
(Table 1). The presence of ligand at the surface of the
NPs only slightly affected the colloidal characteristics
but led to a decrease of the absolute surface charge as
compared to nonfunctionalized NPs (N0), which is a
strong indication regarding the effectiveness of the
surface modification and the ligand exposure.41 TEM
images, with or without negative staining, revealed
spherical-shaped nanoparticle suspensions with average
diameters and particle size distributions in good agree-
ment with DLS data (Supporting Information, Figure S6).

Biotin Receptor-Mediated Cancer Cell Targeting. Targeting
of Cancer Cells. Two cancer cell lines (MCF7 human
breast adenocarcinoma cells and M109 murine lung

cancer cells), which both overexpress biotin receptors
on their surfaces,32,35 were chosen to evaluate the
tumor targeting ability of the biotin-functionalized
NPsN1. The NPs were added to cells cultured on 6-well
plates to target a final nanoparticle concentration
of 100 μg 3mL�1. It is shown in Figure S7 (Supporting
Information) the absence of any cytotoxic effect of
both nonfunctionalized (N0) and biotinylated (N1)
NPs for both cell lines at concentrations up to 250
μg 3mL�1. After incubation at different time intervals,
the cells were collected for analysis of rhodamine B
fluorescence by flow cytometry. The internalization of
biotinylated NPs N1 in both cancer cell lines appeared
to be about 3-fold higher after 10 h of incubation
comparatively to the nonbiotinylated NPs N0 (Figure
3a and 3b). This result clearly indicated the efficient
internalization of targeted NPs in MCF7 and M109
cancer cells.

When cells were incubated with NPs N1 for 5 h at
4 �C instead of 37 �C, the cell fluorescence intensity
dramatically decreased (Figure 3c,d), suggesting that
the biotin-functionalized NPs were internalized via

endocytosis. Moreover, when cells were preincubated
with free biotin (2 mM, 1 h) to saturate the biotin
receptors on the cancer cell surface before the addition
of NPs N1 (100 μg 3mL�1, 37 �C, 5 h), a substantial
decrease in fluorescence (by factors of 5 and 8, respec-
tively, for M109 and MCF7 cell lines) was observed
(Figure 3c,d), which confirmed a specific receptor-
mediated endocytic pathway. Interestingly, when
uptake experiments were perfomed with murine leu-
kemia (L1210) cells for which biotin receptors are not
overexpressed, it resulted in a poor internalization,
thus highlighting the robustness of the targeting path-
way (Supporting Information, Figure S10a,b).

The cell uptake and internalization of targeted
fluorescent NPs suggested by flow cytometry experi-
ments was confirmed by fluorescence microscopy. As
shown in Figure 4, after 5 h incubation, biotinylated
NPs N1 (rhodamine B red staining) significantly accu-
mulated into the MCF7 cell cytoplasm (Ph-FITC green
staining) contrary to nonfunctionalized NPs N0 which
barely entered the cells. In addition, the covalent
attachment of the rhodaminemoiety to the copolymer
conducted to a fine fluorescent signal, as opposed
to a typical diffuse signal when hydrophobic dyes

TABLE 1. Compositions and Colloidal Properties of Functionalized and Nonfunctionalized PEGylated Poly(alkyl

cyanoacrylate) Nanoparticles

expt. nanoparticle compositiona average diameter (nm)b particle size distributionb ζ-potential (mV)

N0 P(HDCA-co-MePEGCA) þ P(HDCA-co-RCA-co-MePEGCA) 106 ( 3.0 0.160 �40.2 ( 10.9
N1 P(HDCA-co-VB7PEGCA-co-MePEGCA) þ P(HDCA-co-RCA-co-MePEGCA) 101 ( 1.8 0.116 �7.9 ( 3.6
N2 P(HDCA-co-CurAPEGCA-co-MePEGCA) þ P(HDCA-co-RCA-co-MePEGCA) 85 ( 1.6 0.241 �16.2 ( 3.6
N3 P(HDCA-co-CurBPEGCA-co-MePEGCA) þ P(HDCA-co-RCA-co-MePEGCA) 103 ( 2.8 0.177 �11.7 ( 3.7

a Copolymer blends were 50/50 and concentrations of the nanoparticle suspensions were 2.5 mg 3mL
�1 after self-assembly by the nanoprecipitation technique. b Determined

by dynamic light scattering.
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are encapsulated.34 Not only this confirmed the for-
mation of mixed NPs (i.e., biotinylated and fluorescent

nanocomposites) rather than two independent sets
of NPs, but it also allowed to support an endocytic

Figure 3. Kinetics of cellular uptake of nonfunctionalized (N0) and biotin-functionalized (N1) NPs in MCF7 (a) and M109 (b)
cancer cells exposed to 100 μg 3mL�1 of NPs. Internal rhodamine B fluorescence in cells after 5 h of MCF7 (c) or M109 (d)
exposure to 100 μg 3mL�1 of NPs at 4 and 37 �C in the presence or in the absence of 2mMof free biotin. Statistical differences
are expressed by an asterisk (/) (p < 0.01).

Figure 4. Internalization of rhodamine B-labeled NPs. Fluorescence microscopy images of MCF7 cells showing the cellular
uptake of nonfunctionalized (N0) and biotin-functionalized (N1) NPs (red) after 5 h of incubation. The nuclei were stainedwith
DAPI (blue), phalloidin�fluorescein isothiocyanate (Ph-FITC, green) was used to label F-actin, and the last column represents
the overlay of all types of staining.
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mechanism as fluorescence was mainly localized into
vesicles surrounding the nuclei.

Cytotoxicity against Cancer Cells. The biotin-func-
tionalized (N1) nanoparticles were further tested
in vitro for their therapeutic efficacy against MCF7
cancer cells using encapsulated paclitaxel (Ptx), one
of the most important anticancer agents in clinical
use. The reduction of cell viability caused by nanopar-
ticles N0 and N1, either empty (Ptx-) or loaded with
paclitaxel (Ptxþ) at a concentration of 1.2 μM (see
the Experimental Section and Supporting Information,
Figures S8,S9) is reported in Figure 5. Ptx-loaded,
nonbiotinylated NPs N0 led to a slight reduction of cell
viability, but constant over time, comparatively to empty
nanoparticles, probably due to someburst release of Ptx
in the cell culture medium (the so-called burst effect).
In contrast, biotin-labeled NPs N1 loaded with Ptx
conducted to a significantly higher cytotoxicity at 5 h
incubation compared to their nonbiotinylated counter-
parts N0, which was even more pronounced at 10 h
(<40% cell viability). It is worth mentioning that the half
maximal inhibitory concentration (IC50) was already
reached at 10 h with 1.2 μM of Ptx, thus demonstrating
the high anticancer activity of Ptx loaded into biotin-
functionalized nanoparticles.

Selectivity of the Targeting. Because anticancer
treatments usually lack cell specificity and do not
discriminate healthy cells from cancerous ones, caus-
ing some severe adverse effects, we first performed
uptake experiments using NPs N0 and N1 with non-
cancer human endothelial umbilical vein cells (HUVEC)
not overexpressing biotin receptors (Supporting Infor-
mation, Figures S10c,d). In this case, a poor uptake
was obtained without any noticeable influence of
the temperature or the addition of 2 mM of free biotin,
showing the absence of targeting via the biotin-
receptor-mediated pathway.

The high selectivity of the targetingwas further con-
solidated by a coculture experiment in which healthy
NIH/3T3 cells (stained in green) were cocultured with

cancer MCF7 cells (unstained), and subsequently incu-
bated with NPsN1 (rhodamine B-labeled, red). The aim
was to determine whether healthy cells can be saved
fromnanoparticle recognition and if a specific targeting
toward cancer MCF7 cells can occur. Remarkably, after
2 h, biotin-functionalized, rhodamine-labeled NPs N1
showed a strong internalization in MCF7 cells, whereas
no internalization was noticeable in NIH/3T3 cells
(Figure 6). This high targeting selectivity toward cancer
cells was even observed up to 10 h incubation.

In summary, the presence of overexpressed biotin
receptor at the surface of the human breast adenocar-
cinoma MCF7 and murine lung cancer M109 cell lines
was used to demonstrate the efficient and highly
selective targeting ability of our PACA nanoparticulate
platform, using biotin as the cell-targeting moiety and
rhodamine B as the fluorescent marker.

Targeting Aβ1�42 Monomers and Fibrils. Interaction with

Curcumin-Functionalized NPs. Several studies have re-
ported the functionalization of curcumin on various
monomers or polymer templates by means of the
CuAAC reaction.42,43 So far for colloidal systems, only
functionalization at the surface of liposomes has been
achieved, leading to increased binding affinity toward
Aβ1�42 monomer/fibrils.44

Prior to interaction studies, cell viability assays were
performed by the MTT test in order to determine the
cytotoxicity of curcumin-functionalized NPs N2�N3
on hCMEC/D3 cells. This cell line has been validated
as a unique immortalized in vitromodel of human BBB
and appeared relevant if AD therapy is envisioned.
As depicted in Supporting Information, Figure S11,
no statistical difference in NPs N2�N3 cytotoxicity
was observed up to a copolymer concentration of
50 μg 3mL�1, whichwas comparable to the cytotoxicity
of their nonfunctionalized counterparts N0.

The ability of these nanoconstructs to interact with
the Aβ1�42 peptide was investigated by means of
SPR experiments. To this purpose, the curcuminoid-
functionalized NPs N2 and N3, as well as the corre-
sponding nonfunctionalized counterpart N0, used as
a control, were made to flow over parallel channels of
the same sensor chip immobilizing Aβ1�42 monomers
or Aβ1�42 fibrils. Other parallel channels, naked or
immobilizing BSA, were used as reference surfaces.
As expected with NPs N0 and N2-N3, no binding was
detected onto the two reference surfaces (data not
shown). However, a clear binding signal was observed
for immobilizedAβ1�42, in particular Aβ1�42 fibrils, with
all types of NPs (Figure 7), including the nonfunctiona-
lized ones N0, in good agreement with a preliminary
study showing that PEGylated PACA NPs could interact
to a certain extent with Aβ1�42 monomers.45 Never-
theless, no increase of binding compared to N0 was
observed after NP functionalization with CurA (N2), for
which the curcuminoid was attached to the PEG chain
via an aromatic ring (Figure 7a,b). On the contrary for

Figure 5. Cell viability of MCF7 cells after exposure to
empty (Ptx-) and paclitaxel-loaded (Ptxþ) NPs N0 and N1
at a Ptx concentration of 1.2 μM. Statistical differences are
expressed by an asterisk (/) (p < 0.01).
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NPs N3 displaying CurB, a marked increase of binding
compared to N0 was observed, indicating that the use
of CurB as a ligand conferred additional binding prop-
erties to these NPs toward Aβ1�42 monomers and the
corresponding fibrils. The equilibriumdissociation con-
stant (KD) values of exposed CurB for Aβ monomers
and fibrils were in the submicromolar range, of about
0.8 and 0.3 μM, respectively.

The marked discrepancy concerning the binding
ability of NPsN2 andN3 toward Aβ1�42monomers and

fibrils was further explained by a difference of stability
of the curcumin derivatives in aqueous solution. Non-
modified curcumin is indeed known to be highly
unstable, undergoing rapid hydrolytic degradation in
neutral or alkaline conditions.46 A stability study was
performed with CurA and CurB by means of 1H NMR
in PBS (pH 7.4) and revealed that CurA was totally
degraded after only 15 min whereas CurB was still
intact after 7 days incubation (Supporting Information,
Figures S12). In the latter case, the formation of the

Figure 6. Nomarsky and confocal laser-scanning microscopy images of a coculture of NIH/3T3 (green) and MCF7 cells
(unstained) after incubation with biotin-functionalized, rhodamine-labeled (N1) NPs (red) at 40 μg 3mL�1 at different time
intervals (2, 5, and 10 h). The NIH/3T3 cells were stained with Green CMFDA (green). Scale bars = 100 μm.

Figure 7. SPR sensorgrams (resonance units, RU, versus time) obtained by simultaneous injections of CurA-functionalized
(N2), CurB-functionalized (N3), and nonfunctionalized (N0) NPs for 10 min (bars) over Aβ1�42 monomers (a) or fibrils (b)
immobilized on two parallel channels of the same sensor chip. The final concentration of the curcuminoid was 240 nM.
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pyrazole moiety avoids the presence of the chemically
labileβ-diketone group and, at the same time, locks the
keto�enol tautomerism in an enol-type arrangement,
crucial for Aβ binding effect.44,47�49

Since curcumin is known to inhibit Aβ1�42 aggrega-
tion, the effect of CurB-functionalized NPs on Aβ1�42

aggregation was analyzed by a Thioflavin T (ThT)
binding assay. As shown in Figure 8a,b, CurB-functio-
nalizedNPsN3 inhibited the aggregation of Aβ1�42 in a
dose-dependent manner, while the nonfunctionalized
NPs N0 at the same concentrations only poorly af-
fected the Aβ1�42 aggregation, highlighting the spe-
cific effect of the CurB-functionalization. Notably, the
aggregation inhibition of Aβ1�42 by NPs N3 was ob-
served at a submolar ratio (1:0.5).

To investigatewhether the interference of theCurB-
functionalized NPs N3 with the aggregation of Aβ1�42

could affect Aβ1�42 cytotoxicity, we performed an
MTT assay on differentiated human neuroblastoma
cells (SK-N-SH), which is a relevant model to study
the targeting of Aβ neurotoxicity. Also in this model,
no toxicity of NPsN0 andN3was observed (Figure 8c).
SK-N-SH cells were then treated with aggregated
Aβ1�42 peptide in the absence or in the presence of
increasing molar ratios of NPs N0 or N3 in order to
address whether NPs could interfere with Aβ toxicity.
In accordance with ThT data, the samples treated with
NPsN3 showed a concentration-dependent protective
effect compared to the samples treated with Aβ1�42

alone, whereas control NPs (N0) did not significantly
affect cell survival (Figure 8d). This indicated that
intervention in aggregation by NPs did not create
toxic Aβ species and even conducted to a noticeable
toxicity rescue. In conclusion, it was clearly shown that

Figure 8. Effects of NPs on the aggregation of Aβ1�42 using the Thioflavin T binding assay (a and b). Aggregation kinetics of
25 μM Aβ1�42 alone or coincubated with increasing molar ratios (1:0.5; 1:1 and 1:2) of nonfunctionalized (N0) (a) or CurB-
functionalized (N3) (b). NPs. Data are shown as mean (n = 3) from a representative experiment of three independent
experiments. Effects of NPs on Aβ1�42 toxicity using anMTT viability assay (c and d). Differentiated SK-N-SH cells were treated
for 48 h in the absence or in the presence of different concentrations of NPs N0 or N3 (12.5; 25 or 125 μM) to assess toxicity of
the NPs (c); by differentiated SK-N-SH cells were treated for 48 h in the absence or presence of Aβ1�42 (25 μM) preaggregated
in PBS for 24 h at 25 �C, alone or in combination with three different molar ratios (1:0.5; 1:1 and 1:5) of NPs N0 or N3 (d), to
address interferenceof theNPswithAβ toxicity. Cell viabilitywasmeasuredusing aMTT assay and is depicted as a percentage
of the untreated cells (control). The graph represents the mean ( SD (n = 4) from one experiment and results shown
are representative for three independent experiments. Statistical differences are expressed by asterisks: (/) p < 0.05 and
(//) p < 0.01.
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CurB-functionalized NPs significantly inhibited both
the aggregation and the toxicity of Aβ1�42 at lowmolar
ratios.

Design of Anti-Aβ1�42-functionalized Nanoparticles

and Interaction with Aβ1�42. Although Cur
B-functiona-

lized NPs N3 led to an increased interaction with
Aβ1�42 monomer/fibrils by means of specific aromatic
binding,37 we decided to go a step further by design-
ing a truly specific and even more efficient Aβ-binding
nanocarrier. Thanks to the presence of biotin at the
surface of NPs N1, previously employed for cancer
cell targeting, we took advantage of the versatility of
this nanoparticulate platform to decorate the NPs with
a novel monoclonal anti-Aβ1�42 antibody (mAb) by
means of the biotin/streptavidin (SAv) ligation strat-
egy. The availability of the exposed biotin to SAv
was confirmed by confocal laser scanning microscopy
(CLSM) as shown in Figure 9. A fluorescein-tagged
streptavidin (SAv-FITC) was incubated with either bio-
tin-functionalized (N1) or nonfunctionalized (N0) NPs.
Only in the case of N1 were some NPs-SAv-FITC
aggregates observed via the formation of clearly
colocalized bigger size aggregates (note that the
SAv-FITC concentration was chosen so as to be in the
same range as the exposed biotin for N1). This result
was further confirmed by SPR experiments showing
strong binding of NPs N1 to avidin-immobilized chip
(Supporting Information, Figure S13), compared to non-
functionalized NPs N0 or N1 flowed over noncoated
chip (i.e., ethanolamine surface). The amount of surface
available biotin onNPsN1per gram of nanoparticle was
quantified by the competitive avidin/HABA binding
assay (see the Supporting Information) and gave
5360 nmol 3 g

�1. When compared to the theoretical

value (i.e., 29 400 nmol 3 g
�1), the fraction of surface-

available biotin is∼18%, which is consistent with litera-
ture data.50

A streptavidin-anti Aβ1�42 antibody conjugate was
prepared (Supporting Information) and characterized
by PAGE electrophoresis (Figure S14). Visualization
under UV excitation (λ = 488 nm) revealed the pre-
sence of the conjugate characterized by a higher
molecular weight when compared to native SAv-FITC,
while a SAv-FITC/anti-Aβ1�42mAb physical mixture did
not show any coupling product. A suspension of NPs
N1 was then incubated with the SAv-FITC-anti-Aβ1�42

mAb conjugate followed by a centrifugation step that
allowed anti-Aβ1�42 mAb-functionalized NPs N4 to
be isolated (Dz = 151 nm ( 24 nm) from unreacted
species. A Bradford's assay revealed that 37% of the
SAv-FITC-anti-Aβ1�42 mAb conjugate were bound to
the surface of the NPs, whereas this amount was as low
as 10% with nonfunctionalized NPs N0 (i.e., due to
aspecific adsorption of Aβ1�42 mAb at the surface of
N0). The MTT assay showed that NPs N4 were not
cytotoxic up to 50 μg 3mL�1 (Figure S11).

The ability of NPs N4 to specifically interact with
Aβ1�42 was investigated by SPR experiments onmono-
meric or fibrillar peptide (Figure 10). As expected, a
strong interaction was obtained with NPs N4 (60 μM),
whereas no or only a weak signal was observed under
identical experimental conditions with either nonfunc-
tionalized NPs N0 or with a physical mixture of N0 and
anti-Aβ1�42 mAb, further purified from free mAb (data
not shown). Moreover, NPsN4 led to a dose�response
behavior, allowing the equilibrium dissociation con-
stants to be determined. The affinity of the mAb-
functionalized NPs N4 for the peptide was very high
and exhibited KD values in the picomolar range
(monomers, KD ∼700 pM; fibrils, KD ∼300 pM). KD
values for the free mAb were about 150 and 240 pM
for monomers and fibrils, respectively (data not shown).
These data clearly indicated that the functionalization
with the anti-Aβ1�42mAb conferred to the correspond-
ing NPs a remarkable ability to strongly bind the
Aβ1�42 peptide (as monomer or as aggregated fibrils),
and that the procedure used for NP functionalization
only slightly altered the affinity for the peptide. It is
worth noting that the affinity of the NPs N4 for Aβ1�42

species was higher than any other colloidal systems
reported so far.44,48,49,51

CONCLUSIONS

This study described the design of a new versatile
and ligand-functionalized poly(alkyl cyanoacrylate)
nanoparticulate platform, gathering together all cru-
cial features required for targeting and drug delivery.
Multifunctional NPs arising from this platform were
successfully used to target two major pathologies,
namely cancer and Alzheimer's disease, via their func-
tionalization by appropriate biologically active ligands.

Figure 9. Confocal laser scanning microscopy images of
nonfunctionalized (N0) and biotin-functionalized (N1) NP
suspensions (20 μM) incubated with fluorescein-labeled
streptavidin (FITC-SAv): N1, [FITC-SAv] = 0.2 μM (a); N1,
[FITC-SAv] = 0.5 μM (b); N0, [FITC-SAv] = 0.2 μM (c); and N0,
[FITC-SAv] = 0.5 μM (d).
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These nanocarriers exhibited (i) a biodegradable core;
(ii) stealth features due to a PEG outer shell; (iii)
fluorescent properties provided by the covalent link-
age of a fluorescent probe; and (iv) biologically active
ligands displayed at their surface to achieve active
targeting.
Regarding potential cancer therapy, biotin has been

used as a ligand for specific recognition of different
cancer cell lines, while letting noncancer cells or cancer
cells with nonoverexpressed biotin receptors be unaf-
fected, even in a healthy/cancer cells coculture envir-
onment. This strategy is now applicable to a variety of
anticancer agents by simple encapsulation into the
PACApolymericmatrix using the robustmethodologies
already developed before, and could have important
clinical applications for cancer therapy. In this view, the
encapsulation of paclitaxel, one of the most important
anticancer agents in clinical use, has been achieved and
led to a strong toxicity against cancer cells with biotin-
functionalized NPs. Interestingly, because drug-loaded
PACA NPs have been shown to overcome cancer MDR,
it is expected that the biotin-functionalized PACA NPs

described here may open a more specific avenue
toward the treatment of solid tumors that are hard to
treat by conventional chemotherapy.
In the field of AD, both curcumin derivatives as well

as a specific anti-Aβ1�42 antibody were positioned at
the surface of PACANPswhich exhibited strong affinity
toward Aβ1�42 monomers and the corresponding
fibrils. In the case of the anti-Aβ1�42 mAb, the biotin/
streptavidin ligation strategy was employed, using
biotin-functionalized NPs as the same colloidal system
that served to target cancer cells. Dissociation rate
constants in the picomolar rangewere obtained, which
represent the highest values ever reported for colloidal
systems so far. With curcumin functionalization, the
resulting NPs offered a significant aggregation inhibi-
tion of Aβ1�42 together with a marked toxicity rescue,
both at low molar ratios.
The proposed synthetic pathway is therefore very

flexible and adaptable for applications to a broad
range of pathologies, simply by adjusting the surface
functionalization of the nanocarriers by means of
suitable ligands.

EXPERIMENTAL SECTION
Synthesis Methods. Synthesis of CurcuminA-poly(ethylene

glycol) (CurAPEG), CurcuminB-poly(ethylene glycol) (CurBPEG),
CurcuminA-poly(ethyleneglycol) cyanoacetate (CurAPEGCA), Cur-
cuminB-poly(ethylene glycol) cyanoacetate (CurBPEGCA), biotin-
poly(ethylene glycol) (VB7PEG), biotin-poly(ethylene glycol)
cyanoacetate (VB7PEGCA), anti-Aβ1�42 antibody andAnti-Aβ1�42

antibody-fluorescein labeled streptavidin bioconjugate (mAb-
SAv) are detailed in the Supporting Information. HDCA, MePEG-
CA, P(MePEGCA-co-HDCA) copolymerC0 (Mn,SEC = 2430g 3mol�1,
Mw/Mn = 1.27) and the fluorescent rhodamine-B-tagged
P(MePEGCA-co-RCA-co-HDCA) copolymerC1 (Mn,SEC=2270g 3mol�1,
Mw/Mn = 1.30) were prepared according to previously published
procedures.34,52

General Copolymerization Procedure for the Preparation of Biotin-
Functionalized P(MePEGCA-co-VB7PEGCA-co-HDCA) Copolymers C2. In a
25mL round-bottom flask containing HDCA (170mg, 550 μmol,

40 equiv), MePEGCA (229 mg, 110 μmol, 8 equiv), and VB7PEG-
CA (65 mg, 27.5 μmol, 2 equiv or 20 mol % in the initial PEG
cyanoacetate mixture) monomers, CH2Cl2 (2.84 mL) and EtOH
(1.42mL) under magnetic stirring, were sequentially introduced
formaldehyde (345 μL, 4.63 mmol) and pyrrolidine (14.5 μL,
176 μmol). The mixture was allowed to stir for 24 h at room
temperature and was then concentrated under reduced
pressure. The residue was taken into CH2Cl2 and washed multi-
ple times with water. The resulting organic layer was dried
over MgSO4, filtered, concentrated under reduced pressure
and dried under vacuum to give a brown, waxy solid. Quanti-
fication of VB7PEGCA in the copolymer was estimated by 1H
NMR that confirmed the presence of 20 mol % VB7PEGCA
monomer insertion (when compared to the overall PEGCA
content in the polymerization feed). Mn,SEC = 2160 g 3mol-1,
Mw/Mn = 1.34.

Figure 10. SPR sensorgrams (resonance units, RU, versus time) of anti-Aβ1�42 mAb-functionalized (N4) NPs at various
concentrations (10, 20, 60 μM), flowed for 3 min (bars) onto a Aβ1�42 monomer (a) or Aβ1�42 fibrils (b) immobilized on the
sensor chip.
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General Copolymerization Procedure for the Preparation of Poly-
[Hexadecyl Cyanoacrylate-co-CurAPEGcyanoacrylate-co-methoxypoly(ethylene
glycol) Cyanoacrylate] (P(HDCA-co-CurAPEGCA-co-MePEGCA), C3) and Poly-
[hexadecyl cyanoacrylate-co-CurBPEGcyanoacrylate-co-methoxypoly(ethylene
glycol) Cyanoacrylate] (P(HDCA-co-CurBPEGCA-co-MePEGCA), C4) Copolymers.
In a 25mL round-bottom flask containingMePEGCA (258mg, 124
μmol, 9 equiv), HDCA (170 mg, 550 μmol, 40 equiv), CurAPEGCA
(34 mg, 13.8 μmol, 10 mol % in the initial PEG cyanoacetate
mixture or 1 equiv) or CurBPEGCA (35 mg, 13.8 μmol, 1 equiv)
monomers, EtOH (1.42mL) and CH2Cl2 (2.84mL) undermagnetic
stirring, were sequentially introduced formaldehyde (345 μL, 4.6
mmol) and pyrrolidine (14.5 μL, 176 μmol). The mixture was
allowed to stir for 24 h at room temperature and was then
concentrated under reduced pressure. The residue was taken
into CH2Cl2 and washed multiple times with water. The resulting
organic layer was dried over MgSO4, filtered, concentrated under
reduced pressure and dried under vacuum to give the resulting
copolymers. Quantification of CurAPEGCA or CurBPEGCA in the
copolymer was estimated by 1H NMR that confirmed the pre-
sence of about 10 mol % curcumin-functionalized PEGCA (when
compared to the overall PEGCA content in the polymerization
feed).

Nanoparticle Preparation. Fluorescent NPs N0 were prepared
by the nanoprecipitation technique using a 50/50 blend of
P(MePEGCA-co-HDCA) (C0) and P(MePEGCA-co-RCA-co-HDCA)
(C1) copolymers. Fluorescent and functionalized N1-N3 NPs
were prepared by the nanoprecipitation technique using a
50/50 blend of P(MePEGCA-co-RCA-co-HDCA) (C1) and P-
(MePEGCA-co-VB7PEGCA-co-HDCA) (C2), P(MePEGCA-co-CurA-

PEGCA-co-HDCA) (C3), or P(MePEGCA-co-CurBPEGCA-co-HDCA)
(C4) copolymers, respectively (see Table 1 for details). Briefly,
5mgof each copolymerwasdissolved in acetone (2mL), and the
copolymer solution was added dropwise to an aqueous solution
0.5% (w/v) of Pluronic F-68 (4 mL) under vigorous mechanical
stirring. Acetone was then evaporated under reduced pressure,
and NPs were purified by ultracentrifugation (150000g for N0,
N2�N3, and 82 000g for N1, 1 h, 4 �C, Beckman Coulter, Inc.).
The supernatant was discarded and the pellet was resuspended
in the appropriate volume of deionized water to yield a
2.5 mg 3mL�1 nanoparticle suspension.

Paclitaxel-loaded NPs N0 and N1 were prepared by
the emulsion/solvent evaporation technique using the same
copolymer blends as previously described for nonbiotinylated
(C0/C1) or biotinylated (C0/C2) NPs. Briefly, 5 mg of each
copolymer was dissolved in 1 mL of 1 mg 3mL�1 organic
solution of paclitaxel (chloroform/ethanol 90/10 v/v). To this
organic phase was added 4 mL of an aqueous solution of PVA
(0.25% w/w) presaturated with 1% chloroform. The resulting
emulsion was vortexed two times for 1 min at 2400 rpm and
ultrasonicated on ice for 3 min at 150 V using a sonicating
device (Ultrasons Annemasse, France). The solvent was then
removed under reduced pressure to yield a stable suspension of
NPs. NPs were purified by filtration on 1 μm glass fiber mem-
brane (Acrodisc, Pall) slide. Paclitaxel-loaded NPs were further
purified by centrifugation for 20 min at 17 000g and 20 �C. After
24 h, a second centrifugation step was performed. NPs were
stored at 20 �C until use. To assess the Ptx concentration, NPs
were radiolabeled by entrapment of 3H-paclitaxel. A 100 μL
aliquot of radioactive drug dissolved in ethanol (10 μCi) was
added to 900 μL of chloroform solution in which the blend of
polymers and the nonradiolabeled paclitaxel have been pre-
viously dissolved. NPs were then prepared according to the
same experimental procedure as described before. After the
second centrifugation step, 500 μL of NPs were placed in the
scintillation counting vials and 10 mL of Ultima Gold scintillant
was added. The mixture was vortexed vigorously for 1 min.
Then, the radioactivity present in the samples was measured
(n = 3) using a liquid scintillation counter (Beckman, LS 6000TA;
Beckman Coulter). In both cases, drug encapsulation efficiency
was 1.1%. For in vitro cytotoxicity experiments, Ptx-loaded NPs
were tested at a concentration of 1.2 μMPtx.

Cell Culture. hCMEC/D3 cells were grown in EBM-2 basal
medium (Lonza, Belgium) supplemented with fetal bovine
serum 5% (FBS, Lonza, Belgium), hydrocortisone 1.4 μM, basic
fibroblast growth factor 1 ng 3mL�1, pen-strep 1%, and HEPES

10 mM. Murine lung carcinoma cell lines M109, human breast
cancer cell lines MCF7, human endothelial umbilical vein cells
(HUVEC), murine leukemia cells (L1210), and embryonic murine
fibroblast (NIH/3T3) were obtained from the American Type
Culture Collection and maintained as recommended. Briefly,
M109 and L1210 cells were maintained in RPMI 1640 medium
(Lonza, Belgium). MCF7, SK-N-SH, HUVEC, NIH/3T3 cells were
grown in Dulbecco's modified Eagle's medium (DMEM, Lonza,
Belgium) supplemented with 50 U 3mL�1 penicillin, 50 U 3mL�1

streptomycin, and 10% heat-inactivated FBS. Cells were main-
tained in a humid atmosphere at 37 �C with 5% CO2.

Coculture. NIH/3T3 fibroblasts (5 � 104) were plated onto
microscopic glass slides and incubated for 18 h at 37 �C and 5%
CO2 in cell culture medium. To visualize and distinguish be-
tween NIH/3T3 fibroblasts and MCF7 cells in coculture, NIH/3T3
cells were stained with 5 μM CellTracker green 5-chloromethyl-
fluorescein diacetate (CMFDA, Life Technology, Molecular
Probes) according to the manufacturer's protocol. After stain-
ing, cells were left to rest for 2 h at 37 �C and 5% CO2 in cell
culture medium, followed by addition of unstained MCF7 cells
(15 � 104). The seeding ratio between MCF7 and NIH/3T3 cells
was 1:3 due to the faster doubling time of the latter. After 12 h,
the coculture was incubated with NPs (N1) diluted in fresh cell
culture medium at 40 μg 3mL�1. At different time points (2, 5,
and 10 h) cells were washed with prewarmed culture medium
before imaging.

Cytotoxicity Studies. The cytotoxicity of NPs N0�N4 was
investigated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] viability test on hCMEC/D3 human brain
endothelial cell line. Briefly, cells were grown on 10 cmdiameter
plates in EBM-2 basal medium supplemented with fetal bovine
serum 5%, hydrocortisone 1.4 μM, basic fibroblast growth
factor 1 ng 3mL�1, penicillin/streptomycin solution 1%, ascor-
bic acid 5 μg 3mL�1, Chemically Defined Lipid Concentrate
(1/100), and HEPES 10 mM. Polystyrene 96 wells plates were
used and cells were seeded in each well (75 000 cells 3mL�1)
with the medium previously described. After a 2 days growth,
an aqueous suspension of NPs was incubated at five different
concentrations: 10, 20, 30, 50, and 100 μg 3mL�1. After 48 h
of incubation at 37 �C in 5% CO2, the MTT reagent (at a final
concentration of 0.05% in Dulbecco's PBS, D-PBS) was added
and 3 h later, the percentage of living cells was evaluated
with a 96 wells plate absorbance reader at 570 nm. Cells
treated with the same volume of water were used as negative
controls.

A MTT viability test was also performed withN0 andN1 NPs
on MCF7 and M109 cell lines. Briefly, 10000 MCF7 or 5000 M109
cells per well were incubated in 200 μL of medium containing
10% FBS in 96-well plates for 24 h. The cells were then exposed
to a series of concentrations of N1 NPs for 24 h. After drug
exposition, the medium was removed and 100 μL of MTT
solution (0.5 mg 3mL�1 in DMEM containing 10% FBS) was
added to each well. The plates were incubated for 2 h at 37 �C,
and 100 μL of 20% SDS solution was then added to each well
for 24 h at 37 �C. Absorbance was measured at 570 nm using a
plate reader (Perkin-Elmer). All experiments were set up in
quadruplicate to determine means and SDs. We examined the
antiproliferative effect of the studied NPs on the growth of a
murine lung carcinoma and human breast cancer cell lines
(M109 and MCF7). For further studies, the noncytotoxic con-
centration of NPs (i.e., 100 μg 3mL�1) was used.

For toxicity of NPs N0 and N3, SK-N-SH cells were plated
in 96-well plates at a density of 20 � 103 cells per well and
differentiated for 5 days in medium supplemented with 10 μM
retinoic acid (Sigma). HFIP treated Aβ1�42 was dissolved in
DMSO and subsequently diluted in PBS. A 25 μM aliquot of
Aβ1�42 containing different concentrations of NPs (12.5, 25, or
125 μM) was then incubated for 24 h at 25 �C. This mixture
was diluted 25 times into DMEM without phenol red and
added in quadruplicate to differentiated SK-N-SH. After 48 h
of incubation at 37 �C in 5% CO2, the MTT reagent (at a
final concentration of 0.05% in D-PBS) was incubated for 2 h,
and subsequently the insoluble formazan salt generated by
the viable cells was solubilized in DMSO. The number of viable
cells was directly quantified by measuring the absorbance at
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570 nm. Viability was expressed as a percentage of untreated
cells.

Cell-Internalization of Biotin-Labeled Nanoparticles. In this study
we used MCF7 human breast adenocarcinoma and M109
murine lung carcinoma cell lines with increased expression
of biotin receptors.32,35 MCF7 cancer cells were cultured on a
coverslip in a culture dish for 24 h to achieve approximately
40% confluence. Cells were then incubated with NPs N0 and
N1 at a concentration of 100 μg 3mL�1 (37 �C) for 5 h. After
treatment, the cells were washed with D-PBS, fixed in 3%
paraformaldehyde (PFA), stained with phalloidin�fluorescein
isothiocyanate (Ph-FITC, 200 μM) and DAPI (40 μM) (Invitrogen),
washed with D-PBS five times, and imaged using a fluorescence
microscope (Leica) with a �63 oil-immersion objective. The
following wavelengths were used: excitation at 488 nm and
detection through a 515 nm filter for FITC, and excitation at
488 nm and detection through a long-pass 560 nm filter for
rhodamine B.

To quantitatively measure the internalization of biotin-
functionalized NPs N1, MCF7 or M109 cells (2 � 105) were
cultured on 6-well plates for 24 h to achieve 60�80% con-
fluence. NPs N1 and control N0 NPs were then added at the
noncytotoxic concentration of 100 μg 3mL�1 to each well. After
incubation for determined times (0.5, 2.5, 5, 7.5, and 10 h), the
cells were collected for measurement of rhodamine B fluores-
cence. The fluorescence from individual cells was examined
using a flow cytometer C6 (Accuri Cytometers Ltd., UK). For
fluorescence detection of NPs, excitation was carried out with
the 488-nm line of an argon laser, and emission fluorescence
between 560 and 606 nm was measured. For all experiments
in which the intracellular rhodamine B was quantified using a
flow cytometer, 10000 cells were measured from each sample.
For low temperature experiments, the cells were incubated in
the cold room at 4 �C for 5 h. For competition experiments, cells
were preincubated at 37 �C for 1 h in the presence of free biotin
at the concentration of 2 mM. All experiments were set up in
triplicate to determine means and SDs.

Interaction Experiments between Curcumin-Functionalized NPs (N2 and
N3) and Aβ1�42 Monomers/Fibrils. Aβ1�42 monomers or fibrils were
obtained from the in-house depsi peptide as previously
described.53 They were immobilized in parallel-flow channels
of a GLC sensor chip (Biorad) using amine-coupling chemistry.
Briefly, after sensor surface activation, the peptide solutions
(10 μM in acetate buffer pH 4.0) were injected for 5 min at a
flow rate of 30 μL 3min�1, and the remaining activated groups
were blocked with ethanolamine, pH 8.0. The final immobiliza-
tion levels were about 2000 Resonance Units (1 RU = 1 pg
protein 3mm�2) for both Aβ1�42 monomers and fibrils. Bovine
serum albumin (BSA) was also immobilized, in a parallel flow
channel as a reference protein and another reference surface
was prepared in parallel using the same immobilization proce-
dure but without addition of the peptide (naked surface).
Preliminary injections were performed in order to check the
binding features of the immobilized species. The anti-Aβ anti-
body 6E10 (Covance) was injected and, as expected, bound to
both Aβ fibrils andmonomers (not shown) whereas Congo-Red,
a dye specifically recognizing β-sheet-containing species, only
bound to Aβ fibrils but not monomers (not shown). The sus-
pensions of curcumin-functionalized P(MePEGCA-co-PHDCA)
NPs N2 and N3 were diluted and injected onto immobilized
Aβ species or the reference surfaces. All the injections were
carried out for 5 min at a flow rate of 30 μL 3min�1 at 30 �C in
PBST (PBS þ 0.005% Tween20, pH 7.4).

Interaction Experiments between Biotin-Functionalized NPs (N1) and
Avidin. Avidin (which is a protein having the same activity as
streptavidin) was immobilized on a channel of a CM5 sensor
chip (Biacore, GE Healthcare) using amine-coupling chemistry.
Briefly, after sensor surface activation by EDC/NHS, the avidin
solution (50 μg 3mL�1 in acetate buffer pH 5.0) was injected
for 7 min at a flow rate of 10 μL 3min�1, and the remaining
activated groups were blocked with ethanolamine, pH 8.0. The
final immobilization levels were about 8500 Resonance Units
(1 RU = 1 pg protein 3mm�2), that is, 8.5 ng 3mm�2. Another
parallel channel, on which ethanolamine blocked the surface
(empty surface), using the same immobilization procedure but

without addition of avidin (immobilization level about 23 RU),
was used as a reference channel. The 10% biotin-functionalized
N1 NP suspension was diluted at a 1 mg 3mL�1 final concentra-
tion and flowed onto both channels for 10 min. The same
experiments were performed with rhodamine B-tagged non-
functionalized NPs N0 as negative controls.

The interaction between streptavidin and biotin-functiona-
lized NPs was also demonstrated using fluorescein-tagged
streptavidin (SAv-FITC) and rhodamine B-labeled 10% biotin-
functionalized N1 NPs. Increasing volumes of a 20 mM phos-
phate buffer saline solution of SAv-FITC (5 mg 3mL�1, 94 μM)
were incubated for 15 min with a 20 μM suspension of
rhodamine B-labeled 10% biotin-functionalized N1 NP suspen-
sion to reach final SAv-FITC concentrations of 0.2, 0.5, 1, 2, and
20 μM. A 10 μL deposit of this final incubation sample on glass
coverslips was visualized by confocal laser scanningmicroscopy
(CLSM) under both fluorescence channels. The same experi-
ments were performed with rhodamine B-tagged nonfunctio-
nalized N0 NPs as negative controls.

Preparation of Anti-Aβ1�42 Antibody Functionalized NPs (N4). To
34 μL of a suspension of N1 NPs was added 1 mL of the anti-
Aβ1�42-streptavidin conjugate solution (see the Supporting
Information for details). The resulting suspension was gently
shaken for 30 min before purification by ultracentrifugation at
150 000g for 1 h at 4 �C. The amount of anti-Aβ1�42-mAb-
streptavidin conjugate linked to the NPs was determined by
Bradford's assay. The anti-Aβ1�42-mAb functionalized N4 NPs
were used without further purification.

Interaction Experiments between Anti-Aβ1�42-Functionalized NPs (N4)
and Aβ1�42 Monomers/Fibrils. Aβ1�42 monomeric or fibrillar prep-
arations were obtained from the commercial peptide (Sigma)
as previously described, and the presence of monomers or
fibrils was checked by atomic force microscopy (AFM) (data not
shown).48 SensiQ semiautomatic apparatus with two parallel
flow channels was employed (ICX Technologies). A COOH5
sensor chip (ICX Technologies) was installed in the system,
and monomers were immobilized using amine-coupling chem-
istry on one channel, while the other one was used as reference
surface. In the sameway, a second COOH5 sensor chip was used
for the immobilization of fibrils.

Briefly, after sensor surface activation, the peptide solution
(10 μM in acetate buffer pH 4.0) was flowed for 5 min at a rate of
30 μL 3min�1, and the remaining activated groups were blocked
with ethanolamine, pH 8.0. The final immobilization levels were
about 4000 Resonance Units (1 RU = 1 pg protein 3mm�2).
The reference surface was prepared in parallel using the same
immobilization procedure but without the addition of the
peptide (naked surface). Preliminary injections with the anti-
Aβ antibody 6E10 (Covance) were performed and, as expected,
it bound to both Aβ fibrils and monomers. The suspensions of
NPs N4 were diluted and injected. The same experiments were
performed with nonfunctionalized NPs N0 as well as with a
physical mixture of N0 and anti-Aβ1�42 mAb, (purified from
the free mAb) as negative controls. All the injections were
carried out for 3 min at a flow rate of 30 μL 3min�1 at 30 �C in
PBST (PBS þ 0.005% Tween20, pH 7.4).
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cation at the surface of rhodamine B labeled P(MePEGCA-co-
VB7PEGCA-co-HDCA) NPs, DLS and TEM data for NPs N0�N3],
supporting Figures S1�S14. This material is available free of
charge via the Internet at http://pubs.acs.org.
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