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Avidin was recently found to display the ability to interact with high affinity with nucleic acids. In this work, we
investigated how this property is affected by the protein modification with poly(ethylene glycol) (PEG). More
precisely, we studied the influence of the size and geometry of the polymer and of the mode of anchorage to the
protein surface. To this end, we synthesized five PEG derivatives capable of PEGylating avidin either through
covalent attachment to its lysine primary amines or by exploiting its biotin binding pockets. Several differently
PEGylated avidin derivatives were then obtained, which were later tested for their affinity for plasmid DNA by
means of the electrophoretic mobility assay. The results show that covalent PEGylation reduces the affinity for
DNA in a dose-dependent manner, whereas PEG anchoring through the biotin binding sites does not, even when
bulky and high MW biotin-PEG derivatives are used. We then investigated how the size and molecular weight
of the biotin-PEG affects the solubility and stability of avidin-nucleic acid nanoassemblies in physiological buffer.
Among the biotin-PEG derivatives synthesized in this work, the branched forms were more efficient in protecting
particle surface and preventing their aggregation. Full nanoparticle solubility was achieved by saturating 30% of
the biotin binding sites with a 2 × 5 kDa branched derivative. the optimized avidin nucleic acid nanoassemblies
(ANANAS) were employed in a model analytical test where they showed at least 40-fold higher efficiency than
monomeric avidin in recognizing biotinylated surface immobilized IgGs. The results pave the way toward the
application of this novel nanosystem in biomedicine.

INTRODUCTION

Avidin is a tetrameric glycoprotein known mainly for its
ability to bind to four molecules of biotin with very high affinity
(Kd ≈ 10-15 M), a property that forms the basis for its use as a
molecular tool in a large number of biotechnological applications
(the avidin-biotin technology) (1-5). The most common
applications are in research and diagnostics, in the functional-
ization of surfaces, and in drug delivery for the targeting of
drugs or diagnostic elements to defined locations in the body
after parenteral administration (6-10). However, the classical
avidin-biotin technology is somehow limited by the maximum
number (four) of biotins that can be brought together by the
individual avidin molecule which forms the central nucleus of
the system. Having a core unit with greater biotin loading
capacity can improve the potential of this technology, and this
can be obtained by joining together several avidin molecules
into a single unit (a “poly-avidin unit”). To this end, several
approaches for obtaining polyavidins are described in the
literature. The strategies most commonly adopted are based on
the coating of micro- or nanospheres (polymer or metal-based)
with several avidin molecules by exploiting nonspecific adsorp-
tion processes. Alternatively, several avidin units can be united
either by chemical cross-linking or by using polybiotinylated
spacers as bridging functions (11-13). All of these methods
share the common drawbacks of leading to polydisperse systems
with some degree of avidin inactivation. In practical terms,
avidin inactivation is translated into a diminished total biotin
binding capacity, whereas polydispersivity is translated into poly
avidin assemblies with statistically rather than precisely defined
properties. In addition, in most cases the components used for
the assembly (namely, the chemical linkers or the polymeric

particle cores) are not of natural origin or are potentially toxic,
and this limits their use in in vivo biomedical applications.

Another possibility to obtain polyavidin particles is by taking
advantage of an additional property of avidin that has been
recently brought to light, namely, its ability to bind the nucleic
acids with high affinity (14). In fact, secondary to this interac-
tion, avidin self-assembles onto the DNA molecule in an
organized manner, giving rise to stable agglomerates where the
nucleic acid is coated by avidin molecules in a precisely defined
stoichiometric ratio. This binding is stable at high dilutions and
in physiological buffers and apparently does not directly involve
the biotin binding site, since the affinity for DNA is higher in
the presence of biotin (14).

However, the practical exploitation of these assemblies
depends on the possibility to obtain them in the form of
reproducible, solution stable and poorly polydispersed particles.
In fact, from the macroscopic point of view, the avidin-nucleic
acid assemblies assume various shapes and geometries depend-
ing on the conditions in which they are obtained (14). For
example, by mixing avidin and nucleic acids in a buffered
aqueous environment, the assembly process gives rise to
agglomerates of large size (>1 µm), which are poorly soluble,
highly polydispersed, and of undefined geometry, and therefore
unusable from the practical viewpoint. Conversely, it was shown
that, in a salt-free environment and under specific conditions
of concentration and ratio of nucleic acids to protein, nanopar-
ticulate structures of toroid or rod shape are obtained, in which
a single nucleic acid molecule is surrounded by several avidin
molecules. In this case, the nanoassemblies are poorly polydis-
persed and their size depends solely on the type and length of
the nucleic acid used (14). However, when these nanoparticles
are transferred into a buffered solution, they undergo a rapid
process of aggregation subsequent to which polydispersed
macro-aggregates are again obtained, unusable for practical
purposes. Therefore, in order to exploit the avidin nucleic acid
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nanoassemblies (ANANAS) for practical application, it is
necessary to find a way to prevent their aggregation in
physiological buffers. One possibility is to protect their surface
with the use of hydrophilic polymers, for example, poly(ethylene
glycol) (PEG). The modification of bioactive elements with PEG
is a well-known technology used since the 1970s (15, 16) to
biocompatilize protein drugs and protect them from undesired
nonspecific interactions. The same strategy is also used to
modify the surface of nanoparticles to improve their solution
properties and/or their pharmacokinetic and immunogenic
profiles (17-19), as is the case of the commercial doxorubicin
liposome formulation DOXIL (or Caelyx) or of the fluorescent
quantum dots (20). However, it is known that the type and
amount of PEG linked to the surface is a critical point. For
example, in the case of proteins, an excessive amount can impair
the biological activity; on the other hand, if the amount is too
low, it may not be sufficient to improve the pharmacokinetic
or pharmacodynamic properties of either proteins or nanopar-
ticles or to prevent them from nonspecific interactions. There-
fore, the amount of PEG, the size and shape of the polymer, as
well as the chemistry of conjugation are all important variables
that need to be optimized (21-23).

In the case of avidin, two strategies can be adopted to link
the PEG chains. On one hand, the polymer can be linked to the
protein by classic covalent coupling. On the other hand, it can
be attached to the protein by exploiting its biotin binding sites.
In any case, the size, geometry, and amount of polymer must
be optimized not to affect the twofold protein biological activity,
namely, its ability to bind with high affinity both biotin and
DNA. In this work, we first investigated the effect of PEG
grafting on the ability of avidin to bind the nucleic acids. More
precisely, we tested the influence of the amount of PEG and of
the mode of grafting to the protein surface, covalent versus the
biotin bridging. We then studied the influence of the size,
the geometry, and the amount of PEG added to the surface
of the nanoparticles on their aggregation in physiological
buffer. The results clearly show the importance of identifying
the best strategy of surface modification to achieve optimal
results. The applicability of the optimized surface-protected
nanoparticles in a model analytical assay demonstrate for the
first time the potentialities of the avidin-nucleic acid nanoas-
semblies as novel tools in biomedicine.

EXPERIMENTAL PROCEDURES

Materials and Instrumentation. Glycosylated chicken egg
avidin was obtained from Belovo Chemicals, Belgium. Plasmid
pEGFP-C1, 4.7 kb, was from Clontech. Water was Milli-Q or
double-distilled (dd-H2O) grade.

O-Methyl-poly(ethylene glycol) (2 kDa and 5 kDa, methyl-
PEG2000-OH and methyl-PEG5000-OH), O-(2-aminoethyl)-O′-
methyl-poly(ethylene glycol) (5 kDa, methyl-PEG5000-NH2),
R-biotin-ω-carboxy-succinimidyl ester poly(ethylene glycol) (5
kDa, biotin-PEG5000-CO-OSu, 5 kDa) was purchased from
IRIS Biotech Gmbh (Marktredwitz, Germany), biotinamidoca-
proate N-hydroxysuccinimidyl ester and N,N′-di-Boc-L-lysine
hydroxysuccinimidyl ester, horseradish peroxidase (Tpe VI), and
all other reagents were purchased from Sigma-Aldrich (St.
Louis, MI, USA); normal goat IgG was purchased from KPL
(Gaithersburg, MA, USA); biotin-AlexaFluor546 was from
Molecular probes (Invitrogen Corporation, USA). All other
chemicals were from Sigma-Aldrich.

NMR analysis was carried out using a Bruker AMX 300
MHz. Agarose gel electrophoresis analysis was performed using
the Biorad GEL DOC XR trans-illuminator; UV spectra were
recorded on a Varian cary 50 UV-vis spectrophotometer;
fluorescence was determined using a JASCO FP-6200 spectro-
fluorimeter. Dynamic light scattering measurements were per-

formed using an in-house assembled system as further described
in the Experimental Procedures. Biotinyl derivatives were
detected by spraying the TLC plate with an acidic dimethyl-
amino cinnamaldehyde solution (24); NH-containing compounds
were detected using ninhydrin (25, 26). Primary amines in
solution were detected and quantified by the trinitrobenzene-
sulfonic acid assay (TNBSA) according to Habeeb (27, 28).
Biotin in solution was quantified by the 2-(4′-hydroxyazoben-
zene) benzoic acid (HABA) assay (29). PEG in solution was
detected and quantified by the iodine method (28).

Synthesis of PEG Derivatives. O-(N-Hydrosuccinimidyl-
carbonate)-O′-methyl-poly(ethylene glycol)5000 (1, Scheme
1). A similar procedure as the one described by Miron et al.
(30) was followed. O-Methyl-poly(ethylene glycol)5000 (5 g,
1 mmol) was dried by azeotropic distillation in toluene and then
redissolved in an anhydrous mixture of chloroform/toluene (1:
3) (40 mL) containing disuccinimidylcarbonate (DSC) (1.02 g;
4 equiv) and triethylamine (TEA) (556 µL; 4 equiv). The
reaction was stirred for 12 h at room temperature; the product
was precipitated in anhydrous diethyl ether, recovered by
filtration, and dried in vacuo. It was then purified by hot-cold
crystallization in absolute ethanol, filtered, rinsed with ether,
and dried in vacuo.

1H NMR (d6-DMSO, 300 MHz) δ 4.46 and 3.38 ppm (t, 2H,
-O-CO-OCH2-CH), δ 3.38 ppm (s, 3H, -CH2CH2-O-CH3-).
The degree of conversion was 95%; yield 92%.

N-BOC-biotinamidohexylamine (2, Scheme 2). Biotin (0.5 g;
2 mmol) was dissolved in dry dimethylformamide (DMF, 12
mL); then, N-hydroxysuccinimide (259 mg; 1.1 equiv) and
dicyclohexylcarbodiimide (DCCI, 464 mg; 1.1 equiv) were
added. The reaction was carried out at room temperature and
was monitored by TLC (chloroform/methanol 80/20). After 12 h,
the dicyclohexyl urea formed was removed by filtration and
N-BOC-1,6-diaminohexane (517 mg; 1 equiv) and TEA (286
µL; 1 equiv) were added. After 2 h at room temperature, the
product (N-BOC-biotinamidohexylamine, compound 2) was
precipitated by adding cold water, it was isolated by filtration
and rinsed with cold HCl 0.1 N and anhydrous diethyl ether,
dried in vacuo, and the purity assessed by 1H NMR. The degree
of conversion was 100%; yield 90%.

1H NMR (d6-DMSO, 300 MHz) δ 4.29 and 413 ppm (m,
2H, NH-CHR-CHR-NH in biotin ring), δ 1.37 ppm (s, 9H,
C(CH3)3).

Biotinamidohexylamine (3, Scheme 2). Compound 2 was
dissolved in methanol saturated with HCl. After 15 min, the
solvent was evaporated and the product was redissolved in the

Scheme 1

Scheme 2
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minimum amount of chloroform, and TEA was added to obtain
biotinamidohexylamine as the free base. The insoluble product
was isolated by filtration; it was rinsed with chloroform and
cold diethyl ether and dried in vacuo. The degree of conversion
was 100%; yield 52%.

1H NMR (d6-DMSO, 300 MHz) of 2: δ 4.29 and 4.12 ppm
(m, 2H, -NH-CHR-CHR-NH in biotin ring), δ 3.03 ppm (m,
2H, -CO-NH-CH2-).

O-(N-Hydrosuccinimidylcarbonate)-O′-methylpoly(ethylene
glycol)2000 (4, Scheme 2). This compound was synthesized
through the same protocol as compound 1 (30) using methyl-
PEG2000 instead of methyl-PEG5000.

1H NMR (d6-DMSO, 300 MHz) δ 4.46 and 3.38 ppm (t, 2H,
-O-CO-OCH2-CH), δ 3.38 ppm (s, 3H -CH2CH2-O-CH3-). The
degree of conversion was100%; yield 83%.

O-Biotinamidohexylamate,O′-methyl-PEG2000 (methyl-
PEG2000-biotin, 5, Scheme 2). Compound 3 (10 mg; 0.03
mmol) was dissolved in anhydrous dimethylsulfoxyde (DMSO,
1.5 mL), and compound 4 (200 mg; 3 equiv) and TEA (4.2 µL;
1 equiv) were added. The reaction was stirred for 2 h at room
temperature, and the product was then precipitated in diethyl
ether, filtered, and dried under vacuum. After hot-cold crystal-
lization in absolute ethanol, the product was rinsed with diethyl
ether and dried in vacuo. It was analyzed by 1H NMR; the
absence of unreacted biotinamidohexylamine was also confirmed
by TNBSA assay. Biotin titer in the final product was measured
by the HABA assay.

1H NMR (d-chloroform, 300 MHz) δ 4.51 and 4.32 ppm (m,
2H, -NH-CHR-CHR-NH in biotin ring); δ 4.04 ppm (m, 2H,
-CO-O-NH-CH2-CH2-O-), δ 3.64 ppm (wide s, about 180 -O-
CH2-CH2-O-, PEG chain). The degree of amine conversion was
100%; yield 90%.

Biotinamidohexanol (6, Scheme 3). This product was
synthesized through a similar procedure as the one followed to
obtain compound 2. 6-Aminohexanol was used instead of
N-BOC-1,6-diaminohexane. It was isolated upon filtration after
precipitation with cold, diluted HCl. It was then rinsed with
diethyl ether and dried in vacuo.

1H NMR (d6-DMSO, 300 MHz) δ 7.71 ppm (t, 1H, -CH2-
OH), δ 4.31 and 4.12 ppm (m, 2H, -NH-CHR-CHR-NH in
biotin ring). The degree of biotin conversion was 100%; yield
56%.

O-Biotinamidohexanolamate,O′-methyl-poly(ethylene gly-
col)5000 (methyl-PEG5000-biotin) (7, Scheme 3). Compound
6 (150 mg; 0.43 mmol) was dissolved in anhydrous DMF (5
mL) and DSC (243 mg; 2.2 equiv) and TEA (150 µL; 2.5 equiv)
were then added. After stirring overnight at room temperature,
the solution was mixed with O-(2-aminoethyl)-O′-methyl-
poly(ethylene glycol) (5 kDa, 500 mg; 0.23 equiv) previously
dehydrated by azeotropic distillation in toluene. The reaction
was monitored by TLC (chloroform/methanol 80/20) until the
polymer amino groups were no longer detectable by ninhydrin
assay. The product was extracted in chloroform, washed with
diluted HCl, then with diluted Na2CO3, and, finally, with water.
The organic phase was dried over MgSO4, concentrated by
rotavapor, and the product precipitated in anhydrous cold diethyl
ether, filtered, and dried in vacuo. It was analyzed by 1H NMR;
its biotin titer was also confirmed by HABA assay.

1H NMR (d-chloroform, 300 MHz) Biotin-mPEG5000 δ 4.53
and 4.35 ppm (m, 2H, -NH-CHR-CHR-NH in biotin ring), δ
4.03 ppm (m, 2H, -CO-O-NH-CH2-CH2-O-), δ 3.63 ppm wide
s, about 450 -O-CH2-CH2-O-, PEG chain). The degree of amine
modification was 100%, yield 82%.

Biotinamidohexylamido-L-lys · (HCl)2 (9, Scheme 4). Com-
pound 3 (203 mg, 0.594 mmol) was dissolved in of 4 mL of
dry DMF. This solution was added of 290 mg of N,N′-di-Boc-
L-lysine hydroxysuccinimide ester (0.653 mmol, 1.1 equiv),
previously dissolved in 3 mL of dry DMF, followed by 82.6
µL of TEA (0.594 mmol, 1 equiv). The reaction was stirred for
one hour at room temperature. The product (8) was precipitated
by the addition of cold, dry diethyl ether, then washed with
cold aqueous diluted Na2CO3 in H2O, the diluted citric acid in
H2O, and finally water. It was then redissolved in HCl-saturated
chloroform to remove the BOC group. The reaction was
monitored by TLC, and after 30 min, biotin-L-lys · (HCl)2 (9)
was precipitated by the addition of diethyl ether; it was then
isolated by filtration and dried in vacuo.

1H NMR (d-chloroform, 300 MHz) δ 4.30 and 4.14 ppm (m,
2H, -NH-CHR-CHR-NH in biotin ring), δ 3.74 ppm (m, 1H,
CO-CHR-NH2 ·HC in lysine). The degree of biotinamidohexy-
lamine conversion was 100%; yield 47%.

Biotinamidohexylamido-L-lys · (methyl-PEG2000)2 (biotin-L-
lys-(methyl-PEG2000)2, 10, Scheme 4). Compound 9 (8.2 mg,
0.015 mmol) was dissolved in anhydrous dimethylsulfoxide
(DMSO) (1.5 mL). Compound 4 was added in several aliquots,
each time followed by the same number of equivalents of TEA.
One hour after each addition, a small portion of the solution
was tested for primary amine content by TNBSA assay. This
was repeated until no more free amines could be detected. Due
to the large excess of compound 4 used, the final mixture was
composed of the desired product together with the hydrolyzed
excess of methyl-PEG2000-OH. The PEG mixture was isolated
by diethyl ether precipitation and purified by hot-cold crystal-
lization in absolute ethanol, filtered, and dried in vacuo. The
amount of biotin-L-lys-(methyl-PEG2000)2 in the final powder
was determined on the basis of its biotin titer using the HABA
assay. The absence of unreacted primary amines was verified
by TNBSA assay. The degree of amine coupling was 100%,
PEG product recovery 80%.

Biotinamidohexylamido-L-lys · (methyl-PEG5000)2 (11, Scheme
5). Compound 9 (13.2 mg, 0.024 mmol) was dissolved in
anhydrous DMSO (5 mL), followed by Compound 1 and TEA
in a similar fashion as described above for compound 10. In

Scheme 3 Scheme 4
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this case, the final mixture was composed of the desired product
together with the hydrolyzed excess of mPEG-OH5000. It was
isolated by ether precipitation and purified by hot-cold crystal-
lization in absolute ethanol, filtered, and dried under vacuum.
The amount of the biotin-L-lys-(methyl-PEG5000)2 in the
mixture was determined on the basis of its biotin titer using the
HABA assay. The absence of unreacted primary amines was
verified by TNBSA assay.

The degree of amine coupling was 100%, PEG product
recovery 87%.

PEGylation of Avidin. CoValent PEGylation. We obtained
three avidin-PEG covalent conjugates by mixing the protein
(10 mg/mL), dissolved in 0.1 M borate pH 8.0, with different
amounts of 1. The polymer/avidin molar ratio in the reaction
mixtures was 20, 40, and 80 (15 mg, 30 mg, and 60 mg of
compound 1 every milliliter of avidin solution). Each solution
was gently mixed for 2 h at room temperature, and the products
were purified by ultrafiltration using a polyethersulfone filter
membrane (cutoff 30 kDa). Removal of unbound PEG was
verified by testing the eluate by iodine assay. Protein concentra-
tion in the final solution was determined by UV absorbance
(E0.1% at 280 nm ) 1.54). The mean number of polymer chains
bound to the protein was determined by both TNBSA and iodine
assays. The properties of the resulting products are summarized
in Table 1.

PEGylation Via Biotin Bridge. PEGylated avidins at controlled
PEG/avidin ratios were obtained using compounds 5, 7, 10, and
11 by exploiting the high affinity of avidin for the biotin moiety.
Avidin was dissolved in PBS buffer and the biotin-PEG
derivative was then added at the desired biotin/avidin molar
ratio. We assumed that all of the biotin residues added to the
solution would stably bind to avidin. No purification was
necessary.

Other Biotinylated Proteins. Biotin-PEG-Horseradish
Peroxidase. Horseradish peroxidase type VI (HRP) was dis-
solved in 0.1 borate buffer pH 8.0 (1 mg/1 mL) and biotin-
PEG5000-CO-OSu (1.2 mg) was added (PEG/HRP molar ratio
) 10). The solution was gently mixed for 1 h at room
temperature. The product was purified by ultrafiltration using a
polyethersulfone filter membrane (MWCO 30 kDa). HRP
concentration in the final solution was determined by UV
absorbance (E0.1% at 403 nm ) 2.5). The mean number of
biotin-PEG chains bound to the protein was determined by
both HABA and “iodine” assays using standard curves obtained
with the corresponding polymer. The PEG/HRP molar ratio in
the final product was 1.2:1.

Biotin-Immunoglobulin G (IgG). Normal goat IgG was
dissolved in 10 mM phosphate, 150 mM NaCl, pH 7.4 (PBS)
buffer at 3 mg/mL and added of 2.7 µL of a DMSO solution of
biotinamidocaproate N-hydroxysuccinimidyl ester (5 mg/mL,
biotin/IgG ) 1.5:1). The solution was gently mixed for 1 h at
room temperature. The product was purified from low-molecular-
weight side products by gel filtration using a Sephadex G25 resin.
The degree of biotinylation was determined by means of the HABA
assay after trypsin digestion according to standard procedures. The
biotin/IgG molar ratio in the final product was 1.3:1.

Interaction of the PEGylated Avidins with Plasmid
DNA. The ability of avidin and of its PEGylated derivatives to
interact with plasmid DNA was assessed by electrophoretic
mobility assay (EMSA) on an agarose gel (14). Unmodified

avidin (with or without biotin), covalently PEGylated avidin
(with or without biotin), and avidin previously saturated with
different amounts of selected biotin-PEGs or biotin-PEG-
peroxidase were tested. Experiments were carried out by mixing
constant amounts of a DNA in PBS to equal volumes of avidin
solutions (in PBS) at increasing concentration according to the
desired molar (or charge) ratios. The final DNA concentration
in all mixtures was 6.25 µg/mL. Twenty-four microliter aliquots
of each final solution were then loaded on 0.8% agarose gels
and run for about 60 min at 80 mV voltage. DNA in the gel
was visualized by fluorescence (ethidium bromide) using a GEL
DOC XR trans-illuminator (Biorad), and band fluorescence
intensity was quantified with ImageJ software. For quantitative
analysis, the time of exposure to UV light was controlled in
order to prevent signal saturation. The linearity of fluorescence
intensity versus DNA concentration was verified by means of
calibration curves built in parallel to each experiment (serial
dilutions from 6.25 µg/mL to 24 ng/mL dissolved in the same
buffer).

Preparation of Nanoassembled Avidin-Nucleic Acid
Complexes. DNA (430 µg/mL) and avidin (20 µg/mL) were
dissolved in double-distilled water (dd-H2O) and cooled in an
ice bucket. Equal volumes of each solution were then mixed
while vortexing. Vortexing was maintained for 10 s after mixing,
and then samples were kept in an ice bucket until further use.

Aggregation Studies. Nanoassembly aggregation was tested
by following the increase in time of the average particles size
via dynamic light scattering measurements (DLS). These
experiments were carried out with core nanoparticles obtained
as described above and upon addition of different amounts of
each of the biotin-PEG synthesized. DLS measurements were
carried out on samples after preparation in dd-H2O and after
the addition of 0.1 vol of 10× PBS buffer. Measurements were
repeated every 5-10 min for up to 2 h or until precipitation
occurred.

Light scattering measurements were performed using an in-
house assembled system. Samples (300 µL) were placed in thin-
walled cylindrical borosilicate glass cuvettes (1 cm diameter)
and placed in a vat filled with toluene as the index matching
fluid. During the course of the measurements, the vat temper-
ature was kept at 25 °C. The light source was a Spectra Physics
Stabilite 2017 laser (λ ) 632.8 nm), and photons scattered by
the sample were collected by a photomultiplier tube mounted
on the goniometer arm at 90° to the direction of the incident
radiation. The photoelectron count-time autocorrelation function
was measured with a Pacific Scientific NICOMP 370 correlator.
Applying the Stokes-Einstein equation to the translation
diffusion coefficients provides an intensity-weighted distribution
of hydrodynamic sizes (31).

Optimized Nanoassemblies in a Model Analytical Test.
Nanoassemblies were obtained in dd H2O at charge ratio of (3
as previously described (calculated on the basis of the number
of basic and acid residues on avidin that give rise to a net
positive charge of 24 at pH 7.4 (14)), using a stock avidin
solution where 2% of the total biotin binding sites had been
saturated with biotin-AlexaFluor546. Compound 11 was then
added in order to cover 30% of the total biotin binding sites.
After 1 h, the excess of avidin unbound to the DNA was
removed using a cross-flow filtration cartridge (Vivaspin 50,
Sartorius Stedim Biotech S.A., Aubagne Cedex, France) with
a membrane with 100 kDa cutoff and water as the flowthrough
buffer. The amount of avidin in the eluting buffer was quantified
through the AlexaFluor546 fluorescent signal (λexc 556; λemiss 573).
The retained solution containing the nanoassembled avidin was
analyzed by dynamic light scattering and used in a dot blot assay
described as follows.

Table 1. Properties of Covalent Methyl-PEG5000-Avidin
Conjugates

sample name
PEG/avidin in the
reaction (mol/mol)

mean number PEG
molecules per protein

avidin-(mPEG5000)1 20 1.2
avidin-(mPEG5000)2.1 40 2.1
avidin-(mPEG5000)3.6 80 3.6
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Various amount of biotinylated goat IgG (99 ng to 0.02 ng
in 0.2 µL) were spotted on a nitrocellulose membranes, which
were then soaked 60 min in a blocking solution (10% skimmed
milk in PBS). Avidin as a monomer or in the form of the
ANANAS assembly was added to the block solution to a final
concentration of 4 µg/mL. After 60 min, the membranes were
thoroughly washed with PBS and incubated for 60 min with
biotin-PEG-HRP dissolved in 10% skim milk/PBS (4 µg/mL).
After washing, detection was carried out by adding a 3,3′-
diaminobenzidine (DAB)/H2O2 solution in PBS (0.03% and
0.015%, respectively). The reaction was stopped after 10 min
by washing the membrane twice with dd-H2O. The intensity of
the signal generated on the membrane was quantified after air
drying upon recording the membrane image with a digital
camera and using the NIH ImageJ software.

RESULTS

Synthesis of the PEG Derivatives for Avidin PEGyla-
tion. PEGylation of avidin was achieved either through covalent
bonding at the protein primary amines or through the addition
of biotinylated PEGs. All PEGylating derivatives were synthe-
sized within this work. More precisely (Scheme 6), we obtained
one amine reactive derivative of methyl-PEG having 5000 Da
MW (1) that was used for covalent coupling and four biotin-
PEG derivatives (compounds 5, 7, 10, 11) (Schemes 2-5) with
different sizes (from 2000 to 10 000 Da) and geometry (linear
or branched) for high-affinity attachment through the biotin
binding pockets. In all biotin derivatives, a 6 carbon atom spacer
between biotin and the polymer chain was introduced to
maximize the interaction with the protein (32).

The PEG reagent for covalent modification (1) was synthe-
sized according to a protocol already described in the literature
(30). The same compound was also used as an intermediate for
the preparation of two of the four biotin-PEG derivatives. The
latter were obtained either (a) by generating primary amine-
containing derivatives of biotin (compounds 3 or 9), which were
reacted with an excess of amine-reactive PEG, or (b) by
synthesizing an amine-reactive derivative of biotin (DSC
derivative of compound 6) which was reacted with biotin-PEG-
amine. All syntheses have been carried out in such a way to
guarantee the final product would not contain any biotin
derivative of low or intermediate molecular weight. In fact, this
was fundamental for later experiments, which required the
preparation of avidin/biotin-PEG complexes with polymer/
protein molar ratios precisely defined. All product mixtures were
therefore characterized for their biotin and primary amine titers
using the HABA and TNBSA assays, respectively. The com-
position of the four product mixtures is shown in Table 2.

In order to achieve full biotin modification through the first
synthetic strategy, (compounds 5, 10, and 11), excess of amine-
reactive PEGs had to be used. As a consequence, the final
reaction products were composed of mixtures of the desired
biotinylated-PEG together with the excess of hydrolyzed
polymer reagent. Even if this impurity is inert and does not
interfere with the avidin-DNA interaction, the exact composi-
tion of the product had to be precisely determined.

In the case of the linear derivatives, two distinct synthetic
strategies were adopted, which lead to derivatives with an
inverted chemistry within the six-carbon spacer between the
biotin and PEG moieties. The choice of using the two strategies
was made in order to compare them in terms of reaction efficacy
and cost. We assumed that small differences in this region of
the conjugate would have no influence on the final properties
of the PEGylated avidin. As opposed to the first synthetic
strategy described, quantitative PEG biotinylation was achieved
by reacting the amine-PEG with an excess of amine-reactive
biotin. The excess of low-molecular-weight biotin derivative
was removed through the washing steps, and the final product
(compound 7) was composed of the sole biotin-PEG. This
strategy was indeed more straightforward than the previous one.
However, it required the use of methyl-PEG-amine, which is
more expensive than the hydroxyl derivative.

Effect of PEGylation on the Affinity of Avidin for
Plasmid DNA. The interaction of DNA with any DNA binding
agent can be followed by gel retardation assay (EMSA). The
assay is based on the rationale that the electrophoresis mobility
of a biomolecule in a nondenaturing gel depends on both its
charge and molecular weight. If a DNA-binding agent is added
to the DNA prior to its loading on the gel, the electrophoresis
mobility of DNA will vary depending on the size and charge
of the resulting complex. In the assay, the binding agent is mixed
with DNA at different molar ratios and loaded in the gel.
Qualitative and quantitative information on the interaction can
be obtained by measuring the intensity of the band relative to
the unbound (free) DNA. Quantitative information may also
be obtained from the intensity and position of the band(s)
relative to the bound DNA.

In this work, the assay was used to estimate the relative affinity
of avidin differently PEGylated either through covalent attachment
to its surface lysines or by adding stoichiometrically controlled

Scheme 6

Table 2. Biotin Titer, Primary Amine, and Unmodified Methyl-PEG Content in 1 g of Biotin-mPEG Compounds 1, 7, 10, and 11

PEGylated biotins
(moles × 10-5)

primary amines
(moles ×10-5)

unmodified mPEG
(moles ×10-4)

Methyl-PEG2000-biotin (5) 13.10 0 3.50
Methyl-PEG5000-biotin (7) 16.50 0 0
Biotin-L-lys-(methyl-PEG2000)2 (10) 4.83 0 3.96
Biotin-L-lys-(methyl-PEG5000)2 (11) 1.57 0 1.67
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amounts of biotinylated-PEGs. The experiments were performed
on agarose gels, and the amount of free DNA in each sample was
quantified by measuring the fluorescence intensity of the ethidium
bromide-stained bands. Binding curves were derived as a function
of the protein/plasmid molar ratio. Since avidin is a basic protein
characterized by a large excess of positively charged residues (12
acid vs 17 basic amino acids + 1R-NH2/subunit), the same data
can be plotted by substituting the protein/plasmid molar ratio with
the corresponding (() charge ratio, a parameter that is commonly
used when evaluating DNA binding proteins that have a positive
charge in physiological buffer.

Figure 1 shows the images of the DNA electrophoretic mobility
assay carried out with avidin covalently modified with increasing
amounts of methyl-PEG5000. The binding curves obtained from
the quantitative analysis of band intensity are also reported. The
results indicate that, when PEG is covalently bound to avidin, its
affinity for DNA decreases in a dose-dependent manner. At one
PEG per avidin, the loss of affinity is of minor intensity; however,
at higher polymer loading it becomes dramatic.

In order to evaluate the effect of the mode of PEGylation,
avidins with the same total PEG load attached either through
covalent binding or via biotin bridge were tested in parallel.
Figure 2A and B shows the results of the EMSA carried out
with avidin in its native form or PEGylated with 1 or 4
molecules of methyl-PEG5000 attached either covalently (com-
pound 1) or through the biotin bridge (compound 7).

PEGylation through biotin bridging has no impact on the
affinity for DNA that remains totally preserved. Since it is
known that the affinity of avidin for plasmid DNA increases
upon addition of biotin (14), the covalently PEGylated avidins
were also tested upon addition of free biotin at equimolar
amounts as the PEG molecules covalently bound. The loss in
affinity caused by covalent attachment is only partially reversed
by the presence of biotin.

Figure 2C shows the results of the EMSA carried out using
avidin PEGylated to a large extent with highly bulky biotin
derivatives, namely, compound 11 and biotinylated-PEG-HRP.
Interestingly, in this case the affinity for DNA seems higher
than that of native avidin.

Effect of the Amount of PEG on the Size of the
Nanossemblies and on Their Aggregation Behavior. Avidin-
plasmid DNA nanoassemblies were obtained in double-distilled
water as described by Morpurgo et al. (14). This procedure leads
to discrete nanoparticles of defined sizes (about 100 nm) and
composed of individual DNA filaments covered by several
avidin molecules. Even though the interaction between the
protein and DNA is not affected by the presence of salts or
buffers, when the nanoparticles are transferred to a buffered

Figure 1. Electrophoretic mobility assay of plasmid DNA upon
interaction with avidin covalently modified with increasing amounts
of methyl-PEG5000 (see methods): (A) native avidin; (B) methyl-PEG
5000/avidin ) 1.2; (C) methyl-PEG 5000/avidin ) 2; (D) methyl-PEG
5000/avidin ) 3.6; (E) binding curves obtained measuring the intensity
of band relative to the free DNA; experiments were carried out in
duplicate: (•) native avidin; (°) methyl-PEG 5000/avidin ) 1.2; (2)
methyl-PEG 5000/avidin ) 2; (∆) methyl-PEG 5000/avidin ) 3.6.

Figure 2. Electrophoretic mobility assay of plasmid DNA upon
interaction with avidin differently PEGylated through the covalent or
the biotin-bridge strategy. Binding curves obtained by measuring the
intensity of band relative to the free DNA. (A) Low degree of
PEGylation using linear 5000 MW polymers (•) native avidin; (O)
covalent PEGylation with 1.2 methyl-PEG5000; (2) covalent PEGy-
lation with 1.2 methyl-PEG5000 + 1 biotin; (∆) PEGylation with 1
linear biotin-PEG5000 (compound 7). (B) High degree of PEGylation
using linear 5000 MW polymers: (•) native avidin + 4 free biotins;
(O) covalent PEGylation with 3.6 methyl-PEG5000; (2) PEGylation
with 3.6 methyl-PEG5000 + 4 free biotins; (∆) PEGylation with 4
biotin-PEG5000 (compound 7). (C) Very high degree of PEGylation
using bulky biotin-PEG derivatives: (•) native avidin + 4 free biotins;
(O) PEGylation with 3 molecules of biotin-PEG5000-HRP; (2)
PEGylation with 4 molecules of compound 11. All experiments were
carried out in duplicate.
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solution they undergo rapid aggregation. This phenomenon can
be followed by measuring the size of the nanoassemblies at
regular time intervals after buffer addition.

Since anchorage through the biotin binding sites is the only
PEGylation strategy that does not alter the protein DNA binding
affinity, the effect of the amount of PEG on the aggregation of
avidin-plasmid DNA assemblies has been investigated with the
biotin-PEG derivatives only.

In order to evaluate and quantitate the effect of biotin-
PEGylation on aggregation, the four biotin-PEGs were added
to the particles at precisely defined polymer/protein ratios in
order to cover increasing percentages of their biotin binding
sites (between 20% and 60% of the total amount). The size of
the particles was initially measured in dd-H2O and then at
regular times after mixing with the buffer solution. As seen in
Table 3 and Figure 3, the presence of biotin-PEG does not affect
the particle’s size in dd-H2O but reduces their aggregation
behavior in a dose-dependent manner. The four biotin-PEG
derivatives behave differently: the two linear ones slow down
the aggregation in a dose-dependent manner, but at the
concentrations tested, only the highest-molecular-weight one (5
KDa) was capable of preventing it completely, namely, when
60% of the biotin binding sites were occupied. The branched
biotin-PEGs were more effective than the linear ones. However,
in the case of the lower MW derivative (MW ) 2 KDa × 2),
the size of the particles increased up to about 200 nm in ∼10
min independently of the amount of polymer added. After this
initial phase, the aggregation process slowed down significantly,
and at the highest polymer concentration investigated, it stopped
completely. In the case of the branched high MW derivative (5
KDa × 2), aggregation was detectable only when low amounts
of PEG were added: 30% biotin binding sites (BBS) coverage
was enough to stabilize the particles indefinitely. In fact, the
size of the particles was re-analyzed 24 h after their preparation
and it remained unchanged.

Application of the Optimized Assemblies in Detection. The
potential usefulness of the optimized assembly prepared upon
protecting the particle surface with 30% of the BBS with
compound 11 was assessed by means of a simple analytical
test. This was carried out after removing the excess of free avidin
resulting from the preparation process. Purification was carried
out by tangential flow filtration (TFF) using 100 kDa cutoff
filters, and the efficiency of the purification step was measured
through two parameters: (a) the amount of protein recovered
and (b) the size of the particles in the retained solution.

The time necessary to run the purification was about 1 h,
with 500-700 mL total filtered volume. After purification,
avidin recovery was quantitative, as calculated from the UV
absorbance of the filtered and retained solutions. Dynamic light
scattering analysis of the retained sample (intensity-weighted
Nicomp distribution) indicated the presence of two different
particle populations, one of 130 nm size and the other of
600-800 nm. The first one, representing 96% of the total
number, had about the same size of the nanoassemblies before
TFF, whereas the second population was of larger size. This
suggests that that, upon removal of the excess of avidin, either
aggregation occurs partially or the DNA loosens its condensed
architecture and unrolls, at least to some extent, into a

nonglobular shape. If this were the case, the particles might
still exist as individual and discrete objects, but the DLS
technique would not be the best tool to analyze their size, as
the algorithm it uses is based on the assumption that the particles
are of spherical geometry. Only the sample ultrastructure
analysis could clarify which phenomenon underlies the change
of sample size registered after purification. However, from a
practical viewpoint the fact that total avidin recovery was

Table 3. Size of the Avidin-DNA Nanoassemblies in Water as a Function of Type and Amount of Biotin-PEG Used for Their Surface Coating

% BBS occupied

mean diameter (nm)

methyl-PEG2000-biotin (5) biotin-L-lys-(methyl-PEG2000)2 (7) methyl-PEG5000-biotin (10) biotin-L-lys-(methyl-PEG5000)2 (11)

no biotin-PEG 97 ( 10.7 97 ( 10.7 97 ( 10.7 97 ( 10.7
20 88.5 ( 0.7 101 ( 14.8 95.5 ( 6.4 93.5 ( 9.2
30 93 ( 2.8 99 ( 11.3 93.5 ( 7.8 95 ( 7.1
40 86 ( 1.4 90 ( 11.3 94 ( 5.7 99.5 ( 0.7
50 88.5 ( 0.7 91 ( 2.8 93.5 ( 7.8 100 ( 1.4
60 91.5 ( 0.7 109 ( 19.1 99 ( 4.2 98 ( 2.8

Figure 3. Aggregation in PBS buffer of avidin-DNA nanoassemblies
PEGylated through the use of different amounts of the four biotin-
PEG polymers. (A) methyl-PEG2000-biotin (5); (B) biotin-L-lys-
(methyl-PEG2000)2 (10), (C) methyl-PEG5000-biotin (7), or (D) biotin-
L-lys-(methyl-PEG5000)2 (11). Biotin-PEG derivatives were added in
order to occupy increasing percentages of the total biotin binding sites
(BBS) available: 0% (•), 20% (O), 30% (9), 40% (0), 50% (2), and
60% (∆). Standard deviations have been omitted for clarity purposes,
as they increased together with the increase of particle’s size.
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achieved indicates that, even if in a larger size, the purified
product remains in solution and can be used as an analytical
tool in solution assays.

The results of the first analytical test are shown in Figure 4.
In the test, different amounts of a biotinylated sample protein
were spotted on a nitrocellulose membrane and detected upon
adding the nanoassemblies followed by biotinylated-HRP and
development using DAB substrate. In order to evaluate if the
nanoassemblies were capable of improving the performance of
the classical avidin-biotin system, the assay was carried out
in parallel with monomer avidin. Figure 4 shows the intensity
of the signal generated upon recognition of decreasing amounts
of a biotinylated protein spotted on a nitrocellulose membrane.
Both signal intensity and onset of detection improved when
using the purified nanoassemblies as compared to monomer
avidin. Signal intensity was higher at all analyte concentrations
tested. In addition, the limit of detection (LOD) observed with
the nanoassemblies was lower by more than 40-fold than that
with monomer avidin: in fact, monomer avidin failed to detect
the biotin-analyte below 0.6 ng/spot, whereas the nanoassemblies
gave rise to a positive signal even when the biotinylated IgG
was as low as 0.016 ng/spot.

DISCUSSION

The idea of exploiting for biomedical applications a double
self-assembly process driven by nature-dictated affinities is a
fascinating one and was the driving force behind this work.
However, the applicability of the ordered polyavidin nanoas-
semblies generated from the high-affinity interaction of avidin
with the nucleic acids depends primarily on the possibility of
generating solution-stable nanoassemblies capable of remaining
as such when diluted in physiological buffers. In this respect,
the nature-driven process moves in the opposite direction to
the one required by applicative science: the avidin-nucleic acid
assemblies are insoluble in buffer solution, and this is probably
because of the natural role of the interaction which is presumably
to segregate undesired exogenous DNA when it enters the egg
(14). In any case, aggregation is a common phenomenon
occurring with nanosized particles, largely related to the large
surface area exposed with its peculiar characteristics of charge
type and density, and hydrophobicity-hydrophilicity balance.
Hydrophilic polymers, covalently bound or adsorbed onto the
particle surface, are often used to avoid or slow down aggrega-
tion of otherwise solution-unstable nanoparticles (20, 33). Their
effectiveness in preventing nonspecific interactions between

different surfaces (and hence also between nanoparticles) to
which they are attached is related to two parameters: (a) polymer
chain length and (b) its grafting density (17, 34-36). For each
system, the same efficacy of aggregation prevention is achiev-
able by varying each or both of the above parameters. Despite
the common general rules dictating the efficacy of hydrophilic
polymers surface protection, each individual nanosystem, being
characterized by unique size, surface properties, and curvature
angle, has to be optimized individually. In the case of the avidin-
nucleic acid assemblies, an additional property that needs to be
taken into consideration is the fact that the particles exist only
secondary to a high-affinity phenomenon whose likelihood
depends on the ability to preserve the DNA binding site on the
protein surface. Avidin covalent PEGylation has been described
by some authors, whose main objective was to increase the
protein in vivo half-life and to reduce its immunogenicity. In
those works, it was shown that the protein ability to bind biotin
is affected by covalent modification in a dose-dependent manner
(37) unless a site protection strategy is adopted to prevent it
(38). However, the effect of covalent PEGylation on the more
recently discovered property of avidin of binding the nucleic
acids has not yet been described. This second property is the
key element that drives the formation of the avidin-nucleic acids
described here, because a diminished or lost affinity would
impair the assemblies stability and therefore their applicability.

The results show that when PEG is covalently bound to
avidin, its affinity for DNA decreases in a dose-dependent
manner. At one PEG per avidin the loss of affinity is of minor
intensity, however, at higher polymer loading it becomes
dramatic. It was shown previously that the affinity for plasmid
DNA is higher when the protein biotin binding pockets are
occupied by biotin (14). Therefore, in order to better compare
biotin-PEGylated samples with the covalently PEGylated ones,
the latter have been tested also upon addition of 1 equiv of
biotin/each covalent PEG chain attached to the protein. Nev-
ertheless, the original affinity was not recovered, indicating that
the loss in affinity is nonreversible. Even though covalently
PEGylated avidins are still capable of interacting with DNA at
the concentrations used in the EMSA assay, the results suggest
that the loss of affinity induced is likely to affect the solution
stability of the avidin-DNA assemblies at lower concentrations
regimes. Data from our laboratory (manuscript in preparation)
indicate that the affinity between native avidin and double-
stranded DNA is in the nanomolar range, but no information is
yet available on the PEGylated protein. It must be pointed out
that the agarose gel retardation assays of this work and the
aggregation tests have been carried out at relatively high
concentrations (micromolar range). Therefore, losses in affinity
of 1 or 2 orders of magnitude are likely to remain undetected
by both assays, while they might induce instability at lower
concentrations, thus reducing the application potential of the
assemblies. As a matter of fact, some authors tried, without
success, to use covalently PEGylated avidin-nucleic acid as-
semblies as cell transfecting systems (39). In that work, short-
term (up to ten minutes) aggregation kinetics had been carried
out demonstrating the particle solution stability at the concentra-
tion tested. However, the aggregation assays had been carried
out at higher concentrations than that later used in the cell assays,
so the loss in DNA affinity might have had a negative impact
on the biological activity pursued.

On the other hand, PEGylation through biotin bridging has
no impact on the affinity for DNA, which remains totally
preserved. In reality, the data obtained with avidin PEGylated
to a large extent with highly bulky biotin-PEG derivatives
(compound 11 and biotinylated-PEG-HRP) indicate an increase
in affinity. This is difficult to explain: it could be related to the
fact that biotinylated avidin has a higher affinity for DNA that

Figure 4. Integrated signal of biotin-HRP/DAB based dot-blot on a
nitrocellulose membrane spotted with a biotinylated model IgG and
incubated with monomer (O) or nanoassembled (•) avidin. The DAB
substrate generated spot intensities were quantified with ImageJ
software. The assay was carried out in duplicate.
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the apo form. However, higher affinity in the presence of biotin
is observable only at ionic strength conditions higher that those
used in this work (14), and indeed, no difference in affinity
was detected upon saturating native avidin with free biotin
(Figure 2A vs B). The increase in affinity could therefore be
related to an interaction between the PEG chains, but the nature
of this phenomenon is yet to be investigated.

In any case, the EMSA data show clearly that the use of the
biotin binding sites as the anchoring points for polymer
attachment is the best strategy to achieve surface protection of
the nanoassemblies. On the basis of these data and taking into
account that aggregation studies on covalently PEGylated avidin
have been described by other authors (39), the effect of the
amount of PEG on the aggregation has been investigated here
with the biotin derivatives only. In fact, the next questions that
needed to be answered were how much and what kind of biotin-
PEG should be used. This is not a trivial matter, as the use of
too much biotin-PEG would, on one hand, reduce the assemblies
cargo capability and, on the other hand, possibly affect their
ability to interact with further biotinylated functions. On the
contrary, amounts of PEG that are too low would not be enough
to protect them from aggregation. The four PEG-biotin deriva-
tives described in this work differed in the biotin/PEG-monomer
ratio and/or the polymer geometry: two of them (1 and 7) were
of linear geometry and two (10 and 11) had a Y-shape, similar
to the amine-reactive Tween-PEG described by Monfardini (40).
Monfardini’s Y-shaped polymer is capable of inducing higher
surface protection than that induced by two individual molecules
of linear PEG having half its molecular weight, with the
advantage of generating minor protein perturbation and loss of
biological activity. Similarly, the Y-shaped biotin-PEGs syn-
thesized in this work (compounds 10 and 11) were more efficient
than the linear ones (compounds 1 and 7) in preventing sample
aggregation. As a matter of fact, total protection from aggrega-
tion was achieved by saturating 30% of the total biotin binding
sites with the Y-shaped 2 × 5 kDa MW compound or 60% of
the BBS with the linear 5 kDa MW one. Therefore, the amount
of PEG/surface area necessary to totally prevent the aggregation
is the same. However, the use of the branched compound allows
the majority (70%) of the original biotin binding sites to remain
available for further interactions, and this translates into a more
powerful nanoassembly. The results can also be discussed in
terms of PEG size and degree of surface coverage as a function
of polymer chain distance. According to the literature, the
calculated radii of gyration (Rg) of the 2, 4, 5, and 10 kDa PEGs
are about 1.7, 2.5, 2.8, and 4.2 nm, respectively (41), and the
theoretical distances between two adjacent polymer chains
necessary to achieve maximal surface protection are, respec-
tively, 3.8, 5.5, 6.1, and 8.9 nm (34, 35, 42-47). On the basis
of the information available from the avidin crystallography data
(48), the distance between two biotin binding sites on an
individual avidin molecule (or between two biotin binding sites
in two adjacent avidins) can vary between about 3 and 6 nm,
depending on the biotin binding sites considered. Even if the
precise information regarding the distance between the biotin
binding sites in the nanoassembly can only be obtained by
ultrastructure investigation, these numbers suggest that the 2
kDa and the Y-shaped 4 kDa PEGs should not always be able
to provide maximal surface protection even at 100% BBS
coverage, and this is in agreement with our observations. On
the contrary, the 5 kDa and the Y-shaped 10 kDa polymers are
large enough to provide maximal protection.

The next questions we wanted to answer were if the optimized
and stabilized assemblies were still capable of recognizing
biotinylated molecules once immobilized on a surface, and
consequently, if they were capable of acting as signal amplifiers
with respect to the avidin monomer. This was indeed verified

by a simple dot blot assay that demonstrated that the particles
are capable of generating a higher signal as compared to
monomer avidin and to improve the limit of detection by at
least 40-fold. This result demonstrates for the first time that the
optimized assemblies can indeed be used as molecular amplifiers
in detection, therefore paving the way toward further application
where a higher sensitivity such as the one obtained by the
classical avidin-biotin technology might be of use.

CONCLUSIONS

The results demonstrate for the first time the possibility of
exploiting the avidin-DNA high-affinity interaction to obtain
solution-stable nanoassemblies with improved detection capa-
bilities as compared to monomeric avidin. This was achieved
by fine-tuning the surface protection strategy of the assemblies
so that neither the biotin- nor the DNA-binding properties are
impaired upon PEGylation. In fact, covalent PEGylation partially
reduces the affinity for DNA, whereas PEG anchoring through
the biotin binding sites does not. The full potential of this new
system is yet to be explored. However, as compared to other
polyavidin systems described in the literature, the ANANAS
particles have the additional advantages of (a) being stoichio-
metrically defined and (b) being composed of biocompatible
or biodegradable elements only, and (c) having the full biotin
binding potentials preserved. These are fundamental features
that allow for envisioning their potential application in further
areas of investigation, among which are in vivo diagnostics and
drug delivery.
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