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A novel method for quantifying biomolecules immobilised onto
gold and silver nanoparticles is reported; fluorescent-labelled
antibodies and DNA are hydrolysed on the surface of

the nanoparticles by the addition of trypsin and DNase I,

respectively, resulting in the

fluorescent label into the bulk solution.

of the quantifiable

Noble metal nanoparticles are finding much use in bioanalytical
applications due to their near-field and far-field optical properties.
Their intense colours, arising from their capacity to strongly
absorb and scatter light at the plasmon resonance wavelength,
renders them highly suitable as staining and visualisation
agents"” and for sensing in plasmon resonance™ and SERS
detection techniques;™® whilst their inert nature and ability to
be naturally internalised by cells means they are finding use in
the delivery of molecules.”™®

Nanoparticles can be functionalised with a variety of
biomolecules including proteins,” antibodies'™!'" and DNA'?
using several different conjugation techniques such as electro-
static adsorption,'*'* thiol-gold interactions'? and via
nanoparticle surface ligands.'>'® However, it is important that
the resultant conjugate is adequately characterised for each
method and specific biomolecule. Protein structures are
susceplible to denaturation and nanoparticle conjugation has
been shown to affect the protein structure,'™'® whilst excessive
biomolecule coverage can reduce functionality due to steric
crowding."® In addition to controlling biomolecule coverage to
maintain functionality, it is important to quantify numbers
of adsorbed biomolecules to determine the response per
immobilised biomolecule.

Characterisation has been achieved for protein nano-
particle conjugates using fluorescence resonance energy
transfer (FRET),” stepwise photobleaching,”’ and adsorption
isotherms.'” Absorption spectroscopy has also been used for
quantitation of immobilised protein molecules by subtracting
the nanoparticle contribution from the extinction spectrum of
the conjugated nanoparticles'® and also by analysis of protein
concentration remaining in the bulk solution following
conjugation to nanorods."” This method is less than ideal as
it requires post-analysis data correction or observation of a
decrease in the extinction intensity. Demers e af. developed a
method for quantifying numbers of single stranded DNA
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molecules on gold nanoparticles by incorporating a fluorescent
label at the terminus of the DNA sequence.'® DTT was used to
displace the surface-bound strands allowing quantitation
by fluorescence spectroscopy. This technique is simple and
sensitive however it relies on the competition of ligands for the
nanoparticle surface and in cases where both types of ligands
(the DNA and the displacing molecule) have a similar allinity
for the surface, an equilibrium may be established where
displacement of the fluorescent-labelled biomolecule is not
entirely efficient.

T'his communication presents a method for quantifying
biomolecules attached to gold and silver nanoparticles which
utilises enzyme hydrolysis of the biomolecular structure. Only
one bond needs to be hydrolysed to release the fluorescent
label into the bulk solution and therefore 100% efficiency of
the enzyme is not required for this method to be effective.
Since this is not a displacement technique, it is not reliant on
which species has a greater affinity for the nanoparticle surface
which provides greater flexibility in terms of the range of
surface-bound species that can be quantified. This method
may be applied to any fluorophore-labelled biomolecule. To
demonstrate this, we have used a fluoroscein isothiocyanate
labelled anti leukocyte function associated antigen-1 (LFA-1)
and FAM labelled thiol-DNA.

T'he anti LFA-1 was conjugated to gold and silver
nanoparticles using a cyclic disulfide linker incorporating a
surface-enhanced resonance Raman scattering (SERRS)
active near-infrared chromophore (Fig. 1).2* Addition of
DTT to anti LFA-1 FITC conjugated to gold, for use in the
Demers quantitation method," did not induce aggregation of
the nanoparticles which is the usual indication that the DTT
has displaced the biomolecule and has rendered them unstable
in the conjugation buffer. Fig. 2 illustrates the extinction
spectrum for gold nanoparticles modified with the linker that
had been incubated with DTT. The A, and peak width
for the plasmon resonance extinction remains relatively

Fig. 1 Cyclic disulfide linker used to conjugate biomolecules to
nanoparticle surfaces.

2872 | Chem. Commun., 2009, 2872-2874

This journal is © The Royal Society of Chemistry 2009

206



Appendix 2

081 [
=
206
E|
E —
041
02
0 = —
350 430 350 630 750
wavelength (nm)
Fig. 2 UV-visible spectra of unmodified gold nanoparticles (blue),

linker-modified nanoparticles incubated with DTT in 0.1 M PBS (red),
and linker-modified nanoparticles incubated with trypsin in 0.1 M PBS
(green). The broad absorbance ~700 nm corresponds to the
near-infrared linker.

unchanged, confirming that the nanoparticles still exist in a
monodisperse state. It was therefore assumed that due to the
stability of the resultant conjugate alforded by the cyelic
disulfide linker, the DTT was unable to displace the biomolecule.
There has been significant elfort to develop surface complexing
linkers to improve the stability of biomolecule conjugates in
bicapplications, therefore it is important that a technique can
be emploved that is sufficient in characterising these superior
particles. DTT was substituted with trypsin, an enzyme that
hydrolyses peptide backbones following lysine and arginine
residues. In this approach, the fluorescent label is released
upon digestion of the biomolecule instead of the entire
biomolecule, including the surface complexing group, being

displaced from the surface (Fig. 3). The addition of trypsin to
linker-modified nanoparticles results in a shift and broadening
of the plasmon resonance peak (Fig. 2), presumably due to
neutralisation of the repulsive electrostatic charges on the
nanoparticle surface.

Comparison of the concentration of nanoparticles and
fluorescent label allows quantitation of the number of
biomolecules per nanoparticle. This is shown for anti LFA-1
FITC on gold nanoparticles in Fig. 4. The number of anti
LFA-1 FITC molecules per 13 nm Au nanoparticle was
found to be 0.21 £ 0.02 (Table 1). This suggests that some
nanoparticles are not functionalised with antibody which is
consistent with data that indicates polyvalent biomolecule
functionalisation follows a Poisson distribution.2* To corroborate
this technique, the DTT displacement method was also
performed for anti LEA-1 FITC conjugated to silver nano-
particles. Silver nanoparticles functionalised with protein via
the cyclic disulfide linker are less stable than the analogous
gold nanoparticles and therefore the linker may be displaced
from the surface.” The number of anti LFA-1 FITC
molecules per 35 nm silver nanoparticle, using the DTT
displacement method, was found to be 1.82 + 0.10. This was
in close agreement with the number calculated using the
trypsin hydrolysis method: 1.85 + 0.50 (Table 1).

The technique was also applied to DNA functionalised
nanoparticles. Quantitation of FAM labelled DNA strands
on gold nanoparticles was achieved using the endonuclease,
DNase 1. DNase [ catalyses the hydrolysis ol phosphodiester
linkages in the DNA backbone, preferentially adjacent to
pyrimidine nucleotides. Hydrolysis of any bond along the
DNA molecule will allow the release of the fluorescein label
into the bulk solution. Again, the calculated number of DNA
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Fig. 3 Enzyme hydrolysis method (top): the tryspin and DNase | will hydrolyse the antibodies and DNA, respectively, leaving the surface linker

in-tact with the nanoparticle surface. DTT displacement method (bottom): the DTT has a higher affinity for the nanoparticle surface than the

linkers and biomolecules so it will displace them.
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sample fluorescence FITC concentration  concentration prior nanoparticle antibodies per
intensity using calibration to sample dilution concentration nanoparticle
equation
A 20584 3.29x10°10 9.13x101° 3.87x10° 0.23
B 155.83 2.45x10°10 6.81x10°10 3.26x10% 0.21
o] 184.21 2.93x10°10 8.13x10°10 4.21x10? 0.19
D 168.02 2.66x10°10 7.38x10°10 3.61x10° 0.20
E 195.19 3.11x10-10 2.64x10°10 4.05x10° 021

Fig. 4 Calibration graph for FITC-labelled anti LFA-I illustrating the intensity for unknown sample C. The anti LFA-] FITC concentration was
determined for each sample using the calibration equation. Evaluation of the number of antibodies per nanoparticle was achieved by dividing the

value for the antibody concentration by the nanoparticle concentration.

Table 1 Caleulated number of FITC labelled anti LEA-1 molecules
and FAM labelled oligonculeotides immobilised onto Au and
Ag nanoparticles

Number of Number of  Number of

antibodies antibodies oligonucleotides
Method per Au NP per Ag NP per Au NP
Enzyme hydrolysis  0.21 £ 0.02 1.85 £ 050 2452 £ 1.26
DTT displacement  Not possible  1.82 £ 0,10 24.47 4 1.49

strands adsorbed onto the nanoparticles using the enzyme
digestion method was consistent with the values obtained
using the DTT displacement method (Table 1).

In summary, we have presented a novel enzyme-based tech-
nique for quantifving biomolecules on nanoparticles. It allows
quantitation when complexing groups of high surface aflinity
are used for conjugation of the biomolecule and displacement
methods are unsuitable. Itis possible that the accessibility of the
incoming enzyme may be hindered for nanoparticles with high
biomolecule surface coverage and as such may affect the
efficiency of hydrolysis. However, the similarity between the
calculated quantitation values for our nanoparticle conjugates
indicates that the enzyme hydrolysis method technique is
equally as effective for quantifying biomolecules on nano-
particles as the DTT displacement method and supersedes it
in circumstances where biomolecules are unable to be displaced.
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