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We report, for the first time, the synthesis of superparamagnetic and fluorescent nickel (Ni)
nanoparticles (consisting of a single material) directly conjugated to an enzyme, bovine pancreatic
a-chymotrypsin (CHT), by chemical reduction in aqueous solution. The structural characterization of
Ni—CHT nanobioconjugates was carried out using UV-VIS absorption/photoluminescence
spectroscopy and high-resolution transmission electron microscopy. The temperature dependence of
the magnetization M(T) taken in zero field cooling and field cooling conditions, exhibits the main
features of superparamagnetism. Circular dichroism studies were performed to monitor the structural
perturbation to the structure of the enzyme after conjugation with the nickel nanoparticles (Ni NPs).
The functional integrity of the enzyme conjugated to the Ni NPs was investigated by monitoring the
enzymatic activity of the Ni-CHT conjugates using UV-VIS absorption spectroscopy and comparison
with the unbound enzyme under similar experimental conditions. To confirm the conjugation of Ni
NPs to CHT, we carried out Forster resonance energy transfer (FRET) studies using a fluorescent
probe, 4-nitrophenyl anthranilate (NPA), known to bind at the enzymatic active site of CHT, as the
donor (D) and Ni-NP-bound CHT as the acceptor (A). Our studies also demonstrated that the FRET
from the donor NPA to the acceptor Ni NPs in CHT can be monitored to follow the D—A distance and

hence the protein structure during thermal unfolding. Such a multifunctional superparamagnetic,
fluorescent and biologically active nanobioconjugate may be of relevance in nanoparticle-based

diagnostic and therapeutic applications.

Introduction

Biological systems form sophisticated mesoscopic and macro-
scopic structures with tremendous control over the placement of
nanoscopic building blocks within extended architectures. Both
biological and nanoscale science meet at the same length scale
because biomolecular components have typical size dimensions
in the range of about 2-100 nm. In this regard, synthesis of
bioconjugate nanoparticles using biological macromolecules’
has recently aroused great interest due to the broad range of
applications of such hybrid materials, from life sciences to
materials and nanosciences. The motivation is based on the
unique properties of nanoparticles possessing strongly size-
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dependent optical, electrical, magnetic, and electrochemical
properties combined with the perfect binding and biochemical
functionality of biomacromolecules. Examples of biotemplate
synthesis of metal nanoparticles include the binding of metal ions
to surface layer proteins,® DNA,* virus protein cages,’ or ordered
protein assemblies® to initiate sites of nucleation for nanoparticle
growth and the synthesis of metallic nanocrystals through the use
of amino acids as capping and reducing agents in an aqueous
medium.”

Metal nanoparticles (which have sizes comparable to the
Fermi wavelength of an electron, exhibit molecule-like behavior
including discrete electronic states and size-dependent fluores-
cence®® due to quantum size effects) as fluorescent probes have
found increased applications for cell labeling,'® biological
labeling,"* biological detection,’” and in vivo imaging.'*'*
Magnetic nanoparticles, such as superparamagnetic iron oxide
particles, have been extensively used in biological applications,
such as magnetic resonance imaging (MRI) contrast enhance-
ment, hyperthermia treatment, and gene and drug delivery.'>*°
Owing to their small size and high surface area, magnetic
nanoparticles respond well to magnetic control, which has led to
several successful applications such as in tissue repair, immu-
noassays, detoxification of biological fluids,® bacteria detec-
tion*' and separation and purification of cells and biomolecules
in bioprocesses.?>>* Combining the fluorescence and magnetic
properties into a nanosphere of a single material would lead to
new applications in biological systems**?* and hence the
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synthesis of such nanoparticles has, in particular, captured the
growing interests of research at the interfaces of chemistry,
physics, biology, and materials science. There have been a few
reports on the preparation of such bifunctional nanocrystals
using quantum dots (QDs) and magnetic nanoparticles. Wang
for the first time synthesized a bifunctional water-soluble nano-
composite consisting of a magnetic core and luminescent QD
shell (CdSe/ZnS) and used it to separate and detect breast cancer
cells in serum.”® Gu et al. reported a method for generating
heterodimers of FePt@CdS core-shell nanoparticles by taking
advantage of lattice mismatching and selective annealing at a rela-
tively low temperature.”” Recently Gao et al. demonstrated the
intracellular manipulation of fluorescent magnetic Fe;O0,~CdSe
nanoparticles using a small magnet.?® All the above mentioned
bifunctional nanoparticles used QDs as luminescent probes and
magnetic nanoparticles. Now the question is whether one can
prepare a luminescent and magnetic nanoparticle consisting of
a nanoparticle with a single material instead of a composite
nanoparticle system?

In the present work, we have synthesized, for the first time,
luminescent and magnetic Ni NPs of 2.5 nm average diameter
consisting of a single material instead of a composite nano-
particle system using an enzyme, bovine pancreatic o-chymo-
trypsin (CHT). We obtain well-dispersed, protein—nickel NPs
that remain stable indefinitely in solution without any aggrega-
tion or deterioration of the spectral properties. The structural
characterization of CHT encapsulated Ni NPs was done using
steady-state UV-VIS absorption/photoluminescence (PL) spec-
troscopy and high resolution transmission electron microscopy
(HRTEM). A comparative study on the enzymatic activity of the
nanobioconjugates with the unbound enzyme, under similar
experimental conditions, was also done. Picosecond-resolved
FRET from a fluorescent probe at the enzymatic active site to the
Ni NPs in the nanobioconjugates reveals the possible location of
the metal cluster in CHT. We also explored the possibility of
using the FRET to monitor various temperature-induced
unfolding states of the enzyme CHT. The synthesis methodology
followed here is simpler compared to those of composite
bifunctional NPs which may be extended further to Co, Fe etc.
The combination of fluorescent and magnetic properties in one
material would allow for visualization by fluorescence and
manipulation in magnetic fields and could potentially be
exploited for biomedical applications (e.g., magnetic separation,
immunoassays, stem cell tracking, cancer metastasis monitoring
using MRI, targeted drug delivery and hyperthermia cancer
treatment).

Results and discussion

Fig. 1a presents the TEM image of a dialyzed sample of Ni-CHT
nanobioconjugates. The image reveals that the nano-
bioconjugates are almost spherical in shape and follow a uniform
size distribution. Particle sizes have been estimated by fitting our
experimental data measured from the TEM image, with
a log-normal size distribution. The size distribution is shown as
an inset in Fig. la. The average size of the Ni particles, as esti-
mated from the TEM image, has been found to be 2.5 nm. The
corresponding HRTEM image (Fig. 1b) confirms the crystal-
linity of these NPs in their structure. The interplanar distance of

Frequency
N R [e2] [+

15 20 25 30 35 4
Particle Diam

4 5 6 7
Energy (keV)

Fig. 1 (a) TEM image of as-prepared dialyzed Ni-CHT nano-
bioconjugates. The size distribution of the sample is shown in the inset.
(b) A HRTEM image showing the crystalline structure of Ni NPs.
(c) EDAX spectrum of the Ni NPs. Ni peaks at 0.9, 7.5 and 8.3 keV. An
FFT image of the Ni-CHT nanobioconjugate is shown in the inset.

the fringes is measured to be about 0.218 nm, corresponding to
the distance between the (111) planes of the nickel crystal lattice.
The image in the inset of Fig. 1c represents the corresponding fast
Fourier transform (FFT) pattern. It has to be noted that the
average size of 2.5 nm Ni NPs obtained in the dialyzed sample,
which is confirmed from TEM and absorption studies (see later
in the text), cannot be formed from free Ni ions because of the
unavailability of any stabilizing agent to control their size. Thus
in our experimental conditions, the possibility of formation of
free larger Ni nanoparticles of micrometre size (due to uncon-
trolled growth) is negligibly small as they are not revealed in the
TEM images of the dialyzed sample. A typical energy-dispersive
X-ray (EDAX) spectrum of a dialyzed Ni-CHT sample is shown
in Fig. 1c and demonstrates the presence of Ni.

It is well known that the optical properties of metal nano-
particles are caused by surface plasmons. The most famous
surface plasmonic nanoparticles are ones of noble metals such as
gold, silver® and copper® in the visible region. There are few
reports on the optical properties of Ni (transition metal) nano-
particles in sol-gel films*' and silica glass.?*3* Recently
Yeshchenko et al. reported the surface plasmon resonance (SPR)
band of Ni NPs in SiO, glass at 358-382 nm depending on the
annealing conditions.?* The inset of Fig. 2b shows the UV-Vis
absorption spectrum of Ni-CHT conjugates, which reveals
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a surface plasmon band located at 417 nm. On the basis of Mie
theory® and its generalized versions,***” information concerning
Ni nanoparticle sizes can be derived from the analysis of the
absorption band. The linear optical absorption coefficient, (1),
of a collection of uniform metallic spheres whose dimensions are
very small compared to the wavelength of the incident light is
well described by Mie scattering theory in the electric dipole
approximation and is given by:

18V e/?
-2

where A is the incident wavelength with a corresponding frequency
w, V is the volume of the spherical particle (i.e., 47tr?/3), &, is the
dielectric constant of the medium, and ¢/(w) and ¢’ (w) are the real
and the imaginary parts of the dielectric constant of the metal.
The absorption coefficient in eqn (1) has a maximum value at the
SPR frequency, when &'(w) +2¢,, = 0, the peak wavelength of the
band depending on the dielectric constants of the medium and
the metal particles.

The average radius of the Ni NPs (assumed to be spherical),
small compared to the wavelength of light, can be approximately
estimated from the resonance optical absorption spectrum as per
the Mie scattering formula:
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Fig. 2 (a) Excitation and emission spectra of Ni-CHT nano-
bioconjugates. (b) Fluorescence decay of Ni-CHT nanobioconjugate
(Aex = 375 /D\) monitored at 500 nm. The absorbance spectrum of
Ni-CHT nanobioconjugates is shown in the inset. IRF stands for
instrument response function.
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where v is the Fermi velocity (2.33 x 10° m s~! for Ni)*® and
Awy ) is the full width at half-maximum (FWHM) of the SPR
absorption when plotted as a function of angular frequency w, ¢
is the speed of light in vacuum, Ap is the wavelength where the
absorption peak appears, and AA gives the FWHM of the band.
The average radius of the NPs calculated using eqn (2) is found to
be in the range of 2.8 nm, consistent with the size obtained from
the TEM image. The Ni-CHT nanobioconjugates exhibited
fluorescence in the visible region, as shown in Fig. 2a. The
photoluminescence of the nanoparticles arises due to their
molecule-like electronic structure. The origin of the emission is
not very clear at this moment compared to other Ni-based
nanoparticles reported in the literature,**** however, it could be
due to the recombination of the excited electrons from excited
states in the sp band with the holes in the low-lying d band
(interband transition). Fluorescence decay of the Ni—-CHT
nanobioconjugates was measured. Data obtained using a pico-
second-resolved  time-correlated  single-photon  counting
(TCSPC) technique are shown in Fig. 2b. Lifetime values of the
Ni—CHT nanobioconjugates were obtained by the numerical
fitting of the fluorescence at 500 nm. They are 0.12 ns (54.3%),
1.17 ns (17.4%) and 4.34 ns (28.3%). The overall PL decay leads
to an average lifetime value of 1.49 ns. It is important to note that
the excitation spectra of Ni-CHT nanobioconjugates show peaks
centered at 320 nm and 360 nm (Fig. 2a). So the conclusion is
that the SPR peak centered at 417 nm is not responsible for the
luminescence. It has been demonstrated previously*® for spher-
ical NPs that the broadening of the plasmon with decreasing size
in the quantum size regime, d < 3 nm, in the case of both Au and
Ag is rapid and increases the absorbance of both UV and NIR
regions relative to the plasmon peak, whose intensity decreases
instead. It is in fact well established that the surface plasmon
bandwidth is inversely proportional to the radius r of the particle
for sizes smaller than about 20 nm.** The increased broadening
with decreasing size enhances both the low- and high-energy
absorbance of the smallest clusters, causing the plasmon to be
completely damped below a size of d = 2.2 nm for Au but still
observable at a size of d = 1.55 nm for Ag.*® In our case the
emitting Ni NPs (conjugated to CHT) are smaller than the
2.5 nm and their SPR is not observable in the absorbance spectra
due to broadening as explained above.

Magnetic properties of the Ni NPs were studied by using
standard zero-field-cooling (ZFC) and field-cooling (FC)
procedures and field-dependent magnetization measurements.
Measurements of the ZFC, FC magnetization as a function of
temperature were performed between 5 K and 300 K under an
applied field of 100 Oe and the results are shown in Fig. 3a. The
ZFC/FC curve evidences a superparamagnetic behavior above
the blocking temperature 7g = 13.2 K. Here, Ty is determined
from the peak of the ZFC curve above which the magnetic
anisotropy energy barrier of the nanoparticle is overcome by
thermal activation and the nanoparticle becomes super-
paramagnetically relaxed. Superparamagnetic relaxation is an
essential requirement for the magnetic nanoparticles to be used
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Fig. 3 (a) ZFC and FC magnetization as a function of temperature
measured at an applied field of 100 Oe for the Ni-CHT nano-
bioconjugates. Inset: an expanded view of the plot, clearly showing 7.
(b) M—H plots of Ni NPs at 5 K (symbol: square) and 15 K (symbol:
diamond). (c) M—H plot at 300 K of the Ni-CHT nanobioconjugates.

as contrast agents for MRI. Below 7y the sample is seen as
a stable ferromagnet which is manifested by the observation of
the hysteresis in the M versus H plot at 5 K (Fig. 3b) with
a coercivity (Hc) of around 800 Oe. The 5 K hysteresis loops are
symmetric about zero field (AHc ~ 0.5 Oe) suggesting the
absence of an antiferromagnetic NiO layer on the surfaces of the
Ni NPs.*> The M(H) curve at room temperature (Fig. 3c) shows
a linear behaviour with low magnetization values, indicative of
superparamagnetic behaviour, with zero coercivity (Hc) and
remanent magnetization. This is related to the fine crystallite
sizes of the Ni particles which are in the nanometre range.
Pervious works on Ni NPs reported values of the blocking
temperature ranging from 18 K to 40 K.**** For super-
paramagnetic particles,* Ty = KV/25kg where K denotes the
magnetic anisotropy constant, kg is the Boltzmann constant, and

V is the volume of particles. For magnetic NPs with 2.5 nm, the
anisotropy is found to be 6.96 x 10° erg cm~*. When all of the
nanoparticles are at the superparamagnetic relaxation state
above Tp, their magnetization decreases with increasing
temperature and it follows the Curie-Weiss law. The computed
value of the magnetic moment from the ZFC curve by applying
Curie-Weiss C/T law is found to be 0.49 up which is slightly
lower than 0.54 up for the theoretical value of the atomic
moment of Ni metal.

It is well-known that sodium borohydride induces cleavage of
disulfide bonds to sulfhydryl groups in a protein and perhaps
also breaks some of the peptide bonds leading to its denatur-
ation. Reconstitution of a protein denotes the process of
returning a denatured protein to its original structure and
activity. In our experiment, CHT and Ni-CHT conjugates were
reconstituted by dialyzing each of them separately against water
of pH = 8.0-8.5 for 24 h in aerated conditions. Fig. 4 compares
the circular dichroism (CD) spectra of reconstituted CHT and
reconstituted Ni—-CHT solutions. Native CHT displays CD
features with minima at 202 and 232 nm, corresponding to the
native secondary and tertiary structures of the protein,**’
respectively. It is found that there is a slight loss of tertiary
structure in the CD spectrum at 232 nm and a ~3 nm shift of the
minimum at 202 nm for both reconstituted CHT as well as
reconstituted Ni-CHT samples compared to the native CHT.
Quantification of the CD data through curve-fitting analysis
revealed that the conformation of the reconstituted Ni-CHT
(19% helix) was identical to that of the reconstituted CHT (19%
helix), demonstrating a small perturbation of the native structure
of the protein (24% helix).

To prove that the Ni-bound CHT NPs are still functional, we
also measured the enzymatic activity of Ni-CHT and the results
are shown in the inset of Fig. 4. We found that the specific
activity (in units/mg) of the reconstituted Ni-CHT complex was
retarded by 2 times compared to that of reconstituted CHT,
consistent with our previous studies*®* on analogous systems
(CdS-bound CHT and Ag-bound CHT). Our observation also
closely matches the enzymatic activities performed by
Jordan et al* for a similar system (CHT-Au-TCOOH; Au-
TCOOH being gold-nanoparticle-capped tetra(ethylene glycol)
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Fig. 4 CD spectra of reconstituted CHT and reconstituted Ni-CHT
nanobioconjugates. Inset: enzymatic activities of CHT and reconstituted
Ni—-CHT nanobioconjugates on the substrate, AAF-AMC.
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carboxylate ligands) where they observed a 3-fold decrease in the
rate of CHT complexed with Au-TCOOH compared to CHT
alone. The above experimental observations may indicate that
the nucleation and subsequent growth of Ni NPs in CHT could
possibly take place at a site that is away from the enzymatic
active site of CHT. It has to be noted that the attachment of
a 2.5 nm diameter NP to the active site of the enzyme is expected
to act as an inhibitor of CHT activity on the substrate AAF-
AMC (1-2 nm diameter) resulting in retardation of the enzy-
matic activity by several orders of magnitude.®® However, the
moderate retardation in the enzymatic activity of Ni-CHT
complexes as compared to CHT alone could be the manifestation
of the dynamic rigidity of CHT upon attachment of a Ni NP.

The enzyme a-CHT, isolated from bovine pancreas, belongs to
a class of digestive serine proteases, and has the biological
function of hydrolyzing polypeptide chains. It is well-known
from the crystalline structure of a-CHT that it has a total of 5
disulfide bonds and 2 histidine groups (protein data bank, ID
code 2CHA). Imidazole-N donor atoms of histidine and thiol
sulfur atoms of cysteine are the most common metal-binding
sites in proteins. Nickel has a high affinity for sulfur; cysteine has
three potential donor atoms: carboxyl, sulthydryl and amino
acids, of which only the latter two are coordinated, leaving the
carboxyl group unbound.’-5* Histidine generally binds nickel
through heterocyclic nitrogen. Out of five disulfides, two
(Cys1-Cys122 and Cys42-Cys58) are close (within 8 A) to the
enzymatic active site. The three remaining disulfide bonds
(Cys191-Cys220, Cys136-Cys201 and Cys168-Cys182) are away
from enzymatic site. One of two histidines, His57, is present in
the active site of the enzyme (a catalytic triad comprising the
residues His57, Ser195, and Asp102) and the other (His40) is
16 A away from His57. From the enzymatic activity studies, we
found only slight retardation of the activity of reconstituted
Ni—-CHT compared to reconstituted CHT and hence this rules
out the possibility of the His57 and disulfide bond close to the
enzymatic center for the formation of the nanobioconjugates.
The possibility of the formation of Ni NPs in CHT through
His40 is also ruled out because FRET studies (see later text)
revealed that the nucleation site is at least ~30 A (the distance
between His57 and His40 is found to be 15.82 A) away from the
catalytic triad. So the remaining 3 disulfide bonds are possible
sites of nucleation of the Ni NPs.

The interaction of Ni(m1) with terminal amino groups and
adjacent peptide nitrogen atoms has also been postulated with
lysine, conalbumin, ribonuclease, vasopressin and o-CHT.**
To confirm the conjugation of Ni NPs to CHT possibly
via amines/thiols present in different residues, we carried out
FRET studies using a fluorescent probe, NPA, known to bind at
the enzymatic active site>® of CHT as the donor with Ni NPs as the
acceptor. The spectral overlap between NPA-CHT emission and
the absorption of Ni-CHT NPs is expected to reveal interprobe
distance, when they are in a close proximity. Fig. 5a reveals the
significant spectral overlap between the NPA-CHT emission
spectrum (donor D, emission maximum at 428 nm) and the Ni—
CHT absorption spectrum (acceptor A, absorption maximum at
417 nm) that favors the energy transfer from NPA to Niin CHT.
The molar extinction coefficient of Ni-CHT conjugates required
for energy transfer calculations was computed from theoretical
considerations using the maximum absorbance value of the SPR

(a) -~ 4000_.
> Aocj;io.rAbsorption -%‘ ..' .o..CHT-NPA '_E
@ LJ . ® .
ﬁ 4 ... \\.. E l. ... 3000 %
E S O\ =F *, 5
] * . IS . ., O
e % Ni-CHT-NPA "*e.,, &
VI N i %
T |e 5,\ 400 450 500 5
E |2 AN Wavelength/nm S
sk = 1000 €
=z l.\\ §

Donor Emission =+ % >« w
“';\“-h*-‘- o
400 450 500 550 600
Wavelength/nm
(b) 0.4
0.3

@ . .\CHT-NF'A
c B
2
o
(&)
=
=]
5]
=
o

Time/ns

Fig. 5 (a) Spectral overlap between donor (NPA-CHT) emission
and acceptor (Ni-CHT) absorption. Steady-state PL quenching of the
NPA-CHT (donor) in the presence of acceptor (Ni-CHT nano-
bioconjugates) is shown in the inset. (b) Picosecond-resolved fluorescence
transients of donor (NPA-CHT) and donor-acceptor (NPA-Ni-CHT)
complex at 25 °C. The anisotropy decays of the donor (NPA-CHT;
symbol: square) and donor-acceptor (NPA-Ni—CHT; symbol: circle)
complex are shown in the inset.

band at 417 nm, the details of which are given in the ESI.{ As
revealed from inset of Fig. Sa the overall steady state emission
intensity of the donor emission drastically decreased in the pres-
ence of acceptor. Also, the faster decay of the donor in the pres-
ence of acceptor (Fig. 5b) as compared to that of the donor alone
confirms the energy transfer from NPA to Ni NPs in CHT.
Further confirmation of the energy transfer comes from the faster
anisotropy decay (inset of Fig. 5b) of the donor NPA (0.11 ns
(18%) and 0.98 ns (33%)) in the presence of Ni NPs as compared to
that of the donor alone (0.33 ns (28%) and 4.32 ns (40%)).¢ The
calculated (from eqn (S4) and (S5)f) donor to acceptor energy
transfer efficiency from steady-state and time-resolved studies is
97.5 and 87.0%, respectively. Control experiments have also been
carried out with donor (NPA-CHT) in the presence of nickel ions
and the lifetime values of the donor (NPA-CHT) in the absence of
the nickel ions have been found to be similar to that of NPA-CHT
in the presence of nickel ions. It has to be carefully noted that we
have used the amplitude weighted time constants®” for the donor
in the absence (D) and presence of acceptor (DA) to evaluate the
energy transfer efficiency (E) using time-resolved data (see ESI for
detailst). The estimated donor—acceptor distances from steady-
state and time-resolved experiments are 17.7 and 28.1 + 1 A,
respectively. For a well-behaved system, the ratio of the integrated
areas under the time-resolved emission decays for donor and
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donor/acceptor complex should correlate with the integrated
areas under the steady-state emission spectra. In principle, one of
the methods can be used to estimate D—A distance. However, due
to some possibility of reabsorption of donor emission by the
acceptor, there is a disagreement between the estimated donor—
acceptor (DA) distances from steady-state and time-resolved
studies. In one of our recent studies,® we have reported the
potential danger of using steady-state fluorescence quenching to
conclude the nature of energy transfer as Forster type and to
estimate the DA distances. The globular enzyme CHT has
a diameter of 44 A, and the estimated distance of any surface sites
from the catalytic center is less than the diameter of the enzyme.
The possible nucleation sites (DA distance of 27.1 /DX) for the
formation of Ni NPs in CHT could be free amine groups from the
amino acid residues or the thiols at the protein surface, which
could have been easily generated by the reduction of disulfide
bonds by NaBH,. These functional groups (thiols and amines)
have the ability to bind covalently with the nickel particle surface,
leading to the formation of nanobioconjugates. After character-
ising the attachment of Ni NPs to CHT using a FRET technique,
which essentially probes the inner subdomain distance between
the enzymatic active site (NPA position) and one of protein
surface sites (Ni nanoparticle position), we have used the distance
as a marker for various temperature-induced folding states of the
protein. Proteins would go through various folding states due to
temperature change to avoid heat denaturation.**%° Temperature
dependent CD spectroscopy on the protein CHT revealed the
various folding states at different temperatures. The observed
change in the helicity of the protein at 232 nm can be translated to
the unfolded fraction with the increase of temperature.®® As
evident from Fig. 6, the transition temperature (7y,, the midpoint
of unfolding transition) is at 50 °C. From our FRET studies it is
evident that the protein retains its structural integrity to 40 °C.
The estimated D-A distances at 20 °C and 40 °C are similar:
284+ 1Aand29+1A respectively. However, at 65 °C the average
D-A distance is 35.7 & 1 A, which is a signature of the pertur-
bation of the protein from its native state. Our observation is
consistent with other studies on the protein CHT.*?

Fraction Unfolded

2 3
Timelns

20 30 40 50 60 70 80
Temperature/"C
Fig. 6 The thermal unfolding curve of CHT. The transition temperature
(T, the midpoint of the unfolding transition) is at 50 °C. Picosecond-
resolved fluorescence transients of donor (NPA-CHT; symbol: square)
and donor-acceptor (NPA-Ni-CHT; symbol: circle) complex at 20 °C
and 65 °C are shown in insets (a) and (b) respectively.

Conclusion

In summary, we have prepared luminescent Ni NPs (~2.5 nm)
conjugated to a biomolecule CHT, which exhibit super-
paramagnetism above Tg = 13.2 K. We found that the native
structure of the protein in the reconstituted Ni-CHT bio-
conjugates was similar to that of reconstituted CHT. The func-
tional integrity of the Ni-CHT bioconjugates was confirmed by
monitoring the enzymatic activities of the reconstituted CHT and
reconstituted Ni-CHT bioconjugates by using UV-Vis absorp-
tion spectroscopy. FRET studies using a fluorescent probe, NPA
bound at the enzymatic active site of CHT, as the donor and Ni
NP bound CHT as the acceptor confirmed the conjugation of Ni
NPs to CHT. As evidenced from our studies, the methodology
would provide a tool for investigations of protein folding/
unfolding. The unique properties of these luminescent and
magnetic NP bioconjugates, such as visualization by fluorescence
and manipulation in magnetic fields, have potential use in labels
for living cells and tissues as well as for biomedical assays and as
an MRI contrast enhancer. Also, the nanobioconjugates may
find application in the field of bionanotechnology as the protein
layer provides multiple functional groups (amines, carboxylic
acids and cysteine residues) for covalent conjugation with other
biological molecules and biocompatible polymers.

Experimental section
Sample preparation

Nickel(1) nitrate hexahydrate (Ni(NOs),-6H,O > 99.9%),
sodium borohydride (NaBHy4, >99.9%), CHT, NPA, and Ala-
Ala-Phe 7-amido-4-methyl coumarin (AAF-AMC) were
obtained from Sigma Aldrich. The chemicals and the proteins are
of highest commercially available purity and were used as
received. All aqueous solutions were prepared using double
distilled water from a Millipore system and then degassed by
bubbling with dry argon gas for 30 min to control the growth of
the NPs as pointed out by Wilcoxon et al%® Since sodium
borohydride, catalyzed by metallic ions, can react directly with
water to form hydrogen, freshly prepared aqueous solutions of
NaBH,4 were used in the experiment. The synthesis of CHT-
conjugated Ni NPs was carried out, following the method of
Burt et al.,** by chemical reduction in the aqueous solution using
NaBH, as a reducing agent at ambient conditions. A typical
procedure for the synthesis of conjugated Ni NPs is as follows:
10 mL of 100 uM CHT aqueous solution was prepared. This was
carefully degassed with argon for 30 min. A freshly prepared
Ni(NO3), solution (100 pL of 1000 mM) was then added to the
above protein solution with vigorous stirring. A degassed
aqueous NaBH, solution (2 M) was then added to the above
solution under vigorous stirring. The final molar ratio of
BH, : Ni** in the aqueous solution was maintained at 10 : 1.
The reaction was allowed to proceed for 3 h, and the final
solution was dialyzed against water exhaustively to remove any
excess of salts and NaBH, left in the solution at 4 °C. The final
dialyzed solution was collected and stored at 4 °C prior to
analysis. Details of the experimental methodology, including
steady-state and time-resolved measurements can be obtained
from the ESI.+

This journal is © The Royal Society of Chemistry 2010
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