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ABSTRACT

Nanoscale superstructures made from CdTe nanowires (NWs) and metal nanoparticles (NPs) are prepared via bioconjugation reactions.
Prototypical biomolecules, such as  p-biotin and streptavidin pair, were utilized to connect NPs and NWSs in solution. It was found that Au NPs
form a dense shell around a CdTe NW. The superstructure demonstrated unusual optical effects related to the long-distance interaction of the
semiconductor and noble metal nanocolloids. The NW  —NP complex showed 5-fold enhancement of luminescence intensity and a blue shift of
the emission peak as compared to unconjugated NW. The system was theoretically examined in a simple model of CdTe NW coaxially surrounded

by an Au shell, which gives excellent agreement with experimental data. The combination of time-resolved luminescence and calculations
demonstrated that increase of fluorescence intensity occurs due to stimulation of photon emission by an electromagnetic field generated
around the Au NP. The process is reminiscent of SERS, although displaying smaller enhancement factors. Importantly, the luminescence
enhancement should be treated as a collective response of Au —NPs, rather than a result of isolated NP —NW interactions.

1. Introduction. Hybrid self-assembled superstructures made prospects of this idea with some dose of skepticism, it should
of biological and abiotic nanoscale components presentnot slow the studies of the optical and electronic interactions
versatile molecular constructs with an array of unique of nanocolloids in these superstructures. Multidimensional
electronic and surface propertie$.Virtually any combina-  constructs made of diverse building blocks including metal,
tion of nanoscale building blocks can be assembled in semiconductor nanoparticles (NPs), nanowires (NW&)
fascinating one-, two-, and three-dimensional assembliesand possibly other components are likely to demonstrate a
following this approach.*° Now the question is what kind  fascinating assortment of electronic properties and coopera-

of functionalities one wants to impart to the nanobiological e interactions that are fundamentally important for the field
assemblies. Extensive studies are underway aimed at the nanotechnology.

utilization of simple nanoparticlebiomolecule conjugates

for the monitoring of cells and cell components and for the ruct de f tal NP q conduct
use of these constructs for biosensing, drug deliveiy; superstructures mace irom meta S and semiconductor

vivo and ex-vivo imaging, cancer treatment, and diag- NWs, which demonstrate remarkable optical effects stem-
nostics®-25 Interesting possibilities are also opening with ming from collective interactions of NPs and NWs. A variety

regard to the biological implants made from nanostructured ©f AU @nd Ag NPs of different diameters with numerous
material<® In addition to the research venues in life sciences, Surface functionalities can be easily synthesized in liquid
there exists a theoretical possibility that complex and highly Mmedia?***Optical effects in noble metal NPs, such as surface
organized electronic structures with applications in nano- plasmon resonance, have received a lot of attention over the
electronics and nanophotonics can be self-assembled fronfourse of past 15 years. Surface enhanced Raman scattering
biologically connected nanocolloids, similarly to the living (SERS}*3*3¢ and related optical phenomena observed in
cell components. While one should approach the practical these NPs have been considered an enabling technology for
. - . highly compacted optoelectronic devices and sensors which
:Sg{cgfggng}n&iﬁﬁitggﬁ E-mail:kotov@umich.edu take advantage of both quantum confinement effects and
# Ohio University. nonlinear optical propertie¥:38

Here, we present the first study on the biologically inspired
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Superstructures from NPs and NWs should still be
considered virtually virgin territory of nanotechnology,

although a few examples of assemblies of some one-

1 mL each were mixed together with gentle stirring for 30
min at room temperatureA 2 mL portion of cysteine-
stabilized CdTe NW dispersion was added into the resulting

dimensional nanostructures and NPs have been reportedmixture and left to react 02 h atroom temperature with
Most attention has been given to the combination of NPs gentle stirring. The solution was stored at@ and showed

and carbon nanotub&%:*® It started when Ajayan et al.

strong fluorescence for 2 weeks. The above proportion was

showed that carbon nanotubes can be filled with metal adjusted within one tenth range when precipitation was

resulting in NP/nanotube complex&gsterloh et al. studied
the assembly of CdSe and Au NPs on the surface of LiMo
Se; NWs upon the hydrophobic interaction and found that

observed in bioconjugated solution due to aggregation with
NWs and biomolecules.

The procedure of bioconjugating Au NPs with SA was as

the optical and electronic properties of NPs were largely follows. 10 mL of Au NP dispersion, 0.087 mmol of HS-

altered’® Penner et al. investigated the “cross-talk” in the

(CH,),CHs, and 0.272 mmol of HS(CHLCOOH were mixed

nanoconstructs of metal NPs and metal NWs by two-step for 24 h with stirring. EDC and NHS were reacted with this

electrodepositiod® Bio-inspired methods of structural
desigri®474° make the preparation of NFNW superstruc-
tures simpler, faster, more controllable, and versatile.

In this paper, complexes of CdTe NWs with Au NPs have
been prepared by taking advantage of a bioitreptavidin
affinity pair. A strong enhancement of fluorescence of
CdTe-NWs conjugated with AtNPs is experimentally

solution for 30 min. To this was added 1 mL of SA with a
concentration of 1 mg/1 mL and left to react for 2 h.

The luminescence spectra of NRW dispersions were
registered with a Fluoromax-3 spectrofluorometer made by
Jobin Yvon/SPEX Horiba every-210 min for up to 2 h
with continuous gentle stirring. The fluorescence lifetimes
(r) were measured with a Fluorolog Tau-3 (Jobin Yvon/

demonstrated and theoretically explained. One of the fUﬂda-SPEX Horiba) module of the Fluoromax-3 spectroﬂuorom-
mentally relevant features of these superstructures is that thester. The lifetime was measured from the-& phase-

interactions of plasmons in NPs layered on NW have a modulation experiments under the same conditions. A sample

collective character.

2. Experimental Section. Cd(ClQy),°H20, L-cysteine,
Al,;Te;, and NaOH were purchased from Aldrich and used
without further purification. Condensed:80, was provided
from EM Inc. and diluted 0.5 M using 18 § deionized

with the dispersed NPNW complex was extracted at the
30 min point after the beginning of the conjugation reaction,
then the lifetime experiment was conducted for-20 min
depending on the accuracy effort. The reference curves were
collected for LUDOX TM-40, a colloidal silica 40 wt %

water (Barnstead E-pure system). Streptavidin (SA) and suspension in water (Sigma, Saint Louis, MO), which is

p-biotin (B) were obtained from Aldrich. 1-Ethyl-3-(3-
dimethlamino propyl) carbodiimide hydrochloride (EDC) and
N-hydroxy-sulfosuccinimide (NHS) were purchased from
Aldrich and Merck for bioconjugation, respectively. HS-
(CH,)2CH3; and HS(CH),COOH from Aldrich were em-
ployed for bioconjugation of Au NPs.

recommended by SPEX as a standard sample in lifetime
measurements.

3. Results.The reaction of self-organization of CdTe NPs
in CdTe NWs discovered recentlylends itself to the
production of NW bioconjugates. In addition to high mono-
dispersity of NW diameters, the reaction takes place in water,

CdTe NPs and NWs were prepared as mentioned else-which greatly facilitates subsequent bioconjugation reactions.

where in detaif®>! Atomic force microscopy represented that

Aqueous media prevents coagulation and denaturation of

the average diameter of CdTe NPs was measured as 3.7 nnproteins and eliminates the step of coating of NPs with

within 10% standard deviation, and CdTe NWs have
diameter of 5.8t 1.1 nm, average length of 102792 nm

organic or inorganic layers, rendering them water
soluble!®21.54.58Bjoconjugation techniques typically involve

(the aspect ratio of 179), and photoluminescence at 670 nm.DNA hybridization, antigerantibody interactions, and
Au NPs were synthesized based on the method of N. R. Jandigand—receptor interactions, such as streptavidin (SA)

et al®In brief, a 20 mL aqueous solution containing HALCI
of 2.5 x 104 M and trisodium citrate of 2.5 104 M was
prepared in a conical flask. Next, 0.6 mL of ice-cold, freshly
prepared 0.1 M NaBldsolution was added to the solution
while stirring. The solution turned pink immediately after
adding NaBH, indicating particle formation. The diameter

biotin (B).*%%658 The SA-B bond is known to be one of
the strongest noncovalent methods of binding. The dissocia-
tion constantK) of the complex between streptavidin and
biotin is estimated at approximately 28 M.>° Additionally,

it was selected for this work because -BB reaction is
relatively fast and only marginally affected by pH, temper-

of NPs was measured as 3.7 nm using transmission electrorature, organic solvents, or other denaturing agéttat can

microscopy (TEM) images obtained with a JEOL 2010F
transmission electron microscope.

To link affinity bioligands on Au NPs and CdTe NWs, a
EDC/sulfo-NHS cross-linking procedure was utilized in both
case$? Fresh solutions of 0.2 M EDC, i.e., 0.07668 g of
EDC in 2 mL of PBS buffer solution, and 25 mM NHS,
i.e., 0.01085 g of NHS in 2 mL of PBS, were respectively
prepared at pH 7.2. Boron (5 mg) was dissolved in 1 mL of
PBS. The solutions of EDC, NHS, and B in the amounts of

2324

be found in NP and NW dispersions.

NP—NW superstructures were obtained by mixing ap-
propriate volumes of stock solutions of NBA and NW-B
acting as elemental building blocks (see Experimental
Section). This route is simple, easily scalable to volumes as
small as nanoliters, and affords variation in the molar ratio
between CdTe NWs and Au NPs. Both of these factors are
important for the assembly processes carried out in microf-
luidics setups.
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Table 1. Composition of Different NWFNP Complexes
Prepared for Different Volume Ratios of the Stock N\B/ and
NP—SA Dispersions

solution A solution B solution C solution D

volume ratios, uL 20:10 20:20 20:30 20:40
(CdTe NW:/Au NP)
NP/NW ratios 560 1100 1700 2250

The prepared CdTe NWB dispersion was diluted four
times to obtain a NW concentration of 4x0107° mol. The
molar concentration of NW was calculated with respect to ...

NW 5.8 + 1.1 nm in diameter with an average length of .../ C 40 min
1027 £ 92 nm. The Au NP-SA dispersion had molar 12048 NW-iotin
concentration of 4.5< 107° mol calculated assuming that 2 ;s

the diameter of Au NPs is equal to 3% 0.3 nm. The § gesd

reaction of NP-NW formation took place in 3 mL of water — E .,

at pH 9 (pH adjusted with 0.1 M NaOH) in a quartz optical T poes

cuvette suitable for fluorescence spectroscopic investigations.  ze.
Au NP dispersion was added to the cuvette in aliquots of —
10~40uL, while the added volume of CdTe NW dispersion S0 s s 700 TS0
was constant and equal to 20. For 1:1 volume ratio, i.e., Wavelength (nm) Wavelenath (nm)
20 uL NW-B + 20 uL NP-S, it was calculated that  Figure 1. (A, B) TEM images of Au bioconjugated CdTe NW in
approximately 1100 of Au NPs are bioconjugated to the solution B. (A) x200 k, (B) x500 k. Yellow circles indicate the
surface of CdTe NWs. These calculations are based on twoareas where characteristic lattice fringes of 0.23 nm of (111) faces
simple hypotheses: (1) all CdTe NPs used in the synthesislOf metallic Au can be seen after bioconjugation. (C, D) Transient

. uminescence spectra of bioconjugated NWs in solution B. (C)
of CdTe NWs are transformed into NWs and (2) all Au NPS \y—p with SA (without Au) monitored for 40 min after mixing,
added to the dispersion are attached to the surfaces of CdTgp) NwW—B with SA-Au monitored for 65 min. Excitation
NWs. Table 1 presents the calculated molar ratios of NPs wavelength for both (C) and (D) is 420 nm.
and NWs in prepared complexes.

To gain insight into the structure of the prepared-NP  CdTe®3 However, this effect does not occur here. When only
NW hybrids, TEM images of unconjugated NWs and the SA solution is added to NWB, no significant change in
colloids halfway through the bioconjugation reactions have the luminescence intensity or emission spectrum can be seen
been obtained (Figure 1A, B). Figure 1A presents a CdTe (Figure 1C) because the excitation wavelength does not
NW at relatively low magnification. No remaining original excite the aromatic and other amino acid moieties of SA.
CdTe NPs can be observed. When Au NPs are conjugated The increase in luminescence intensity of NW emission
to NWs (Figure 1B), they can be distinguished by the specific depends on the number of Au NPs added. This fact is
crystal lattice fringes of Au. From the HRTEM examination, reflected in Figure 2 as the dependence of luminescence on
the lattice parameted(spacing) of the crystalline CdTe NWs the molar ratio of CdTe NWs to Au NPs. One can see a
was found to have lattice plane spacing of 0.396.01 nm, steady increase in the ultimate fluorescence intensity after
which is typical for hkl (100) hexagonal wurtzite CdTe 20 min of bioconjugation as the average number of Au NPs
structure$! The Au NPs had a lattice spacing of 0.23 adsorbed on a NW increased from 560 (Figure 2A) to 2250
0.008 nm, which corresponds to the (111) planes of Au (Figure 2D). It is also important to note the tendency of the
crystal. From these images, one can clearly see that the NPsuminescence to saturate after about 30 min for all of the
become attached to the CdTe surface. For longer conjugatiorNP/NW ratios. This time correlates well with the expected
time and for larger Au NPs amounts, dense layers of NPs kinetics of SA-B bonding in bioconjugation reactions
were observed around the NWs. They were difficult to involving nanocolloidg'®
analyze by TEM due to overlapping diffraction patterns and  The dependence of the luminescence intensity on the
strong electron scattering. amount of attached NPs as well as the spectral shift of NW

When NP-SA are added to NWB, a distinct change in ~ emission indicated to us that these optical effects are likely
luminescence intensity of the CdTe nanocolloid can be seento be related to the interaction of plasmons in Au NPs and
(Figure 1D). Emission of band gap intensity of CdTe wires excitons in NWs. To provide adequate experimental verifica-
substantially increases in the course of conjugation andtion of this model (see Discussion), the interplay between
reaches the plateau in 65 min. The peak luminescencethe luminescence lifetimer), luminescence enhancement,
intensity was enhanced five times, while the maximum and the blue shift of emission spectrum was monitored
wavelength of each spectrum gradually shifted toward high (Figure 3A). Interestingly, as the luminescence increases, the
energies (blue shift). Previously, an increase of the CdTe PL lifetime gradually decreases. This is contrary to classical
NP emission was observed when they become covalentlyobservations in luminescence quenching and activation when
conjugated to bovine serum albumin (BSA), which was emission enhancement is accompanied by longer lifetfes.
attributed to the resonance energy transfer from BSA to This illustrates the difference in photophysics of interacting
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bioconjugates. As expected, once the SA was added the
luminescence intensity decreased and the wavelength shifted
to the red (Figure 3C). The characteristic time of the reaction,
i.e., 20-30 min, correlates well with the original time of
32 min 2 bioconjugate formation (Figure 2E) as well as with the
0 min 0 min expected time period necessary for the competitive replace-
ment of one partner in the biological affinity pafi%s>66
i) . . 0 | Notice that the reversal is not complete and the decrease of
500 600 700 500 600 700 the luminescence stops somewhere halfway down to the
original NW solution, which happens, most likely, due to
20 min strong van der Waals interactions between NPs and NWs.

5

4 The following phase-modulation lifetime experiments
3 extended our understanding about the interaction of metallic
2
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and semiconducting nanomaterials. Figure 3A shows a
0 min gradual decline of lifetime when the NFNW superstructure
. . is forming, while the PL of CdTe NW is becoming stronger.
600 700 200 700 Figure 3B shows that the addition of SA caused the definite
Wavelength (nm) Wavelength (nm) elongation of lifetimeD for the competitive replacement
reaction reversing the formation of NINW superstructure.

0 min

-

Intensity (a.u.)

50

3 The physical significance of this observation is that it gives
—— A . .
25 =B clear evidence that the observed enhancement of the lumi-
: —a-C nescence is reversible, and therefore, the obtained supramol-
-e-D ecule retains relevant characteristics of the original biomol-

ecules. Besides the potential use of this effect in engineering

PL Intensity ratio (ly/lo)
[ 5]

1.5 of biosensors, these experiments unequivocally proved that
1 , , , the enhancement of PL and blue shift resulted from the
0 10 20 30 conjugation of Au NP on CdTe NW.
Time (min) 4. Discussion.Luminescence enhancements in Au NP

Figure 2. (A—D) Transient luminescence spectra of CdTe NWs bioconjugated CdTe NW is reminiscent of surface enhanced
for different molar ratios of CdTe NWs to Au NPs. NP/NW is equal Raman scattering (SERS) resulting from the electromagnetic

to 560, 1100, 1700, and 2250 for (A), (B), (C), and (D), respectively. enhancement. of Ia_ser field; dL_le to polarizat?on of metal
Condition of PL registration and the range of PL intensities for NPs34¢*7%Incident light illumination of the solution excites

graphs (A-D) PL intensity are identical. (E) Comparative time plasmons in the metal NPs. Plasmon excitations result in
courses of the peak intensities for the same experiments. strong electromagnetic fields in the vicinity of Au NPs, which

nanocolloids and organic fluorophores. At this point, one W€ believe might be the likely reason for the increase of
can also suspect that the nature of the optical effects here ioPtical emission of NWs from the conjugation with metallic
related to the interaction of excitons in the NWs and surface NPS.
plasmons in Au NP& which will be discussed in detail The total electric fieldE, induced by the incident light
below. Before the theoretical considerations though, it is nearby an Au NP can be calculated as
important to establish the reversible nature of the lumines-
cence enhancement taking place when the-N®/ biocon- 3n(dn) —d
jugated superstructure is forming. This is necessary to Eiot = Eext T —R3
eliminate possible artifacts unrelated to-SB reactions and €0
stemming from some accidental impurities. As well, the
reversibility of the optical enhancement can open the door Here we assume that the center of coordinates is in the center
for the design of various biosensors based on this phenom-of Au NP; Ecx andd are the external electric field and the
enon. induced dipole moment of Au NFR andn are the distance

To induce the reverse reaction, i.e., separation of the NP to the center of NP and the unit vector directed from the
NW superstructure, an excess amount of unconjugated SAcenter of NP. The dipole moment of a spherical NP is given
was added to the dispersion. Addition of extra SA shifts the by an equation:
equilibrium in SA+ B — SA—B reaction and results in the
disruption of some of bonds between bioconjugated CdTe () — &
NWs and Au NPs. The reverse process can also be described d=¢a®————E.,
as competitive replacement of the NP-conjugated SA mol- €m(@) + 2¢
ecule with an unconjugated of&* The concentration of
extra SA added to the formed NINW superstructure was  wherea is the radius andn(w) and ¢, are the dielectric
0.8 mg in 0.2 mL PBS buffer, which was at least several constants of the metal and surrounding méedigince the
thousand times higher than the concentration of SA in Au NPs and NWs in liquid are randomly oriented, the enhance-
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Figure 3. (A) Variation of the luminescence lifetime experiments during the formation of N¥/ superstructures in solution B. The time

in the abscissa corresponds to the time after mixing of the-¥/nd Au—SA solutions. Lifetime experiments were carried out for the
samples identical in composition to those in Figure 1D. (B) Lifetimjenfeasurements of CdTe NWs luminescence bioconjugated with
Au—SA for competitive replacement experiment (see graph D): (1) CdTe-BWhnly, (2) Au bioconjugated NW for 30 min, and (3) 20

min later after adding extra SA; {13) are for phase mode, and {13') for modulation mode. (C) The reversibility of NAB + Au—SA

reaction and corresponding luminescence effects: (1) CdTe NW-biotin, (2) 10 min later after addition 8AA(B) 20 min later, (4) 30

min later, and (5) 20 min after adding extra SA to (4). (D) Correlation between the relative lifetiln@sd luminescence intensities for

the reactions of NPNW superstructure formation and competitive replacement of SA. At the 30 min point excess of SA was added to the
reaction mixture.

ment for the squared electric field should be averaged overR in the regions of the fluorescence pealqfssion= 660
solid anglesQ: R(w) = [E2 [4/[E2 [$. It is known thatthe ~ nm) and the laser wavelength (420 nm) is close to 1.
plasmon excitations in Au NPs are strongly damped and the Therefore, the electromagnetic enhancement coming from a
approximation for the dielectric constant can be presentedsingle Au NP is almost absent. One physical reason for this
in the formep(w) =9 + 51 — (wy/w)?, wherehw, = 8 eV."? is that the plasmon peak in AtNPs is strongly broadened
To make choice for the dielectric constaptwe compared  and hence the electron plasma of NPs represents an oscillator
the experimental UV absorption spectrum of SA-8u NPs with a relatively low quality factor. Another reason is the
(see Supporting Information Figure 1) and the theoretical relatively large NP-NW distance R ~ 10 nm) in our
result for UV absorption. The experimental plasmon peak bioconjugates.

appears at 530 nnWe obtain the same plasmon peak  We now estimate the enhancement factor for the super-
frequency if we choosey, = 1.8. The above number fep structure formed by numerous Au NPs around a NW. To
describes an effective dielectric constant of organic moleculesunderstand optical phenomena in NRW superstructures,
surrounding the Au NPs. Figure 4A shows the calculated it is convenient to use the ideal model of conjugate structures
enhancement factdR(1) in the center of the NW for the  depicted in Figure 5. This cartoon is based on the assump-
parametera = 1.85 nm andR = 9.75 nm. HereR is the tions of completeness of the reaction of NRW transition
typical distance between the center of NP and the centraland the reaction of Au bioconjugation discussed above.
line of NW (for the sizes of NPs and SA-B molecules see Taking into consideration that the diameter of SA occupied
Figure 5). The enhancement of fluorescence due to plasmonsy B is 5 nnT3~76 and that diameters of CdTe NWs and Au
can come from the increase of incident electromagnetic field NPs are 5.8+ 1.1 nm and 3.7 0.3 nm, respectively, we

(at diaser = 420 nm) or from the increase of radiative can treat the system as closely packed NPs around the NW
probability of NW excitons (at about 660 nm). We see from (Figure 5). The NP/NW molar ratio necessary for this
Figure 4A that the enhancement factor for the chosen distancearrangement is 2250, which corresponds to solution D.
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NW electromagnetic field collectively. In this approach we neglect

_1.0005 a) NP 1 the discreteness of the NP shell, which can, in principle, be
< X a source of an additional enhancement of electromagnetic
© 1.0004} ! field. Despite these shortcomings, this model allows us to
8 R| 1 describe the collective response of strongly interacting NPs.
- ! The collective character of the response is practically
«+ 1.0003} ! . . L
) important since the electric field enhancement factor can
E 10002} increase the efficiency of laser devices and expand the
Q- working range of NP sensors. It has also obvious importance
= 1.0001 emission from the fundamental points of view as a demonstration of
< special properties of nanoscale superstructures assembled
Y 000t o from individual NPs.
' 800 400 500 600 700 800 900 1000 The electric field inside of the cylindrical shell in the long
wavelength (nm) wavelength limit can be presentedBsy = Eexy andEo o
= 7. NW = Eexp f(w), where Ep (E)) are the field components
hd — perpendicular (parallel) to the NW; the functifi) = 4y-
e (@)[(y(@) + 17 = (r(@) = DARW/Rou)?], y(w) = em(w)/
£ 5 €0, andRn(Rou) are the inner (external) radii of the Au-shéll.
LY Au Shell TakingRn = 7.9 nm andR,,: = 11.6 nm and averaging the
§ 4 field over solid angles, we calculate the field enhancement
E 3 factor,R(w) = [Ew ld/[Eexild (Figure 4B). The above values
§ ) for Rinuy correspond to the virtual arrangement shown in
8 i Figure 5. We can see a remarkable enhancement of electric
S 1 fields atA ~ 600 nm in Figure 4B. As it was pointed out,
AR the enhancement of fluorescence may come from either the
200 400 500 600 700 800 900 1000 process of absorption of an incident photon or the process
wavelength (nm) of emission of a secondary photon. Therefore, we have to

examlne the faCt(iR(wmseaR((Uemissiof), Wherew|ase|(a)emissior)
Figure 4. (A) Calculated electric-field enhancement factor as a is the frequency of incident (re-emitted) photons. For the

function of fthe Walve'ength of g%li:” (tgfgelmelr 0‘; NV\L in the \avelengths from our experiments, the calculated enhance-
presence of a single conjugate . alculated enhance- RYS , o

ment factor as a function of the wavelength of light in the center rner)t factoR(Q|aseaR(wem.ss.oa ,6‘_5' Since the peak position
of a cylindrical shell made of Au. Arrows show the wavelengths 1N Figure 4B is close to the position of the fluorescence peak

related to the incident light and fluorescence peak. Note different (Lemission= 660 nm), the main contribution to the calculated
scales for the enhancement factor in figures (a) and (b). Insetsenhancement factoR(wiase)R(Wemissio) cOmes from the
represent geometry of the systems. increase of emission probability, which correlates very well
with the fact that the lifetimes of the NWs after conjugations
are substantially shortened. The calculated enhancement
factor for the shell model is close to the experimental factor
of 5, which coincides with the observed experimental value
amazingly well. Note that in this model we assume that the
NPs are tightly packed to form a shell. In real conjugated
NWs, the Au-NPs may densely cover the surface of the
NW, although not being as tightly packed as in Figure 5.
Our theoretical results for the enhancement factor look very
reasonable, especially considering the fact that the cylindrical
shell model represents the limiting case for NRPW
superstructure geometry. It is important to emphasize that,
according to the above argument, this model can provide
only a semi-quantitative description of the experiments.
Moreover, several other factors can contribute to the
enhancement: the decrease of nonradiative lifetime of
Figure 5. Cross section of closely packed model arrangement of exciton in the presence of Au N®B<1), the discreteness of
CdTe NW and Au NP in the bioconjugate. NPs (2), and the randomness of NP positions (3). The first
The NP system around the central CdTe NW can be factor should reduce the enhancement coefficient. The second
viewed as a shell. Therefore, as a second model, we nowcan increase the electromagnetic enhancement since almost
consider a cylindrical shell made of Au (Figure 4B, inset). any type of deviation from the simplest geometries results
This model describes the limiting case when the Au NPs in local enhancement of electromagnetic fieltig? Regard-
cover the entire surface of NW and respond to the incident ing the third factor, it is known from SERS and previous
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experiments on photoluminescence that the random fieldsmaterial is available free of charge via the Internet at http://
induced by a rough metallic surface result in a strong electric pubs.acs.org.

field enhancemen®. Thus this degree of disorder in bio-

conjugate can be another factor leading to the enhancemenReferences

of fluorescence. According to the results obtained within the

two models described, one can conclude that the plasmon-

induced enhancement of electric fields can originate from
collective excitations in a system of interacting Au NPs.

Single, noninteracting Au NPs cannot provide any enhance-
ment. In contrast, single AutNPs will likely lead to a

suppression of fluorescence due to an increase of nonradiative ©)

losses?

As it was mentioned above, the two experimental facts
(the strong fluorescence enhancement and the lifetime
shortening) nicely correlate with each other. The inverse
lifetime of exciton is composed of two terms: T yag +
Vnon-racs Whereyadvnon-rad) are the radiative and nonradiative
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