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Abstract

Energy transfer between a CdSe/ZnS nanocrystal (NC) donor and a rhodamine isothiocyanate

(RITC) acceptor has been achieved via a functionalized poly(acrylic acid) (PAA) encapsulating

layer over the surface of the NC. The modification of PAA with both N-octylamine (OA) and 5-

amino-1-pentanol (AP), [PAA-OA-AP], allows for the simultaneous water-solubilization and

functionalization of the NCs, underscoring the ease of synthesizing NC-acceptor conjugates with

this strategy. Photophysical studies of the NC-RITC constructs showed that energy transfer is

efficient, with kFRET approaching 108 s−1. The ease of the covalent conjugation of molecules to

NCs with PAA-OA-AP coating, together with efficient energy transfer, makes the NCs

encapsulated with PAA-OA-AP attractive candidates for sensing applications.

INTRODUCTION

Inorganic semiconductor nanocrystals (NCs) have generated considerable interest as

fluorophores owing to their size-dependent physical properties caused by quantum

confinement.1–3 Broad absorption, narrow and tunable emission, high quantum yields, high

two-photon absorption cross-sections and appreciable photostability are all properties that

engender the utility of NCs for bioimaging applications.4–11 The translation of NCs from

imaging agents to sensing agents has been enabled by exploiting fluorescence resonance

energy transfer (FRET) as a signal transduction mechanism between an analyte-sensitive

fluorophore and the NC.2,12–20 The confluence of NC photophysical properties and surface

derivatization methods has opened the way for the development of NC-conjugates for bio-

sensing18,21–24 and cellular sensing applications.25,26 The linchpin for NC sensing for these

applications is the development of coatings for surface derivatization of the NC that do not

affect the photophysical characteristics of the NC, have minimal affect on the NC

hydrodynamic radius, and minimize the non-specific binding of the NCs to cellular and

other biological structures.
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SUPPLEMENTARY MATERIALS
Full experimental details, gel permeation and FTIR characterization of modified poly(acrylic acid), and time-resolved decay traces of
NCs and NC-dye conjugates available as Table S1, Figures S1 – Figure S3.
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Most sensing applications, and especially those pertaining to biology, require water

solubility of the NC construct. Therefore the hydrophobic coordinating ligands needed for

NC sythesis must be altered to present a hydrophilic interface. In addition to imparting water

solubility, NC coatings should preserve high quantum yields, provide functional handles for

covalent conjugation of sensing active sites, offer long-term stability in aqueous solutions

and allow for facile and large scale synthesis. Methods for water-soluble NCs include

encapsulation via modifications with a layer of silica shell4 or amphiphilic polymers,9.27–29

or by directly exchanging the hydrophobic ligands with thiols,5,30 phospholipids,31

dendrimers,32 or oligomeric phosphines.33 Our group and others34–37 have demonstrated

increased interaction of thiol ligands with NCs by exploiting the multidentate binding motifs

to furnish a new class of aqueous modified NCs that are compact, biocompatible,

derivatizable and exhibit very low nonspecific binding. These same desirable properties for

NC coatings has also been preserved for multidentate polyimidazole ligands38 with the

advantage that they overcome the long term chemical instability attendant to thiols.

We now describe a new amphiphilic polymer coating for the encapsulation of NCs that is

also chemically robust over long time periods. Poly(acrylic acid) is modified with 5- N-

octylamine and amino-1-pentanol (PAA-OA-AP) to allow for simultaneous water-

solubilization and functionalization of the NCs. Steady-state and time-resolved

spectroscopic investigations of RITC dye acceptor conjugate to the new NC scaffold

establishes that the new coating can support FRET-based signal transduction for sensing

applications

MATERIALS AND METHODS

All CdSe NCs overcoated with ZnS were prepared using a modified literature methods.39–41

Poly(acrylic acid) was functionalized by coupling a fraction (40%) of the carboxylic acid

groups of a 1800 MW poly(acrylic acid) (2.0 g, 0.0011 mol) with N-octylamine (1.44 g,

0.0110 mol) using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (2.12 g, 0.0110

mol) in N,N-dimethylformamide according to a previous report.9 An additional 40% of the

acid groups were coupled to vacuum-distilled 5-amino-1-pentanol (1.13 g, 0.0110 mol)

using EDC (2.12 g, 0.0110 mol) in DMF, while the remaining 20% was left as free

carboxylic acid. The functionalized polymer was purified by size-exclusion chromatography

using Sephadex LH-20 with methanol as the mobile phase.

Four individual samples of dye conjugated polymer coated NCs were prepared by

introducing controlled amounts of RITC (3.0 mg, 5.6 μmol; 0.30 mg, 0.56 μmol; 0.060 mg,

0.11 μmol; 0.030 mg, 56 nmol) to the PAA-OA-AP coated CdSe/ZnS NCs. The conjugates

were purified by dialysis. After multiple washings, the free dye was completely removed

from the NC-dye construct by dialysis as verified by the absence of the parent dye

absorption features in the UV-vis absorption spectrum of the filtrate.

Quantum yield (Φ) measurements were using rhodamine 590 in ethanol as a reference (Φref

= 0.9542). A 400-nm emitting Ti:Sapphire laser equipped with a gated intensified CCD

camera was used to obtain time-resolved fluorescence spectra.
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Details of synthesis and measurements are provided in Supporting Information.

RESULTS AND DISCUSSION

PAA-OA-AP amphiphilic polymer on NCs

Micellar, amphiphilic, encapsulated NCs are superior to cap-exchanged NCs because

replacement of the surface passivating organic groups during cap exchange drastically

reduces NC quantum yields. Additionally, cap-exchanged NCs are not as stable over time as

polymer-encapsulated samples. The overcoat forms on the NC by interdigitating the

hydrophobic portion of the amphiphilic polymer with the long alkyl chains of the TOPO

cap, or perhaps phosphonic acid.43 When placed in a polar solvent, the hydrophilic segment

of the polymer presumably situates itself on the surface of the NC to be miscible with

aqueous solutions. The study described here builds on the micellar encapsulation of

semiconductor NCs using N-octylamine modified poly(acrylic acid) (PAA-OA) for labeling

markers in cells.9 This amphiphilic polymer presents only a carboxylic acid functionality,

limiting the scope of chemical methods able to conjugate acceptor dyes. In order to access a

wider variety of coupling strategies to NCs, we modified PAA-OA with 5-amino-1-

pentanol, which adds hydroxyl functionality to NCs as shown in Scheme 1. In this design

strategy, 40% of the acid groups in 1800 MW poly(acrylic acid) were targeted for

functionalization with N-octylamine; an additional 40% of the acid groups were

functionalized with 5-amino-1-pentanol and the remainder (20%) were left as free

carboxylic acid. Water-soluble CdSe/ZnS NCs were prepared with the PAA-OA-AP

polymer as shown in Scheme 2. Quantum yields as high as 50% were obtained for NCs

encapsulated with PAA-OA-AP.

Proton NMR of PAA-OA-AP revealed very broad peaks presumably due to the amphiphilic

nature of the polymer.44,45 The peaks were too broad to accurately integrate or reference in

order to probe the degree of side-chain coupling to the polymer backbone. Qualitative

information was obtained with IR spectroscopy (Figure S1), inasmuch as amide peaks can

be distinguished at 1653 cm−1 and 1551 cm−1 and the carbonyl peak can be distinguished at

1718 cm−1. The amide bond of N-octylamine conjugated to the PAA backbone is nearly

indistinguishable from an amide bond of 5-amino-1-pentanol conjugated to the backbone,

and indeed, only one amide environment is present in the IR spectrum. Attempts were made

to determine exact molecular weights with MALDI-TOF (matrix assisted laser desorption by

ionization with time-of-flight detector) and ESI (electrospray ionization) mass spectrometry;

however, the polymer was not detected regardless of the matrix used.

Gel Permeation Chromatography (GPC) gave insight to the degree of coupling. Figure S2

shows a calibration curve of five polystyrene molecular weight standards that was used to

extrapolate the molecular weights of the polymer samples. By comparing the retention times

of 1800 MW poly(acrylic acid), 40% octylamine-modified poly(acrylic acid), and 40%

octylamine/40% 5-amino-1-pentanol modified poly(acrylic acid) against the retention times

of polystyrene standards, approximate masses were found. The molecular weights estimated

by GPC are given in Table S1. The increasing trend in molecular weights from PAA to the

PAA-OA to the PAA-OA-AP confirmed that the degree of coupling increased. The

molecular weight obtained by GPC correlates well to the weights that were expected for a
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coupling efficiency of 100%. However, two aspects prevent us from assigning absolute

molecular weight. First, the molecular weights are calibrated against a poly(styrene)

standard, which has a very different structure compared to poly(acrylic acid). Second, the

structures of the three polymers listed in Table S1 are disparate enough that their viscosities

are likely to be different. Viscosities affect the flow rate of a polymer through a gel, which

affects the retention time. Therefore, the three samples cannot be directly compared to allow

for a direct calculation of the degree of coupling of the side chains. However, enough

information was obtained through this technique to qualitatively conclude that N-octylamine

and 5-amino-1-pentanol are both present as side chain groups on the polymer, and they

indeed promote water-solubilization of the NCs and at the same time provide a hydroxyl

group functionality.

Photophysical properties

The efficacy of energy transfer has been the chief means of characterization of NC FRET

constructs. RITC was chosen to be the FRET acceptor dye because the dye has a high

extinction coefficient.46 Moreover, CdSe NCs can be easily synthesized so that their

emission matches the absorption wavelength of RITC (λabs,max = 556 nm) thereby

engendering RITC as an ideal FRET acceptor for NCs. In addition, the isothiocyanate

functionality is readily susceptible to nucleophilic attack by the hydroxyl group of the 5-

amino-1-pentanol of the amphiphilic polymer to yield a covalently-bonded thiocarbamate

conjugate. The average number of dyes conjugated to each NC was controlled through

stoichiometry, and the constructs were separated from excess uncoupled dye and starting

material through dialysis with 50 KDa molecular weight cutoff centrifugal filters until the

filtrate was optically transparent.

The UV/VIS absorption spectra of RITC, water-solubilized unconjugated CdSe/ZnS NCs,

and RITC-NC conjugates are presented in Figure 1. The absorption spectra of the conjugates

indicate minimal change in the absorption spectrum of the dye upon binding to NCs. The

spectra of the RITC-NC conjugates clearly exhibit the absorption characteristics of both the

NC (with the broad absorption feature extending to higher energies) and RITC (with the dye

first absorption feature at λmax = 556 nm). The UV/VIS spectrum of each conjugate can

therefore be deconstructed into the two components, and since the extinction coefficients of

each chromophore at a specific wavelength can be calculated, an estimate of the RITC to

NC ratio can be ascertained. Four different samples with dye to NC ratios of 12:1, 2.5:1,

0.8:1 and 0.3:1 were obtained. The emission spectra of the RITC, NC, and the RITC-NC

conjugates are shown in Figure 2. The samples were excited at λexc = 350 nm, where the NC

absorption is large and the RITC absorption is at a minimum. Accordingly, the choice of this

excitation wavelength minimized direct excitation of the acceptor dye. As illustrated in

Figure 2, the sample with the most dye conjugated (12:1) exhibits features nearly identical to

the dye; only a minor CdSe emission is observed. Conversely, the emission spectrum of the

sample with the least conjugation (0.3:1) resembles that of the CdSe NC. These comparative

results are indicative of energy transfer, as the FRET efficiency is greater for the more

conjugated sample where the spectral overlap is greatest. The blue-shift of the NC emission

at low dye-loading levels is likely due to differential FRET efficiency across the NC
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emission profile as recently demonstrated;47–48 furthermore, the blue-shift of the dye

acceptor emission is due to the narrow excitation window from the NC donor.49

Förster theory models the rate for this energy transfer, kFRET, according to the spectral

overlap between donor emission and acceptor absorption, J, the donor-acceptor distance, r,

the donor radiative lifetime, τD and a constant B.

(1)

where  and  R0 is a characteristic distance, that is

defined such that at where the rate of energy transfer is 50% at r = R0.

The efficiency (E) of FRET, or the fraction of photons absorbed by the donor that are

transferred to the acceptor, is the ratio of the transfer rate to the total decay rate of the donor

modified by the number of acceptors, m, per donor site,

(2)

Thus, the efficiency of energy transfer is enhanced by increasing the number of acceptor

molecules, m. It is important to note in a study that utilizes one donor and multiple

acceptors, any distance measurement will represent a statistical average for the donor-

acceptor pairs.

Using eq. 1, the critical transfer distance, R0, between the 540-nm emitting NCs with 3%

QY and RITC acceptor in water, assuming random dipole orientation and integrating the

spectral overlap with Matlab, was calculated as 36 Å. This Ro falls within a typical Förster

distance range of 20 – 90 Å.50 Increasing the number of acceptor molecules, m, enhances the

FRET efficiency as predicted by eq. 2. The sample with the most dye conjugated to the NC

(12:1) exhibits almost no NC emission owing to nearly complete energy transfer from the

NC to the dye.

In order to ensure that the emission spectra obtained reflected FRET instead of trivial re-

absorption of the NC emission by the dye-acceptor, uncoupled mixtures of RITC and

CdSe/ZnS were prepared. The isothiocyanate on the RITC was allowed to hydrolyze in

water and then the solution was mixed with the NCs. The re-absorption efficiency depends

on the total concentration of dye in solution, whereas the FRET efficiency requires the dye

to be proximate to the NC. The absorbances of each component were matched to that of a

control RITC-NC conjugate to ensure that the relative concentrations would be comparable.

The RITC:NC ratio for the conjugate was calculated as 11:1 for this control experiment.

Figure 3 clearly shows substantial residual NC emission in the unconjugated mixture, in

contrast to the nearly exclusive emission from the dye in the conjugate. From this result, it
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can be concluded that trivial re-absorption of NC emission by the dye cannot account for the

enhanced dye emission when tethered to the NC surface.

To gain insight into the state that drives energy transfer, the NC-RITC constructs were

studied by photoluminescence excitation spectroscopy (PLE). Figure 4 shows the PLE

spectra collected for RITC, NC and the RITC-NC conjugates. The emission intensity was

monitored at λem = 620 nm, where only the dye emits, and excitation wavelengths were

scanned from 350 nm to 620 nm. If energy transfer is to occur from the NC, then high

emission intensity is expected for excitation wavelengths that fall within the UV envelope

owing to a broad NC absorption cross-section. Conversely, if there is no energy transfer, the

excitation spectrum is expected to mirror that of the RITC absorbance spectrum, as only the

excitation of the dye should be responsible for the observed emission. Excepting the sample

with the greatest concentration of dye (12:1), Figure 4 reveals that there is a NC component

to each PLE spectrum of the conjugates. The PLEs for the conjugates exhibit emission

intensity for blue excitation wavelengths (between 350 – 500 nm) that are coincident with

the NC absorption spectrum. As the ratio of dye to NC increases, the emission intensity from

the NC component decreases, which is ascribed to the distribution of energy from one

excited NC multiple dyes. For the highly loaded dye sample (12:1), the lack of the NC

contribution to the observed emission is attributed to the NC absorbance becoming

overwhelmed by the dye absorption; the emission spectra of the 12:1 RITC:NC conjugate is

therefore predominantly due to direct excitation of the dye.

FRET was further characterized by time-resolved fluorescence spectroscopy. The donor

(NC) lifetimes of the RITC-NC conjugates and the NC were extracted from the

photoluminescence decay spectra of the NC emission and are presented in Figure S3.

Because the NC emission of the conjugate with the highest dye coupling (12:1) was

completely quenched, lifetime data on the donor of this particular conjugate could not be

obtained. Time-resolved fluorescence decay curves (Figure S3) were fit by de-convolving a

bi-exponential decay curve with the signal obtained from the instrument response. CdSe

exciton recombination has been reported to be bi-exponential due to an existence of two

different kinds of excitonic states, 51 with which our results are consistent. The decay curves

show that the lifetimes of the NC emission in the RITC-NC conjugates are shorter than the

lifetime of the emission of the unconjugated NC itself. The degree of quenching is also

proportional to the number of acceptor dyes per NC, which is indicative of enhanced

efficiency of energy transfer.

By examining the decay in the region where NC emission is dominant, lifetimes, the FRET

rate constant and efficiency of energy transfer were calculated and are listed in Table 1. The

longer lifetime component is assigned to the band edge excitonic recombination51 and was

used to calculate the E, r, and kFRET using eqs. 1 and 2. More recently, it has been

emphasized that Poisson distribution statistics must be considered at dye/NC ratios.4752

Weighting the calculated distances by their Poisson probability results in only minimum

changes to r, as listed in Table 1. Differences in r likely result in the inhomogeneity arising

from the amphiphilic polymer micelle about the NC. The construct with more dyes

conjugated (2.5:1) shows the highest energy transfer efficiency of 57%. Even with minimal

amounts of acceptor dye conjugated to the NC surface (0.3:1), the FRET efficiency is still
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high, on average approximately 40%. The rate of energy transfer was found to be on the

order of 108 s−1.

Conclusions

Water-soluble NCs is are obtained by modifying poly(acrylic acid) (PAA) with N-

octylamine (OA) and 5-amino-1-pentanol (AP). The AP provides a site of conjugation by

using it for nucleophilic attack on an isothiocyanate functionality of a dye. Facile

conjugation of PAA-OA-AP polymer to rhodamine B isothiocyanate (RITC) engenders

efficient fluorescence resonance energy transfer (FRET), even for a single dye acceptor on a

single NC. The ease of the covalent conjugation of molecules to NCs with a PAA-OA-AP

coating, together with efficient energy transfer, makes the NCs encapsulated with PAA-OA-

AP attractive candidates for sensing applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UV-vis spectra of RITC (red solid line ), NC (black solid line —), and RITC-NC

conjugates with RITC:NC ratio of 12:1 (orange dashed line ), 2.5:1 (yellow solid line

), 0.8:1 (green dashed line ), and 0.3:1 (blue dashed line ). The spectra are

normalized by their first absorption feature. The small “spike” at ~480 nm is an instrumental

artifact.
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Figure 2.
Emission (λex = 350 nm) of RITC (red solid line —), NC (black solid line —), and RITC-

NC conjugates with RITC:NC ratio of 12:1 (orange dashed line - - -), 2.5:1 (yellow solid

line —), 0.8:1 (green dashed line – –), and 0.3:1 (blue dashed line - - -). Where there is

sufficient concentration of RITC conjugated to NC, the emission resembles RITC.
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Figure 3.
Emission spectra of the mixture of NC and RITC (solid green line ) vs. the Förster pair

of the conjugated NC-RITC (red dashed line ), normalized by the maximum intensity

of the dye emission. (Inset) The concentrations are matched by absorbance.
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Figure 4.
PLE spectra of RITC (red solid line ) and RITC-NC conjugates with RITC:NC ratio of

12:1 (orange dashed line ), 2.5:1 (yellow solid line ), 0.8:1 (green dashed line – – ),

and 0.3:1 (blue dashed line ). The emission of each sample is scaled to the λmax of dye

at 583 nm to highlight the differences of each sample in the bluer wavelengths. The arrow

points to the initial NC absorption feature.
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