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Shell cross-linked nanoparticles (SCKs) presenting Click-reactive functional groups in either the
hydrophilic shell or the hydrophobic core region of block copolymer micelles in aqueous solution were
synthesized by two routes. The first route utilized amidation chemistry to functionalize poly(acrylic acid)
within the micelle shell with either azido or alkynyl groups. The second route employed latent functionality
to introduce azido groups into the polystyrene core of the micelles. These Click-functionalized micelles
were then cross-linked in an intramicellar fashion via amidation reactions within the shell layer to afford
the SCKs bearing alkynyl groups in the shell or azido in the shell or core domains. The availability and
reactivity of the functional groups in these nanoparticles toward Click chemistry was demonstrated by
reaction with complementary Click-functionalized fluorescent dyes. The hydrodynamic diameters (Dh)
of the micelles and nanoparticles were typically ca. 25 nm, as determined by dynamic light scattering.
The dimensions of the nanoparticles were also characterized as deposited on substrates using tappingmode atomic force microscopy to obtain the heights and transmission electron microscopy for measurement
of the diameters. Studies by analytical ultracentrifugation sedimentation equilibrium equipped with UVvis detection optics confirmed the covalent attachment of the fluorescent tags in the core or shell region
of the nanoparticles.

Introduction
Well-defined nanostructured materials have attracted considerable interest over the past decade, due to the unique
behaviors of nanoscale objects that can be exploited in a
wide range of applications such as in environmental and
materials sciences and in biomedicine.1-7 As a result, the
development of methodologies for their preparation and
examination of their properties has received much study.8-16
Perhaps the most universal technique for the preparation of
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nanoparticles having controlled morphologies is the selfassembly of amphiphilic block copolymers in selective
solvents, to afford polymer micelles or vesicles.17-20 These
polymeric micelles can then be transformed into robust
amphiphilic nanoscale particles with well-defined core-shell
morphologies via covalent cross-linking, in either the core21
or shell22-26 domains. With limitation of the cross-links to
the polymer chain segments that compose the peripheral
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micelle shell, shell cross-linked knedel-like nanoparticles
(SCKs) can be formed, which consist of a hydrophobic core
domain and a cross-linked hydrophilic shell layer.23 Our
interest is primarily focused on these amphiphilic nanostructures, due to their analogy to biological constructs.27
SCKs have been demonstrated to be stable,28 biocompatible,4 and capable of hydrophobic guest sequestration and
transport,29,30 in analogy with lipoproteins. Recent synthetic
advances in living free radical polymerization techniques31-34
have allowed for the preparation of a wide range of welldefined block copolymers, thus affording readily tunable
structural and chemical features of the nanoparticles. Indeed,
the ability to control the dimensions, morphology, and
composition of these nanoparticles is important.19
The functionalization and tailoring of the SCK shell has
been reported to present molecular recognition elements on
the nanoparticle surface.35 Furthermore, there has been evergrowing interest in the bioconjugation of nanoparticles,36,37
to allow the attachment and surface presentation of ligands
for complexation and coordination, for applications in
biometics, targeted delivery, and biodetection.38-44 It has been
shown that these nanoparticles can be surface-conjugated
with mannose,45 folate,46 peptides,47 and other moieties.48
Two primary synthetic strategies for this functionalization
have been established for the preparation of these materials
and involve either use of a functionalized initiator species10,45
together with a mixed-micelle assembly or a secondary
functionalization step after establishment of the nanoparticle,
involving the same amidation chemistry that was used to
construct the cross-linked shell.46,47
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the synthesis and characterization of SCKs incorporating
specific functional groups in the shell or core domain is
reported, followed by their use as chemically distinct sites
onto which unique functional groups can be attached. Ultimately, the intended application of these functionalized
nanoparticles in the study of biological processes depends
on two key factors, orthogonality and selectivity in the relevant physiological settings.49 It has been shown that the
stability of azides and alkynes in aqueous solutions and their
unreactive nature toward biological molecules enables these
functionalities to behave as inert chemical handles for a diverse set of selective chemical reactions,50 for example, the
highly efficient copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition between azides and terminal alkynes51 to regiospecifically form 1,2,3-triazoles.52,53 This quantitative “Click”
reaction has recently been utilized in a wide range of applications: in the functionalization54-56 and synthesis of polymers,57,58 small molecules,59,60 and biomolecules,61-66 in the
functionalization of surfaces,67-70 in the synthesis of dendrimers (both divergently71 and convergently72), as a probe
in biological systems,73-76 in the building of libraries,77-79
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Scheme 1. Illustration of the Two Routes Employed for Block Copolymer Functionalization in the Hydrophilic and
Hydrophobic Domains

Scheme 2. Preparation of the Amphiphilic Block Copolymer 3, by NMP, Followed by Acidolysis

and in the participation in multicomponent cascade reactions.80,81
Due to the promise of preparing functionalized nanoparticles in which one or more functional groups (ligands,
receptor sites, PNA sequences, etc.) are introduced at specific
sites and in controlled numbers, new functionalization routes
utilizing Click chemistry were investigated. The general
strategy involves the growth of diblock copolymers using
nitroxide-mediated polymerization (NMP), subsequent ester
deprotection and functionalization to afford the amphiphilic
azido or alkynyl functionalized copolymers. Self-assembly
and cross-linking of these functionalized copolymers to
afford nanoparticles, and their subsequent modification with
small molecule chromophores using highly efficient Click
chemistry, will be discussed. The ultimate aim is a general
strategy for the preparation of well-defined and regioselectively functionalized nanoparticles.
Results and Discussion
To demonstrate the versatility of Click chemistry, two
strategies were developed for the regioselective functionalization of micelles and shell cross-linked nanoparticles
involving the specific introduction of reactive groups in either
their hydrophilic shell or hydrophobic core (Scheme 1). The
first approach employs functionalization of the hydrophilic
segment of poly(acrylic acid)-b-polystyrene, via amidation
of a portion of the acrylic acid residues with aminofunctionalized azido or alkynyl moieties. This synthetic

strategy avoids complicated protection/deprotection schemes,
as the alkynyl and azido functionalities are introduced after
preparation of the amphiphilic block copolymer. The second
route demonstrates the introduction of azido functionality
in the hydrophobic segment using a latent functionalized
monomer.
Shell Functionalization: Azido and Alkynyl. The preparation of the SCK nanoparticles involved the initial preparation of the amphiphilic diblock copolymer 3, PAA80-b-PS90,
by sequential NMP of tert-butyl acrylate (1a: Mn ) 10600
g/mol, Mw/Mn ) 1.19) followed by styrene (2: Mn ) 19100
g/mol, Mw/Mn ) 1.21).82 Cleavage of the tert-butyl esters
upon reaction with trifluoroacetic acid in dichloromethane,
as described previously, afforded 3 (Scheme 2),83 and was
confirmed using IR spectroscopy (observed shift of carbonyl
(76) Lewis, W. G.; Green, L. G.; Grynszpan, F.; Radic, Z.; Carlier, P. R.;
Taylor, P.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed. 2002,
41, 1053-1057.
(77) Khanetskyy, B.; Dallinger, D.; Kappe, C. O. J. Comb. Chem. 2004,
6, 884-892.
(78) Harju, K.; Vahermo, M.; Mutikainen, I.; Yli-Kauhaluoma, J. J. Comb.
Chem. 2003, 5, 826-833.
(79) Brik, A.; Muldoon, J.; Lin, Y. C.; Elder, J. H.; Goodsell, D. S.; Olson,
A. J.; Fokin, V. V.; Sharpless, K. B.; Wong, C. H. Chembiochem 2003,
4, 1246-1248.
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Scheme 3. Reagents and Conditionsa

a Key: (a) THF, followed by addition of water and dialysis vs water; (b) 3-azidopropylamine (0.25 equiv to acid functionalities), 1-[3′-(dimethylamino)propyl]3-ethylcarbodiimide methiodide (0.30 equiv to acid functionalities), RT, overnight, followed by dialysis against water; (c) propargylamine (0.25 equiv to
acid functionalities), 1-[3′-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (0.30 equiv to acid functionalities), RT, overnight, followed by dialysis
against water; (d) 2,2′-(ethylenedioxy)bis(ethylamine) (0.25 equiv based upon the remaining acid functionalities) 1-[3′-(dimethylamino)propyl]-3ethylcarbodiimide methiodide (0.50 equiv to remaining acid functionalities), RT, overnight, followed by dialysis against water; (e) propargylamine (0.25
equiv to acid functionalities), 2,2′-(ethylenedioxy)bis(ethylamine) (0.19 equiv to acid functionalities), 1-[3′-(dimethylamino)propyl]-3-ethylcarbodiimide
methiodide (0.60 equiv to acid functionalities), RT, overnight, followed by dialysis against water.

stretch from 1728 to 1712 cm-1 and disappearance of the
tert-butyl group signatures at 1392 and 1367 cm-1), NMR
spectroscopy (disappearance of tert-butyl proton resonances
at 1.4 ppm and downfield shift of PtBuA backbone protons
from 2.4 to 2.5 ppm), and DSC analyses (Tg (2) ) 47 and
106 °C and Tg (3) ) 130 and 98 °C) of block copolymers 2
and 3.
Micelles of narrow size distribution, 4, composed of the
block copolymer PAA80-b-PS90 3, were formed by addition
of water to a solution of the polymer in tetrahydrofuran
(THF) followed by dialysis against deionized water. Subsequent functionalization was accomplished by condensation
reaction of either an azido-84 or alkynyl-functionalized
primary amine with acrylic acid residues along the PAA
segments located within the shell of the micelles (0.25 equiv
amine-to-acid functionalities), facilitated by 1-[3′-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (0.30 equiv
to acid functionalities) (Scheme 3). After dialysis, azido (5)
and alkynyl (6) shell functionalized micelles were isolated
and characterized using dynamic light scattering (DLS) and
zeta potential measurements. The calculated concentration
of the micelle solution was determined by measurement of
(84) Carboni, B.; Benalil, A.; Vaultier, M. J. Org. Chem. 1993, 58, 37363741.

Table 1. Characterization Data for Micelles 4, 5, and 6 and the
Corresponding SCK Nanoparticles 7, 8, and 9
DLS

TEM

Zeta

DSC

particle

Dha
(nm)

Davb
(nm)

AFM
Havb
(nm)

Davc
(nm)

ζd
(mV)

Tge
(°C)

4
5
6
7
8
9

47 ( 3
44 ( 4
47 ( 1
39 ( 2
37 ( 3
38 ( 3

n.d.
n.d.
n.d.
122 ( 18
104 ( 16
136 ( 34

n.d.
n.d.
n.d.
8(2
5(1
4(1

n.d.
n.d.
n.d.
31 ( 6
32 ( 4
34 ( 5

-42 ( 2
-35 ( 3
-31 ( 2
-27 ( 2
-22 ( 2
-24 ( 2

139, 101
135, 105
144, 96
100
96
98

a Number-averaged hydrodynamic diameters of SCKs in aqueous solution
by dynamic light scattering. b Average heights and diameters of SCKs were
measured by tapping-mode AFM, calculated from the values for ca. 150
particles. c Average diameters of SCKs were measured by TEM, calculated
from the values for ca. 150 particles. d Zeta potential, from 16 determinations
of 10 data sets. e Glass transition temperatures, taken as the midpoint of
the inflection tangent upon the third heating scan.

the final volume of micelle obtained together with the initial
weight of the polymer precursors used.
The partially functionalized micelles 5 and 6 exhibited little
or no change in hydrodynamic diameter (Dh) by DLS analysis
(Table 1), relative to the micelle precursor, 4. However, a
decrease in charge from zeta potential measurements was
observed and can be attributed to the decrease in concentration of carboxylic acid groups upon amide formation. In
addition, IR spectroscopic analysis of micelles 5 and 6
demonstrated a shift of the carbonyl band and the formation
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Figure 1. IR spectra (NaCl) of (a) nonfunctionalized micelle, 4; (b) azido-functionalized micelle, 5, and (c) alkynyl-functionalized micelle, 6, y-axis %
transmittance (arbitrary units).

of amide bands (I and II) at ca. 1650 and 1560 cm-1 as well
as characteristic absorptions of azido and alkynyl groups at
ca. 2100 and at 2110 and 3300 cm-1, respectively (Figure
1).
Click-functionalization experiments were also performed
on the amphiphilic (PAA-b-PS) block copolymers prior to
micellization, in a THF:H2O mix utilizing the same amidation
chemistry. However, this route was not favored and instead
the functionalization of a stock solution of PAA-b-PS
micelles (4) provided a homogeneous nanoassembly starting
point from which versatility of chemistry could be investigated, using either an azido- or alkynyl-substituted amine
(5 and 6, respectively).
The micelles (5 and 6) were then cross-linked using
amidation chemistry by activating a fraction of the remaining
carboxylic acid groups, with 1-[3′-(dimethylamino)propyl]3-ethylcarbodiimide methiodide (0.50 equiv based upon the
remaining acid functionalities) followed by reaction with 2,2′(ethylenedioxy)bis(ethylamine) (0.25 equiv based upon the
remaining acid functionalities) overnight at ambient temperature (Scheme 3).85 The Click-functionalized nanoparticles, 7 and 8, were then purified by dialysis to remove the
urea byproducts and afford 7 and 8 with concentrations ca.
0.23 mg/mL. Each micelle was cross-linked at a calculated
mean cross-linking density of 37.5%, based on the stoichiometry of amine functional groups of the diamine crosslinker to the remaining carboxylic acid groups from the
functionalized PAA-b-PS block copolymers.
The size and shape of the SCKs (7 and 8) were measured
in the solid state (adsorbed) by atomic force microscopy
(AFM) and transmission electron microscopy (TEM) and in
solution using DLS and zeta potential measurements (Table
1). Significantly, TEM analysis gave nanoparticle diameters
(Dav) which were similar to the respective hydrodynamic
diameters obtained from DLS analysis. The small heights
(Hav) of nanoparticles 7-9 indicate that significant deformation from the spherical shape observed in solution is
occurring upon absorption onto the mica AFM surface.
Furthermore, the larger diameter values (Dav) obtained from
AFM measurements, in comparison to those from TEM,
indicate greater deformation of the particles on the hydro(85) Thurmond, K. B., II; Kowalewski, T.; Wooley, K. L. J. Am. Chem.
Soc. 1997, 119, 6656-6665.

philic mica surface, the substrate for AFM characterization,
as opposed to the hydrophobic carbon surface, the substrate
for TEM characterization. The lateral sizes of the particles
(Dav) by AFM analysis are also distorted due to the finite
size of the AFM tip; therefore, the particle diameters obtained
by TEM analysis were considered to be of greater precision
and were used for further analyses.
Zeta potential measurements, as determined by electrophoretic light scattering, were negative (Table 1). These data
indicate negative charges on the surfaces of the nanoparticles
and micelle precursors. The micelle zeta potential values
were generally more highly negative than were those values
measured for their nanoparticle counterparts, thus supporting
the synthetic transformation occurring in the surface layer
of the micelle upon consumption of carboxylates during
transformation to the nanoparticle.
Differential scanning calorimetry (DSC) of micelles 5 and
6 showed two transitions (Tg’s), at around 140 and 100 °C,
indicating phase separation into PS and PAA domains. Upon
cross-linking, the nanoparticles displayed only one Tg, (ca.
100 °C), by DSC analysis, corresponding to the PS core.
Characterization of the entire composition of the SCKs by
solution NMR spectroscopy was not possible because the
nanoparticles were invisible in solution (DMSO-d6) spectra.
IR spectroscopic analysis of a lyophilized portion of the
SCKs, 7-9, confirmed the presence of the characteristic
absorbances for the azido and alkynyl functionalities at ca.
2100 and 2105 cm-1, respectively, and also displayed new
signals attributable to the ethylene glycol cross-linker at ca.
1100 cm-1.
An alternative route to Click-functionalized nanoparticles
is the simultaneous reaction of the carboxylic acid groups
with both the cross-linker and Click-functionalized amine.
This allows for concurrent cross-linking and functionalization
as demonstrated in route e) in Scheme 3, to afford the
nanoparticle 9 in a single step. As illustrated in Table 1, there
is no apparent difference in size, shape, or distribution of
nanoparticles formed using a single-step or two-step procedure (cf. nanoparticle 8 versus 9). Figure 2 shows representative TEM images and histograms of the Dav values and
corresponding distributions for nanoparticles 8 and 9.
Core Functionalization: Azide. The absence of functional groups, such as carboxylic acid moieties, in the
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Figure 2. Representative TEM images of nanoparticles (a) 8 prepared in
two steps and (b) 9 prepared in a single step. Average diameters are shown
with the corresponding distribution and a representative image. Samples
were stained with phosphotungstic acid, drop-deposited onto a carbon-coated
copper grid, and allowed to dry under ambient conditions.

hydrophobic core of either micelles or nanoparticles necessitated a different strategy to introduce the Click reactive
groups within the core domain. By incorporation of a
functionalized styrenic monomer in the PAA-b-PS block
copolymer synthesis, functionality could be introduced into
the hydrophobic domain of the amphiphilic block copolymer.
It has been demonstrated that chloro or bromo groups can
serve as latent azido functional groups and efficiently
converted to azido groups by reaction with sodium azide.86
Thus, a poly(tert-butyl acrylate) homopolymer 1b (Mn )
6800 g/mol, Mw/Mn ) 1.16) was prepared using NMP and
then further extended by the polymerization of a mixture of
styrene and 4-vinyl benzyl chloride (20 mol % relative to
styrene) to afford PtBuA50-b-[PS-co-PSCl]70, 10 (Mn ) 16900
g/mol, Mw/Mn ) 1.19). Removal of the tert-butyl esters was
achieved by reaction with trifluoroacetic acid in dichloromethane, as described for 2 (Scheme 4). This reaction
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sequence yielded an amphiphilic block copolymer, PAA50b-[PS-co-PSCl]70, 11, which could then undergo supramolecular assembly in water to afford micelles, 12.
The displacement of the chloro groups for azides in micelle
12 was achieved by addition of DMSO (ca. 5 vol %) and
reaction with excess NaN3 (5.0 equiv) at room temperature.
Dialysis against water removed excess NaN3 and NaCl to
afford the functionalized micelle, PAA50-b-[PS-co-PS(N3)]70,
13 (Scheme 5). The successful introduction of azido groups
was confirmed by the appearance of a characteristic absorbance at ca. 2100 cm-1 in the IR spectrum of 13. In addition,
comparison of NMR spectra, in DMSO-d6, of lyophilized
samples of micelles 12 and 13 indicated complete conversion
of the chloro group to an azide by an upfield shift of the
resonance attributable to the methylene group from ca. 4.45
to 4.55 ppm.
It should be noted that the order in which functionalization
and deprotection of the polymers was performed is critical
to the success of the procedure. The azido-functionalized
block polymer PtBuA-b-[PS-co-PS(N3)] can be prepared by
reaction of the chloro precursor, 10, with NaN3 overnight in
DMF at ambient temperature.87 However, attempts to perform
the subsequent ester deprotection to afford the amphiphilic
block copolymer PAA-b-[PS-co-PS(N3)] led to a loss in azido
functionality, as evidenced by IR spectroscopic analysis.
Thus, the deprotection of the tert-butyl ester groups must
be performed prior to introduction of the azido functionality.
The azido core-functionalized SCK nanoparticles, 14, were
formed by intramicellar cross-linking of approximately 50%
of the acrylic acid residues (Scheme 5). Amide bond
formation was confirmed by IR spectroscopy with the
introduction of amide I and II bands at ca. 1640 and 1560
cm-1, and the azido functionality was still present and visible
at ca. 2100 cm-1. As was observed for the shell-functionalized micelles, a decrease in Dh, by DLS analysis, was
observed on cross-linking, as was a decrease in negative
surface charge density, as measured by zeta potential
analysis. In addition, AFM and TEM imaging indicated that
the core-functionalized nanoparticle 14 appeared to flatten
on the AFM surface, leading to a significant deviation from
a spherical shape, as was discussed for the shell-functionalized derivatives (Table 2).
It should be noted that the Click-functionalized micelles
and nanoparticles, especially the azido derivatives, displayed
limited shelf lives (1-2 months), when stored at room
temperature on the bench, compared to their nonfunction-

Scheme 4. Synthetic Route for the Preparation of the Functionalized Amphiphilic Block Copolymer 11, by NMP, Followed by
Acidolysis
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Scheme 5. Reagents and Conditionsa

a Key: (a) THF, followed by addition of water and dialysis against water; (b) 5.0 equiv of NaN , DMSO (ca. 5 vol %), RT, 3 d, followed by dialysis
3
against water; (c) 2,2′-(ethylenedioxy)bis(ethylamine) (0.25 equiv based upon the acid functionalities), 1-[3′-(dimethylamino)propyl]-3-ethylcarbodiimide
methiodide (0.50 equiv to acid functionalities), RT, overnight, followed by dialysis against water.

Table 2. Characterization Data for Micelles 12 and 13 and SCK
Nanoparticle 14
DLS

TEM

zeta

DSC

particle

Dha
(nm)

Davb
(nm)

AFM
Havb
(nm)

Davc
(nm)

ζd
(mV)

Tge
(°C)

12
13
14

28 ( 2
27 ( 1
22 ( 2

n.d.
n.d.
111 ( 18

n.d.
n.d.
3(1

n.d.
n.d.
20 ( 1

-49 ( 3
-46 ( 3
-33 ( 2

97, 137
98, 148
93

a Number-averaged hydrodynamic diameters of SCKs in aqueous solution
by dynamic light scattering. b Average heights and diameters of SCKs were
measured by tapping-mode AFM, calculated from the values for ca. 150
particles. c Average diameters of SCKs were measured by TEM, calculated
from the values for ca. 150 particles. d Zeta potential, from 16 determinations
of 10 data sets. e Glass transition temperatures, taken as the midpoint of
the inflection tangent upon the third heating scan.

alized precursors.88 By DLS analysis, aggregation appeared
to be occurring over time, which skewed the distribution of
hydrodynamic diameters resulting in an increase in polydispersity (Dh,volume/Dh,number, see Supporting Information).
Core Functionalization: Alkynyl. With use of the chlorofunctionalized amphiphilic block copolymer 11, unsuccessful
(86) Alvarez, S. G.; Alvarez, M. T. Synthesis 1997, 413-414.
(87) Speers, A. E.; Adam, G. C.; Cravatt, B. F. J. Am. Chem. Soc. 2003,
125, 4686-4687.
(88) Huang, H. Y.; Kowalewski, T.; Remsen, E. E.; Gertzmann, R.; Wooley,
K. L. J. Am. Chem. Soc. 1997, 119, 11653-11659.

attempts were made to introduce alkynyl functionality via a
slight modification to the methods described by Endo and
co-workers.89 Attempts to convert the chloro functionality
into an alkynyl group in the hydrophobic precursor PtBuAb-[PS-co-PSCl] (10) were successful (15); however, the
subsequent deprotection of the tert-butyl ester groups using
TFA and other deprotection strategies led to a loss of alkynyl
functionality (see Supporting Information). In contrast to the
azido chemistry, the inability to displace the benzylic chloride
groups with propargyl alcohol in the presence of PAA
prohibited the introduction of the alkynyl group after
establishment of the amphiphilic block copolymer. Therefore,
the functionalization of the hydrophobic domain with alkynyl
groups requires further study and alternative routes are
currently under development.
Click Reactions. The availability of the azido and alkynyl
groups within the nanoparticle shell and core toward coppercatalyzed triazole formation was evaluated using alkynyland azido-functionalized fluorescent dyes. Recently, there
has been increasing interest in the synthesis and functionalization of fluorescent dyes for utilization in Click chemistry.
Indeed, azido and/or alkynyl fluorescent dyes have been
(89) Kishi, K.; Ishimaru, T.; Ozono, M.; Tomita, I.; Endo, T. J. Polym.
Sci., Part A: Polym. Chem. 2000, 38, 35-42.
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Scheme 6. Reagents and Conditionsa

a Key: (a) CuSO ‚5H O (0.25 equiv), sodium ascorbate (5 wt % solution in water, 0.50 equiv), 16 (1.11 equiv to azido functionality), RT, 2 d, followed
4
2
by dialysis against pH 7.3 phosphate buffered saline, 10 d.

demonstrated to have applications in catalysts discovery and
screening,90 fluorescence quenching,91,92 fluorescent labeling
of DNA,74 and virus capsid proteins,93 and also as chemoselective fluorogenic probes.94 Tirrell and co-workers recently
demonstrated the high efficiency of this Click chemistry in
the detection and presentation of noncanonical amino acids
in cell surface proteins which were previously believed to
be silent.95 Such high chemical efficiency, combined with
the sensitivity of fluorophores, was therefore expected to
allow for demonstration of the accessibility of the incorporated azide and alkynyl moieties with accurate quantification.
(90) Lewis, W. G.; Magallon, F. G.; Fokin, V. V.; Finn, M. G. J. Am.
Chem. Soc. 2004, 126, 9152-9153.
(91) Crabtree, R. H. Chem. Commun. 1999, 1611-1616.
(92) Loch, J. A.; Crabtree, R. H. Pure Appl. Chem. 2001, 73, 119-128.
(93) Wang, Q.; Chan, T. R.; Hilgraf, R.; Fokin, V. V.; Sharpless, K. B.;
Finn, M. G. J. Am. Chem. Soc. 2003, 125, 3192-3193.
(94) Zhou, Z.; Fahrni, C. J. J. Am. Chem. Soc. 2004, 126, 8862-8863.
(95) Link, A. J.; Vink, M. K. S.; Tirrell, D. A. J. Am. Chem. Soc. 2004,
126, 10598-10602.

Shell Click Reactions. The nanoparticles carrying Click
reactive functionalities in the hydrophilic shell, 7 and 8, were
allowed to react with either an alkynyl- or azido-functionalized fluorescein dye (16 or 17), synthesized by modification
of literature procedures,93,96,97 in the presence of a Cu(I)
catalyst that was generated in situ from CuSO4‚5H2O (0.25
equiv) and sodium ascorbic acid (0.50 equiv as a 5 wt %
aqueous solution). The reactions were allowed to proceed
for 2 days at ambient temperature and were then purified by
exhaustive dialysis against sodium phosphate buffered saline
at pH 7.3, to afford labeled nanoparticles 18 and 19 (Schemes
6 and 7).
Although the chemistry is straightforward, confirmation
of the covalent coupling versus physical absorption of dye
molecules required the use of multiple characterization
techniques. The successful fluorescent functionalization of
(96) Crisp, G. T.; Gore, J. Tetrahedron 1997, 53, 1505-1522.
(97) Deiters, A.; Cropp, T. A.; Mukherji, M.; Chin, J. W.; Anderson, J.
C.; Schultz, P. G. J. Am. Chem. Soc. 2003, 125, 11782-11783.
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Scheme 7. Reagents and Conditionsa

a Key: (a) CuSO ‚5H O (0.25 equiv), sodium ascorbate (5 wt % solution in water, 0.50 equiv), 17 (1.11 equiv to alkynyl functionality), RT, 2 d, followed
4
2
by dialysis against pH 7.3 phosphate buffered saline, 10 d.

Figure 3. Sedimentation equilibrium profile (5000 rpm) collected using an interferometry detector for the nanoparticle 19 (left panel) and corresponding
absorption spectra, recorded at different radial positions (right panel) across the sedimentation equilibrium profile: a) top, b) middle, and c) bottom.

the nanoparticles 18 and 19 was best confirmed by analytical
ultracentrifugation (AU) in combination with UV-vis absorption spectra collected in the range of 400-600 nm at
different radial positions (top, middle, and bottom of the cell)
across the sedimentation equilibrium (SE) profile (Figure 3).

Any free dye in solution would be uniformly distributed
throughout the solution volume while the nanoparticles
sediment and thus are depleted from the meniscus along with
any dye molecules covalently bound to them. From Figure
3, it is apparent that an absorption maximum (ca. 500 nm)
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Figure 4. (a) Fluorescence emission spectra (excitation wavelength λex ) 488 nm) from 18 at different pH values in a 50 mM sodium phosphate buffered
saline. (b) Comparison plots of fluorescence emission intensities from nanoparticle 18 and free dye 16 (at λem ) 517 nm) versus pH. Each sample solution
was prepared independently from a stock solution at ca. 0.23 mg/mL.

was observed only near the bottom of the cell and negligible
free dye was present in other areas of the cell. These AU
results confirmed the successful isolation of SCKs in aqueous
solutions having dye molecules attached covalently via Click
chemistry, and retaining no free dye.
The amounts of dye Clicked to the nanoparticles were
quantified using UV-vis spectroscopy by application of the
methods of Andrisano and co-workers98 based on calculation
of the first derivative UV-vis spectrophotometric analyses.
For each of the nanoparticles 18 and 19, the concentration
of dye was found to be ca. 2.50 × 10-6 M, which correlated
with the theoretical concentration of Click reactive groups
in the polymer chains (2.56 × 10-6 M) and demonstrates
the quantitative nature of the Click reaction and its insensitivity to the relative placements of the azido and alkynyl
groups.
Fluorescence spectroscopy, performed as a function of pH,
illustrated the effect of the covalent attachment of fluorescein
within the carboxylic acid-containing SCK nanoparticle shell
and the resulting unique environment that is created, as
observed by enhanced quenching of fluorescein emission.
Figure 4 highlights this effect for 18, which exhibits reduced
fluorescence emission intensity at all pH levels, compared
to the control experiment for free fluorescein dye. The
observed intensity reduction of the emission spectrum of 18
may be attributed to the shielding effect of the poly(acrylic
acid) shell upon attachment of the dye within the nanoparticle
compared to 16, the free dye molecule in solution. As Cu(II) is an established fluorescence quencher, control studies
were performed using a nonfunctionalized nanoparticle
subjected to Click conditions with 16 and identical dialysis
conditions. The resulting solutions did not demonstrate
quenching of the dye emission spectrum and thus it can be
concluded that any remaining Cu(II) salts do not cause the
quenching observed in Figure 4 and instead it can be
attributed to local charge effects.
Techniques that measured particle size and surface charge
density were rather insensitive to the introduction of the
fluorophores; however, minor changes were observed (Table
3). A slight increase in nanoparticle size (Dh) was observed
(98) Andrisano, V.; Bartolini, M.; Bertucci, C.; Cavrini, V.; Luppi, B.;
Cerchiara, T. J. Pharm. Biomed. Anal. 2003, 32, 983-989.

Table 3. Comparison of Characterization Data for SCKs 7 and 8
before Click and SCKs 18 and 19 after Click Reaction with a
Fluorescein Dye
particle

DLS
Dha (nm)

AFM
Havb (nm)

TEM
Davc (nm)

Zeta
ζd (mV)

7
8
18
19

39 ( 2
37 ( 3
44 ( 2
43 ( 2

8(2
5(1
16 ( 3
15 ( 3

31 ( 6
32 ( 4
34 ( 4
36 ( 4

-27 ( 2
-22 ( 2
-28 ( 2
-23 ( 2

a Number-averaged hydrodynamic diameters of SCKs in aqueous solution
by dynamic light scattering. b Average heights and diameters of SCKs were
measured by tapping-mode AFM, calculated from the values for ca. 150
particles. c Average diameters of SCKs were measured by TEM, calculated
from the values for ca. 150 particles. d Zeta potential, from 16 determinations
of 10 data sets.

in aqueous solution by DLS analysis, following the cycloaddition reaction while there was no discernible effect on the
surface charge density as quantified by zeta potential
determination.
By TEM analysis, the nanoparticle diameter values (Dav)
were comparable, before and after Click reaction. However,
AFM imaging indicated that the attachment of the fluorescein
dye in nanoparticles 18 and 19 altered the interaction of the
nanoparticle with the mica surface significantly, which
resulted in larger heights (Hav) for the fluoresceinated
nanoparticles 18 and 19 compared to their azido- and alkynylfunctionalized precursors, 7 and 8, respectively. Figure 5
shows representative AFM images of nanoparticles 7 and
18 to illustrate the increased particle height upon conjugation
of the dye molecule. The significantly greater difference in
particle height vs Dh or Dav suggests alteration in nanoparticle-to-substrate interactions upon modification of the SCK
nanoparticle surface chemistry. Such ability to tune SCK
nanoparticle shape adaptability99 and surface interactions100
is a key area of future development.
In addition, the fluorescently labeled nanoparticles 18 and
19 were lyophilized to afford solid-state samples, which were
then analyzed using IR and NMR spectroscopic techniques.
IR spectroscopy highlighted the disappearance of the azido
or alkynyl functional groups in the nanoparticles and showed
(99) Huang, H. Y.; Kowalewski, T.; Wooley, K. L. J. Polym. Sci., Part A:
Polym. Chem. 2003, 41, 1659-1668.
(100) Qi, K.; Ma, Q. G.; Remsen, E. E.; Clark, C. G., Jr.; Wooley, K. L.
J. Am. Chem. Soc. 2004, 126, 6599-6607.

5986 Chem. Mater., Vol. 17, No. 24, 2005

O’Reilly et al.

Figure 5. Representative tapping-mode AFM images of nanoparticles (a) 7 and (b) 18. Samples were prepared by drop deposition onto freshly cleaved mica
and allowed to dry under ambient conditions.

Scheme 8. Reagents and Conditionsa

a Key: (a) CuSO ‚5H O (0.25 equiv), sodium ascorbate (5 wt % solution in water, 0.50 equiv), 16 (1.11 equiv to azido functionality), RT, 2 d, followed
4
2
by dialysis against pH 7.3 phosphate buffered saline, 10 d; (b) dialysis into a 1:1 THF:H2O mix for 3 d, then addition of CuBr(PPh3)3 (0.1 equiv), and
DIPEA (1.0 equiv), 2097,101 (1.11 equiv to azido functionality), RT, 2 d, followed by dialysis against a 1:1 THF:buffered H2O mix for 10 d, and then dialysis
against pH 7.3 phosphate buffered saline, 4 d.

the appearance of new absorbances attributable to the
fluorescent dye molecule. NMR spectroscopy (DMSO-d6)
revealed resonances characteristic of the dye molecule and
triazole moiety but not the polymer signals, as would be
expected for a cross-linked particle (see Supporting Information). The aryl protons of the fluorescein dye are visible at
8.25, 7.74, 7.14, and 6.62-6.45 ppm. The multiplet at 6.626.45 ppm integrates to 7 proton resonances and this has been
attributed to the 6 aryl protons of the dye and also a singleproton resonance attributable to the triazole proton. Resonances that may be assigned to the aliphatic linker of the
dye molecule are also visible at ca. 2.78 and 2.55 ppm,
although accurate integration is difficult, due to their
proximity to residual protons in the DMSO solvent.
Core Click Reactions. In consideration of functionalization of the nanoparticle core, a number of unique issues must
be considered. Unlike the shell, which is a swollen hydrogel,

the core is hydrophobic and for the covalent attachment to
occur, reagents must transverse the shell layer and coreshell interface while being soluble in the hydrophobic
nanoenvironment of the core. To address these multiple
issues, the reaction of core-functionalized nanoparticles was
investigated under both aqueous and organic conditions with
either a hydrophilic or hydrophobic alkynyl dye (Scheme
8).
(a) Aqueous Media. Initial experimental results indicated
that the Click reaction between the alkynyl-functionalized
fluorescein and the azido side chain groups within the SCK
nanoparticle cores failed to occur under aqueous conditions,
as determined by DLS, TEM, and AFM analysis. Upon
exhaustive dialysis, UV-vis spectroscopy revealed that there
was essentially no dye present in the nanoparticle solution
and this observation was confirmed by AU analysis (Figure
6). Lyophilization of a sample of 21 and subsequent NMR
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Figure 6. Sedimentation equilibrium profile (5000 rpm) collected using an interferometry detector for the nanoparticle 21 and corresponding absorption
spectra, recorded at different radial positions, a) top, b) middle, and c) bottom, across the sedimentation equilibrium profile.

H2O solution, and then the Click reaction was allowed to
proceed for 2 days at ambient temperature, followed by
purification by exhaustive dialysis (initially against a 1:1
mixture of sodium phosphate buffered saline at pH 7.3 and
THF and then against buffered H2O) to afford the dansylfunctionalized nanoparticle, 22. DLS analysis of 22 indicated
that the nanoparticles exhibited a slight increase in Dh upon
functionalization with the dansyl derivative (Dh ) 29 ( 5
nm), while both TEM and AFM analyses showed little or
no difference in particle diameter or height before and after
functionalization (Figure 7). AU analysis confirmed association of the dye molecule with the nanoparticle (see Supporting Information). Both IR and NMR spectroscopic analyses
showed absorbances and resonances attributable to the dansyl
fluorescent dye and the loss of the azido functionality, thus
supporting successful conjugation of the dansyl dye within
the nanoparticle core.
Conclusions

Figure 7. TEM images of nanoparticles a) 14 and b) 22. Average diameters
are shown with the corresponding distribution and a representative image.
Samples were stained with phosphotungstic acid, drop-deposited onto a
carbon-coated copper grid, and allowed to dry under ambient conditions.

and IR spectroscopic analyses also indicated the presence
of nonreacted azido functionality and showed no evidence
of resonances attributable to fluorescein. Attempts to conduct
the Click reaction of a hydrophobic dansyl derivative with
functional groups present in the hydrophobic domain of the
SCK nanoparticle were unsuccessful under standard aqueous
reaction conditions due to the insolubility of the dye.
(b) Organic Media. It has been demonstrated that the
copper-catalyzed cycloaddition reaction between azides and
alkynes can also be conducted in organic solvents in the
presence of CuBr(PPh3)3 and an organic base.52 The synthetic
strategy was modified, therefore, to apply the alkynylfunctionalized dansyl derivative, 20,97,101 to the core Click
functionalization of SCKs nanoparticle in 1:1 H2O/THF. The
core of 14 was swollen by dialysis for 3 days in a 1:1 THF:

Synthetic strategies for the preparation of novel azido- and
alkynyl-functionalized micelles and SCK nanoparticles were
developed and their viability as Click-readied nanoscale
substrates validated. With use of covalent condensation or
displacement reactions to conduct chemical modification of
amphiphilic block copolymers, in combination with supramolecular assembly, regioselective placement of Click
reactive functionalities was achieved.
The introduction of the Click reactive groups in both the
hydrophilic and hydrophobic domain of the amphiphilic
core-shell materials provides a route for versatile functionalization of these well-defined nanostructures. In this initial
demonstration, we have shown that the functionalized
nanoparticles could be fluorescently tagged in either the core
or the shell domain utilizing the copper(I)-catalyzed cycloaddition of azides and alkynes. It was further demonstrated
that the reaction conditions and dye molecule employed for
the cycloaddition could be tailored to match the local
nanoenvironment within these structures. Importantly, the
covalent attachment versus sequestration of hydrophilic, pH(101) Bolletta, F.; Fabbri, D.; Lombardo, M.; Prodi, L.; Trombini, C.;
Zaccheroni, N. Organometallics 1996, 15, 2415-2417.
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sensitive fluoresceins was confirmed by AU analysis and
UV-vis spectroscopy.
Given the ever expanding growth and interest in the fields
of Click chemistry and nanomaterials, the preparation of
these novel nanoparticles allows for the merging of these
disciplines and also enables the labeling of nanomaterials
with biologically active ligands, among other moieties. The
straightforward introduction of bioactive molecules will allow
for tracking and detection of these nanoparticles in both in
vivo and in vitro conditions. These azido- and alkynylfunctionalized micelles also have the potential for the
development of new cross-linking techniques utilizing Click
chemistry.
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