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Abstract
The versatility of copper-catalyzed alkyne-azide coupling (CuAAC) in functionalizing drug-
loaded polymer nanoparticles is demonstrated via the modification of surfaces of acetylene-
functionalized PNPs with folate, biotin, and gold nanoparticles.

Surface functionalization of nanoparticles with biomolecules has received considerable
attention due to the multitude of applications that such modification makes possible.1–3

Indeed, when nanoparticles are surface-functionalized with constrast agents or ligands, they
can become imaging platforms for the tissue of interest or highly specific targeted therapies
to a disease site.4–6 Unfortunately, currently available surface attachment methods are
limited, because few reactions are fully compatible with most of the bioactive species.7–9

Thus, there is a clear need for strategies that can efficiently modify nanoparticles with a
wide range of sensitive biomolecules under mild conditions.

Previously, we have shown that monodisperse drug-containing amphiphilic block
copolymers can undergo directed assembly into therapeutically active core-shell polymer
nanoparticles (PNPs) with uniform, tunable diameter.10,11 To yield targeted delivery
vehicles, these PNPs were modified with an antibody via nucleophilic displacement of
surface tosyl groups.12 Although this chemistry successfully yielded antibody-functionalized
PNPs that were internalized into breast cancer cells, the degree of functionalization was
difficult to control. Herein, we report a modular “click-based” copper-catalyzed alkyne-
azide coupling (CuAAC) strategy for the conjugation of a diverse group of bioactive
ligands/nanoparticles to drug-loaded PNPs under mild reaction conditions with a high
degree of control over surface functionalization.

For CuAAC, the PNP surfaces can be decorated with either alkyne or azide functionalities
for conjugation to the complementarily functionalized bioactive molecules. Given the ready
availability of azide-substituted biomolecules through commercial sources or via one-step
modifications,13 we chose to modify the PNP surface with alkynes (Scheme 1), similar to
the choice made by Evans and Lovell.14 In addition, localizing a single azido functional
group on each bioactive molecule would minimize any potential safety concerns that may
arise from having a large number of azides present on the surface of a nanoparticle.15

To introduce alkyne moieties on the PNP surface, we synthesized monomer 3, an acetylene-
terminated hydrophilic derivative of norbornene. In this design, retention of the
poly(ethylene) glycol (PEG) segment was essential to maintain the amphiphilic nature of the
final block copolymer to be used in PNP formation (see below).16 Monomer 3 was readily
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prepared from hexa(ethylene) glycol norbornene monomer (2)12 (Scheme 2). However,
initial attempts at the polymerization of 3 using catalyst 5 ((PCy3)2Cl2Ru=CHPh) did not
result in complete polymerization, as indicated by 1H NMR spectroscopy and gel
permeation chromatography (GPC) (Electronic Supporting Information (ESI†), section VII).

The inability of monomer 3 to undergo facile polymerization is attributed to the strong
coordination of the acetylene moiety to the ruthenium catalyst,17 which competes against the
binding of the norbornenyl olefin, a necessary step prior to ring-opening metathesis.
Supporting this conjecture is the observation that the polymerization of indomethacin-
containing norbornene monomer 110 by catalyst 5 was inhibited in the presence of excess
phenylacetylene (ESI†, section VII). Hence, we masked the terminal acetylene in 3 with
trimethylsilane (TMS) to prevent coordination to the Ru center and lead to polymerization.15

Indeed, monomer 4, the TMS-protected analog of 3, was successfully polymerized using
catalyst 5 as shown by 1H NMR and GPC analyses (Mn = 10000 (theoretical Mn = 9000),
PDI = 1.25).

Monodisperse amphiphilic block copolymer 135-b-415 was prepared by sequential
polymerization of 1 and 4 (Scheme 3). A molar ratio of 35:15 was chosen to keep the
molecular weight of the polymer ≤ 45 kDa, which restricts the diameter of PNPs to ≤ 400
nm10 and ensures bioclearance via the reticuloendothelial system.18 The polymerization
proceeded smoothly, affording well-defined blocks 1 (theoretical Mn = 20000 for block 1;
Mn = 21000 and PDI = 1.13) and 4 (theoretical Mn = 29000 for the whole copolymer, Mn =
30000, PDI = 1.15). Co-polymerization reactions initiated first with monomer 4 also
afforded similar results, suggesting that polymerization can be initiated with either the
hydrophilic or hydrophobic monomer (ESI†, section IV).

To form clickable alkynyl-functionalized PNPs from 135-b-415, the terminal TMS groups in
the hydrophilic block 4 were deprotected in a mixture of THF and MeOH using K2CO3
(Scheme 3).19 Complete conversion to copolymer 135-b-315 was verified by 1H NMR and
FT-IR spectroscopies (ESI†, section IV). GPC analysis of the deprotected copolymer also
revealed a slight decrease in Mn (28000), attributable to the loss of the TMS groups, while
retaining the narrow molecular weight distribution (PDI = 1.10) of the parent copolymer.

An aqueous suspension of alkyne-functionalized PNPs was obtained by dropwise addition of
water to a DMSO solution of copolymer 135-b-315 followed by exhaustive dialysis against
ultrapure deionized water (Scheme 3).10 Dynamic light scattering (DLS) measurements
indicated a narrow size distribution of particles centered at DH = 128 nm (Scheme 3b) with a
PDI of 0.060. Transmission electron microscopy (TEM, Scheme 3a) also confirmed the
homogeneous spherical morphology of these PNPs with diameters of ~130 nm.

To demonstrate the versatility of the alkyne-functionalized PNPs derived from 135-b-315,
they were separately treated with azido-modified folate,20 biotin, and gold nanoparticles
(AuNP-N3)21 in the presence of standard water-soluble CuSO4/sodium ascorbate catalyst.22
Biotin-23 and folate-24 conjugated drug delivery vehicles have been shown to significantly
enhance cellular uptake into tumor cells, and thus improve efficacy, in comparison to non-
functionalized systems. Additionally, AuNPs have been proposed as a photothermal therapy
in cancer treatment25 as well as non- viral vectors for the delivery of siRNA and antisense
DNA drugs.26 Hence, the modification of our drug-loaded PNPs with biotin, folate, and
AuNPs could lead to combinational targeted platforms and new multimodal chemotherapies.

†Electronic Supplementary Information (ESI) available: Detailed experimental procedures, materials, instrumentation, and
characterization. See DOI: 10.1039/b000000x/
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We were pleased to observe successful modifcations of our PNP by all three of the
aforementioned ligands/AuNPs, especially within much shorter reaction times than
previously reported.14 For folate-PEG-azide, ~67 folate groups were conjugated to each
PNP surface after 6 h as determined by UV-vis spectroscopy. Biotin functionalization,
determined using an avidin-based assay (ESI†, section V), proceeded in a similar fashion,
resulting in ~65 biotin molecules bound per PNP after 24 h (Fig. 1a). Finally, TEM analysis
of the alkyne-PNPs that have been click-conjugated to 13-nm AuNP-N3 clearly showed
attachment of the AuNPs to the surface of PNPs after 12 h (Fig. 2a). These short reaction
times at high dilution and neutral pH affirm that click chemistry can be used to effortlessly
introduce sensitive biological functionalities to the PNP surface. Combining the alkyne-
PNPs and the azide partners in the absence of the Cu catalyst showed minimal to no
coupling (ESI†, section V). Additional control experiments suggested that oxidative
coupling between the surface alkyne groups in a particle did not occur under our conditions
(ESI†, section V).

To delineate the conjugation profiles of the CuAAC between alkyne-PNPs and biotin- or
folate-PEG-azide, we varied the azide:alkyne ratio in the couplings while monitoring the
number of modified alkyne groups over a 48 h period (Fig. 1b). Maximum conjugation was
reached when an equimolar ratio of azide and alkyne was used. Interestingly, the
conjugation with biotin initially appeared to be much slower compared to the coupling with
folate. This apparent discrepancy in conjugation could be attributed to the fact that some
surface biotin groups might be inaccessible to the avidin-binding assay, resulting in
imprecise biotin quantification.27 Application of a correction factor (ESI†, section V)
revealed that, indeed, the conjugations of folate and biotin to alkyne PNPs proceeded with
similar efficiencies.

Because our PNPs are constructed from monodisperse 5 block copolymers, the level of
surface conjugation can be easily tuned by varying the hydrophobic/hydrophilic block ratio
in copolymers 1m-b-3n. To this end, two sets of copolymers were synthesized—one with
varied hydrophobic block length and a constant hydrophilic block, and the second with the
opposite block size variation—and assembled into alkyne-functionalized PNPs. Copolymers
with higher hydrophobic:hydrophilic ratios afforded PNPs with larger diameters due to the
increased proportion of hydrophobic core material per polymer chain (ESI†, section VI, Fig.
S18). In contrast, PNPs fabricated from copolymers with lower hydrophobic:hydrophilic
ratios tend to be smaller in sizes due to better packing of the PEGylated segments in the
shell (ESI†, section VI, Fig. S18). Exposing both sets of PNPs to folate- and biotin-PEG-
azide under our click conditions all resulted in successful conjugations. As expected,
copolymers with the same alkyne-functionalized block length exhibited similar degrees of
conjugation (ESI†, section VI, Fig. S20). Increasing the length of this hydrophilic block
resulted in a proportional rise in conjugation levels, consistent with the increased density of
surface functional groups (Fig. 3). These results indicate that the per-particle conjugation
level can be tuned through the manipulation of the hydrophilic block length.

In summary, surface modification via CuAAC affords a facile and modular means to
incorporate a diverse group of functionalities onto drug-loaded PNPs. This strategy can be
expanded to combine targeting with imaging groups,28 paving the way for the development
of multimodal nanocarriers.29,30

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) Reaction profiles of the click reactions between alkyne PNPs and one equivalent of
folate- or biotin-PEG-azide. (b) Plots of the degree of alkyne modifications achieved for
different azide:alkyne ratios, showing that maximum modification is achieved with an
equimolar ratio.
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Fig. 2.
Schematic illustrations and TEM images of the products resulting from: (a) the click
reaction between alkyne-functionalized PNPs and azide-modified AuNPs in the presence of
a Cu/NaAsc catalyst and (b) the analogous reaction in the absence of the catalyst. The
former TEM image clearly shows attachment of AuNPs to PNPs, while the latter displays
non-specific interactions between AuNPs and PNPs.
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Fig. 3.
Proportional increase in alkyne modification achieved for PNPs derived from copolymers
with increasing hydrophilic block length.
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Scheme 1.
Schematic illustration of modification of alkyne-functionalized PNPs with azide-
functionalized biomolecules via click chemistry.

Krovi et al. Page 9

Chem Commun (Camb). Author manuscript; available in PMC 2013 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
Synthesis of monomer 4.
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Scheme 3.
Synthesis of block copolymer 135-b-315 and subsequent formation of PNPs from this
copolymer. Inset shows: (a) A representative TEM image of the resulting PNPs. (b) DH
distribution of the PNPs as measured by DLS.
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