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Click Chemistry Functionalized Polymeric Nanoparticles Target Corneal
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Self-assembled polymeric nanoparticles modified with targeting ligands on the surface provide a means for localized
cell delivery. To gain greater insight into the possibility of derivatizing poly(2-methyl-2-carboxytrimethylene
carbonate-co-D,L-lactide) (poly(TMCC-co-LA)) nanoparticles using the Huisgen’s 1,3 dipolar cycloaddition reaction,
we synthesized amphiphilic copolymers comprising a hydrophobic poly(TMCC-co-LA) backbone and a hydrophilic
poly(ethylene glycol) (PEG) pendant chain. By coupling amine-terminated PEG-azide to the carboxylic acid group
of the poly(TMCC-co-LA) via EDC chemistry, an amphiphilic copolymer was formed. The poly(TMCC-coLA)-g-PEG-N3 self-assembled in aqueous solution and presented azide groups on the surface of the nanoparticles.
Alkyne-modified KGRGDS peptides were synthesized and coupled to the azide-functionalized nanoparticles via
Huisgen’s 1,3 dipolar cycloaddition, which was catalyzed by copper sulfate and sodium ascorbate in aqueous
solution. Using coumarin-modified lysine (K) of the KGRGDS peptide, fluorescence was used to determine that
there were approximately 400 peptides bound to each nanoparticle. The bioactivity of the GRGDS nanoparticle
was confirmed with a competitive cell attachment assay using rabbit corneal epithelial cells. This GRGDSnanoparticle system may be suitable for targeted drug delivery.

INTRODUCTION
Peptides have attracted significant attention because of their
diverse biological functionalities. For example, the Arg-GlyAsp (RGD) containing motif is known to be vital for integrinreceptor mediated cell attachment, which influences cell migration, growth, and differentiation (1). The specific binding
between RGD-containing peptides and their integrin receptors
also plays an important role in cell targeting. The application
of RGD-modified nanoparticles (NP) for endothelium targeting
has been broadly studied (2, 3), specifically in the context of
tumor vasculature, which undergoes continuous angiogenesis.
RGD peptides can be used to prevent integrins from binding to
their respective ligands, thereby causing apoptosis of endothelial
cells of newly formed blood vessels (4).
Few studies have explored the use of RGD-containing
nanoparticles for targeted delivery to the eye, yet fibronectin
accumulates in the corneal epithelium after injury (5). In wound
healing, the binding between RGD motifs on fibronectin and
the Rvβ1 integrin on the surface of corneal epithelial cells plays
an important role in cell spreading and migration upon stimulation by epidermal growth factor (EGF) (6). Several features of
the cornea profoundly reduce the efficiency of gene transfer or
drug absorbance (7, 8) including the low permeability of the
intact epithelial layer and the rapid secretion of tears. However,
the delivery of ophthalmic drugs using polymeric nanoparticles
engineered with targeting molecules, such as RGD-containing
peptides, is promising for the treatment of a wide range of
corneal epithelial defects such as corneal neovascularization,
dystrophies, neurotrophic keratopathy, recurrent erosion, and
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dry eye syndrome, among others (9). Thus, coupling RGDcontaining peptides to nanoparticles may provide a method for
targeted drug delivery to the eye after injury.
Building on our previous experience with self-assembling
polymers (10), we investigated the use of “click chemistry” to
surface-functionalize novel nanoparticles with RGD peptides.
The term “click chemistry” was first introduced by Sharpless
et al. in 2001 to included those reactions that are broad in scope,
have high yields, and are simple in product isolation, stereospecific, and compatible with both organic and aqueous reaction
conditions (11). While “click chemistry” has come to include
Diels-Alder among other coupling chemistries, Sharpless
defined it as two small units being joined together with
heteroatom links and fulfilling the above requirements. Among
all the carbon-heteroatom bond formation reactions, the coppercatalyzed Huisgen 1,3-dipolar cycloaddition is the premier
example of click chemistry and is known for its high degree of
selectivity and stability (11). Moreover, the resulting triazole
ring itself has been shown to possess a variety of biological
functions including anti-HIV, antibacterial, and potent antihistamine activity (12-14). To take advantage of this click
chemistry, we synthesized alkyne-KGRGDS and azide polymeric nanoparticles and reacted them together.
On the basis of the previous development of a novel
copolymer backbone of poly(2-methyl-2-carboxytrimethylene
carbonate-co-D,L-lactide) (poly(TMCC-co-LA)) (15), we coupled
amine-terminated PEG-azide via EDC chemistry to the carboxylic acid groups of TMCC. The known properties of PEG,
including water solubility, hydophilicity, and resistance to
protein adsorption, make the polymer-graft-PEG structure highly
desirable for biomaterial and drug delivery applications (16).
This poly(TMCC-co-LA)-g-PEG-N3 copolymer self-assembled
to nanoparticles in aqueous solution and presented azide groups
on the surface for further modification with alkyne-KGRGDS
peptides by click chemistry (Scheme 1). The bioactivity of the
peptide-modified nanoparticles was tested with rabbit corneal
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Scheme 1. Immobilization of Alkyne-KGRGDS Peptides on Nanoparticles by the Aqueous Huisgen’S 1,3 Dipolar Cycloaddition
Reaction, Catalyzed by Copper Sulfate and Sodium Ascorbate (Room Temperature, 5 h)

epithelial cells using a competitive cell attachment assay. To
the best of our understanding, this is the first time that peptidemodified nanoparticles have been designed for targeted delivery
to corneal epithelial cells.

EXPERIMENTAL PROCEDURES
Materials and Methods. The 1H NMR spectra were recorded
at 400 MHz at room temperature using a Varian Auto
X8308-400 spectrometer. All the chemical shifts are in ppm.
Molecular weights and polydispersity indices were measured
by gel permeation chromatography (GPC) in THF relative to
polystyrene standards on a system equipped with two-column
sets (Viscotck GMHHR-M and Viscoteck GMHHR-H) and a
triple detector array (TDA302) at room temperature with a flow
rate of 0.6 mL/min THF eluent. Dynamic light scattering (DLS)
measurements were performed using the Brookhaven 90Plus
Particle Size Analyzer (Brookhaven Instruments, USA), which
was operated at 647 nm at a scattering angle of 90°. Nanoparticle
samples were suspended at 0.5 mg/mL in distilled water before
the measurement. Cumulant analysis of light scattering data was
used to estimate the hydrodynamic diameter and polydispersity
of the nanoparticles. When the polydispersity equals zero, the
sample is monodisperse, and as polydispersity increases so does
the width of the distribution. As a general rule, nanoparticles
are considered to have narrow size distributions when polydispersity is less than 0.025, and cumulant analysis works best
when polydispersity is e0.3. (Additional information is available
from Brookhaven.) The dry nanoparticle size was estimated by
measuring the average diameter of 50 nanoparticles from images
taken in the scanning transmission electron microscope (STEM)
mode of the Hitachi S-5200 scanning electron microscope
system operating at 30 kV. Samples were prepared by placing
one drop of self-assembled nanoparticle solution (0.5 mg/mL
in distilled water) on a carbon support film (Electron Microscopy
Sciences, PA, USA). Excess solution was drained, and the
sample was allowed to air-dry. The presence of an azide
functional group was characterized by Nicolet Avatar 370 FTIR
(Thermo Instruments Canada Inc.). The RGD-containing peptides were synthesized by solid-phase synthesis using a Pioneer
Peptide Synthesis System (Foster City, CA, USA) using standard
Fmoc/ HATU chemistry. The synthesized peptides were purified
by HPLC (Jupiter 5 µ, C 18, 300 Å, 250 × 21.2 mm) using a
gradient mixture of acetonitrile with 0.1% TFA and water. The
gradient of acetonitrile with 0.1% TFA increased from 10% (10
min) to 30% (30 min) and finally to 90% (10 min). The
Sephadex G-25 column was prepared according to the following
procedures: Sephadex G-25 beads was soaked in 0.01 M PBS
buffer at pH 7.4 overnight prior to packing the column (2.5 ×
10 cm). The column was washed with the same PBS buffer for
1 h before use. The flow rate is determined by gravity. The
Sepharose C4B column (5 × 15 cm) was prepared in the same
manner as Sephades G-25 column, except distilled water was
used instead of PBS buffer. Fluorescence intensity of coumarin
was measured by a fluorescent microplate reader (SpectraMax

GeminiEM, Molecular Device, USA) at excitation and emission
wavelengths of 340 and 405 nm, respectively. The concentration
of nanoparticles was measured by their absorbance in Bradford
reagent (10) at 595 nm using a microplate reader (VersaMax,
Molecular Devices, USA). Triplicate samples of equal volumes
of NP solution and Bradford reagent were mixed in a clear 96well plate at room temperature. After incubating for 30 s, a
reading was taken.
All solvents and reagents were purchased from Sigma-Aldrich
and were used as received, unless otherwise noted. Amino acids
including Fmoc-Lys(MCA)-OH were purchased from Novabiochem (CA, USA). Activators and resins were obtained from
Applied Biosystems (CA, USA). The peptides for cell attachment assays, GRGDS (97.8% pure, 490.48 g/mol), were
acquired from Genscript Corp (New Jersey, USA). The SIRCrabbit corneal epithelial cell line, CCL-60, was obtained from
American type Culture Collection (ATCC, USA). Difunctional
tert-butoxycarbonyl-protected amine-PEG-activated acid was
purchased from Nektar Theraputics (Birmingham, AL, USA).
All regenerated cellulose (RC) membranes were purchased from
Spectrum Laboratories Rancho Dominguex (CA, USA). All the
dialysis procedures used 4 L of distilled water as the exchange
solvent. The water was replaced every 2 h for the first 8 h. 96well reacti-bind amine-binding, maleic anhydride activated
plates and the blocking buffer were purchased from Pierce. The
Quant iT Picogreen dsDNA assay kit and the protocol are
available from Invitrogen (Burlington, ON). The protocol
document number is MP 07581, revised December 20th, 2005.
Synthesis of PEG-Azide (PEG-N3). As shown in Scheme
2, difunctional tert-butoxycarbonyl-protected amine-PEGactivated acid (BocNH-PEG-NHS; 1; 3446 Da, 1.00 g) and
azido-octaethyleneglycol-amine (438.52 Da, 0.50 g) were dissolved in 10 mL of DMF and stirred for 24 h at room
temperature. The reaction mixture was purified by dialysis
against distilled water at room temperature for 24 h using a
regenerated cellulose (RC) membrane with a molecular weight
cutoff (MWCO) of 1 kDa. The dialyzed solution was freeze-dried
to yield BocNH-PEG-N3 2 (0.92 g, 82% yield) as a white solid,
which was then deprotected in 6 mL of 70% TFA aqueous
solution. After 2 h, the reaction mixture was diluted with 18
mL of water and purified again by dialysis, as described above.
After freeze-drying, a white solid product 3 (0.59 g, 64%) was
recovered. The presence of the terminal azide group and the
C-O bond were characterized by a stretching frequencies at
2103 cm-1 and 1012 cm-1, respectively, in the FTIR spectrum.
MALDI-TOF-MS: 3727.2 (calc. 3727.52). 1H NMR (D2O): δ
3.68 (s). For 1H NMR and FTIR spectra, see Supporting
Information Figure S1 for compound 2 and Figures S2 and S11
for compound 3.
Synthesis of Poly(TMCC-co-LA)-g-PEG-N3. The synthesis
of PEG-grafted copolymer was carried out as illustrated in
Scheme 3. The poly(TMCC-co-LA) 4 was synthesized by bulk
copolymerization as previously reported (10). Copolymer 4 (100
mg) was dissolved in DMF (5 mL) and 10 mM MES buffer
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Scheme 2. Synthesis of H2N-PEG-N3 by Reacting NHS-Activated
PEG Chains with Amine-Terminated Octaethylene Glycol-Azide
Followed by BOC Deprotection

(0.5 mL, pH 5.5). N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 10 wt %) and N-hydroxysulfosuccinimide (sulfo-NHS, 10 wt%) were then added, and
the reaction solution was stirred at room temperature for 30
min. The PEG azide 3 (50 mg), dissolved in 0.5 M borate buffer
(1 mL, pH 9.0), was slowly added to the activated copolymer
solution under stirring. The reaction mixture was incubated at
room temperature for 24 h, after which it was dialyzed against
distilled water using an RC membrane at a MWCO of 12-14
kDa. The excess PEG was removed using a Sepharose C4B
column equilibrated with distilled water. The collected fractions
containing polymers were freeze-dried to give a white solid
(55 mg, 50% yield). 1H NMR (DMSO): δ 0.99 (br s, CH3 from
TMCC), 1.42-1.46 (m, CH3 from LA), 3.49 (s, PEG), 4.19 (br
s, methylene from TMCC), and 5.17-5.19 (m, CH from LA).
1
H NMR spectra of poly(TMCC-co-LA) 4 and poly(TMCCco-LA)-g-PEG-azide 5 are shown in Supporting Information
Figures S3 and S4.
Self-Assembly of Polymers to Nanoparticles by Dialysis. The nanoparticles 6 were prepared by self-assembly of
poly(TMCC-co-LA)-g-PEG-azide by memberane dialysis, as
previously reported (15). Briefly, copolymer 5 (15 mg) was
dissolved in 1.5 mL of DMF/borate buffer (0.5 M, pH 9.0) at
a volume ratio of 1.425 to 0.075. The solution was dialyzed
against distilled water using a dialysis membrane with a MWCO
of 12-14 kDa at room temperature for 8 h.
Synthesis of Alkyne-Modified KGRGDS. The synthesis of
alkyne-modified KGRGDS peptide is shown in Scheme 4. The
alkyne-modified KGRGDS was synthesized by solid-phase
synthesis 4-pentynoic acid (0.20 g, 2 mmol) was activated by
N,N′-diisopropyl carbodiimide (DIC, 1.24 mL, 8 mmol) in 10
mL of CH2Cl2 under N2 for 30 min. Alkyne-KGRGDS was
added, and the mixture was stirred at room temperature for
another 2 h. The resin was filtered and washed with 20 mL
each of dichloromethane, methanol, and isopropyl alcohol (IPA).
The resin recovered from the previous step was dissolved in
TFA/water (9.5 mL/0.5 mL, v/v) and stirred for 2 h. The peptide
dissolved in solution was separated from the resin by vacuum
filtration and concentrated by rotary evaporation. The crude oily
product was precipitated in 100 mL of cold ether and stored in
a -80 °C freezer overnight. The precipitated white peptide (65
mg, 65% yield) was recovered by centrifugation and dried under
N2.
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The product was further purified by HPLC to yield 50 mg of
the final product as a white solid (yield 76%). The final product
was confirmed by 1H NMR and mass spectrometry (MS). 1H
NMR (D2O, 400 MHz): δ 1.28-1.83 (m, 10H), 2.31 (s, 1H),
2.44 (m, 4H), 2.77-2.95 (m, 2H), 3.10-3.16 (t, 2H, J ) 6
Hz), 3.18-3.22 (t, 2H, J ) 6 Hz), 3.82-3.97 (m, 11H),
4.10-4.16 (dd, 1H, J1 ) 5 Hz, J2 ) 8 Hz), 4.26-4.32 (dd, 1H,
J1 ) 5 Hz, J2 ) 8 Hz), 4.48-4.51 (dd, 1H, J1 ) 4 Hz, J2 ) 5
Hz), 4.79-4.81 (m, 1H) 6.30 (s, 1H), 6.99-7.02 (m, 2H),
7.62-7.64 (m, 1H). ESI-MS (MNa+): 936.4 (calc. 937.38). (The
same syntheses and characterization methods were used for
the following additional peptides studied and are described in
the Supporting InformationFigures S1-S8: alkyne-KGRGDS,
scrambled alkyne-KGRDGS, alkyne-GRGDS, and scrambled
alkyne-GRDGS.)
Immobilization of KGRGDS on Nanoparticles by Click
Chemistry. Alkyne-modified KGRGDS, at concentrations of
25, 50, and 100 µg/mL, was reacted with poly(TMCC-co-LA)g-PEG-azide nanoparticles (1.875 mg/mL) at room temperature
in distilled water under catalysis with copper sulfate (0.6 µmol/
mL) and sodium ascorbate (3.0 µmol/mL). The reaction mixture
was stirred at room temperature for 1, 3, and 5 h (see Results
and Discussion). It was then purified through a Sephadex G-25
column equilibrated with 0.01 M PBS buffer at pH 7.4.
Cell Attachment Assay. GRGDS-Modified Cell Culture
Plates. The peptide sequence GRGDS in borate buffer (pH 9.0,
0.5 M) was placed in a 96-well reacti-bind amine-binding,
maleic anhydride activated plates (100 µL/well) at a concentration of 100 µg/mL. The plate was incubated on a shaker at room
temperature overnight, and the peptide solution was then
removed. Protein blocking buffer (200 µL/well) was added and
incubated for 1 h at room temperature to quench any remaining
reactive maleic anhydride groups and block remaining open sites
on the plate surface.
Preparation of Cells. SIRC-rabbit corneal epithelial cells
were cultured in tissue culture plates with minimum essential
medium R (R-MEM) containing 10% FBS, 1% penicillin/
streptomycin, and 1% glutamine in an incubator (37 °C, 5%
CO2, 100% humidity). Before harvesting, cells were incubated
with fresh cell culture medium containing with 10 ng/mL of
epidermal growth factor (EGF) overnight.
Competitive Cell Attachment Assay. To test the binding
affinity of the GRGDS-modified nanoparticles, the attachment
of cells to GRGDS-modified cell culture wells was tested after
preincubation with either GRGDS-nanoparticles or scrambled
GRDGS-nanoparticles and compared to the cell attachment
observed when cells were preincubated in soluble GRGDS.
Specifically, a cell suspension of cultured rabbit corneal
epithelial cells with an equal volume of 1 or 10 µg/mL of
GRGDS or 2.0 mg/mL of peptide-modified nanoparticles with
peptide concentration of 5.5 µg/mL in PBS buffer (0.01 M, pH
7.4) was preincubated at 37 °C for 30 min before plating into
wells (1 × 104 cells/well, 100 µL). The cells were incubated at
37 °C for another 4 h after plating. The wells were then washed
three times with fresh cell culture medium before quantifying
the number of attached cells using the PicoGreen assay. It was
assumed that every cell contained 7.7 pg of DNA.

RESULTS AND DISCUSSION
Synthesis of Poly(TMCC-co-LA)-g-PEG. The amphiphilic
copolymer, poly(TMCC-co-LA)-g-PEG-azide, was designed
specifically for the creation of RGD-nanoparticles by combining
strategies of polymeric self-assembly and click chemistry of
bioconjugation in one process. The copolymer is biodegradable
and biocompatible for in vivo applications, amphiphilic with
the ability to self-assemble into ordered structures, and capable
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Scheme 3. Synthesis of Poly(TMCC-co-LA)-g-PEG-Azidea

a
The carboxylic acid groups on the copolymer backbone were first activated with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) for 30 min. Then, amine-terminated PEG azide was covalently bound under basic conditions
overnight.

Scheme 4. Synthesis of the Alkyne-Modified KGRGDS Peptidesa

a
4-Pentynoic acid was activated by N,N′-diisopropylcarbodiimide (DIC) for 30 min and reacted with amine-terminated peptides. The peptide
was cleaved from the resin using a 95% TFA aqueous solution for 2 h at room temperature.

of click chemistry chemistry due to the presence of azide groups
at the PEG terminus.
The number average molecular weight and polydispersity of
poly(TMCC-co-LA) were determined by GPC (see Supporting
Information Figure S10), relative to polystyrene standards in
THF, to be 30.4 kDa and 2.7, respectively. The molar percentage
of TMCC in the copolymer was determined from 1H NMR data
to be 9.3% by comparing the integrated peak of TMCC
methylene (4.18 ppm) with that of the LA methine (5.13-5.19
ppm). This number is slightly lower than the feed ratio (TMCC/
D,L-lactide 10/45), where each D,L-lactide monomer contains
two repeat units. This is probably because LA is more reactive
than TMCC in the copolymerization, leading to an enrichment
of LA in the copolymer (17). The random copolymer composition was estimated from 1H NMR and GPC data to be
poly(TMCC)32-co-(LA)310.
After copolymerization, the carboxylic acid groups along the
copolymer chain were deprotected, allowing for further functionalization with PEG-N3 using EDC chemistry. This resulted
in amphiphilic copolymers of poly(TMCC-co-LA)-g-PEG-azide
with well-defined hydrophobic and hydrophilic segments. The
ratio of PEG grafted to poly(TMCC)32-co-(LA)310 was estimated
by comparing the integrated peak areas from the 1H NMR
spectrum of PEG methylene (3.49 ppm) to that of the TMCC
methylene (4.18 ppm). On average, there was approximately
one PEG chain grafted to every poly(TMCC)32-co-(LA)310

backbone. The number average molar mass of poly(TMCC)32co-(LA)310-g-PEG was calculated according to
Mn (poly(TMCC-co-LA)-g-PEG))Mn (backbone)+
(Mn (PEG) × # of PEG per copolymer backbone) (1)
Given that Mn(backbone) is 30.4 kDa, Mn(PEG) is 3.40 kDa and
there is one PEG chain per copolymer backbone; the
Mn (poly(TMCC-co-LA)-g-PEG) is estimated at 33.8 kDa.
Estimation of the Molecular Weight of Nanoparticles
(MNP) and the Number of Chains Aggregated in a
Nanoparticle (Nagg). When poly(TMCC-co-LA)-g-PEG was
dissolved in DMF with 5% borate buffer and dialyzed against
water (see Experimental Procedures), the hydrophobic poly(TMCC-co-LA) backbone self-assembled to form the nanoparticle
core, while the hydrophilic PEG chains interacted with the
surrounding water to form the nanoparticle shell. As observed
by dynamic light scattering (DLS), the resulting self-assembled
nanoparticles had an average diameter of 130.8 nm and a
polydispersity index (PDI) of 0.2897, which indicates that the
nanoparticles are polydisperse. By scanning transmission electron microscopy, the average diameter of the nanoparticles was
87.4 ( 12.5 nm (n ) 50 nanoparticles, mean ( s.d.). The STEM
image has been previously reported (10). The diameter measured
by STEM is smaller than that measured by DLS, because STEM
imaged the dry nanoparticles, whereas DLS detected the
hydrated nanoparticles in aqueous solution. While the DLS data
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Figure 1. The fluorescence intensity of coumarin was readily detected
on azide-functionalized nanoparticles that had reacted with alkynepeptide in the presence of copper sulfate and sodium ascorbate. In
control I, the identical incubation between peptides and nanoparticles
was repeated in the absence of copper sulfate and sodium ascorbate,
demonstrating the importance of the catalyst for successful peptide
modification. In control II, peptides were preincubated with 4-azidoaniline for 3 h before incubating with nanoparticles and catalyst,
demonstrating that alkyne groups were quenched and unavailable for
reaction with nanoparticle-azide.

are a better measure of the hydrated nanoparticle diameter, the
standard deviation of the mean calculated from the STEM data
is likely a better indication of the polydispersity of the
nanoparticles (10). Assuming that the dried nanoparticle is a
hard sphere with negligible porosity, the molar mass of the
nanoparticle MNP can be calculated from
MNP )

4πR2NA
3υ2

(2)

where R is the radius of the nanoparticle (43.7 ( 6.3 nm from
STEM); υ2 is the partial specific volume of the polymer, which
is estimated at 0.95 mL/g, and NA is Avogadro’s constant (6.02
× 1023) (18). The average nanoparticle aggregation number,
Naggs, can be estimated as
Nagg)MNP⁄Mn(poly(TMCC-co-LA)-g-PEG)

(3)

using the value of MNP calculated from eq 2.
Thus, one nanoparticle comprises approximately (6.5 ( 0.4)
× 103 polymer chains.
Immobilization of Alkyne-KGRGDS on Azido-Nanoparticles by Click Chemistry. In the self-assembled nanoparticle system, the azide-alkyne Huisgen’s cycloaddition reaction
was designed to occur at the interface between the azide-PEG
corona of the nanoparticles and the aqueous phase in which
alkyne-peptides were dissolved. After the amphiphilic copolymer
self-assembled into nanoparticles, the hydrophilic segments
oriented outward to the water phase. The terminal azide groups
are accessible to alkyne-functionalized molecules in the aqueous
solution, enabling click chemistry at the PEG terminus of the
self-assembled nanoparticles. Coumarin-modified alkyneKGRGDS was reacted with azide-nanoparticles at room temperature for 5 h in the presence of copper sulfate and sodium
ascorbate. To confirm the Huisgen’s 1,3 dipolar cycloaddition
reaction, two controls were carried out: (1) the reaction was
carried out in the absence of catalyst; and (2) the reaction was
carried out after quenching the alkyne groups on KGRGDS with
a large excess of 4-azidoaniline.
The fluorescence of the coumarin-modified alkyne-KGRGDS
was used to measure the success of the reaction between peptidealkyne and azido-nanoparticle. As shown in Figure 1, nanoparticles incubated with an excess of alkyne-KGRGDS showed a
strong fluorescent signal at (2380 ( 59) indicating that the
fluorescent peptide was coupled to the nanoparticles. Neither
the control group lacking the copper sulfate/ascorbic acid (127
( 12) nor that with quenched peptide-alkyne (80 ( 8) showed

significant fluorescence. Together, these data confirmed the
successful Huisgen’s 1,3 dipolar cycloaddition reaction between
peptide-alkyne and azido-nanoparticle. The hydrodynamic diameter of the nanoparticles (130.8 nm), determined by DLS,
did not change significantly after peptide modification (126.2
nm) where the PDI was 0.2879. This suggests that the
nanoparticles do not aggregate as a result of peptide modification.
Estimation of the Amount of Peptides Per Nanoparticle. To estimate the amount of peptide coupled per
nanoparticle, the concentrations of both peptide and nanoparticle
were independently determined, relative to standard curves with
known concentrations of peptides and nanoparticles. The
concentration of peptide was measured by the fluorescence
intensity associated with coumarin. The concentration of nanoparticles was measured by their absorbance in Bradford reagent
(10) at 595 nm using a microplate reader. The number of
peptides per nanoparticle (n) was estimated according to eq 4
peptide[M]
(4)
nanoparticle[M]
To determine the optimum reaction time and the maximum
number of peptides that can be conjugated per nanoparticle, both
the click chemistry reaction time and the alkyne-KGRGDS
concentration were varied. In Figure 2a, azido-nanoparticles
reacted with 7-fold molar excess of alkyne-KGRGDS catalyzed
by copper sulfate and sodium ascorbate at room temperature
for 1, 3, and 5 h. The amount of peptide per nanoparticle
increased between 1 and 3 h, after which a plateau of 439 (
11 (mean ( standard deviation) peptides per nanoparticle was
achieved, demonstrating that the reaction was complete after
3 h. In Figure 2b, azido-nanoparticles reacted for 5 h with
various concentrations of alkyne-KGRGDS, where the peptide
to copolymer molar ratio increased from 2:1 to 7:1. As the
peptide to polymer ratio increased, the amount of peptide bound
per nanoparticle increased from 229 ( 2 to 406 ( 21. According
to our calculation, each NP has approximately 6500 PEG groups,
but only ∼440 peptides immobilized. This low reaction yield
may be explained by not all PEG chains having azido groups
and some of the azido groups not being available for reaction
due to steric interactions. For example, some of the azido groups
may have been buried within the PEG corona. Although the
yield for azide-alkyne Huisgen’s cycloaddition reaction of small
molecules is normally above 80% (19-21), the kinetics of this
reaction are very different between small molecules and
polymers. As reported, the yield of this reaction dropped below
50% when the cycloaddition reaction was performed between
two polymers (22). The yield is expected to drop further with
polymeric nanoparticles, where accessibility of the azido groups
is limited by entangled polymer chains and steric hindrance
associated with solid particles. The number of immobilized
peptides per nanoparticle is comparable to literature values (23).
While many of the PEG-azido groups are left unreacted, they
are largely inert in cell culture, as has been previously shown
with azido-sugars on the cell surface that were used for
bioorthogonal chemistry (28). However, the click chemistry in
this nanoparticle system is advantageous over other coupling
methods described in the literature because of the specificity,
speed, and relative ease of the reaction. While the Huisgen 1,3
dipolar cycloaddition reaction requires the introduction of alkyne
and azide groups, the common thiol-maleimide Michael-type
addition chemistry also requires the introduction of free thiol
and maleimide groups. However, the ligation reaction of the
thiol-maleimide occurs in the narrow pH range 6.5-7.5. If
the pH is too high, hydrolysis of the maleimide will occur; if
the pH is too low, the reaction will occur very slowly or not at
all. Thiol groups are very reactive toward various electrophiles
and rapidly deteriorate when in solution. A protecting group is
usually introduced, followed by a deprotection step (24-26).
n)
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Figure 2. (a) Nanoparticles reacted with 7-fold molar excess of alkyne-KGRGDS catalyzed by copper sulfate and sodium ascorbate at room
temperature for 1 h (229 ( 2), 3 h (439 ( 11), and 5 h (406 ( 21). (b) Nanoparticles reacted for 5 h with various concentrations of alkyneKGRGDS where the peptide to copolymer molar ratio increased from 2:1 (224 ( 18) to 3:1 (311 ( 13) to 7:1 (406 ( 21). The numbers in
parentheses are the means ( standard deviations for the number of peptides per nanoparticle.

Unlike the 3 h required for the click chemistry described herein,
alternative coupling mechanisms, such as amine-aldehyde
conjugation in the presence of the reducing agent, NaBH3CN,
has the disadvantage of requiring four days of reaction time
(27) and the use of the highly toxic NaBH3CN reducing agent.
Short reaction time, broad pH range, mild reaction conditions,
and a simple purification process demonstrate the broad utility
of click chemistry. Importantly, the click chemistry also allows
us to couple the bioactive molecules (in this case, GRGDS
peptides) in water after nanoparticle formation, thereby avoiding
exposure of peptides (or proteins) to potentially denaturing
organic solvents.
A clinically useful nanoparticle carrier for drug delivery, in
addition to allowing surface modification, also has to be
nontoxic, amenable to sterile filtration, and stable over a long
period of time (15). Our nanoparticle system fulfills these
criteria.
Cell Attachment Assay. Maleic anhydride functionalized 96well plates were coated with amine-terminated GRGDScontaining peptides, and then, any unreacted sites were blocked
with blocking buffer to ensure that GRGDS peptides were the
only binding sites for corneal epithelial cells. To test the
bioactivity of immobilized NP-GRGDS and the binding affinity
between NP-GRGDS and corneal epithelial cells, a competitive
cell attachment assay was performed, as shown quantitatively
in Figure 3 and qualitatively in Supporting Information Figure
S9. The number of corneal epithelial cells that adhered to the
GRGDS-modified culture wells was quantified, comprising the
positive control, as shown in Figure 3. The negative control,
where the 96-well plate lacked the GRGDS peptide, showed
very little cell adhesion. To better understand the binding affinity
of this interaction, the epithelial cells were preincubated with
soluble GRGDS peptides prior to plating on GRGDS-modified
surfaces. As shown, cell attachment reduced from 70% to 40%
compared to the positive control as the concentration of soluble
GRGDS increased from 1 µg/mL to 10 µg/mL, indicating that
the RGD integrin receptors on the cells were at least partially
responsible for cell attachment. To determine the binding affinity
of GRGDS bound to the nanoparticles, we repeated the
preincubation study, replacing soluble GRGDS with NPGRGDS.
When preincubated with NP-GRGDS prior to plating, fewer
cells attached to the GRGDS-modified plate, similar to that
observed when cells were preincubated with soluble GRGDS.
The cell attachment was both significantly less than the positive
control and similar to the negative control (where the cell plates
lacked GRGDS). Importantly, the cell surface integrin-RGD
interaction was confirmed with two controls: scrambled NP-

Figure 3. Competitive assay of rabbit corneal epithelial cell surface
receptors to RGD. The positive control demonstrates a large number
of cells bind to GRGDS-coated well-plate surfaces after a 4 h
incubation. The negative control shows that few epithelial cells bind
to unmodified well surfaces, demonstrating an RGD-mediated cell
attachment. Competitive inhibition of cell attachment was demonstrated
with soluble GRGDS (at concentrations of 10 and 1 µg/mL) where the
number of adherent cells to the well plates decreased with increased
GRGDS concentration. The bioactivity of the click chemistry bound
NP-GRGDS (5.4 µg/mL) was confirmed by the similar competitive
inhibition of cell attachment. The binding affinity of this interaction
was verified with the scrambled NP-GRDGS (5.4 µg/mL) and nanoparticles with blocked azido groups where cell attachment was not
inhibited. Shown are the mean ( standard deviation for n ) 3
independent tests of triplicate assays; ANOVA was used for statistical
analysis. The Posthoc analysis showed that there is a statistical
difference (p < 0.05) between the different symbols.

GRDGS and NPs with blocked azido groups (i.e., no peptides).
When the epithelial cells were preincubated with either scrambled
NP-GRDGS or blocked NP-azido groups, the NPs did not
sufficiently block the epithelial cell-surface integrin receptors,
and thus, there were significantly more cells attached to the
GRGDS-modified cell culture surfaces than had been observed
when cells were preincubated with NP-GRGDS samples.
However, there were fewer adherent cells after preincubation
with either scrambled NP-GRDGS (1446 ( 377) or NP-blocked
azido groups (1305 ( 215) relative to the positive control (1958
( 214), which suggests some nonspecific binding of nanoparticles to cells.
Interestingly, NP-GRGDS samples seemed to be more
effective at inhibiting epithelial attachment to the GRGDSmodified plates than soluble GRGDS, as demonstrated in Figure
3. While there is some nonspecific cell adhesion to the
nanoparticles, as was observed with the NP controls, the NP-
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GRGDS sample significantly reduced cell adhesion relative to
the NP controls and the soluble GRGDS, indicating that
additional mechanisms are required to explain the results. It is
unlikely that there was any cytotoxicity associated with the
remaining copper sulfate due to the small amount used, with
our thorough purification methodology and literature demonstrating cell viability at 100-1000× greater copper concentrations (29). Thus, there are at least two possible explanations.
The presence of multiple peptides on a given nanoparticle
suggests multivalent interactions with the cells or avidity, as
has been suggested by others (23). Alternatively, some of the
soluble GRGDS peptides may have been internalized by the
cells via an integrin-independent pathway, or even if by an
integrin-dependent pathway, the integrin may have been recycled
on the cell surface and available to interact with substrate-bound
GRGDS-cell culture plates. A similar mechanism was observed
by Castel et al. who showed that, at a concentration of 10 µg/
mL, the RGD peptide targeted for Rvβ3 was internalized in both
Rv-integrin expressing and nonexpressing melanoma cells by
an integrin-independent fluid-phase endocytosis pathway that
did not alter the number of functional integrin receptors at the
cell surface (30). This internalization occurred within 30 min
at 37 °C. In our studies, relative to the soluble GRGDS, the
NP-GRGDS effectively limited cell adhesion to the GRGDS
coated well plates likely because it could not be internalized in
the time frame studied due to the large particle size. Using
confocal microscopy and fluorescent GRGDS-nanoparticles, we
had no evidence for internalization (data not shown).
In order to improve the specificity and binding affinity of
these GRGDS- nanopaticles, the synergistic proline-histidineserine-arginine-asparagine (PHSRN) sequence can be similarly
coupled to our nanoparticles, with the appropriate spacer
between the two peptides (31)for optimal specificity with Rvβ1
intergrins (32). Importantly, the platform conjugation technology
described is applicable to a variety of peptides.

CONCLUSIONS
GRGDS peptides were successfully immobilized on selfassembled, polymeric nanoparticles using the azide-alkyne
Huisgen 1,3 cycloaddition reaction. This chemistry is efficient
and broadly applicable to a diversity of molecules. The azidealkyne reaction was complete within 3 h and resulted in
approximately 400 conjugated peptides per nanoparticle, allowing for interactions with cells that have Rvβ1-integrin
receptors up-regulated. The size of the nanoparticles detected
by DLS was unchanged after peptide modification. The covalently bound NP-GRGDS peptides maintained their bioactivity
and binding affinity with rabbit corneal epithelial cells relative
to scrambled NP-GRDGS controls. These NP-GRGDS samples
are small enough for sterile filtration and may be useful for
targeted delivery to the injured eye.
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