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Abstract: A new methodology for the preparation of well-defined core—shell nanoparticles was developed,
based upon the employment of a multifunctional crosslinker to coincidently stabilize supramolecular polymer
assemblies and imbed into the shell unique chemical functionalities. Amphiphilic diblock copolymers of
poly(acrylic acid)so-b-poly(styrene)qo that had been assembled into micelles and partially functionalized
throughout the corona with alkynyl groups were utilized as Click-readied nanoscaffolds for the formation of
shell Click-crosslinked nanoparticles (SCCs). Divergently grown dendrimers of the zero, first, second, and
third generations having increasing numbers of azide terminating groups ((Nz)2-[G-0], (N3)s-[G-1], (N3)s-
[G-2], and (N3)16-[G-3], respectively) were investigated as crosslinkers via Click reactions with the alkynyl
groups to form covalent linkages throughout the block copolymer micelle corona, thus forming a crosslinked
shell. The crosslinking reactions were characterized by *H NMR and IR spectroscopies, differential scanning
calorimetry (DSC), and dynamic light scattering (DLS) measurements. Only the first generation dendrimer
((N3)s-[G-1]) possessed a sufficient balance of polyvalency and water solubility to achieve crosslinking and
establish a robust nanostructure. The resulting SCC was further characterized with atomic force microscopy
(AFM), transmission electron microscopy (TEM), and analytical ultracentrifugation (AU). The dendritic
crosslinker is important as it also allows for the incorporation of excess functionality that can undergo
complementary reactions. Within the shell of this SCC the remaining azide termini of the dendrimer
crosslinker were then consumed in a secondary Click reaction with an alkynyl-functionalized fluorescein to
yield a fluorescently labeled SCC that was characterized with DLS, AFM, TEM, AU, UV—vis, and fluorescent
measurements as a function of pH.

Introduction disks!! vesiclesi?14fibers 118 tubes!®-22 and other shaped2*

Nature’s power to drive systems toward a desired architecture ' "€ bility to control seif-assembly provides exciting opportuni-

or order has been elegantly harnessed in the synthesis of selflies to manufacture unique materials that demonstrate properties
assembled architectures. Synthetic chemistry has evolved to that are not otherwise accessible. Self-assembled nanoparticles

model such natural systems, and engineer polymer chains, suctnd self-assembled arrays of nanoparticles have great potential

that their assembly into supramolecular architectures via non- to Serv;ﬁ?f multlfuncthngzglg tiorms for .dellvery. Oéfgf[}f ra-
covalent interactions has become tunable through control of the PEUtICST> > smart material and nanosized devic

polymer composition and the physiological conditions under Often this diverse spectrum of applications requires both robust
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structures and the covalent attachment of functional moleculessembled architectures further extends the potential employment
to the nanoparticle scaffold. of these materials. Strategic attachment of ligands to nanoscaf-
Crosslinking the individual components of self-assembled folds has been executed through various chemical reactions and
nano-objects after assembly has emerged as a viable strateghas evolved to allow for regiospecific functionalization of the
for imparting greater stability to self-assembled structures by self-assembled structure such that either the core or shell is
providing covalent linkages between the self-assembled polymermodified. Further expansion of the methodologies for function-
chains. The robustness created by the covalent crosslinks allowsalization of nanoparticles is reported herein and combines both
expansion of the applications for self-assembled materials, andcrosslinking of the self-assembled polymer chains and incor-
this strategy has been employed to create core crosslinkedporation of unique sites upon which further chemistry can be
nanoparticle$l=46 shell crosslinked nanoparticlés;®! shell conducted.
crosslinked rod&? nanocage$’51:535nanotube$>-57 and na- Recently, SCKs have been investigated as targeted drug
noporous film$859 The potential uses of these crosslinked delivery systems, since therapeutics, imaging agents and target-
materials is expanded by their stability toward more environ- ing ligands can be attached to the nanoparfi¢l¥arious
ments than their non-crosslinked precursors; in addition, the methods have been employed for the covalent attachment of
covalent attachment of moieties to the crosslinked self-as- these molecules to the SCKs and include chain-end attachment

(17) Fahmi, A. W.; Braun, H.-G.; Stamm, Mudv. Mater. 2003 15, 1201~
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122, 2653-2654.

(45) Won, Y. Y.; Davis, H. T.; Bates, F. Sciencel999 283 960-963.
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(47) Saniji, T.; Nakatsuka, Y.; Ohnishi, S.; Sakurai,Macromolecule2000Q
33, 8524-8526.

(48) Butun, V.; Billingham, N. C.; Armes, S. B. Am. Chem. S0d.998 120,
12135-12136.

(49) Butun, V.; Lowe, A. B.; Billingham, N. C.; Armes, S. B. Am. Chem.
Soc.1999 121, 4288-4289.

(50) Ding, J. F.; Liu, G. JMacromoleculesl998 31, 6554-6558.

(51) Stewart, S.; Liu, G. Chem. Mater1999 11, 1048-1054.

(52) Hartgerink, J. D.; Beniash, E.; Stupp, SStience2001, 294, 1684-1688.

(53) Murthy, K. S.; Ma, Q. G.; Clark, C. G.; Remsen, E. E.; Wooley, K. L.
Chem. CommurR001, 773-774.

(54) Huang, H. Y.; Remsen, E. E.; Kowalewski, T.; Wooley, KJLAm. Chem.
Soc.1999 121, 3805-3806.

(55) Tajima, K.; Aida, T.Chem. Commur200Q 2399-2412.

(56) Ringsdorf, H.; Schlarb, B.; Venzmer,Angew. ChemInt. Ed. 1988 27,
113-158.

(57) Mueller, A.; O'Brien, D. F.Chem. Re. 2002 102 727-758.

(58) Liu, G. J.; Ding, J. F.; Guo, A.; Herfort, M.; BazettJones,Nbacromol-
ecules1997 30, 1851-1853.

(59) Liu, G. J.; Ding, J. F.; Hashimoto, T.; Kimishima, K.; Winnik, F. M.; Nigam,
S. Chem. Mater1999 11, 2233-2240.

of the molecule to a polymer precursdf? carbodiimide
mediated coupling to the acrylic acid groups of the shell in
solutiorf3-65 and on a solid suppoff, and Click addition to
functional groups along the backbone of the polymer precursor
post particle formatiof? Although these methods have proven
successful and valuable, a unique and orthogonal strategy was
developed that would expand the types of chemistry that could
be performed on the nanoparticle. In addition, an orthogonal
approach would not require the creation of a new functionalized
initiator and polymer for each functionality that was desired
and would be tolerant to both the functional groups present in
the SCK and any further chemistry performed on the SCK. Due
to all of these requirements, Click chemistry was employed for
the combined crosslinking and functionalization of the nano-
particle and coupled with amidation chemistry.

Common characteristics of the different reactions that qualify
as Click chemistry are essentially quantitative yields, with easily
isolated products, regiospecificity, and easily obtained starting
materials®®-71 Click reactions have recently been employed to
advance drug discovery; ° functionalize monolayer®, 82 and

(60) Sun, X.; Rossin, R.; Turner, J. L.; Becker, M. L.; Joralemon, M. J.; Wooley,
K. L.; Welch, M. J.Biomacromolecule2005 6(5), 2541-2554.

(61) Qi, K.; Ma, Q.; Remsen, E. E.; Clark, C. G. J.; Wooley, K.1L.Am.
Chem. Soc2004 126, 6599-6607.

(62) Joralemon, M. J.; Murthy, K. S.; Remsen, E. E.; Becker, M. L.; Wooley,
K. L. Biomacromolecule2004 5, 903-913.

(63) Pan, D.; Turner, J. L.; Wooley, K. IMacromolecule2004 37, 7109~
7115.

(64) Becker, M. L.; Remsen, E. E.; Pan, D.; Wooley, KBioconjugate Chem.
2004 15, 699-709.

(65) Pan, D.; Turner, J. L.; Wooley, K. [IChem. Commur2003 2400-2401.

(66) Liu, J Zhang Q,; Remsen E. E.; Wooley, KBiomacromolecule2001,
2, 362-3

(67) O'Reilly, R K.; Joralemon, M. J.; Wooley, K. L.; Hawker, C.Ghem.
Mater. 2005 in press. Brleﬂy, a calibration plot was created from the
absorbances of known concentrations of the alkynyl-functionalized fluo-
rescein. The first derivative of the absorbance vs wavelength was plotted,
followed by the difference of the first derivative from zero at 512 nm vs
dye concentration. The absorbance of the fluorescently functionalized SCC,
3, was then measured, and the first derivate of the spectrum was plotted.
The difference of the fluorescently tagged SCC from zero (nonfunctionalized
SCC) was then plotted on the calibration curve.

(68) Kolb, H. C.; Finn, M. G.; Sharpless, K. Bingew. Chem.nt. Ed. 2001,
40, 2004-2021.

(69) Demko, Z. P.; Sharpless, K. Bngew. Chemlnt. Ed. 2002 41, 2110~
2113

(70) Demi(o, Z. P.; Sharpless, K. Bngew. Chemlnt. Ed. 2002 41, 2113~
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15046-15047.

(72) Kolb, H. C.; Sharpless, K. BDDT 2003 8, 1128-1137.

(73) Bettinetti, L Ldoer, S.; Hbner, H.; Gmeiner, Rl. Comb. Chen005 7,
309-316.

(74) Mocharla, V. P.; Colasson, B.; Lee, L. V.;"

Wong, C.-H.; Kolb, H. CAngew. Chemlnt. Ed. 2005 44, 116-120.

75) Speers, A. E.; Cravatt, B. Ehem. Biol.2004 11, 535-546.
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synthesize and functionalize various polyniér% and den-
drimers®7:88 These examples illustrate the diverse range of
functional groups and conditions that are tolerated by Click
chemistry and demonstrate the powerful possibilities provided
by placing Click functional groups throughout the shell, core,
and surface of a nanoparticle. We recently repditetie
Huisgen 1,3-dipolar cycloaddition (between azides and terminal
alkynes) Click reactio#? as a method for the functionalization

Limited (Holtsville, NY) system, including a model BI-200SM goni-
ometer, a model BI-9000AT digital correlator, a model EMI-9865
photomultiplier, and a model 95-2 Ar ion laser (Lexel, Corp.;
Farmindale, NY) operated at 514.5 nm. Measurements were made at
20 + 1 °C. Prior to analysis, solutions were centrifuged in a model
5414 microfuge (Brinkman Instruments, Inc.; Westbury, NY) for 4 min
to remove dust particles. Scattered light was collected at a fixed angle
of 90°. The digital correlator was operated with 522 ratio spaced
channels, an initial delay of Ous, a final delay of 5.@s, and a duration

Of the She"S Of SCKS, and |t |S '[hIS C|IC|( ChemIS'[ry that was of 15 min. A photomu|tip|ier aperture of Zqﬂ'n was used’ and the
utilized to implement the new nanoparticle preparation and incident laser intensity was adjusted to obtain a photon counting of
functionalization strategy. In the previously reported method, 200 kcps. Only measurements in which the measured and calculated
Click-readied functionalities located in the shell or core of the baselines of the intensity autocorrelation function agreed to within 0.1%
nanoparticle were allowed to react with Click-readied small were used to calculate particle size. The calculations of the particle
molecules. In these cases, the shell crosslinking of the SCK size distributions and distribution averages were performed with the
was performed, using the traditional carbodiimide mediated 'SPA software package (Brookhaven Instruments Company), which
amidation reaction, prior to the Click functionalization reac- employed single-exponential fitting, cumulants analysis, and nonne-
tions®” The new strategy, reported herein, allows the reaction gatively constrained least-squares particle size distribution analysis

. . : . routines.
between Click-readied functional groups in the shell of block The height measurements and distributions for the SCCs were

copolymer mlgellgs and Click-readied termlnl- of a den.drlmer determined by tapping-mode AFM under ambient conditions in air.
to effect crosslinking. The nonconsumed dendrimer termini were the AFM instrumentation consisted of a Nanoscope Ill BioScope

then available for reaction with Click-readied f|u0rescent|y System (D|g|ta| Instruments, Veeco Metr0|ogy Group; Santa Barbara’

active molecules.

Experimental Section

Materials. Tetrahydrofuran (99%), methanol (99%), copper suifate

CA) and standard silicon tips (type, OTESPA-T0;160um; normal
spring constant, 50 N/m; resonance frequency,~222 kHz). The
sample solutions were drop (2.) deposited onto freshly cleaved mica
and allowed to dry freely in air.

5H,0, and sodium ascorbate were used as received from Sigma-Aldrich  Transmission electron microscopy samples were diluted in water
Company (St. Louis, MO). Spectra/Por membranes (Spectrum Medical (9:1) and further diluted with a 1% phosphotungstic acid (PTA) stain

Industries, Inc., Laguna Hills, CA) used for dialysis were obtained from
Fisher Scientific (Pittsburgh, PA). The alkyny! functionalized micelle,
alkynyl functionalized fluorescein derivative, and azido terminated
dendrimers were synthesized as previously repdrt&d.
Instrumentation. Infrared spectra were obtained on a Perkin-Elmer

Spectrum BX FT-IR system using diffuse reflectance sampling acces-

sories. Nuclear magnetic resonantt¢ &nd*3C) spectra were acquired
on a Bruker AVANCE 400 FT-NMR spectrometer with the solvent

(1:1). Carbon grids were prepared by a plasma treatment to increase
the surface hydrophilicity. Micrographs were collected at 100000
magnification and calibrated using a 41 nm polyacrylamide bead
standard from NIST. Histograms of particle diameters were generated
from the analysis of a minimum of 150 particles from at least three
different micrographs.

Sedimentation equilibrium experiments were conducted on a Beck-
man Instruments, Inc. (Fullerton, CA) model Optima XL-I analytical

signal as reference. The modulated differential scanning calorimetry yitracentrifuge fitted with a model An60-Ti four-hole rotor and Epon

(DSC) measurements were performed with a TA Instruments, DSC
2920 and with a ramp rate of4nin. The glass-transition temperatures
(Tg) were taken as the midpoint of the inflection tangent, upon the third
heating scan.

Hydrodynamic diameter®X, D) and size distributions for the SCKs
in aqueous solutions were determined by dynamic light scattering
(DLS). The DLS instrumentation consisted of a Brookhaven Instruments

(77) Suh, B.-C.; Jeon, H.; Posner, G. H.; Silverman, S.Tetrahedron Lett.
2004 45, 4623-4625.

(78) Ermolat’ev, D.; Dehaen, W.; Van der Eycken, SAR Comb. Sc2004
23, 915-918.

(79) Khanetskyy, B.; Dallinger, D.; Kappe, C. @.Comb. Chen2004 6, 884—
892

(80) Collhﬂan, J. P.; Devaraj, N. K.; Chidsey, C. E.Llngmuir2004 20, 1051~
1053.

(81) Lee, J. K.; Chi, Y. S.; Choi, I. S.angmuir2004 20, 3844-3847.
(82) Lummerstorfer, T.; Hoffmann, Hl. Phys. Chem. 004 108 3963—
3966

(83) Diaz, D. D.; Punna, S.; Holzer, P.; Mcpherson, A. K.; Sharpless, K. B.;
Fokin, V. V.; Finn, M. G.J. Polym. Sci., Part A: Polym. Cher2004 42,
4392-4403.

(84) Helms, B.; Mynar, J. L.; Hawker, C. J.; Teteet, J. M. JJ. Am. Chem.
Soc.2004 126, 15020-15021.

(85) Tsarevsky, N. V.; Bernaerts, K. V.; Dufour, B.; Du Prez, F. E.; Matyjas-
zewski, K. Macromolecule2004 37, 9308-9313.

(86) Parrish, B.; Breitenkamp, R. B.; Emrick, J.. Am. Chem. So@005 127,
7404-7410.

(87) Wu, P.; Feldman, A. K.; Nugent, A. K.; Hawker, C. J.; Scheel, A.; Voit,
B.; Pyun, J.; Frehet, J. M. J.; Sharpless, K. B.; Fokin, V. Xngew. Chem.
Int. Ed. 2004 43, 3928-3932.

(88) Joralemon, M. J.; O'Reilly, R. K.; Matson, J. B.; Nugent, A. K.; Hawker,
C. J.; Wooley, K. L Macromolecule005 38, 5436-5443. Malkoch, M.;
Thibault, R. J.; Drockenmuller, E.; Messerschmidt, M.; Voit, B.; Russell,
T. P.; Hawker, C. JJ. Am. Chem. So@005 127, 7404-7410.

(89) Huisgen, RAngew. Chem.nt. Ed. 1968 7, 321-328.
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charcoal-filled, six-channel centerpiece sample cells with matched
sapphire windows. All data were recorded using the instrument's
Rayleigh interferometric (refractive index) detection optics at°’€0
and 3000, 4000, and 5000 rpm, respectively, with a centrifugation time
of 3—5 days to reach sedimentation equilibrium. The solution volume
was 110uL, and the optical path length was 12 mm. A Mettler-Parr
model DMA 602 high-precision digital density meter was employed
to determine the density at 20°Q for all solutions. All densities were
an average of 5 runs, with measurements of 100 periods per run. The
molecular weight and weight-average degree of aggregatigp,was
computed as previously reporté&kxcept that the dendrimer crosslinker
was taken into account for calculation Nfy (5 dendrimers per chain
since 0.25 equiv of dendrimer was reacted with 1 equiv of alkyne).
Following sedimentation at 5000 rpm, the BVis spectra (406600
nm) of the dye-SCC were collected at the top, middle, and bottom of
the sample cell with water as the blank.

UV —vis spectroscopy data were acquired on a Varian Cary 1E UV
vis spectrophotometer. Nanoparticle solutions before and after attach-
ment of the fluorescein derivative (concentrations ca.. 0.20 mg/mL)
were made in deionized water prior to the absorbance measurements.
A calibration curve was determined for the fluorescein dye using first
derivative UV~-vis spectroscop$? and this was then utilized to
quantitatively determine the amount of dye present in the Click
nanoparticles. Fluorescence spectroscopy data were acquired on a
Varian Cary Eclipse Fluorescence spectrophotometer. Each sample was

(90) Andrisano, V.; Bartolini, M.; Bertucii, C.; Cavrini, V.; Luppi, B.; Cerchiara,
T. J. Pharm. Biomed. AnaR003 32, 983-989.
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prepared independently from a nanoparticle stock solution at ca. 0.20was also explored as a strategy to complete the crosslinking
mg/mL. Sample solutions at various pH values from 3.7 to 9.5 were process and also incorporate unique functional groups. Dendritic
excited attex = 488 nm, and the fluorescence emission spedya< macromolecules are ideal structures for investigation of the
512 nm) in the range 566630 nm were recorded. effects of polyvalency, as they are constructed in a stepwise
Micelle Formatior_1 (1). A round-bottom flask equipped with a stirrer approach that provides control over the numbers of chain
bar was charged with PA#b-PSy, (Mi™* = 15600 g/mol; 0.70 9, yormini In this study, therefore, azide-terminated dendritic

3.6 mmol of acrylic acid groups), THF (700 mL) was added, and the linki its of fi W dth
solution was allowed to stir at rt for 30 min. After this time deionized Crosslinking units of generations zero, one, two, an ree were

water (700 mL) was added via a metering pump at the rate of 20 mL/ allowed to undergo reaction with amphiphilic diblock copolymer

h. After all the water had been added, the bluish micelle solution was Micelles that had been partially functionalized throughout the
transferred to dialysis tubing (MWCO ca—8 kDa) and dialyzed shell with alkynyl moieties to establish shell Click-crosslinked

against deionized water for 4 days, to remove all of the THF. To a (SCC) nanoparticles in aqueous solution.

stirred solution of these micelles (700 mL, 0.31 mg/mL, 1.4 mmol of The SCC synthesis was designed to probe the effects of
acrylic acid). in a round-bottomed fIa;k was gdded a solution of polyvalency while also balancing the molecular size of the
propargyl_amme (0.019 g, 0.35 mmol) in de'OW'Zed water (_5'0 ML) crosslinker and its solubility in the aqueous medium. Beginning
The solution was allowed to stir f@ h at rt. Tothis reaction mixture . . . .

with assembly of the previously reporfégoly(acrylic acidyo-

was added dropwise, via a metering pump at the rate of 20 mL/h, a . . .
solution of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methio- b-poly(styrene)o into an aqueous solution of micelles, alkynyl

dide (0.12 g, 0.42 mmol) dissolved in deionized water (100 mL). The functionalites were placed throughout the micelle corona through
reaction mixture was allowed to stir overnight at RT and was then @ carbodiimide-mediated coupling and then utilized to form
transferred to presoaked dialysis membrane tube (MWCO ca. 3.5 kDa), crosslinks with azide terminated dendrim&€lick-crosslinking

and dialyzed against deionized water for 4 days to remove small was attempted with the zeroth, first, second, and third generation
molecule contaminants. The final concentration of the solutiod of  azide terminated dendrimers in the presence of copper sulfate
was ca. 0.27 mg/mLDy, (DLS) = 45 + 2 nm; Doy (TEM): 32+ 6 and sodium ascorbate (Scheme 1).

nm; Day (AFM): 52 £ 10 nm;Ha,, (AFM): 0.9 £+ 0.3 nm. Lyophiliza-

tion of an aliquot of this solution gave a sampleloks a white solid Each of the attempted crosslinking reactions was characterized

for characterization. DSC: T{)eas = 144 °C, (To)es = 96 °C. IR: by DLS measurements, with the number average diamtgy (
3510-3300, 3292, 3025, 2925 2109, 1705, 1652, 1610, 1558, 1499, Measured as a function of sample concentration. Successfully
1452, 1417, 1274, 1151, 1078, 1029, 796, 763, 698cm crosslinked micelles retain a constant diameter independent of

Shell Click-Crosslinked Nanoparticle Synthesis (2)To a stirred concentration, whereas the diameter of noncrosslinked micelles
solution of micelles], (200 mL, 1.49x 104 mol alkyne) was added IS concentration dependent; consequently, the micelle breaks
CuSQ-5H,0 (9.13 mg, 3.66< 10-°mol), sodium ascorbate (14.5mg, apart into unassembled polymer chains at concentrations lower
7.42x 1075 mol, 5wt % in H0), and the (W4+-[G-1] dendrimer (50.8  than the critical micelle concentration (cmc). As shown in Figure
mg, 7.42x 10°° mol, in 5.60 mL of THF). The reaction was allowed 1 only the first generation dendrimer was successful in
to stir at rt fo 3 d and was then transferred to presoaked dialysis tubing crosslinking the micelle corona, since it was the only sample
(MWCO 6000-8000 Da) and allowed to dialyze against Nanopure ¢ \yhich the number average diameter remained constant upon
water (18 M2-cm) for 4 d.Dy (DLS) = 35+ 2 nm; Day (TEM) = 32 dilution. Certainly, for the second and third generation den-
+ 5 nm; Day (AFM) = 104 + 17 nm; Ha, (AFM) = 2.4 + 0.5 nm. ) ' R . .
Lyophilization of an aliquot of the solution gave a sample2ads a drimers, poor solubility ,'n ',[he aquequs mlcelle solution prg-
white solid for characterization. DSCTgps = 99°C. IR: 2926, 2099, vented successful crosslinking. The bis(azide) zeroth generation

1602, 1556, 1493, 1554, 1542, 1452, 1413, 1327, 1262, 1087, 1029,dendrimer was soluble in aqueous solution, but it failed to

850, 758, 698 cmt. produce crosslinked micellar structures that maintained integrity
Fluorescently Labeled Shell Click-Crosslinked Nanoparticle upon dilution beyond the cmc. It is hypothesized that this
Synthesis (3).To an aqueous solution of the SCC (75 mL, 420°° difunctional small molecule is ineffective because of a lack of
mol azide) was added Cu$GH;O (2.6 mg, 1.0x 10°° mol), sodium sufficient functionality, combined with water solubility and a
ascorbate (4.1 mg, 2.4 10-°mol, in 0.08 mL of HO), and a solution |ack of attractive interactions with the block copolymer micelle
of alkyne-functionalized fluorescein (21.3 mg, 4.9910°° mol, in assemblies. Previous crosslinking chemistries involving ami-

0.6 mL of MeOH, 5.0 mL of HO, pH 8). The reaction was allowed t0  yatinn of the acrylic acid residues within micelle shells
stir for 2 d and was then transferred to presoaked dialysis tubing

(MWCO 6000-8000 Da) and dialyzed against Nanopure water for 4 composed of PAA by reaction with bifunctional amines indicates
d. Dy (DLS) = 38+ 3 nm; Day (TEM) = 21 1 nm; Day (AFM) = that preassociation (in this case via aclmhse interactions) of
. - 1 av - ’ av -

102+ 19 nm;Ha, (AFM) = 6.2+ 1.6 nm. Lyophilization of an aliquot e crosslinker with the micelle enhances the bimolecular
of the solution gave a sample & as a pale yellow solid for coupling and also suggests that the failure of the Click chemistry
characterization. DSC:Tf)ps= 103°C. IR: 2925, 1655, 1611, 1556,  is not due to insufficient branching and limited chain length.

1493, 1457, 1452, 1413, 1327, 1252, 1090, 1024, 850, 759, 698 cm Only the first generation dendrimer balanced the degree of
branching and solubility properties to perform as a crosslinker
for the synthesis of SCC nanopatrticles.

This new methodology for the preparation of well-defined, Further evidence of SCC formation with {)[G-1] was
amphiphilic core-shell nanostructures involved the direct afforded from'H NMR spectroscopy and DSC experiments. A
transformation of supramolecularly assembled block copolymer new resonance at 8.25 ppm was evident in the NMR
micelles into robust materials via reaction with polyvalent spectrum of an SCC sample that had been lyophilized and then
crosslinking units. The shell crosslinking of block copolymer suspended in DMS@s, due to a proton corresponding to the
micelles that present large numbers of reactive side chaintriazole linkage formed upon the Click crosslinking between
functionalities has been studied extensiVE&he’ however, in the polymer chain and dendrimer crosslinker. The new proton
this latest development, the multifunctionality of the crosslinker resonance was integrated relative to the dendrimer triazole

Results and Discussion
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Scheme 1. Synthesis of SCC Nanoparticles from Click-Readied Micelles and Dendrimers, Where R Represents the Dendritic Crosslinking
Unit, Having the Possibility of Multiple Crosslinkages and Remaining Azido Functionalities?
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a Each reaction was performed with 0.50 equiv of azide, C+S0O (0.25 equiv) and sodium ascorbate (0.50 equiv, 5 wt % soln,@) HAll equivalences
are relative to alkyne functionalities. The [G-1], (N3)s-[G-2], and (N;)16-[G-3] dendrimers were added as solutions (10 mg/mL) in THF.

proton (ratio 1.7:1.0) to provide a quantitative estimate of the (acrylic acid) and polystyrene, respectively, of the Click-readied
degree of crosslinking of the SCC. Since this ratio is greater micelle also indicated that covalent crosslinking within the poly-
than 0.5:1.0 and less than 2.0:1.0, it was concluded that the(acrylic acid) shell had occurred.

dendrimers performed a high degree of crosslinking while  Upon confirmation of crosslinking via the Click reaction with
retaining unreacted azides for further reactivity, respectively. the (Ns)s-[G-1], the nonconsumed azide functionalities of the
In addition, IR analysis confirmed the presence of unreacted dendrimer were used as a handle for the attachment of an alkynyl
azido groups on the dendrimer termini (ca. 2100~ &rand functionalized fluorescein derivative. The functionalization
demonstrated the complete consumption of the alkynyl func- proceeded under the copper sulfate, sodium ascorbate, Click
tionality. The observation of only one glass transition temper- conditions as shown in Scheme 2, and the product was
ature {Ty) at 99 °C for the SCC polystyrene core domain vs characterized by AU sedimentation equilibrium and s

two glass transitions observed at I’2land 96°C for the poly- spectroscopy. The UVvis spectra of the nanoparticle before
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Table 1. Characterization Data for Alkynyl Functionalized
1.0 ~— o Micelles, 1, SCCs, 2, Fluorescently Labeled SCCs, 3, and SCK

5 o Nanoparticle Formed Using Amidation Chemistry

g 1.0+ DLS AFM TEM

& 0.8

A o8 nanoparticle D, (nm) Hay (nm) Dsy (nm) Dy (M)

S ' 1 45+ 2 0.94+0.3 52+ 10 32+ 6

S 06 0.6+ 2 35£2  24+05 104+17 3245

z 3 38+3 6.2+ 1.6 102+ 19 21+2

5 0.44 SCK 36+2 2.84+0.3 133+ 17 34+ 4

2 044

= 0.2

P4 \e .

o 00 The amount of attached dye was quantified from the first

ﬁ 027 L . . derivative of UV-vis measurements, as reporfédzrom this

g 0 50 100 analysis, it was determined that the Click reaction had proceeded

S 0.0+ o guantitatively between the SCC and alkynyl dye (it was known
N from *H NMR the amount of azide groups remaining on the
0 200 400 600 800 1000 dendrimer crosslinker and the number of azides remaining per

particle from the SCC aggregation number).

) . : . Fluorescent measurements were also collecte8 éowarious
Figure 1. Normalized number average diameter determined from DLS . . . .
experiments as a function of dilution, for the block copolymer micelles pH values. Since the fluorescent intensity of fluorescein is pH
(®) and those after being allowed to undergo reaction with thg{6-0] dependent, and upon attachment to the nanoparticle shell this
(2), (N3)#-[G-1] (®), (N3)e-[G-2] (O), and (N)16-[G-3] (). dependence is bufferéd, it was not surprising that the
and after attachment of the fluorescein derivative were recordedfluorescence intensity of the fluorescein dye attached to the SCC
in solution from 400 to 600 nm. Absorbance was observed after decreased with decreasing pH and that this decrease was less
reaction with the dye, shown in Figure 2, plot I. Upon dramatic than that observed for the free dye. The pH depend-
sedimentation of the nanoparticles, as monitored by interference,ences of the free alkynyl-functionalized dye e®dre plotted
the absorbance from 400 to 600 nm was measured at thein Figure 3.
meniscus of the solution in the sample cell. Absorbance at the The micelles, SCCs, and fluorescently labeled SCCs were
meniscus indicated the presence of free dye; however, repetitionfurther characterized with AFM, TEM, and AU sedimentation
of the same set of measurements after extensive dialysis provedequilibrium experiments (Table 1). As was observed for the
that all of the free dye had been removed (see Figure 2, plot conventionally crosslinked shell functionalized nanoparti¢les,
). a decrease in hydrodynamic diamef®y, as determined by DLS

Scheme 2. Attachment of Fluorescein Molecules to SCCs via Click Reactions between Remaining Azides of the Dendrimer and Alkynes of
the Fluorescent Molecules?@

Dilution Factor

shell core shell core

aThe reaction was performed with 1.0 equiv of alkynyl-functionalized fluorescein, @&8&D (0.50 equiv), and sodium ascorbate (0.25 equiv, 5 wt %
in H20). The product shown represents only one structural possibility.
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Figure 2. (1) UV —vis spectra of (aR as a bulk solution, (bB as a bulk solution prior to dialysis, and (8)prior to dialysis, with data acquired at the
meniscus of the AU sample after sedimentation. (I1)-ts spectra of (ap in bulk solution, (b)3 in bulk solution after exhaustive dialysis, and &at
the meniscus of the AU sample after exhaustive dialysis and sedimentation.

analysis, was observed upon crosslinking. Each type of particlethan that of2. Similar diameters were measured foand?2 by
flattened onto the mica surface when drop deposited and allowedTEM; however,3 gave a smaller diameter than those of the
to dry freely in air, as shown by the small heights acquired by other nanostructures, which is in agreement with the observation
AFM measurements. The flattening was also observed by theof greater height and less deformatiorBafpon adsorption onto
large diameters from AFM measurements, but these data arethe substrate.

distorted due to the width of the AFM tip. For comparison, The molecular weight o2 was determined by AU sedimen-
micelle 1 was crosslinked using conventional amidation chem- tation equilibrium and density measurements to be 6 000 000
istry to approximately the same degree as the 2. 20%), 4+ 1 000 000 g/mol, and the aggregation number was calculated
and the characterization data for this SCK are shown in Tableto be 320+ 70 chains/particle. The molecular weight and
1. Interestingly, the crosslinking of the micelle and function- aggregation number are not available for the micelle since the
alization of the SCC with the fluorescein derivative seemed to particles undergoes constant reorganization, and concentrating
provide some rigidity to th_e particle as the _height Tor the SCC (91) Remsen, E. E.; Thurmond, K. B., Il; Wooley, K. Macromoleculed999

is larger than that of the micell&, and the height o8 is larger 32, 3685-3689.
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Figure 3. Fluorescence intensity of free dy@)and3 (®) as a function of pHAex = 488 nm,Aem = 512 nm).

the sample for analysis would alter the size of the micglle,
whereas the data f@ were not determined.

Conclusions

nanoparticle, indicating that the dendritic crosslinker provided
available sites for chemical modification of the nanostructures.
This type of nanoparticle crosslinking and subsequent func-

tionalization provides a facile route for the future attachment

Click chemistry between an alkynyl shell functionalized block of biologically important molecules such as reporter molecules,
copolymer micelle and an azido terminated dendrimer was therapeutics, and targeting ligands onto the nanoparticle.
employed to construct crosslinks between the polymer chain
segments within the micelle corona, to yield shell Click-
crosslinked (SCC) nanoparticles. Even though thg£[5-0],
(N3)4-[G-1], (N3)s-[G-2], and (N)16-[G-3] dendrimers were
attempted as crosslinkers to form SCCs, only the) ANG-1]
dendrimer successfully crosslinked the hydrophilic shell of the
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