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Abstract: A tandem polymerization methodology, chain walking polymerization (CWP) followed by atom
transfer radical polymerization, was developed for efficient synthesis of nanoparticles for bioconjugation.
Using the chain walking palladium-a-diimine catalyst (catalyst 1), dendritic polymers bearing multiple initiation
sites were synthesized and used as macroinitiators for subsequent Cu(l)-mediated ATRP. Control of
molecular weight and size of the water-soluble core—shell polymeric nanoparticles was achieved by tuning
reaction conditions. Addition of an N-acryloyloxysuccinamide (NAS) monomer at the end of the ATRP
afforded NHS-activated polymer nanoparticles. Conjugation with both small dye molecules and protein
(ovalbumin) yielded nanoparticle conjugates with relatively high dye or protein per particle ratio. With the
efficient synthesis and good biocompatibility, these nanoparticles may find many potential applications in
bioconjugation.

Introduction dritic nanoparticles with tunable sizes and reactive surface
functionalities. To the best of our knowledge, this is the first
example of tandem catalytic coordination/living radical polym-
erization for constructing polymer nanoparticfeés.

Nanoparticle-biomolecule conjugates are actively investi-
gated for various nanobiotechnology applications including
catalysis, sensors, bioanalysis, drug delivery, and bioelectrbnics. Our previous studies have shown that CWP provides efficient
In parallel_to _the development of inorganic nanopemcles for control of polymer topology®-13 Linear, hyperbranched, and
Fhese apphca’uons, organic nan_ostrL_JctL_lres have _recelved INCreAS3endritic copolymers containing a range of functionalities were
ing attention recently because in principle organic synthesis cangpiained by CWP of simple olefinic monomers. In addition,
provide more precise control over the molecular structure, size,We recently succeeded in a facile synthesis of eteell

i i > - . . . .
and_funcnonahty of nanos_tr_ucturés. Among others, nano- gendritic polymeric amphiphiles that behave as unimolecular
particles based on dendritic macromolecules are especially iceeq in watef2 Despite its efficiency, this approach has a
attractive because they have a globular shape in solution with e, |imitations: (1) the size of the nanoparticle is relatively
moleeglar dlmenS|one right in the hanometer ra%le!owever, . small, as it is limited by the length of available heterodifunc-
the difficulty of preparing dendrimers through stepwise synthesis tionalized poly(ethyeleneglycol) (PEG); (2) multistep function-
and the ultimate size limit for regular dendrimers warrant the i, ~tion of PEG chain ends is tedious and inefficient. and 3)
Sef?fCh for more efficient methodologies for construc_ting den- the approach is not general for other types of shell structures.
dritic nanopart!eles. In the current study, we c_omblned WO ATRP has evolved into a major living/controlled radical
powerful transmon-metaljcatalyzed polymerization methods, polymerization method for precision polymer synthé4igo
cham walking pelymerlzatlon (CWP) fellewed by atom.transfer overcome the limitations described above, herein we combined
radical polymerization (ATRP), to efficiently synthesize den- two powerful transition-metal-catalyzed polymerization methods

t Department of Chemistry to develop a tandem CWFATRP approach as a general and

* Center for Virus Research. efficient methodology for constructing dendritic nanoparticles
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Scheme 1. Tandem CWP—ATRP for Nanoparticle Synthesis
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Table 1. SEC and SEC-MALS Characterizations of Initiators and ATRP Polymers

time M, from SECH M, from SEC? PDI from M, from MALSe M,, from MALSe PDI from Ry'

entry polymer initiator (h) (10%g/mol) (10° g/mol)) SEC (10%g/mol) (10%g/mol) MALS (nm)

1 3 88 148 1.6 206 314 15 1#22
2 4 53 88 1.6 124 192 15 1%+ 3.0
32 6-1 3 1 149 255 1.6 610 940 15 1922.0
42 6-2 3 2 198 324 1.6 1023 1407 1.4 24151.9
52 6-3 3 4 279 431 15 1894 2646 1.4 2°H71.7
62 6-4 3 6 328 505 15 2669 3870 1.4 32491.6
7 6-5 3 8 346 558 1.6 3449 4961 1.4 3H31.3
8 6-6 3 13 391 606 15 5096 7302 1.4 45t51.2
R 6-7 3 24 435 669 15 7040 9430 1.3 55131.1
1 6-8 3 48 463 708 15 8500 10440 1.2 61:80.6
112 6-9 3 72 478 737 15 9180 10980 1.2 6400.5
120 7-1 4 1 97 157 1.6 344 533 15 1522.3
12 7-2 4 2 135 213 1.6 543 798 14 1762.1
14p 7-3 4 4 195 310 1.6 995 1373 1.4 20452.0
1% 7-4 4 6 238 368 15 1350 1957 1.4 25141.8
16 7-5 4 8 271 417 15 1789 2558 1.4 28#11.7
17 7-6 4 12 321 519 15 2560 3609 1.4 33t11.4
18 9 3 369 289 465 15 2078 2634 1.3 2MH91.5

aReaction conditions: initiata3, [COC(CH;)Br] = 8 mM, [Cu(l)] = 16 mM, [Cu(ll)] = 1.6 mM, [dNbpy]= 35.2 mM, [M] = 0.5 M, solvent: anisole,
room temperature® Reaction conditions: initiato#, [COC(CH)Br] = 8 mM, [Cu(l)] = 16 mM, [Cu(ll)] = 1.6 mM, [dNbpy]= 35.2 mM, [M] = 0.5 M,
solvent: anisole, room temperatufeReaction conditions: initiatd3, [COC(CHs)Br] = 8 mM, [Cu(l)] = 16 mM, [Cu(ll)] = 1.6 mM, [dNbpy]= 35.2 mM,
[M] = 0.5 M, [NAS] = 0.1 M, solvent: anisole, room temperatutéata based on SEC calibration using linear polystryrene standards (AldrRbja
based on SEC-MALS.Weight average radius of gyratiohReaction time is 12 R an additional 24 h after addition of NAS.

Results and Discussion from their corresponding NMR spectra (see Supporting Infor-

Macroinitiators Synthesis. As shown in Scheme 1, the mation for .dﬁtari}Is). _ h d h
tandem polymerizations were carried out in two steps. In the q AZRP wit t,e, !\/Iacr0|n|t|3tors. In t edsec.or?. step, the
first step, dendritic macroinitiators bearing many radical initia- eln ritic ma_lcr0|n|t|itors:{an 421 V\Illere Iuse to |n|t|at(; ATRP
tion sites on chain ends were synthesized through copolymer-pq ymerizations to form coreshell polymers. We chose an
ization of ethylene and comonomgusing the chain walking oligo(ethylenegylcol) methacrylate_ (OEGMAL, = 300) a_s_ the
palladiume-diimine catalyst® under conditions reported previ- cgmonomgr_fpr the ATRP to provide ,bOth water splubﬂlty and
ously23 By varying CWP conditions, we prepared two dendritic biocompatibility for the final nanoparticles. Following reported
macroinitiators for this study: in’itiatoe with a number- conditionst®1” ATRP was carried out at room temperature with
averaged molecular weighMg, measured by size exclusion aCuBr/CuBE/depy_(molar ratio of 1:0.1:2.2) cata_lyst system.
chromatography using a multiangle light scattering detector The low polymerization temperature and the adqmon ofas_mall
(SEC-MALS)) of 206 000 g/mol and 538 initiation sites ( amount of CuBf were to ensure very low stationary radical
groups) and initiato# with a M, of 124 000 g/mol and 357 concentration on each dendritic polymer and, hence, to suppress

n . . . . .
initiation sites. The relative molecular weight data and4 intra- and |r.1t.ermole.cullar 'radlf:al'coupllng react@ﬁé? Our
were obtained by regular SEC using polystyrene standards. The{A‘T_RP condition optimization indicated that a ratio Of. Cu_Br/
absolute molecular weight and molecular size (radius of initiator of 2:1 afforded the best control of the polymerization.
gyration, Ry) were measured by SEC-MALS (entries 1 and 2 Presumably, the excess amount of the catalyst could compensate
in Table 1). Consistent with the dendritic topology, the relative par.tial loss of Cu(l) during the relatively long polymerization
molecular weight values obtained by regular SEC are signifi- penod.' N
cantly smaller than the absolute values measured by MALS. A series of amphlphlllg coreshel_l _copolym_er_s_were prepared
The number of initiation groups in the initiators was calculated by ATRP of OEGMA using dendritic macroinitiatoBsentries

(16) Sumerlin, B. S.; Neugebauer, D.; Matyjaszewskilvkacromolecule2005
(15) Johnson, L. K.; Killian, C. M.; Brookhart, Ml. Am. Chem. Sod.995 38, 702-708.

117, 6414-6415. (17) von Werne, T.; Patten, T. B. Am. Chem. SoQ001, 123 7497-7505.
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Figure 1. M, vs conversion of polymerization using macroinitiam,
was obtained from SEC-MALS. Reaction conditions: [COCgBH] = 8
mM, [Cu(l)] = 16 mM, [Cu(Il)] = 1.6 mM, [dNbpy]= 35.2 mM, [M] =
0.5 M, solvent= anisole, reaction temperature of 26.

3—11 in Table 1) and4 (entries 12-17 in Table 1). The
molecular weight and molecular size data for the ecileell

0 1 2 3 4 5 [ 7
Reaction time (h)

Figure 2. M, vs reaction time in two polymerization reactions with initiator
3 (M, = 206 000 g/mol) and initiatod (M, = 124 000 g/mol).M, was
obtained from SEC-MALS. Reaction conditions for both polymerizations:
[COC(CHs)Br] = 8 mM, [Cu(l)] = 16 mM, [Cu(ll)] = 1.6 mM, [dNbpy]
= 35.2 mM, [M] = 0.5 M, solvent= anisole, reaction temperature of
25°C.

1). From the'H NMR spectrum, it was calculated that 49% of

copolymers increased with the ATRP time. (Table 1, entries the chain ends in scaffolé are converted to NHS-activated

3—17). Again, consistent with the dendritic cerghell topology,

ester groups.

the relative molecular weight values obtained by regular SEC  Hydrodynamic Characterization of Scaffold 9 in Aqueous
are much smaller than the absolute values measured by MALS.Solution. Dynamic light scattering measurements of scaffold
As expected from the radial growth, this discrepancy increasesin PBS buffer solution were performed using a Dawn EOS 18-

with the growth of the final polymer size.

angle light scattering detector (laser wavelengtilof 690

ATRP proceeded in a controlled fashion as evidenced by the nm) coupled with a QELS detector (Wyatt Technology Cor-

linear growth of\,, of the dendritic polymers with the monomer

poration, Santa Barbara, CA). The measurements were done

conversion (Figure 1). Simply by controlling the polymerization using batch mode at a scaffold concentration of 1 mg/mL in

time, a series of polymer${1 to 6-9 in Table 1) were obtained

PBS buffer solutions at 258C. The average hydrodynamic

in gram quantities with a broad range of molecular weights and radius,R,, of scaffold9 in PBS buffer solution was measured

sizes (fromM,, = 610 000 g/mol and a radius of gyrati&y =
19.2 nm toM,, = 9 180 000 g/mol andry = 64 nm). On the

to be 52+ 2 nm by dynamic light scattering.
Conjugation of Scaffold 9 with Fluorescein Dye. To

basis of the conversions, theoretical values of the number-investigate the reactivity and availability of the NHS group on
averaged molecular weight are also shown in Figure 1, which the prepared nanoparticles, a derivatiig)(of a common
correlate well with the experimental data. At relatively low dye molecule fluorescein was used in our initial conjugation
monomer conversions, the polymerization follows pseudo-zero- studies. The protein mimic dye molecul® was prepared by

order kinetics and th&l, of the polymers increases linearly

following a literature-reported procedd?e(Scheme 3). The

with reaction time (up to 8 h, Figure 2), which provided us a molar absorptivity €) of 10 was determined from Beer’s law
very convenient method to control the molecular weight and to be 51 300 Micm™! (see Supporting Information, Figures

size for the final polymer nanoparticle.
Functional Nanoparticle Synthesis.To introduce reactive

S1 and S2).
Scaffold9 (1 uM) was incubated in a PBS buffer solution of

groups to the dendritic nanoparticles for further bioconjugation, 10(pH 8.5, 1 mM) at £°C for 12 h, followed by dialysis against

an acrylate comonomer containing Birhydroxysuccinamide
(NHS) group,N-acryloyloxysuccinamide (NAS8), was used

water (molecular weight cutoff (MWCO) of dialysis tube is
10 000 g/mol) (Scheme 4). Conjugdtewas obtained as bright

to cap the end of the polymer arms. This methodology is basedyellow oil (UV/vis and fluorescence spectra di are in the

on the fact that the addition of an acrylate monomer will

generate a more stable secondary-BE bond which is

Supporting Information, Figures S3 and S4). Calculated from
its absorbance, the average number of dye molecules per

significantly less reactive for further polymerization. This polymer scaffold in F-conjugatkl is 136, indicating that about
essentially “caps” each methacrylate chain end with an acrylate 50% of the NHS groups were conjugated to the dye.

unit (NAS)8 For example, after 12 h of OEGMA polymeri-

zation using macroinitiato, an NAS comonomer was added

Conjugation of Scaffold 9 with Ovalbumin. Ovalbumin,
one of the most commonly used proteins, was chosen for our

and the polymerization was allowed to continue for another 24 protein conjugation studies. Ovalbumin is relatively smisij,(

h (Scheme 2). Scaffolel was obtained after dialysis which has

aMp of 2 078 000 g/mol and By of 27.9 nm (entry 18 in Table

= 44 287 g/mol) compared to scaffold (M, = 2 078 000
g/mol). Conjugation of ovalbumin t® was conducted at

(18) Bon, A. F. S.; Steward, A. G.; Haddleton, D. M. Polym. Sci., Part A:
Polym. Chem200Q 38, 2678-2686.
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Scheme 2. Synthesis of Functional Nanoparticles
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Scheme 3. Synthesis of Fluorescein Derivative 10
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conditions similar to those for the preparation1df (ratios of proteins per scaffold was determined to be 40 in OB conjugate
protein to scaffold: weight ratie= 1:1, molar ratio= 47:1). 12.

At the end of the reaction, an excess amount (10 equiv) of We also ran ovalbumin conjugation reactions at an increased
amino-diethyleneglycol was added to quench any remaining protein/scaffold ratio. At a higher protein/scaffold ratio, although
NHS activated chain ends (Scheme 5).

The crude reaction solution was subjected to SEC to confirm 140 7

the formation of OB conjugat&2. Figure 3 compares the SEC 120 - _xmfm
traces of the conjugation solution, free ovalbumin, and free | — Scaffold 9 alone
scaffold9, respectively. The shift of UV absorbance at 280 nm

indicated that the majority of ovalbumin was conjugated to the 80 1

nanoparticle scaffold. Integration of the SEC curve shows that '§ 60 -

84% of the ovalbumin exists as the conjugated form and 16% 40

exists as the free ovalbumin form. The Bradford a3%mas =

also used to obtain the protein concentration of each fraction,

from which the amount of protein conjugated to the scaffold o

was estimated to be 83%, a value agreeing with the SEC result. 5 : :

This relatively high conjugation efficiency indicates the ef- 55 105 155
fectiveness of using our coreshell nanoparticles as scaffolds Retention (mL)

for bioconjugation apphcatlons._On the baS|s_of the quantity of Figure 3. Overlay of SEC chromatograms of OB conjugdte crude
scaffold and the amount of conjugated proteins, the number of solution (red), scaffol® (magenta), and ovalbumin alone (blue). Mobile
phase: 1x PBS buffer pH 7.4 at 1 mL/min. Absorbance was monitored at
(20) Bradford, M. M.Anal. Biochem1976 72, 248-254. a wavelength of 280 nm.
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the total number of proteins conjugated to one scaffold synthesis of nanoparticles for bioconjugation. Using a chain
increased, the overall protein conjugation efficiency decreased.walking palladium catalyst, dendritic macroinitiators bearing
For example, when the protein/scaffold ratio was doubled (i.e., multiple radical initiation sites were prepared which were used
94:1), the number of proteins conjugated per scaffold was subsequently in a Cu(l)-mediated ATRP for synthesizing
increased from 40 to 49, which means only 52% of the protein dendritic polymer nanoparticles. The size for both the core and
was conjugated to the scaffold. A number of factors may limit the shell can be controlled precisely. Addition of an NAS
the maximum number of proteins that can be conjugated to onemonomer at the end of the ATRP afforded NHS-activated
scaffold. First, the steric repulsion between conjugated proteinspolymer nanoparticles as convenient scaffolds for bioconjuga-
may prevent further conjugation reactions. This effect was tion. Conjugation with both small dye molecules and ovalbumin
observed in a recent study of a different system in which a much demonstrated that these nanoparticles are effective for multi-
higher number of proteins per scaffold was obtained for a valent bioconjugation. Currently, we are preparing nanopatrticle
significantly smaller proteid! Second, proteins usually have conjugates with biologically active proteins for specific biologi-
multiple nucleophilic functionalities on their surfaces (e.g., cal functions. We are also applying this general methodology
ovalbumin carries about 20 surface-exposed lysines) which mayto prepare dendritic polymer nanoparticles having other kinds
result in consumption of multiple NHS groups per protein of shell structures.

conjugation. Third, both the conformational flexibility and the
structural nonuniformity of the coreshell polymers will make

a portion of the NHS groups not accessible for protein
conjugation. Regardless of these factors, our results have clearl
demonstrated that our corshell nanoparticles are excellent
scaffolds for effective multivalent bioconjugation.

Acknowledgment. We thank the National Science Foundation
(DMR-0135233, Z.G.: CAREER), NIH/NIAID (Al056464 &
Al061363), and the Innovation Fund from UCI School of
yPhysical Sciences for partial financial support. Z.G. gratefully
acknowledges a Camille Dreyfus Teacher-Scholar Award.

Supporting Information Available: Experimental details for
the synthesis, polymerization, and spectroscopic studies (PDF).
In summary, we have shown the first example of tandem This information is available free of charge via the Internet at
catalytic coordination/living radical polymerization for efficient ~http://pubs.acs.org.
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