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Abstract: Shell cross-linked nanoparticles (SCKs) presenting surface- and bioavailable biotin functional
groups were synthesized via a mixed micelle methodology, whereby co-micellization of chain terminal
biotinylated poly(acrylic acid)-b-poly(methyl acrylate) (PAA-b-PMA) and nonbiotinylated PAA-b-PMA were
cross-linked in an intramicellar fashion within the shell layer of the mixed micelles, between the carboxylic
acid groups of PAA and the amine functionalities of 2,2'-(ethylenedioxy)diethylamine. The hydrodynamic
diameters (Dn) of the micelles and the SCKs with different biotinylated block copolymer contents were
determined by dynamic light scattering (DLS), and the dimensions of the SCKs were characterized with
tapping-mode atomic force microscopy (AFM) and transmission electron microscopy (TEM). The amount
of surface-available biotin was tuned by varying the stoichiometric ratio of the biotinylated PAA-b-PMA
versus the nonbiotinylated PAA-b-PMA, as demonstrated with solution-state, binding interaction analyses,
an avidin/HABA (avidin/4'-hydroxyazobenzene-2-carboxylic acid) competitive binding assay, and fluores-
cence correlation spectroscopy (FCS). The avidin/HABA assay found the amount of available biotin at the
surface of the biotinylated SCK nanoparticles to increase with increasing biotin-terminated block copolymer
incorporation, but to be less than 25% of the theoretical value. FCS measurements showed the same
trend.
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is based primarily upon their value in the determination of the 0 o

surface- and bioavailability of functional groups that are jx WNNO\/\O&B’

incorporated into the SCK nanostructure via a mixed micelle e

methodology. The mixed micelle methodology, nominally, isa  occ.omap 1 3
. . . . . . . CH,Cl,, 35°C, 81 h
co-micellization process involving amphiphilic block copoly- ~ o)

mers, at least one of which contains a biotin unit as the
hydrophilic chain terminus. It is expected that an advantage of |n addition, the hydrophilic block segment that carried the biotin
the mixed micelle strategy is the ability to control the degree unit was lengthened to enhance its presentation on the surfaces
of surface coverage by the biotin functional groups, via control of the micelles and the corresponding SCKs. To further increase
over the stoichiometric ratio of the chain end functionalized the solubility of the biotin functional group in aqueous media
and nonfunctionalized, amphiphilic block copolymers. Although and to reduce interparticle aggregation, which could potentially
the placement of the functionality is at the hydrophilic chain result from the functionalized chain end, an ethylene oxide linker
end, the actual location of this functionality with respect to the was used® Therefore, amphiphilic diblock copolymers, poly-
SCK'’s surface will depend on many factors. These include (acrylic acid)b-poly(methyl acrylate) (PAA-PMA) with, 1,
conformations of the polymer chains, which are dependent uponand without,2, a biotin chain terminus, were prepared for co-
the nature of the chain end functionality, the composition of micellization, followed by intramicellar cross-linking. Nano-
the block copolymers, the conditions employed for micelle structures were prepared using 0%, 0.2%, 1%, 2%, 10%, 40%,
formation, and the reaction conditions during shell cross- and 100% biotinylated block copolymer. These ratios were
linking.1%2104 |t was hypothesized that at least a portion of the ' selected to span from low numbers of biotin to full biotinylation.
functional groups, which are biotin in this particular case, will The synthesis of block copolymet, having a biotin unit at
be surface-exposed after both micellization and shell cross-the hydrophilic chain terminus, utilized a biotinylated initiator,
linking. The results of the present study support this hypothesis 3, for atom transfer radical polymerization (ATRP) (Scheme
based on detailed solution-state, binding interaction analyses,2). Biotin, 4, was first activated by 1!dcarbonyldiimidazole,
employing an avidin/HABA (avidin/4hydroxyazobenzene-2-  followed by coupling to a hydrophilic linker 2-(zminoethoxy)-
carboxylic acid) competitive binding assay and fluorescence ethanol to form the biotinylated alcohd, Esterification of5
correlation spectroscopy (FCS). with 2-bromo-2-methyl propionic acid, mediated by M-
dimethylamino)pyridine (DMAP) and 1,3-dicyclohexylcarbo-
diimide (DCC), afforded3 in 43% vyield after purification by
The preparation of biotinylated SCK nanopatrticles via the fash chromatography. The composite 38 NMR spectra
mixed micelle methodology involves a combination of co- (Figure 1) indicates the formation 8f wherein the methylene
m|Ce”|Zat|0n and COValent Stab|l|zat|0n W|th|n the She” |ayer resonance for the protons |abe|ed qg)HS Sh|fted downﬂeld
(Scheme 1). The block copolymer precursors were designed toig 4.2 ppm, overlapping with the protons &hd H on the biotin
be composed of similar hydrophobic and hydrophilic block ynit, upon formation of3. The appearance of the singlet
Segment COI‘npOSItIOﬂS and |engthS to prOVIde a unIfOI’m d|Str|bu resonanng at 1 9 ppm Conﬁrmed the presence of the |Sobutyry|
tion of the mixed polymer chains throughout the micetfés.° methyl groups of3. The urea protons on biotin were not
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Figure 2. H NMR spectra of (a) biotinylatedtBA, 7, and (b) nonbio-
tinylated RBA, 8, in CDCl.
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" o '; o ('J‘“ A Table 1. Molecular Weights and Molecular Weight Distributions
/t\ T o9 (a) for Biotinylated and Nonbiotinylated PtBA, Homopolymers and
. d PBAL-b-PMA, Diblock Copolymers by 'H NMR and SEC
e polymer me na M, (*H NMR)? My (SEC) Mo/,

7 110 0 17 200 14 400 1.27
8 102 0 12 500 13200 1.22
] 9 110 66 25200 20100 1.01
i 7 7 7 7 7 : 7 . ; ] 10 102 57 15 400 18 100 1.09

Figure 3. H NMR of spectra (a) biotinylatedtBA-b-PMA, 9, and (b)
nonbiotinylated EBA-b-PMA, 10, in CDCl. A magnified view of proton
resonances from the biotin unit is also shown.

aNumber of tert-butyl acrylate repeating units and methyl acrylate
repeating units based on SEC characterizafidviolecular weights of
biotinylated polymers were determined by comparison of the integration
area of the average of the protons on the biotinylated initiator at the chain
end to that of the resonance of the methine groups on the polymer backbone
between 2 and 2.4 ppm, in tHél NMR spectra. Molecular weights of
nonbiotinylated polymers were determined by comparison of the integration
area of the average of the methylene proton resonance of the ethyl ester
groups and the methine group at the chain ends to that of the resonance of
the methine groups on the polymer backbone between 2 and 2.4 ppm, in
the 'H NMR spectra.

3). Polymerization oftert-butyl acrylate initiated by3, using
CuBrN,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA)
as the catalyst/ligand system, was allowed to proceed a&€55
to 76% conversion to give a 56% yield of biotinylated poly-
(tert-butyl acrylate) (BBA) homopolymer,7. A small amount

of N,N-dimethylformamide was added to solv&eand provide
for a homogeneous polymerization mixture. Growth of the
methyl acrylate chain segment frormwas performed in bulk,

in the presence of CuBr/PMDETA at 5C, and was allowed
to proceed to<10% conversion, giving biotinylated pobgft-

block copolymersl and2, was then accomplished by lyoph-
ilization (Scheme 3). The selective cleavage of the-butyl
groups was demonstrated by the disappearance oéthbutyl
proton resonance at 1.42 ppm in thé NMR spectra and by

butyl acrylate)b-poly(methyl acrylate) (BBA-b-PMA) diblock

copolymer9, in 41% yield. The synthesis of the nonbiotinylated

PtBA homopolymer,8, and the correspondingt®BA-b-PMA

diblock copolymer,10, followed a similar route, using ethyl
2-bromopropionated, as the ATRP initiator. The presence of
the biotin functional group at the chain terminus was confirmed
by 'H NMR spectroscopy for the biotinylated homopolymer,

7, and the biotinylated diblock copolymed, which are shown

the disappearance of thert-butyl group stretching bands at
1393 and 1367 cmt in the IR spectra. In addition, the
broadening of the carbonyl stretching band and the absorption
from 3500 to 2500 cmt, characteristic of carboxylic acids,
indicated the formation of PAA fromtBA. Although a number

of solvents and solvent mixtures were employed (e.g., DMSO,
THF/D,0), upon cleavage of thert-butyl groups of to form
amphiphilic block copolymerd, the resonances for the protons

in Figures 2 and 3, in comparison to their nonbiotinylated
analogues® and10, respectively. In Figure 3, a magnified view
of a region of théH NMR spectrum for the biotinylated diblock
copolymer is provided to illustrate the resonances far Ht,

of the biotin unit were no longer visible B4 NMR spectros-
copy. The lack of observation of the chain end unit is consistent
with a solubility behavior for a polymer having very different
chain segment compositions. The primary ester linkage between
He, and H of the biotin unit. The molecular weights and the biotin unit and the polymer is stable under the TFA reaction
molecular weight distributions of polymerg;-10, were deter- conditions, which was confirmed by model studies whereby the
mined by size exclusion chromatography (SEC), equipped with biotinylated initiator treated under the same conditions for the
multiangle laser light scattering and refractive index detection. cleavage of biotinylated PAA-PMA, 9, was found to undergo
The molecular weights were also determined¥aNMR end no cleavage, as observed By NMR spectroscopy. Further-
group analysis. The results are summarized in Table 1. more, confirmation of the persistence of the biotin chain end
The tert-butyl ester groups or® and 10 were cleaved unit was made through assays that identified its presence on
selectively by reaction with trifluoroacetic acid (TFA) in the surface of the micelles and SCK nanostructures, as described
dichloromethane for ca. 14 h at room temperature. After removal below. Glass transition temperatuiggof 1, 2, and7—10were
of the solvent and excess TFA, the residue was dissolved in measured by differential scanning calorimetry (DSC) (Table 2).
THF, and the amphiphilic block copolymers were purified by The micellization process followed a two-step procedure.
dialysis against deionized water (cellulose membrane dialysis Amphiphilic block copolymer PAA-PMA was dissolved in
tubing, MWCO 6006-8000 Da). Isolation of the amphiphilic ~ THF (a solvent for the PMA and PAA segments), followed by
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Table 2. Glass Transition Temperatures for Biotinylated and 0.16 =
Nonbiotinylated Homopolymers and Diblock Copolymers
Characterized by DSC 0.14 -
Ty (°C)? Ty (°C)? Ty (°C)
polymer (PtBA) (PMA) (PAA) 0.124
7 45 i
8 43 0.10
9 41 not observed =
10 43 16 G 0084
1 not observed 124
2 13 123 0.06
a Measurements were performed with a heating rate §iCléhin under 0.04 -
N2 flow. Ty was taken as the midpoint of the inflection tangent upon the
third or subsequent heating scans. 0.02 4 \
Table 3. Mi)_(ed Micelle Formation and DLS Characterization for 0 L e s rrr—
the Mixed Micelles 1 10 102 108 104 106 106
biotinylated THF  H,0 micelle Dy (nm) 0.002021 T (us)
block copolymer amount amount amount amount concentration (number-
micelle content® (mol %) of 1 (mg) of2(mg) (mL) (mL) (mg/mL)  average) % .
I & Wil "
11 0% 0 600 60 60 0261 265 25 ol i
12 1% 0.7 58.6 60 60 0.253 2#2 & 3 )
13 2% 1.3 58.0 60 60 0.245 281 |
14 10% 6.8 62.0 64 64 0.271 203
15 40% 12.0 18.6 30 30 0.267 324 -0.00202 T T T T T T
1 10 102 103 104 105 108
aBiotinylated block copolymer content was calculated on the basis of T (ps)

the molar percentage of the biotinylated PAAMA block copolymer to

Fi 4. Intensity autocorrelation functions for the 2% biotinylated SCK,
the nonbiotinylated PAA-PMA block copolymer. e v > Y

18(dots), and the CONTIN fit (line) at 3Gscattering angle, and the residual

-, - lots for the corresponding CONTIN fit are also shown.
the gradual addition of deionized water (a nonsolvent for PMA) P P 9

into the polymer THF solution. Normally, equal volumes of excellent agreement between CONTIN-computed autocorrela-
water and THF were added to obtain spherical micelles with tion functions and experimental autocorrelation functions as
good reproducibility. The micelle stability was further estab- exemplified by the representative results shown for the 2%
lished upon dialysis of the mixed J@/THF solution against  biotinylated SCK,18, in Figure 4. Small residuals found for
deionized water to remove the THF solvent. The calculated the CONTIN analyses and depicted graphically in Figure 4
concentration of the micelle solution was determined by produced RMS errors on the order of 2@or all SCKs studied.

measuring the final volume of the micelle obtained together
with the initial weight of the polymer precursors used. By
controlling the initial molar ratio of the biotinylated PAB-

The intensity-average diameter distribution provided by
CONTIN was geometrically transformed, assuming a spherical
shape for the SCKs, into a volume-average diameter distribution.

PMA to the nonbiotinylated PAA-PMA, a series of micelles
and mixed polymer micellesl1-15, were formed, with a
theoretical biotinylated chain incorporation of 0%, 1%, 2%,
10%, and 40%, respectively. The hydrodynamic diame@g}s (
of the micelles,11-15, were determined by dynamic light

This was accomplished by dividing the volume fraction of
nanoparticlesy(D), with diameterD, in the intensity-average
diameter distribution by the product of the angular Mie scattering
coefficient, P(0), for the nanoparticle and the cube of its
diameter,D3. Under the assumption that all particles in the
scattering (DLS) (Table 3). volume-average distribution have the same density, the volume-
Intramicellar cross-linking of the polymer micelles was average distribution is equivalent to the weight-average diameter
achieved by intermolecular bond formation between the car- distribution.
boxylic acid groups in the polymer micelle shell layers, by The resulting volume-average diameter distribution was
activation with 1-[3-(dimethylamino)propyl]-3-ethylcarbodi-  transformed into a number-average diameter distribution by
imide methiodide and reaction with 2,@thylenedioxy)dieth- dividing V(D) for volume-average diameter distribution by.
ylamine. Each of the micelles was cross-linked at a calculated The use of the volume- and number-average hydrodynamic
mean-cross-linking density of 60%, based on the stoichiometry diameter distributions afforded mean volume and number
of amine functional groups of the diamino cross-linker to the hydrodynamic diameterfp volume @and Dp number respectively.
carboxylic acid groups from the PAB-PMA block copolymers. The ratio, Dn volumd Dh number S€rVed as a measure of polydis-
The SCKs16—20, having varying degrees of biotinylated block persity for the DLS-derived hydrodynamic diameter distribution
copolymer content, were purified by dialysis against deionized that was not skewed by the minute fraction of aggregates present
water (cellulose membrane tubing, MWCO 6668000 Da) to in aqueous solutions of the SCKs. As shown in TabBoumd
remove the unreacted cross-linker and byproducts. The amideDp, numper ranged from 1.11 to 1.24 across the set of SCKs,
bond formation was confirmed by IR spectroscopy with the indicating that the distributions of hydrodynamic diameter were
introduction of amide | and Il bands at ca. 1640 and 1560%cm  narrow as shown in Figure 5. Measurements of hydrodynamic
DLS characterization of SCKs in aqueous solution provided diameter distributions conducted at two additional angles, 30
intensity autocorrelation functions that were deconvoluted into and 123, confirmed the finding of narrow hydrodynamic
intensity-average hydrodynamic diameter distributions using diameter distributions for all SCKs studied. In the case of
CONTIN. The reliability of the analysis was confirmed by the micelles and SCKs prepared from 100% biotinylated P#A-
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Table 4. DLS Characterization for the Biotinylated and the Table 5. Size Characterization Data for the SCKs
Nonbiotinylated SCKs —
biotinylated
biotinylated SCK Dy, (nm) Dy (nm) Dy (nm) block copolymer D2 (nm) Ha® (nm) D, (nm) Daf (nm)
block copolymer  concentration  (intensity- ~ (volume-  (number- D yoiume/ SCK content (mol %) (DLS) (AFM) (AFM) (TEM)
SCK2  content (mol %) (mg/mL) average) average) average) Dy numper 16 0% 254 2 26+ 06 68+ 8 30+5
16 0% 0.260 732 31+1 25+2 1.24 17 1% 25+1 1.2+ 0.5 102+ 8 27+£5
17 1% 0.249 333 29+2 25+1 1.16 18 2% 28+ 1 1.3+ 04 84+ 11 24+ 4
18 2% 0.244 367 31+1 28+1 1.11 19 10% 25+ 2 0.5+0.2 65+ 12 36+ 7
19 10% 0.263 461 30+2 25+£2 1.20 20 40% 26+ 1 1.0+ 04 71+ 8 26+ 4
20 40% 0.253 381 30+1 26+1 1.15

a2 Number-average hydrodynamic diameters of SCKs in agueous solution

aSCKs were prepared with 60% average cross-link density, as based onwere characterized by dynamic light scatterihdwverage heights and

the ratio of amine functional groups from the diamino cross-linker to the
carboxylic acid groups from the PAB-PMA block copolymer.

,]hh—

e

50
Diameter (nm)

Figure 5. DLS characterization of 2% biotinylated SCK8, in aqueous

solution at 20°C. Histograms are averaged by intensity, volume, and
number, respectively (CONTIN fit).

(c)

Dy, avg =367 nm

Dh,avg =31+1nm

b

D, avg =28+ 1nm

10 nm

10 nm

(b)

(a)

20pm

Figure 6. Tapping-mode AFM images of SCKs: (&p, (b) 17, (c) 18,

(d) 19, (e) 20, and (f) 100% biotinylated SCK. Samples were prepared by
drop deposition onto freshly cleaved mica and allowed to dry in air.

average diameters of SCKs were measured by tapping-mode AFM, averaged
from the diameters of ca. 150 particlésAverage diameters of SCKs were
measured by TEM, averaged from the diameters of ca. 150 particles.

hydrophobic carbon surface, the substrate for TEM characteriza-
tion.”> The characterization data for the SCK samples are
summarized in Table 5.

Avidin/HABA Binding Assay. The bioavailability of biotin
presented from the SCKs to its protein receptor was evaluated
by a competitive binding assay (avidin/fHABA) and fluorescence
correlation spectroscopy (FCS) studies. The amount of surface-
available biotin on each functionalized SCK sample was
guantified by the avidin/HABA assa8-111

The results of these analyses are shown in the overlaigt UV
vis spectra (Figure 8a). Upon addition of SCK nanopatrticles
with different biotinylated block copolymer content, the change
of absorbance at 500 nm increased with an increase in
biotinylated block copolymer content, suggesting the avidin/
HABA complex is displaced by biotin presenting on the SCK
surface. The amount of biotin in each of the biotinylated SCK
sample solutions was calculated, and the data are summarized
in Table 6. The amount of available biotin for each of the
biotinylated SCK nanoparticles corresponded to hanomoles of
biotin per milliliter of SCK sample, which increased with an
increase in biotinylated block copolymer content, controlled by
the initial stoichiometry ofl:2 during the process of mixed
micelle formation.

To compare the relative amount of surface-available biotin
among SCK samples, the relative amounts of biotin on the SCK
surfaces were calculated by correction for concentration dif-
ferences and normalization with the amount of surface-available
biotin using the 1% biotinylated SCK.7, as the normalization
standard. The normalized amount of biotin, available for

PMA copolymers, species characterized by sizes greater thaninteraction with avidin, for each sample is plotted against the
100 nm and by nonspherical, irregular shapes were found by percentage of biotinylated block copolymer content in Figure
DLS and AFM measurements, respectively. Thus, low percent- 8c. The relative numbers of biotin units exposed on the SCK
ages of biotinylated block copolymer contents were chosen, surface and available for binding with avidin increased as the

ranging from 0% to 40% as mentioned above, for the study of
their interactions with avidin.

The dimensions of the SCKs were characterized by tapping-
mode atomic force microscopy (AFM) and transmission electron

theoretical numbers increased.

To estimate the functional group availability obtained via the
mixed micelle methodology, the amount of measured biotin
based on the avidin/HABA assay was compared against the

microscopy (TEM). The diameter values obtained by AFM
(Figure 6) and TEM (Figure 7) were substantially larger than

(108) Green, N. MBiochem. J1965 94, 23c-24c.
(109) Green, N. MMethods Enzymoll97Q 18, 418-424.

were the heights measured by AFM. These discrepancies arg110) Savage, M. DA Laboratory Guide to Biotin-Labeling in Biomolecule

the result of the lowTy of the methyl acrylate core domain
allowing for the particles to deform upon adsorption onto the
solid substrates employed for AFM and TEM imagfitd® In
addition, the larger diameter values obtained from AFM
measurements in comparison to those from TEM indicate greater
deformation of the particles on the hydrophilic mica surface,
the substrate for AFM characterization, as opposed to the
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Analysis Meier, T., Fahrenholz, F., Eds.; Birkbhser Verlag: Basel,
Boston, Berlin, 1996; pp 128.

HABA is a dye that binds to avidin in the same binding pocket used to
bind biotin. HABA has a maximum UV absorbance at 350 nm, and once
an avidin/HABA complex has formed, the maximum UV absorbance shifts
to 500 nm. As compared with the strong affinity for biotin exhibited by
avidin (Kq = 10715 M), avidin’s affinity for HABA is much weakerKq4

= 105 M). Thus, when biotin is added to a solution of avidin/HABA
complex, HABA is displaced quantitatively by biotin, and this displace-
ment can be quantitatively monitored by the decrease in UV absorbance
at 500 nm.

(111)
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Figure 7. TEM images of SCKs: (al6, (b) 17, (c) 18, (d) 19, and (e)20. Samples were stained with phosphotungstic acid and drop deposited onto a
carbon-coated copper grid.

4.0q (a) e 1.0 , . - , effects is unknown. The most likely cause of reduced biotin
T 3 availability was trapping of biotinylated chain ends below the
3‘5'_ nanoparticle surface during micelle formation. Other potential
s 3.0 sources of inhibition for biotin binding include SCK cross-
< : linking density, surface rigidity, chain dynamics, and polydis-
§ 25‘_ persity.
-§ 204 00— . Fluoregcepce Correlation Spectrosgopy (FCS)'he mul- .
8 1\ o Avidin-HABA solution tivalent binding event expected for biotinylated-SCK:protein
2 15 T Non-bitinylated SCK receptor interactions was also studied using FCS. The measure-
1 0. —— BiQtiqi.a,ed SCK ment of the translational diffusion coefficient for a fluorescent
) o g:g::ﬁ::g o species within a small focal volume is provided by FE%119
0.5 A\ Because the diffusion of spherical molecules is inversely
T \ proportional to the cube root of the molecular weight, any
0'250 " 360 j 35'0 " 460 ' 45;0 560 55'0 ) 60 650 association or bindir_lg interac_tion that leads to the inqreas_e of
Wavelength (nm) moIe_CL_JIar We|ght will resuIF in g_decrease of t_h_e diffusion
coefficient, which can be identified and quantified by the
“ (b w correlation time from an autocorrelation analysis of fluorescence
a0 . ogw(© intensity fluctuations.
212 e b A The FCS instrument was home-bd#itbased on the principle
§1°- 2 2 //'/ of a solid immersion microscop8-124 and the schematic
§.°' e § 15 //' drawing of the instrumentation setup was shown in Figure 9a.
:&j e z P Alexa Fluor 488 labeled avidin was analyzed by FCS, and a
T2 2 o i‘ e hydrodynamic_diameter of 9.2 nm Was.found. This dia}meter,
oo"‘ T e e T e B?“s 1015 20 25 3 % 40 4 as expected, is small as compared Wlth values obtained for
Biotin Concentration (nmolimL) otinylated Block Copolymer Content (%) nonfluorescence SCK nanoparticles using DDg ¢a. 30 nm).

Figure 8. (a) UV—vis spectra of the avidinHABA complex and the As a result, SCK:protein binding due to biotiavidin recogni-
avidin—HABA complex added with6—20, respectively, in 50 mM PBS  tion was expected to decrease the diffusion coefficient of the

buffer, 50 mM NaCl, pH 7.1. The zoomed region at 500 nm is shown in i i e
the subset. (b) Calibration curve for avidin/HABA assay. (c¢) Normalized fluorescently labeled avidin. In addition, as more avidin was

amount of surface-available biotin versus the biotinylated block copolymer bf)unq to SCK nanpparticles, a larger .fr.action of the slower
content (6—20 corresponding to 0%, 1%, 2%, 10%, and 40%, respectively). diffusing SCK:protein complex was anticipated.

FCS measurements of Alexa Fluor 488 labeled avidin and

theoretical values, which were calculated on the basis of the . - -7
SCKs, 16—20, with different biotinylated block copolymer

initial stoichiometry ofl and2 being used in the preparation i ;
of the mixed micelles (Table 6). The surface accessibilities of contents were performed in 10 mM of HEPES buffer with 1

the biotin units for the micelles and SCKs were similar, as MM EDTA, 1 M NaCl, and at pH 7.1. A high salt concentration

determined for the samples having 10% biotinylated block was used to eliminate the nonspecific binding interactighs.
copolymer incorporation19, 21, and 2212 |t is uncertain :

heth he d f shell linki f th d (113) Elson, E. L.; Magde, DBiopolymers1974 13, 1—-27.
whether the degree of shell cross-linking of the SCKs and (114) Magde, D.; Elson, E. L.; Webb, W. VBiopolymers1974 13, 29-61.
rigidity of the particles play a role in the bioavailability of the  (115) f;fgvz"_"fblpggoehlenscmar' F.; Walter, N. GBiochemistry1996 35,
surface-accessible groups. Within the experimental error, the 116) wohland, T.; Friedrich, K.; Hovius, R.; Vogel, Biochemistry1999

ioti i i i i 38, 8671-8681.

percentage O.f biotin units ?‘V&”able.ln compgnson to those (117) Schiler, J.; Frank, J.; Trier, U.; ScFex-Korting, M.; Saenger, W.
incorporated in the formulation remained consistently at 10 Biochemistry1999 38, 8402-8408.

0 ihili i il-(118) Medina, M. A; Schwille, P.BioEssays2002 24, 758-764.
25./.0. The less than cqmplete surface accessibility and bioavail (119) Haustein, E.: Schwille, Adethods2003 29, 153-166.
ability can be explained by several effects, although the (120) Clark, C. G., Jr.; Remsen, E. E.; Wooley, K. L., manuscript in preparation.

; it ial (121) Mansfield, S. M.; Kino, G. SAppl. Phys. Lett199Q 57, 2615-2616.

magnitude of the contributions from each of these potential (122) Ghislain, L. P.: Elings, V. BAppl. Phys. Lett1998 72, 2779-2781.
(123) Ghislain, L. P.; Elings, V. B.; Crozier, K. B.; Manalis, S. R.; Minne, S.

(112) Sample2l is a 10% biotinylated micelle, prepared by mixidgwith C.; Wilder, K.; Kino, G. S.; Quate, C. Appl. Phys. Lett1999 74, 501~
nonbiotinylated PAAs-b-PMA76, MSEC= 18 600 g/molM,/M, = 1.12, 503.
which is slightly different from the nonbiotinylated block copolymar, (124) Koyama, K.; Yoshita, M.; Baba, M.; Suemoto, T.; Akiyama, Afpl.
used to prepard9, and sample22 is the corresponding SCK prepared Phys. Lett.1999 75, 1667-1669.
from 21, with 60% cross-linking density. (125) Swamy, M. J.; Marsh, DBiochemistry2001, 40, 14869-14877.
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Table 6. Results of the Avidin/HABA Assay for the Micelle and SCK Samples

available biotin available biotin
biotinylated sample theoretical value of (AAs/34) per milliliter of per gram of fraction of
block copolymer concentration® available biotin® x 1000¢ sample solution® polymere surface-available
sample content (mol %) (mg/mL) (nmol/g) (nmol/mL) (nmol/mL) (nmol/g) biotin'

16 0% 2.53 0 0 0 0 n/a
17 1% 2.59 900 0.3 0.3 99 11%
18 2% 1.39 1680 0.7 0.6 410 25%
19 10% 2.93 7560 2.7 2.5 850 11%
21 10% 2.63 7520 4.3 4.1 1600 22%
22 10% 251 7520 3.7 3.4 1400 19%
20 40% 2.45 30 000 8.2 8.1 3300 11%
15 40% 1.38 30 000 5.0 4.8 3500 12%

aThe micelle and SCK samples were concentrated using a stirred ultrafiltration cell equipped with an ultrafiltration membrane filter disk (NM®QL 100 0
Da).? Theoretical values of the surface-available biotins based on the initial molar ratios of the biotinylatel-PMA-to the nonbiotinylated PAA-
PMA during the preparation; the data are represented in units of nanomoles of biotin per gram of polymer precursorfifivsg#34) x 1000 was used
to calculate the amount of biotin in the sample solution being analyzed in nmo¥/Bilrface-available biotin in the SCK or micelle solution by comparison
of the absorbance change with that of the calibration c#r8erface-available biotin per gram of polymer precursor mixture based on the calculated concentration
of the sample solutions used in each as$&yaction of the surface-available biotin is the molar percentage of available biotin to the theoretical value.

- ~ Table 7. Data Summary for the FCS Measurement

fooal vohume < 1 1L \ 74 %1075 Dy x 1071

(a) seslaps

samgle cell
N\ N (s) (m?s™) Dr‘ (nm) Dr? ("M)  Xoound®
- 1 oG 82  64+07 27+3  15+02
D, e OD - 1.5 avidi®  0.67 41.7405 4.1+06 9.2+ 1.4
/ I o I ; 16 0.72 505+0.6 34+05 11.2+17 31+1 0.14
I r<oiow mie| o dameter ! 18 076 62.1+0.9 28+04 138+22 31+1 0.32
mhpbm{;

/

A 515w 19 0.87 65110 26+04 14.4+22 30+2 0.42
S 20 079 73.0£10 24+04 162+26 30+1 041
2000 17 784406 22+03 17.4+27 30+1 047

20G is Oregon Green 488; avidin is Alexa Fluor 488 labeled avidin.
b The same 40% biotinylated SCK sample, with a 10-fold increase of the
avidin concentrationt Hydrodynamic diameters of the fluorescent species
calculated from correlation timerg. @ Volume-average hydrodynamic
diameters of SCKs from DLS measurements, which were used to calculate
ThoundfOr the fitting into the two-component model, eq 5 in the Supporting
98 [T " " Information. ® Fraction of avidin-SCK complex, calculated by fitting with

Oregon Green 488 eq 5 (Supporting Information).
Alexa Fluor 488 labeled avidin

T
+

o %Gommaeasok 1 Oregon Green 488, whose diffusion coefficient was determined
08" o o :::{g:::gggﬁ via calibration with Rhodamine 6G having a known diffusion

coefficient of 2.80x 10719 m? s71 (at 22 °C).126 Correlation
times and diffusion coefficients are summarized in Table 7. The
correlation timerg increased as the biotinylated block copolymer
content in each SCK sample increased, indicating more labeled
avidin was bound to SCK per unit concentration of avidin in
the solution, which additionally suggested that more biotin was
available to its protein receptors. The averaged hydrodynamic
B S— diameters of the fluorescent species in each solution were
1E-3 0.01 0.1 1 calculated using eqs 3 and 4 (Supporting Information), by
_ _ f fs) _ _ employing Oregon Green 488 as a calibrant for the calculation
Figure 9. (a) Schematic drawing of FCS instrumentation setup; (b) ~of D The fluorescent species in solution were also analyzed
normalized autocorrelation function of Oregon Green 488, Alexa Fluor 488 . - . .
conjugate, and mixture of Alexa Fluor 488 conjugate wit-20, in 10 as either free labeled avidin or labeled aw_dm-bound S_CKs using
mM HEPES buffer with 1 mM EDTA ash 1 M NaCl, pH 7.1, respectively. a two-component model, eq 5 (Supporting Information). The
A zoomed region of the autocorrelation function is shown in the subset. cglculation of diffusion coefficients and the averaged hydro-

The same concentration of the labeled avidin used to characterizélynamic diameters of the fluorescent species using Oregtzn
the diffusion coefficient for a solution of pure labeled protein Créen 488 as calibrant have an experimental error up to 16%
was employed for each SCK:protein solution mixture. Normal- N each determination, which mainly arise from the determina-
ized fluorescence intensity autocorrelation functions for SCK: tion of the correlation time of Oregon Green 488. However,
protein mixtures, the pure labeled protein, and an Oregon Greenthe correlation time determination for each sample is indepen-
488 calibration standard are shown in Figure 9b. dent of the calibrant, so the trend observed in the determination
The correlation time for each measurement was calculated IS Valid. The calculations for the bound fraction of the
by fitting the autocorrelation function. To calculate the diffusion fluorescent species using the two-component model are also not
coefficient of the samples, Oregon Green 488 was used toaffected.
characterize th_e fpcal volgnje. The correlation time was (126) Rigler, R.: Mets."U Widengren, J.: Kask, FEur. Biophys. J1993 22,
converted to diffusion coefficient by reference to the of 169-175.

0.4 o

0.2

Q.0 SRAZL m
1E-5 1E4

6606 J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004



Bioavailability of Biotin on SCK Nanoparticles ARTICLES

In agreement with the avidin/HABA assay, these FCS
measurements found that the amount of available biotin at the
surface of the biotinylated SCK nanopatrticles increased with
increasing biotin-terminated block copolymer incorporation, as
evidenced by the increasing correlation times, and the fraction
of biotin that underwent binding with avidin was ca. constant.
To confirm there was no significant amount of available biotin
that remained unbound, the 40% biotinylated SCK sample was
also analyzed with an avidin concentration increased by 10-
fold. Under conditions of excess avidin, the lack of a significant
change of the hydrodynamic diameter of the awdBCK
complex and the presence of free avidin indicated a saturation
of the biotinylated SCKs with labeled avidin.

Conclusions

A novel biotinylated initiator was synthesized and utilized
to initiate, via ATRP, homo- and diblock copolymer bearing a rigure 10, Schematic illustration of 60 avidins (with a diameter of 9.2
single biotin moiety at the chain terminus. The chain terminal nm) packing at the surface of SCK (with a diameter of 30 nm) based on
biotinylated amphiphilic diblock copolymer PAB-PMA was “hard sphere” surface contacts.
mixed in solution with its nonbiotinylated analogue to form
mixed micelles. The mixed micelle approach offers control over
the functional group incorporation within the nanoparticles by
varying the stoichiometric ratio of the functionalized to non-

functionalized micelle precursors. Intramicellar cross-linking  otfects that will prevent the binding of avidins to all of the biotin
within the PAA shell layer converted the supramolecular ..o present.

assemblies to robust SCK nanoparticles presenting bioactive thage early findings are instructive, indicating that binding

biotin. i o . of biological macromolecules to the SCKs functionalized with
The surface- and bioavailability of the biotinylated SCK  155ctive moieties is a complex process that can be controlled,
nanoparticles, comprised of different percentages of biotinylated y, ;t which also requires substantial further investigation to be
block copolymer, were evaluated using an avidin/HABA ), qerstood. These initial results demonstrate a mechanism for
competitive binding assay and FCS. Data from these studiesye hreparation of well-defined nanostructured materials that
support the trend that greater numbers of biotin were available o yg a5 2 model for the study of molecular ligands, immobilized
to bind with the protein receptors with an increase in the ,, 4 nanoscopic surface, and recognized by their protein
biotinylated block copolymer incorporation. It is important to receptors, a pervasive phenomenon in biological systems.
note that the shell cross-linking of the nanostructure presenting g iiner studies are in progress, utilizing the control in the
the biotin did not diminish the bioavailability for binding with preparation of biotinylated SCK nanoparticles, and in conjunc-
the biological macromolecules. The avidin/HABA assay quanti- 4o with the compositional versatility and structural stability
fied the amount of available biotin to be less than 25% of the ¢ 5ok nanoparticles as robust nanoscopic building blocks to
theoretical value, likely due to the loss of functional group  form sypramolecular assemblies, namely fabrication of 2-D and

availability in the process of micellization and shell cross-  3.p nanostructured materials with biotinylated SCKs employing
linking. However, kinetic studies that remain in progress are |y;qtin—avidin recognition.

revealing that the binding interactions are significantly more ) o
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(Figure 10). Accurate values of the SCK aggregation numbers
are yet to be determined, but they can be estimated to be between
400 and 800 when comprised from the diblock copolymers of
ca. 13 000 Da, which suggests that there will be significant steric
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