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Introduction

Nanoparticle agglutination, analogous to colloidal aggrega-
tion! has emerged as a plausible chemical and biological

low molecular weight M, < 500 g/mol) were prepared as
reported previously using a chain end functional group inter-
change metho8PEG chains of higher molecular weight were
prepared via the living anionic ring-opening polymerization of
ethylene oxide (Scheme 1). First, an alkoxide initiator was
generated by deprotonating 3-methyl-3-butene-1-ol with a
solution of potassium naphthalide. Next, ethylene oxide was
added, and the polymerization was conducted until complete
consumption of monomer. Then, the alkoxide chain end was
capped using methane sulfonyl chloride (MsCl) to install a labile
leaving group. The reaction mixture was added to a basic
aqueous solution, and NgNvas added. After completion of
the substitution reaction, tlee 3-methyl-3-butenykw-azido PEG
could be isolated by ultrafiltration followed by precipitation into
ether. Finally, hydrosilyation with ethoxydimethylsilane and
Karstedt's catalyst afforded the desiredthoxydimethylsilyl-

detection mechanism. One part of a recognition pair, such asw-azido PEG. Initial experiments utilized 3-methyl-3-butene-

complementary DNA strands antibody-antigen?-® or ligand-
protein~9 is linked to the particle surface either directly or
through a polymer tethéf. When the other part of the
recognition pair is present in solution, it can act as a cross-

1-ol as the initiator because the methyl peak-&t7 ppm served

as an excellent internal standard for determining the percent
chain end functionality and molecular weight. After successfully
confirming that the synthetic method yielded high percent chain

linking agent and cause the formation of nanoparticle aggregatesend functionality, later experiments utilized 3-butene-1-ol as the

Detection of this interaction relies on some difference in property

initiator. a-Ethoxydimethylsilylw-methoxy PEGs were prepared

between the individual nanoparticle and the aggregate. Thisfrom commercially availabler-hydroxy-w-methoxy PEGs via

property can be a change in cofd¥!! a difference in light
scattering2a change in fluorescence intensifygr a decrease
in electrical impedancE among many possibilities. For some

a series of chain end transformaticns.

MALDI mass spectrometry analysis confirmed the chain end
functionality (Figure 1). Two series of signals were observed

applications the nanoparticle aggregates should remain susin the spectrum of PE@: one consistent with the masses of

pended in solution, and therefore it is important to investigate
ways to modify the nanoparticles accordingly.
For a system using poly(ethylene glycol) (PEG) tethers, or

the PEG chains with vinyl and azido chain ends and another
consistent with coionization with water (commonly observed
for the hygroscopic polymers such as PEG). In tHeNMR

any other polymer chain, to link one half of the recognition gpectrum of the polymer, the signal due to the methylene unit
pair to the nanoparticle surface, longer PEG chains would be gjacent to the azido chain end overlapped with the backbone
the most logical pathway to increase the dispersibility of the methylene signals. After reduction of the azido group to the
aggregates. The longer PEG chains, however, should also aﬁecborresponding primary amine using NaB&hd CoC} in THF/

the rate of formation or the final size of the aggregates. BecausecH,oH (and verified by the product IR spectrum and positive
the reactive group is located at the chain end, increasing theninhydrin test), the methylene group signal was distinctly
length of the PEG chain should alter the relative amount of gpserved upfield from the backbone signals. The relative
intraparticle binding to the cross-linking group versus interpar- integration of these two signals in conjunction with the signal
ticle binding and the amount of time the chain end is exposed fom the methyl group at the 3-methyl-3-butenyl chain end
to solution versus buried within the polymer layéiere we —  cqrrelated well with molecular weight data obtained using GPC

report studies on the preparation and agglutination of PEG gnq MALDI mass spectrometry. Table 1 provides a list of all
grafted SiQ nanoparticles with biotin chain ends. The effect pggg synthesized and used in these studies.

of varying the molecular weight of the PEG chain on the
behavior of the system was investigated using dynamic light
scattering and computational modeling of the resulting data.

Next, these PEG compounds were grafted to silica nanopar-
ticles to yield samples with various ratios of biotin chain ends
to inert methoxy chain ends (Table 2, experimentSp, with
various PEG chain lengths (Table 2, experiments 2, 6, and 7)
and different chain lengths of biotin end-functionalized PEG
to inert methoxy end-functionalized PEG (Table 3). In an effort
to ensure a reproducible amount of surface grafted azido-end
functionalized PEG in nanoparticles with mixed functionality,

Results and Discussion

Difunctional, asymmetric poly(ethylene glycol) (PEG) linkers
were prepared using a few different techniques. PEG linkers of
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the particles were first treated with the appropriate amount of
azido-terminated PEG followed by the methoxy-terminated PEG
to backfill the nanoparticle surface (Scheme 2). For this study
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Scheme 1. Synthetic Route for Preparing of PEG Linkers with Varying Molecular Weights and Chain End Functionality
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a Conditions: (A) (i) Knapthalide, 18-crown-6, 15 min; (ii) ethylene oxide, 48 h; (iii) MSCINETTHF, 5 h; (iv) (—THF) H,O, NaHCQ, NaNs,
8 h. (B) THF, Karstedt's catalyst, dimethylethoxysilane, 18 h. (C) NaBEbCh, THF/CH;OH, 30 min (note: R represents H or gH
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Figure 1. (A) MALDI mass spectrum of PE@-prepared via the anionic ring-opening polymerization of ethylene oxide. The smaller series is due
to coionization of the polymer with a molecule of®l. (B) An expansion of the MALDI mass spectrum of PRG-

two independent parameters were varied: the PEG chain lengths Nanoparticle suspensions of the same concentration were
and the fraction of biotin-functionalized chains. Consequently, prepared, and aggregation was initiated upon addition of avidin
we could compare both the effect of PEG molecular weight solutions. Dynamic light scattering (DLS) was used to measure
(keeping the biotin density constant) and the biotin concentration the evolution of apparent aggregate diameter with time, and
(for the same molecular weight PEG). The conjugation of the transmission electron microscopy (TEM) was used to image
biotin group and subsequent characterizations were conductedsamples of the aggregates. Figure 2 displays plots of apparent
as reported previousRt? aggregate diameter versus time for suspensions of biotinylated
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Table 1. Molecular Weight and Chain End Functionality of
o-Dimethylethoxysiloxy-m-functional PEG Compounds Prepared for

Scheme 2. Pathway for the Functionalization of Si@
Nanoparticles with PEG Linkers of Varying Molecular Weights

This Study o
Ns Ny H NHZN NH; A
sample w-chain end functionality My, (g/mol) (PDI) N3 N, A 2 NH, HN N
Ny N. > HN NH; o
PEG1 N3 360 (1.05) N gl HaN < S s
PEG4 N3 3600 (1.05) *Ny Ns w2
PEG5 N3 7200 (1.05) L
PEG6 OCH;s 350 (1.05) 2 B
PEG7 OCH;s 2000 (1.05) g B
PEGS OCHs 5000 (1.05) ® B

H:)"-NH s HN\}~NH
B
nanoparticles functionalized with PEG linkers that have a @/\’\’{‘o f;’/\’\)“

molecular weight greater than 500 g/mol. Unlike systems that
utilize PEG linkers of less than 500 g/mol, which always display 2—5), we see that increasing the number of biotin-functionalized
a linear correlation regardless of particle size, the presentchains leads to an increase in the [Avidig] Increasing the
systems with larger PEG molecular weight displayed a two- PEG chain length, while holding the number of biotin-
step plot. Samples were taken at two different times during the functionalized chains per particle constant (but not the overall
growth process, 30 and 70 min, and analyzed using TEM. As number of chains per particle), namely, experiments 4 versus 6
seen in Figure 3ac, at 30 min small aggregates began to form, and 5 versus 7, leads to an increase in the [Avigin]
and substantial coronas were observed due to the surface-grafte@€omparing particles of 20 and 40 nm diameters with the same
PEG. In prior studies utilizing low molecular weight PEG such PEG chain length, the [Avidiphx for the 20 nm particles (280
coronas were not visibfeAt 70 min (Figure 3d,e), larger fractal ~ functional chains/particle and no inert chains) was roughly
aggregates were observed. The packing of these aggregates wajuivalent to that of experiment 5 (100 functionalized chains
loose and low density, which is in contrast to the structures and 2900 inert chains per particle).
observed in prior studies utilizing low molecular weight PEG ~ What could determine the [Avidipk? A simple explanation
linkers® The TEM images support the idea that the longer PEG may be that [Avidinhaxis proportional to the number of biotin
linkers increase the distance between the cross-linked particlesgroups in the system: The larger the number of functionalized
and there may also be fewer cross-links between particles.  chains per particle, the higher the number of avidin molecules
Table 2 also contains data on the avidin concentration at required to induce aggregation. However, as can be seen from
maximum rate of aggregation ([Avidip}y for each of the Table 2, this is not the case. For example, experiment 1 has
nanoparticle systems. [Avidiplx was defined as the concentra- nearly 3 times as many biotin ends as experiment 5, but their
tion of added avidin for which the largest apparent aggregate values of [Avidin}ax are the same within experimental error.
diameter was generated 60 min after the avidin addition and Similarly, experiment 6 has 6 times the number of biotin ends
therefore approximates the fastest initial rate of aggregation for as experiment 7, but their values of [Avidink are the same
that system. Because there is a limited range of avidin within experimental error. In experiments-3 that are identical
concentrations over which aggregation will occur, this admit- in all parameters except the number of functionalized chains,
tedly arbitrary choice of 60 min allowed for the quick deter- [Avidin] max does increase with increasing number of biotin/
mination of whether aggregation had occurred and which initial particle, but not in a linear manner.
concentration of avidin yielded the fastest rate of aggregate Another explanation may be based on chemical kinetics: if
growth. For systems with the same nanoparticle size, PEG chainwe consider the reaction between biotin and avidin to be
length and overall number of chains per particle (experiments governed by an equilibrium relationship, [biotin/particle][A-

Table 2. Characterization Data of Biotinylated Nanoparticles Prepared, Including Particle Size, Elemental Analyses for Nitrogen, Biotin
Contents, and [Avidin]max (Concentration of Added Avidin That Induces the Maximum Aggregation Rate)

elemental
approx no.
expt particle size (nm) PEG % N @ % N (NHp)P biotin/particle of PEG chains [Avidinhax (NM)d
1 20 1 NA 0.08 280 280 45
2 40 1 0.29 0.11 3000 3000 128
3 40 1,68 0.24 0.07 2100 3000 115
4 40 1,6 0.08 0.04 500 3000 86
5 40 1, 69 0.01 undetectable 100 3000 46
6 40 4 0.07 0.02 600 600 360
7 40 5 0.01 undetectable 100 100 380

a Elemental analysis for nitrogen after modification with PEG4, or -5. ® Elemental analysis for nitrogen after reduction of the azide group to the amine
group.¢ Determined by fluorescence spectroscép§ At the same initial concentration of particles for each experinfed6:33 feed ratio of PEG-to
PEG®. f 33:66 feed ratio of PEG-to PEGS. 9 10:90 feed ratio of PEG-to PEG#. " Total number of PEG chains assumed to be the same as in experiment
2.

Table 3. Characterization Data of 40 nm Biotinylated Nanoparticles Prepared Using Inert PEG Linker Lengths That Were Longer and Shorter
Than the Chain End Functional PEG Linker?

elemental
experiment active chain end inert chain end % N)IN % N (NHy) biotin/particlé [Avidin] max (NM)
8 PEG4 PEG7 0.05 undetectable 470 210
9 PEG4 PEG8 0.05 undetectable 470

aNote: the particles were prepared using 0.5 equiv of azido-terminated PEG and 2.0 equiv of methoxy-terminateEl&&éhntal analysis for nitrogen
after modification with PEG#. ¢ Determined by fluorescence spectroscépy.
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Figure 4. Graphic representation of PEG chains tethered to a

500 ] nanoparticle surface and the location of the biotinylated chain ends.

if bound to avidin, are unlikely to complex with a biotin group
from another particlewhich is required for aggregation to
occur. This idea is illustrated schematically in Figure 4. In this

Time (min) view, then, [Avidin}hax is composed of two populations: one
Figure 2. DLS data for aggregation experiments involving nanopar- that complexes with “buried” biotin groups, which do not
ticles surface modified with larghh, PEG linkers. Conditions: 3 mL participate in the aggregation process, and one that complexes
of 0.25 mg/mL of the respective sample, 1 mL of@and 1 mL of  \yjth those at the outer PEG layer. On the basis of the law of
avidin such that the [Avidin] matches that in Tables 2 and 3. mass action (or chemical equilibrium), aggregation is defined

TS by the concentration of biotin in the outer edge of the layer

times the avidin available to those biotin groups. In systems
that have a similar total number of biotins per patrticle, we expect
therefore that [Avidinkax would decrease with increasing
number of biotin ends in the outer region. On the other hand,
if the numbers of biotin ends in the outer layer region are similar,
the [Avidin]max IS expected to increase with increasing total
number of biotin per particle, since more of the avidin is likely
to complex with internal biotin groups that cannot participate
in aggregation.

The classic picture of end-grafted polymer layers assumes
uniform chain stretching, where all chain ends are located at
the outer brush edge. However, more detailed analysis of
identical polymer chains grafted to surfaces has shown that the
chain ends are distributed throughout the polymer layer, for both
flat surfaces and highly curved on¥s6 The fraction of chain
ends that are located in the outer edge of the layer is relatively
small and roughly scales inversely with the chain molecular
weight and as the density of chains to the power of 1/3. This
analysis is in agreement with the findings of experiments 6 and
: 7 in Table 2, where doubling the chain length compensates for
g :I a reduction in the chain density by a factor of 6, sinéé i§

5 000 ~1.8. Comparing experiment 1 to experiment 6, we have the
e surface density of chains in experiment 1 of order 28Q@(P)

S chain nnT2, and in experiment 6 600#40?) chain nnT2. Thus,
Figure 3. TEM analysis of nanoparticle aggregates comprised of although the number of chains is lower in experiment 1, the

biotinylated nanoparticles with largdn PEG linkers cross-linked by density is~1.85 times higher. On the other hand, the molecular
avidin. A sample from experiment 6 was freeze-dried from a 360 nM !

avidin solution after 30 min (A, B, and C) and 70 min (D and E). weight of the ehains in experiment 6 is 10 times higher than
that of the chains in experiment 1. As a result, we expect that

vidin]max should be equal to a constant, since all experiments the ratio of [Avidin},axfor experiment 6 vs experimen.t 1 should
were conducted using the same particle concentration and at€ Of order 10x 1.85/ ~ 12. The data reveal a ratio of 360/
same temperature. In that case, [Avidiglshould be inversely 49~ 8, which is good agreement since we do not consider in
proportional to the biotin/particle. The data in Table 2 clearly this simple estimate the effect of particle curvattire.
does not support this hypothesis. The explanation provided so far cannot address the data in
To understand this phenomenon, we must recall that experiments 25, in which both the number of PEG chains per
[Avidin] max defines the concentration at which the largest particle and their molecular weight are identical. One would
aggregate was obtained at a particular point in time. Thus, it is expect that the fraction of chain ends at the outer layer be similar
not directly related to the number of biotin groups in the system, in all these systems, so that the fraction of biotin available for
but rather to the number of biotin groups that can participate in aggregation would increase with the number of biotins/patrticle.
aggregation. Those must be at the outer edge of the PEG layefYet, the opposite seems true: [Avidik increases with
because groups that are “buried” within the polymer layer, even increasing number of biotin groups per patrticle.
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400 T T T T carrying chains. In this case, we would expect that none of the
: - biotin would be available for aggregation. Indeed, in this system
350 3 ] was aggregation was not observed.
S8 E : This analysis also can explain the two-stage growth behavior
] observed in Figure 2. The rate of aggregate growth depends on
250 F ] the molecular weight of the PEG tether and the density of biotin
§‘ r groups in the layer. The initial rate, up 4630 min, is found to
= 200F L o ] be highest for experiment 5, where the PEG chains are relatively
g : short, so that many biotin end groups are localized at the edge
< 150 | ] of the polymer layer and available for rapid binding. The rate
s is lowest for experiment 7, where the biotin density is the same
100 [ y as in experiment 5, but the PEG chains are much longer, so
- that most of the biotin groups are buried within the polymer
50 3 ] layer. Experiment 6, which contains a moderate molecular
Y R . UL PP P weight PEG and high biotin density, displays an intermediate
100 200 300 400 500 600 initial rate, consistent with the fact that the biotin availability
1ip due to increased density compensates for the higher PEG

molecular weight. At longer times, the rate of aggregate growth
is dominated by the steric interactions between the polymer-
grafted particles. In the case of the high molecular weight PEG
(experiment 7), strong steric repulsion inhibits interpenetration
of the PEG/biotin layers. Therefore, the aggregate is limited to

Biotin is a relatively large group when compared to the the initial size obtained through binding of the biotin groups at
nonfunctionalized PEG chain end. As a result, the systems inthe edge of the PEG layer only. However, in the systems with
experiments 35 are a bimodal mix. In such cases, the chain |ower molecular weight PEGs (5 and 6) the steric repulsion is
ends of the higher molecular weight polymer (or the chain ends veaker, and PEG layer overlap allows binding of biotin groups
that are larger) are expelled from the interior of the polymer

Figure 5. Plot showing the linear correlation between the avidin
concentration required for inducing the maximum aggregation rate and
the fraction of biotin located at the outer layer edge (all systems in
listed in Tables 2 and 3).

brush® The thickness of the region in which the expelled chain
ends concentrate varies roughly, for a fixed chain molecular
weight and grafting density, as the fraction of functionalized
chains to the power of (1/3). As a result, in experiment 2, where
all chains are biotin-functionalized, the chain ends are distributed
throughout the entire PEG layer, and the fraction at the outer
edge available for aggregation is relatively low. Decreasing the
fraction of biotin-functionalized chains by a factor of 6
(experiment 4) leads to a rough increase in the density of biotin
at the outer edge by a factor o6~ 1.85, suggesting a
reduction in the [Avidinjax by such a factor. In fact, the ratio

of the [Avidin]max for these two experiments is of order 1.5. In
Figure 5, we plot [Avidinkax as a function of the predicted
probability of biotin in the outer region of the PEG layer,
The probabilityp is calculated using a detailed model combining
the brush model for chains grafted on curved parti€lesd

the bimodal brush® We see that, as expected, [Avidi} scales

as 1p.

To confirm that our findings are indeed due to the localization
of biotin-functionalized chain ends at the outer region of the
PEG layer by the unfunctionalized chains, we developed the
experiments listed in Table 3. In experiment 8, the molecular
weight of the chains carrying biotin, 3600, was larger than that
of the unfunctionalized, methoxy-terminated PEG chains, 2000.
The overall number of grafted chains (functioralinfunctional)

buried within the layer.

Conclusion

Difunctional, asymmetric PEGs of various molecular weights
were prepared using anionic ring-opening polymerization and
chain end transformation methods. These PEG linkers were then
utilized to prepare water-soluble, biotinylated Si@anoparticles
of various grafted polymer chain lengths. Suspensions of these
nanopatrticles were made, and upon addition of avidin, aggrega-
tion was induced. The process was examined using dynamic
light scattering, transmission electron microscopy, and compu-
tational modeling of the data. The final aggregate structure and
the aggregation rate were dependent upon the molecular weight
of the PEG chain linker and the ratio of biotin containing to
inert PEG linkers. Computational modeling of the data showed
that the avidin concentration required to induce a maximum
rate of aggregation was inversely proportional to the predicted
probability of finding biotin in the outer region of the PEG layer
for all measured PEG chain densities and molecular weights.

Experimental Section

Materials. Naphthalene was recrystallized from diethyl ether.
Tetrahydrofuran (THF) was vacuum transferred from Na/benzophe-
none. 3-Methyl-3-butene-1-ol and 3-butene-1-ol were washed with
2 x 5% NaHCQ and 2x H,0, dried over CaG| and then distilled
under an N atmosphere. BiotilN-hydroxysuccinimide ester was

is 600, the same as in experiment 6 where all the chains weresynthesized as reported previouslyKarstedt's solution was

biotin-functionalized and the molecular weight was 3600. We

prepared according to Hitchcock and Lappért.-Ethoxysimeth-

would expect that the presence of shorter chains in experimentylsilyl-w-azido poly(ethylene glycol) of low molecular weight (PEG

8 would increase the fraction of biotin chain ends available for

aggregation in the outer region of the layer, when compared to
experiment 6, despite the fact that the overall number of biotin
groups decreases. Indeed, as expected, [Avigin] experiment

6 is higher than that in experiment 8. In fact, the data point for

experiment 8 are included in those plotted in Figure 5. In

experiment 9, the number of chains per particle was kept the

1) and a-ethoxysimethylsilyle»>-methoxy poly(ethylene glycol) of
various molecular weights (PEG-8) were prepared as described
previously® Unless stated otherwise, all other materials were
purchased from commercially available sources and used as is.
Methods. H NMR spectra were recorded on a 300 MHz Varian
instrument using CDGlsolvent. Chemical shifts) (ppm), were
referenced to the residual proton signal or the solvent carbon signal.
GPC analysis was conducted in THF at Z5 with flow rate of

same, 600, as was the number Of bIOtIn-funCtlonallzed Chalns 1.00 mL min—ll Three P0|ymer Standards Service columns (100

(470). However, the molecular weight of the methoxy- A, 1000 A, and linear) were connected in series to a Thermosepa-
terminated chains was 5000, higher than that of the biotin- ration Products P-100 isocratic pump, autosampler, column oven,
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and Knauer refractive index detector. Samples were calibrated bottom flask, and the mixture was stirred until transparents-NH
against linear poly(styrene) standards (Polymer Standard Services)OH (8.13 mL, 3.5 M) was added, and again the mixture was stirred
IR samples were prepared as thin films on a salt plate, and spectrauntil transparent. Tetraethyl orthosilicate (TEOS) (23.7 mL, 106
were recorded using a Galaxy Series FTIR 3000. Fluorescencemmol) was added, and the reaction mixture stirred at room
measurements were conducted on a Perkin-Elmer LS50B usingtemperature for 16.5 h. The particles were isolated by a series of
Aexcitation= 490 nm, 5 nm slit width, and a step speed of 200 nm centrifugation/decant/resuspension cycleg ) ®With CH;OH/hex-
min~L, Elemental analyses were conducted by Midwest Microlabs. ane/THF (1:1:3). The patrticles were stored in THF, and dynamic
Dynamic light scattering (DLS) analysis was conducted using a light scattering and transmission electron microscopy characteriza-
Brookhart Coherent DPSS 532 laser with an IEM 9863 detector. tion yielded a particle diameter of 48 2 nm.
Transmission electron microscopy (TEM) was conducted using @  Preparation of SiO»-PEG-N; with a Single PEG Chain
Phillips CM-12 TEM. All microscopy samples were prepared by |ength. SiO, nanoparticles, THF (100 mL), either PEIG-4, or
dipping carbon-coated copper grids into the appropriate solutions -5 (5—-10 equiv to surface SiOhydroxyls), and a stir bar were
and then removing the water by freeze drying. HiRes mass spectrajoaded into a 250 mL round-bottom flask and heated at reflux for
were recorded on an external source HiResMALDI (lonSpec Corp., 72 h. Excess solvent was removed by rotary evaporation, and the
Irvine, CA) equipped with a 4.7 T magnet. The HiResMALDI was  particles were isolated by a series of centrifugation/decant/resus-
equipped with an LSI 337 nm nitrogen laser. Mass spectra were pension cycles (&) with CHsOH/hexane/THF (1:1:3). Volatile
also recorded on a Proflex Il MALDI-FI (Bruker-Daltonics, materials were removed under vacuum, and the particles were
Millerica, MA) with a 337 nm nitrogen laser. The matrix used was analyzed by elemental analysis (see Table 1).
2,5-dihydroxybenzoic acid (5 mg/10Q. in EtOH). Preparation of SiO,-PEG-N; with Two Different PEG Chain
Typical Synthesis ofa-3-Alkenyl Ether-w-Azidopoly(ethylene Lengths. SiO, nanoparticles, THF (100 mL), either PEG-4, or
glycol) (PEG 2). 18-Crown-6 (0.95 g, 3.6 mmol) and a stir bar  _5 (0.5 equiv to surface Sigchydroxyls), and a stir bar were loaded
were loaded into a 100 mL Schlenk flask equipped with a reflux jnto a 250 mL round-bottom flask and heated at reflux for 24 h.
column and a rubber septum over the side arm, which was vacuum/Next, either PEGS, -7, or -8 (2 equiv to surface Siphydroxyls)
backfilled with N, (3x). THF (25 mL), 3-methyl-3-butene-ol (242 was added, and the reaction was heated at reflux for 48 h. Excess
L, 2.4 mmol), and potassium naphthalide (2.4,mLM in THF) solvent was removed by rotary evaporation, and the particles were
were then added in order via syringe. The clear green solution wasjsolated by a series of centrifugation/decant/resuspension cycles
stirred for ~15 min. Ethylene oxide (15.0 mL, 301 mmol) was  (5x) with CH;OH/hexane/THF (1:1:3). Volatile materials were
added via a cooled syringe. Instantly, the reaction mixture becameremoved under vacuum, and the particles were analyzed by
a clear light orange color, and heat evolved. The reaction was stirredejemental analysis (see Table 1).
under N for 48 h. Methanesulfonyl chloride (0.370 mL, 4.80 mmol) Preparation of SiO»PEG-NH,. The SiQ-PEG-N;, THF (45

in THF (4 mL) was added via syringe, and a precipitate formed. )y anq 5 stir bar were loaded into a 100 mL round-bottom flask
Et:N (0.330 mL, 2.40 mmol) in THF (8 mL) were also added, and ey "pPR (0.52 g, 2 mmol) was added to the flask, followed by
the reaction mixture was stirred undep For 5 h. The reaction HyPO; (0.65 M, 25 mL), and the mixture was stirred for 24 h. The

_r|1_1|i_|x'£ure was trans(,jfer_red to a 100 mL _rounlc\il-bottonioflasl_k, and the - riicles were isolated by a series of centrifugation/decant/resus-
was removed via rotary evaporation. NexgH40 mL)was  yongion cycles (8) with CHOH/hexane/THF (1:1:3). Volatile

added followed by NaHC@until a pH~ 8 was reacheqWarning: materials were removed under vacuum, and the particles were
if sodium azide is added to acid solutions, toxic and explosive analyzed by elemental analysis (see Table 1).

HNg will form.] NaNs (470 mg, 7.20 mmol) was added, and the Preparation of SiO,-PEG-Biotin. Biotin N-hydroxysuccinimide

reaction was heated at reflux for 12 h. The reaction mixture was ester was added 1 a 100 mL. round-bottom flask containina-Sio

cooled to room temperature and washed with water in an ultrafil- PEG-NH, suspended in DMF (45 mL), and the mixture was gtirred

tration apparatus fitted with a 3000 MW regenerated cellulose pend . : . . :
for 24 h. The particles were isolated by a series of centrifugation/

acetate membrane for 18 h. The sample was concentrated50 . . o
mL of H,O which was then removed by azeotropic distillation with g)ecsr:]gr\(/ajll;?i?:?r?zlac'zre]rigg\?vzf\pgtrzoSeHé?Eijh;X\?ggﬁ 52': (1:1:
toluene. THF (15 mL) was added, and the reaction mixture was 7/’ S o . - o
dried over CaGl The product polymer was isolated by precipitation ~__Determination of Biotin Functionality. Nanoparticles with

into EO (350 mL) to yield 5.6 g (45%):H NMR: ¢ (ppm) 4.7 amine functionality (50 mg) were suspended in DMF (5 mL) in a

(2H, d), 4.+3.3 (322 H, br), 2.3 (2 H, 1), 1.7 (3H, s). IR (cm™ % 10 mL round-bottom flask, to which 5-fluorescein isothiocyanate
2887 (br), 2107 (medium), 1641 (weak). GP®1, 3600 g/mol (FITC) (10 mg) was added. The reaction mixture was stirred for
(PDI 1.05); MALDI: see Figure 2; ninhydrin test: negative. 24 h. In a second 10 mL round-bottom flask, nanoparticles with

Typical Synthesis ofa-3-Alkenyl Ether —a-Aminopoly(eth- biotin functionality (50 mg) were suspended in DMF (5 mL) in a

ylene glycol) (PEG 3) PEG2 (500 mg, 0.09 mmol), THF (5 mL), 10 mL round-bottom flask, to which FITC (10 mg) was added,

CoCh, (11 mg, 0.045 mmol), and a stir bar were loaded into a 25 and the reaction mixture was stirred for 24 h. The particles were
mL round-botforﬁ flask. Whil’e stirring, NaBH17 mg, 0.45 mmol) isolated by a series of centrifugation/decant/resuspension cycles

was added, and MeOH (5 mL) was then added dropwise. The (5x) with CH3OH/hexane/THF (1:1:3), and volatile materials were

reaction was stirred for 30 min. Solvent was removed via rotary ﬁ%o‘i’ggn‘:igg?rg’gﬁé’:&;gﬁ:O\;‘vsé roef earcéh ggg’agﬁgd;:;c’ggg'cges

evaporation, and the polymer was isolated by precipitation in® Et fuorimetry prep y y
25 mL) to yield 428 mg (86%) of productd NMR: 6 (ppm) 4.7 :

EZ H, d)), 4&/—3.3 (320 |-g|,(br), 2).8 (2 H,t), 2.3 (2 H, t),(E% ()3H, s). Typical Aggregation Experiment. Test tubes were cleaned as

IR: v (cm ~1) 2887 (br), 1641 (weak); ninhydrin test: positive.  follows: the tubes were placed inverted on a small glass stir rod.
Tyl Symnes o Enometny i s adopoyn. 100100 replacd o500 L bker wEOPLOTTHE

ylene glyco : 4 g, 1.5 mmol), mL), _ ,

Karstedt's solution (30@L), and a stir bar were placed into a 100 for at least 10 min. Into (tjht?] cleaﬂed t‘:ﬁ;ﬁ%xd .al?alnopatl.rtllcle

mL round-bottom flask. Dimethylethoxysilane (9.40 g, 90.0 mmol) Suspension were passed through a @#ilter. An initial particle

was added slowly, and the reaction was heated &C8for 18 h. size was determined, next, an avidin solution of the appropriate
Solvent was then removed via rotary evaporation, and the remainingconcentration was added through a 0.45 filter. Aggregate size
product was freeze-dried from benzene to yield PE.40 g, was monitored over time using dynamic light scattering. Periodic

98%).2H NMR: & (ppm) 4.1-3.3 (322 H, br), 1.2 (5 h, m), 0.9 (2 samples were also prepared for TEM analysis.

H, m), 0.5 (2 H, m), 0.05 (6 H, s). IRy (cm 1) 2887 (br), 2107

(sharp). Acknowledgment. This work was supported by NSF (DMR-
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