
Stabilization of Nanoparticles Under Biological Assembly Conditions Using
Peptoids

David B. Robinson,1 George M. Buffleben,1 Mary E. Langham,1 Ronald N. Zuckermann2
1Sandia National Laboratories, PO Box 969, Livermore, CA 94551

2Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Received 18 October 2010; revised 1 December 2010; accepted 19 December 2010

Published online 25 January 2011 in Wiley Online Library (wileyonlinelibrary.com). DOI 10.1002/bip.21588

This article was originally published online as an accepted
preprint. The ‘‘Published Online’’ date corresponds to the
preprint version. You can request a copy of the preprint by
emailing the Biopolymers editorial office at biopolymers@wiley.
com

INTRODUCTION

T
he artificial organization of inorganic material into

designed structures on the nanometer scale is a fun-

damental technological problem. Photolithography,

the predominant technique, is used primarily to

achieve high-density information storage and proc-

essing. Further mastery of architecture on this length scale

may advance these goals and create new realms of applica-

tion, such as a general approach to interfaces with single bio-

molecules or organelles. Sequence-specific polymers are a

promising new pathway toward this, as most strikingly dem-

onstrated by the DNA origami technique, in which a long

single strand of DNA is folded into elaborate patterns using

short oligomers that connect different parts of the long

strand.1 These structures have been formed into tiles and

tubes in various forms,2–6 demonstrating the versatility and

generality of the method. Others have used the assembly

properties of DNA to precisely organize inorganic nanopar-

ticles in periodic7 or chiral8 structures. Gold nanoparticles

have been incorporated into DNA origami or other nucleic

acid nanostructures with high precision, but not with high

generality, requiring constraints on the template structure,
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ABSTRACT:

Sequence-specific polymers are proving to be a powerful

approach to assembly and manipulation of matter on the

nanometer scale. This has been most impressive in the

case of DNA, and progress has been made toward

templating inorganic nanoparticles using DNA

nanostructures. One obstacle to this progress is that

inorganic nanomaterials are often incompatible with

DNA assembly conditions, which involve aqueous

solutions high in either or both monovalent and divalent

salt. Synthetic oligopeptide ligands have been shown by

others to improve nanoparticle stability in high

concentrations of monovalent salt. Ligands that are

peptoids, or sequence-specific N-functional glycine

oligomers, allow precise and flexible control over the

arrangement of binding groups, steric spacers, charge,

and other functionality. We have synthesized short

peptoids that can prevent the aggregation of gold

nanoparticles in high-salt environments including

divalent salt, and allow coadsorption of a single DNA

molecule. This degree of precision and versatility is likely

to prove essential in bottom-up assembly of

nanostructures and in biomedical applications of

nanomaterials. # 2011 Wiley Periodicals, Inc.
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the use of specific particle sizes, or use of coatings that are

thick with respect to inorganic particle size.9–12

One factor likely to limit generality of assembly of inor-

ganic materials using DNA, or of subsequent application in

biological environments, is that compact DNA nanostruc-

tures typically require at least tens of mM divalent salt dur-

ing assembly and manipulation. This is especially true in

the case of DNA origami, where tightly folded strands cre-

ate high densities of negatively charged phosphate ions. In

contrast, inorganic nanoparticles typically rely on interpar-

ticle electrostatic repulsion for stability against aggregation.

Increased salt concentration weakens this repulsion, and

divalent salt can have a crosslinking effect.13 Thick surfac-

tant or polymer coatings on particles can mitigate this,14

but may also mask the function of the inorganic material,

limit precision and pitch of positions on a template, and

limit transport and uptake in biological environments. For

functionalization of gold nanoparticles with DNA, a small

anionic ligand, bis (p-sulfonato) triphenylphosphine

(‘‘phosphine’’) is often used because it is a small molecule

that is easily displaced by thiolated functional molecules

and has low nonspecific binding to DNA and other materi-

als.15,16 However, it provides no tolerance to even 2 mM

magnesium ion. Another strategy is to completely encapsu-

late particles with thiolated DNA, in some cases applying a

small number of long strands along with a large number of

shorter oligomers.7,9,10 This confers some magnesium ion

tolerance with some loss of the advantages of the phos-

phine. It perturbs DNA nanostructures; their structure in

the presence of particles is very different from their struc-

ture in the absence of particles. This is not surprising given

that the total charge on the DNA-functionalized gold parti-

cle is high, and not widely tunable.

Greater versatility may be obtained by using other

sequence-specific polymers with a wider range of functional-

ity as ligands. Short oligopeptides have been designed by Fer-

nig et al. that confer monovalent salt tolerance in the high

hundreds of mM,17–19 although any tests of these with mag-

nesium and/or DNA have not been reported. Oligo(N-func-

tional glycine)s (‘‘peptoids’’) have conformations that are less

salt-dependent than similar peptides,20 and this may confer

function that is also less salt-dependent. In this work, we

describe peptoids that stabilize 5 nm gold particles in molar

concentrations of monovalent salt and high tens of mM diva-

lent salt, and show that their interaction with thiolated DNA

is similar to the phosphine ligand. This constitutes another

strategy to facilitate DNA-nanoparticle interactions in

nucleic acid nanostructures, and may also prove useful in

biomedical applications of gold nanoparticles such as gene

delivery.21,22

RESULTS AND DISCUSSION

Peptoid Sequence
Fernig et al. screened a library of short oligopeptides for tol-

erance of gold nanoparticles to high sodium chloride con-

centrations. The sequences CALNN and CCVVVT conferred

tolerance of the particles to hundreds of mM salt. These oli-

gopeptides exhibit thiol and amine moieties on one end,

bulky hydrophobic spacers, and both neutral and anionic

hydrophilic groups at the other end. We chose to include

these features in our initial peptoid designs, the most suc-

cessful of which are shown in Table I.

Each of 1–3 has a thioether at the N terminus, chosen

because it can be incorporated in high yield with no pro-

tecting groups, and because it may be more easily displaced

from the particle surface by a thiol-functionalized oligonu-

cleotide or other useful molecule.23 An amine also appears

near the N terminus as a primary amine sidegroup in 1

and 2, or as a secondary amine in the backbone in 3. Chi-

ral R- or S-1-phenylethyl (rpe or spe) sidegroups are bulky

and hydrophobic, and are known to induce well defined

helical conformations.24–26 Helicity is not thought to be

essential for this application, but a well defined conforma-

tion can aid rationalization of sequence-property relation-

ships, and may help form a compact region in a peptoid

monolayer on a particle surface. Evidence of helical confor-

mations adopted by these peptoids is presented in the Sup-

porting Information. Hydrophilic groups appear near the

C terminus. The C termini themselves are primary amides,

and nearby sidegroups include carboxylates and methyl

ethers. Adjustment of the ratio of these sidegroups allows

tuning of charge. Peptoids 1–3 are expected to have a net

charge of !1 at neutral pH.

While peptoids with cationic and/or hydrophobic charac-

ter have been shown to interact strongly with DNA,27 the

peptoids described here do not. DNA with bound peptoids

would have a different charge-to-mass ratio from free DNA,

so its electrophoretic mobility should change. Ladders of

double-stranded DNA exposed to Peptoids 1–3 proceed

unimpeded in gel electrophoresis, as shown in Figure 1. Pep-

toids with hydrophobic character can be stained after the gel

is run, and their transport is independent of that of the

DNA, as illustrated in Figure 1 in the case of Peptoid 1,

which is the most hydrophobic of the three peptoids; the

others are not visible with this stain. We have seen previ-

ously27 that peptoids with more positively charged amine

groups and fewer negatively charged carboxylate groups

cause decreased mobility and smearing of DNA gel bands, or

precipitation in the case of purely positively charged hydro-

phobic peptoids. Peptoids 1–3 have a net negative charge
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and are less hydrophobic than those in the prior work, and

this has prevented their interaction with DNA.

Gold Particles
DNA nanostructures involve several length scales of a few

nanometers, such as that of a full turn of a DNA helix and

the spacing between strands in DNA origami. To take full

advantage of the spatial resolution of this technique for tem-

plating of inorganic material, particles should be about the

same size. We have primarily focused on 5 nm gold particles,

which are closest to this length scale among commercially

available colloids. Aqueous synthesis of particles in this size

range usually involves a combination of citric and tannic

acids, which are expected to remain bound to the surface.28,29

The latter is a polyphenolic substance with a heterogeneous

chemical structure that likely binds more strongly to the sur-

face than citric acid. We seek a ligand exchange protocol that

allows displacement of these with a more strongly binding

peptoid, as well as separation of any excess or displaced

ligands by precipitation of the particles or another simple

method. This can have the additional advantage that the

recovered particles can be more concentrated than before.

For the water-soluble phosphine mentioned in the introduc-

tion, this is achieved by incubation of excess phosphine with

the gold particles, followed by precipitation by raising the so-

dium chloride concentration to about 600 mM.16 The par-

ticles rely on electrostatic charge to avoid aggregation, but

under high-salt conditions the charge is screened, allowing

close contact between particles. Particles insufficiently substi-

tuted with phosphine cannot be re-dispersed in water, so dis-

FIGURE 1 0.8% Agarose gel electrophoresis of peptoid-DNA lad-
der mixtures in TAE buffer. Left image: Fluorescence of ethidium
bromide bound to double-stranded DNA in the presence or absence
(far right lane) of Peptoids 1–3. Ladder bands are 0.4, 0.8, 2, 4, and
10 kilobase pairs, from bottom to top. Right image: Coomassie-
stained peptoids in the same gel. A bovine serum albumin standard
in the same gel stained darkly.

Table I Structures of Peptoids Studied in Detail Here

All methoxypropyl sidegroups are S. For peptoid 1, all phenylethyl sidegroups are R. For 2 and 3, all phenylethyl sidegroups are S.
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persal indicates that some substitution has occurred. Peptoid

1-coated gold particles can be isolated by precipitation from

3M sodium chloride, but not Peptoids 2 and 3, as discussed

below. This shows that peptoids 2 and 3 are extraordinarily

effective at stabilizing the particles, but this works against

our need to concentrate them for imaging of their absorb-

ance in a gel. Addition of trifluoroacetic acid to a final con-

centration of 80 mM protonates the carboxyl groups on the

peptoids, reducing the charge on the particles and causing

them to aggregate. These can be resuspended in Tris borate

buffer and form clear bands in a gel, as shown in Figure 2

(left). A well-defined trailing band, perhaps a dimer, also

appears in each lane.

We desire the ability to selectively functionalize peptoid-

protected particles by displacement with thiols, which in an

application could be a 50-mercaptohexyl DNA oligomer, or a

crosslinker between two templated particles with a low bar-

rier to electron transport. As a preliminary demonstration of

this, Figure 2 (middle) shows a gel containing phosphine-

and Peptoid 1-treated gold particles, and the latter subse-

quently treated with thioglycerol. The thioglycerol treatment

causes aggregation that prevents most particles from entering

the gel, a simple illustration that thiols can displace the pep-

toid. Also, Peptoid 1-treated particles that are treated with 3-

mercaptopropionate migrate in a gel at the same rate as those

with 3-mercaptopropionate only, and at a different rate from

those with Peptoid 1 only (Figure 2, right), indicating that

the thiol displaces the peptoid while keeping the particle sta-

ble under these conditions.

Monovalent Salt Tolerance
Colloidal gold particles are expected to aggregate in the pres-

ence of a sufficient ionic strength. Aggregation can be

observed as precipitation, as a significant shift in the plasmon

peak, or as changes in the timescale of fluctuations in scat-

tered light intensity. When saturated aqueous sodium chlo-

ride is added to bring its concentration to 600 mM in the

presence of phosphine-protected gold particles, the particles

aggregate upon mixing (as observed by a darkening or loss of

red color) and then precipitate. The visible spectra of these

particles record the surface plasmon peak, which red shifts

and decreases when particles aggregate. As shown in Figure

3, peptoid 1-protected particles were exposed to high con-

centrations of sodium chloride by adding the solid salt. No

peak shift is observed when the salt concentration is 1M. At

2M, the solution initially became cloudy, and after several

FIGURE 2 Electrophoresis of treated 5 nm gold particles in agarose gels, 0.53 TBE buffer. Left gel
(2% agarose): Particles protected with peptoids 1–3, acid-precipitated and re-dispersed in TBE. Mid-
dle gel (0.8% agarose) shows (Phos.) phosphine-treated particles, (1) Peptoid 1-treated particles,
(1+TG) Particles treated with Peptoid 1 and then several hours later by a comparable molar amount
of thioglycerol. Right gel (3% agarose) shows (Au) commercial gold, (1) Peptoid 1-protected gold,
and mercaptopropionate-protected gold without (MPA) and with (MPA+P1) Peptoid 1. Particles in
the middle and right gels were concentrated by salt precipitation.

FIGURE 3 Visible absorbance spectra of 5 nm gold particles
(about 50 nM) and about 60 lM peptoid, with either no added salt
(light blue, Peptoid 1; light red, Peptoid 2; light green, Peptoid 3) or
after 5 days in high concentrations of sodium chloride (dark blue,
Peptoid 1; dark red, Peptoid 2; dark green, Peptoid 3).
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days became clear with a reduced absorbance. As noted

above, precipitation is observed at 3M.

Peptoids 2 and 3 showed no significant peak shift after

five days even in 5M sodium chloride. Only partial precipita-

tion, with no color change, was observed after centrifugation

(16,000g, 10 min) in a saturated solution in the presence of

solid salt.

Divalent Salt Tolerance
The extreme monovalent salt tolerance afforded by Peptoids

2 and 3 may actually be a disadvantage because it precludes a

method to concentrate or isolate the particles. In contrast,

tolerance to divalent salt is advantageous because it allows use

of gold nanoparticles with biomolecules requiring it. When

magnesium chloride is added from a 60 mM stock solution to

bring its concentration to 2 mM in the presence of phosphine-

protected gold particles, the particles darken upon mixing for

1 min and then slowly precipitate. However, peptoid-protected

particles show no significant absorbance peak shift at fivefold

higher concentrations, as shown in Figure 4 for both 5 nm and

10 nm particles. In fact, Peptoid 1-treated 5 nm gold does not

lose its red color until the magnesium ion concentration is

raised to 35 mM, and is stable at 20 mM. Peptoids 2 and 3 are

stable at 80 mM but not 160 mM. Figure 5 (right) shows that

plasmon peaks have not shifted at these upper limits.

From the concentrations calculated in the Materials and

Methods section, and assuming 5 adsorbates/nm2, 30 lM
peptoid will adsorb onto the surfaces of 50 nM 5 nm par-

ticles, and 15 lM peptoid will adsorb onto 6 nM 10 nm

particles.30 Figure 5 (left) shows that, if the peptoid con-

FIGURE 4 Visible absorbance spectra of 5 (left) and 10 (right) nm gold particles, at concentrations
of about 50 nM and 6 nM respectively and about 60 lM peptoid, with and without 10 mM magne-
sium chloride (no MgCl2: light blue, Peptoid 1; light red, Peptoid 2; light green, Peptoid 3; with
MgCl2: dark blue, Peptoid 1; dark red, Peptoid 2; dark green, Peptoid 3; some curves closely overlap).
The Au-only spectrum on the left is 5 nm particles in 16 mM pH 8.0 Tris, and on the right is 10 nm
particles in water. Spectra were collected more than 10 min after peptoid sample preparation.

FIGURE 5 Visible absorbance spectra of 5 nm gold particles (about 50 nM) (left) holding the mag-
nesium chloride concentration constant at 10 mM and varying the concentration of Peptoid 2, meas-
ured 5 min after preparation, and (right) the result of increased magnesium chloride concentration
on the 10 mM samples in Figure 4 left. The decrease in peak height is primarily due to dilution. Spec-
tra were collected more than 5 min after peptoid sample preparation.
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centration is at or below this in the 5 nm case, protection

against magnesium is lost. At the lower concentrations, the

particles are not completely coated by peptoids and can be

expected to be more prone to aggregation. Peptoids are

able to protect particles without requiring a significant

excess of free peptoid, so they are apparently forming sta-

ble surface layers.

The plasmon peak of colloidal gold is sensitive to factors

other than the state of aggregation (such as the identity of

surface ligands). Dynamic light scattering provides an inde-

pendent and more sensitive indication of particle aggrega-

tion. Fluctuations in the intensity of scattered light provides

a measure of the timescale of particle diffusion, expected to

be longer for larger particles or particle aggregates. The tech-

nique is most sensitive to the largest aggregates present. We

used commercial 5 and 10 nm gold particles as standards,

and then examined the samples presented in Figure 4. The

autocorrelation functions for both sizes of peptoid-treated

particles (see Figure 6) fell between those of the standards,

regardless of the presence of 10 mM magnesium chloride.

This provides further evidence that there is no significant

aggregation of the particles under these conditions.

At higher magnesium concentrations, the 10 nm par-

ticles are unaffected. The curves for 5 nm particles suggest

a small population of aggregates larger than 10 nm that

are probably formed reversibly, given that the colloids

remain stable on a timescale of weeks. Dynamic light scat-

tering is more sensitive to the presence of aggregates than

the absorbance spectrum, so it is no surprise that this phe-

nomenon is observed even though no peak shift is

observed in Figure 5.

We have also observed by light scattering and spectrome-

try that peptoid-protected particles confer stability against 10

mM magnesium ion even at elevated temperature. Particles

with Peptoids 1 and 2 were stable to 1-h exposures to 948C.
Those with Peptoid 3 were not, but withstood 1 h at 658C.
These are conditions similar to those used in the assembly of

DNA nanostructures, so it may be possible to incorporate

particles into the structures during that step instead of in a

separate post-assembly step. The reduced thermal stability of

FIGURE 6 Top: normalized dynamic light scattering traces of the samples in Figure 4. The water
blank is not normalized. Standards are shown in green, and peptoid-protected particle samples with-
out MgCl2 are red; those with MgCl2 are blue. Bottom: the same for the samples in Figure 5 right.
Numbers on the bottom right give the identity of the peptoid used in the sample. Measurements
were at least 1 day after peptoid sample preparation.
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peptoid 3 suggests that it may constitute a practical lower

bound on peptoid length.

The assertion that the particles are freely dispersed in the

10 mM Mg2+ samples is further justified by transmission

electron microscopy. In Figure 7, grids dipped in the peptoid

2-protected 5 and 10 nm samples shows a significant popula-

tion of isolated particles bound to the grid. Some two-

dimensional aggregates are present, which commonly occurs

upon drying of a sufficiently concentrated solution onto the

grid. In contrast, phosphine-coated 5 nm particles exposed

to 20 mM Mg2+ form a mixture of three- and two-dimen-

sional aggregates on the grid, with few isolated particles. We

believe that loosely bound three-dimensional aggregates exist

in solution that partially spread out when they are deposited

onto the grid. In such loose aggregates, we expect that the

phosphine coating is still on the particles, and few particles

form metallic bonds, but they are electrostatically bound to-

gether by the divalent ion.

Other Peptoids
Several other peptoids were studied in order to understand the

dependence of particle stability on peptoid sequence (Table II).

Peptoid 4 stabilized 10 nm gold particles against 10 mM

magnesium ion, but not 5 nm particles. It does not have a

hydrophobic spacer region, which is apparently an important

component. Peptoid 5 is a variation of Peptoid 3 that has no

amine near the N terminus. This and a version of Peptoid 1

with no methylthioacetyl group (and only the secondary amine

terminus) did not stabilize either diameter of particles. The

sequence motifs of the literature peptides17 appear to be

equally relevant to peptoids. Another commonly used gold

nanoparticle ligand, sodium mercaptoundecanoate, was tested

and did not confer magnesium tolerance. Particles protected

from 10 mM magnesium ion with a version of Peptoid 1 in

which carboxyethyl groups replaced the methoxypropyl groups,

with an expected net charge of !3, slowly changed color over

several days, suggesting an undesirable degree of aggregation.

Table II Structures of Additional Peptoids

All methoxypropyl and chiral carboxyethyl sidegroups are S. For peptoid 4, all phenylethyl sidegroups are R. For peptoid 5, all phenylethyl sidegroups are S.

FIGURE 7 Transmission electron micrograph of grids dipped in 5 nm (left) and 10 nm (middle)
gold particle samples treated with Peptoid 2 and 10 mM MgCl2 (same samples as in Figure 4, but
two days later), and (right) phosphine-protected 5 nm Au in 20 mM MgCl2, prepared immediately
upon mixing.
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To some extent, the importance of these features can be

rationalized. Bidentate nanoparticle ligands such as dithio-

threitol and a-lipoic acid are known to confer greater stabil-

ity than monodentate analogs such as thioglycerol and mer-

captoundecanoic acid.31 The combination of thioether and

amine may make peptoids behave as bidentate ligands. Thio-

ethers are known to bind to gold,32 and amines can bind well

to gold nanoparticles either by coordination33 or electrostatic

attraction.34

Aqueous gold nanoparticles generally have a net negative

charge, due to their surface ligands and/or to charge on the

metal.35 Divalent salt is expected to at least occasionally

attract a pair of particles into very close proximity, overcom-

ing their mutual electrostatic repulsion and increasing the

likelihood that they will form larger aggregates and other

types of chemical bonds. If their surface ligands are fluxional

or incompletely cover the surface, their high-energy metal

surfaces can make contact, likely resulting in irreversible me-

tallic bond formation.13 The higher curvature of smaller par-

ticles gives them higher surface energy and more heterogene-

ous arrangements of surface coordination sites, and makes

interligand interaction less likely, so it is not surprising that

we could stabilize 10 nm particles in a broader range of con-

ditions than possible for 5 nm particles. The presence of a

bulky hydrophobic region in a ligand can help cover the sur-

face, and also stabilize ligands on the surface by interaction

with neighboring ligands.36–38 The outer carboxyl groups on

the peptoids add negative charge to aid electrostatic repul-

sion between particles, and they and the neutral hydrophilic

groups contribute to water solubility. However, too much

negative charge may increase interaction with magnesium or

compact DNA structures. Intermingling bulky hydrophobic

groups in the outer region appears detrimental to stabiliza-

tion of particles, although in the case of Peptoid 1, this has

worked to our advantage by providing a high-yield method

to concentrate the particles. The ability to easily adjust pep-

toid sequence allows for efficient screening of sequence-prop-

erty relationships. While this does not provide complete

answers, it provides patterns yielding many clues to the

mechanism of particle stabilization.

DNA Functionalization
Peptoid 1-protected 5 nm gold particles can be functional-

ized with one or a few thiolated DNA oligomers in much the

same way as has been demonstrated in the literature for

phosphine-protected gold.39 It may also work with Peptoids

2 and 3, but we have not yet demonstrated this using par-

ticles concentrated enough to be observable by absorbance in

a gel. Figure 8 shows a comparison of the phosphine-treated

particles (left 3 lanes) with peptoid-treated particles (right 3

lanes). Surface binding of a small number of thiolated DNA

100mers produces a series of bands corresponding to increas-

ing numbers of oligomers. This process is not efficient; we

use an approximately 40-fold excess here. It has been shown

that the individual bands of DNA-substituted phosphine-

coated particles can be extracted from the gel and used for

other purposes; other separation methods have been devel-

oped.40 We incubated the particles at room temperature for

several hours first with submonolayer amounts of disulfide-

functionalized DNA (as received, and not deprotected to a

thiol) and then with peptoid for several hours each, likely

forming a mixed coating of DNA and peptoid on the surfaces

of particles. These can be concentrated by adding solid so-

dium chloride, even when Peptoid 2 is used. The DNA may

not stay on the particle during precipitation and resuspen-

sion, because we found it necessary to add more DNA to

obtain discrete gel bands using Peptoid 1. However, we have

not obtained discrete bands with Peptoid 2. We think this is

because they do not form mixed monolayers with DNA in

the same proportions as Peptoid 1; perhaps with further

optimization this will be more successful.

The distinction between thiolated and disulfide-function-

alized DNA is subtle in our case. Previous work indicates

that disulfides result in adsorbates on gold that are indistin-

guishable from those prepared with thiols; a surface-induced

reduction apparently occurs.23,41 However, it was seen that

FIGURE 8 Electrophoresis of DNA disulfide-treated 5 nm gold
particles in 2% agarose gel, 0.53 TBE buffer. Lanes, numbered from
left to right, are (1) phosphine-protected gold without DNA. (2)
phosphine-protected gold with DNA. (3) phosphine-protected gold
with DNA and subsequently added Peptoid 2. (4) Peptoid 1-pro-
tected gold with DNA. (5) Peptoid 2-protected gold with DNA. (6)
Peptoid 1-protected gold with 2x DNA. All particles were concen-
trated by salt precipitation.
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disulfides adsorb less readily than thiols. This may actually be

useful when forming mixed monolayers with thioether-con-

taining peptoids, which probably also adsorb less readily.

Agents used to reduce disulfides can competitively adsorb

onto gold, product can be lost during purification, and the

thiol has a shorter shelf life, so there are benefits if the disul-

fide can be used directly without a prior reduction step.

However, further work may show that the need for excess

DNA can be avoided if it is reduced prior to use.

CONCLUSION
Short peptoids of the proper sequence can bind to the surface

of gold nanoparticles and stabilize them in the presence of

high concentrations of monovalent salt, and moderate con-

centrations of divalent salt, both much higher than previ-

ously demonstrated. They allow creation of particles with

low ligand-to-inorganic core volume ratios that are likely

stable enough for nucleic acid nanostructures, and for bio-

logical labeling, targeting, and delivery applications. The

peptoid-coated particles can be precisely functionalized with

nucleic acids, illustrating a useful degree of versatility. The

combination of precise and modular synthetic control and

the robust conformational properties of peptoids makes

them a promising platform for optimization of properties

and understanding of their performance mechanisms. These

are likely to make peptoids a compelling approach to the

design and application of interfaces between biological sys-

tems and inorganic nanomaterials.

MATERIALS AND METHODS

Peptoid Synthesis
Peptoids were synthesized according to standard procedures42 using
either an Aapptec Apex 396 or a J-Kem customized programmable
syringe pump27 with multiport valves for reagent selection and sole-
noid valves to apply nitrogen pressure for bubbling or draining of a
fritted reaction tube. Reagents are from Aldrich except as noted. The
oligomers were grown on about 0.1 g Rink amide resin (0.6 mmol/g,
Novabiochem) that had been swelled and deprotected by 20% 4-
methylpiperidine (Alfa) in dimethylformamide (DMF). The resin or
oligomer was bromoacylated by treatment with 1.2 M bromoacetic
acid in DMF plus 0.95 eq neat or 3M diisopropylcarbodiimide
(Advanced ChemTech) for 30 min with nitrogen bubbling. After 5
DMF rinses (bubbled about 1 minute and drained each time), a 1M
primary amine in DMF was added and bubbled for 100 min, fol-
lowed by a similar rinse. The amines used included R- or S- 1-meth-
ylbenzylamine (Acros); 2-(t-butoxycarbamoyl)ethylamine, t-butyl
D-, L-, or b-alanine, and t-butyl glycine (Chem-Impex); and S-1-
methyl-2-methoxyethylamine (Alfa). The amino acid esters were
purchased as hydrochloride salts, and converted to free amines by
dissolving in a minimal amount of dichloromethane, shaking with

0.95 eq 4M potassium hydroxide, drying the organic phase with
brine and then anhydrous magnesium sulfate, and then removing
the solvent, yielding a cloudy viscous oil that was dissolved in DMF.
Sulfur-containing moieties were added to the N terminus of the pep-
toid oligomer by substituting methylthioacetic for bromoacetic acid
in the acylation step, or by bromoacylation followed by displacement
of bromide with 2-(methylthio)ethylamine. Oligomers were cleaved
and deprotected by treating the resin with 4 mL 19:1 (v/v) trifluoro-
acetic acid (EMD Biosciences):water. The solvent was evaporated,
and the residue dissolved in 16 mL 1:1 acetonitrile:water, filtered,
and purified in four batches on a Vydac 10 lm, 22 mm 3 250 mm
C4 column using a 5–95% water-acetonitrile gradient, both with
0.1% trifluoroacetic acid. Fractions corresponding to the main peak
or peaks were collected and analyzed by LC-MS with a similar gradi-
ent (Agilent 1100 series, LC/MSD Trap XCT, Vydac C4 column),
concentrated by vacuum centrifugation, and lyophilized.

Milligram batches of a peptoid were dissolved using at least 2 eq
tris(hydroxymethyl)aminomethane, heating overnight at 608C. This
step is expected to aid folding into a stable conformation of the pep-
toid backbone, which involves slow cis-trans isomerization of the
amide bonds.43 A typical stock solution was 0.67 mg/mL peptoid
(about 0.34 mM for peptoid 1) in 100 mM pH 8.0 Tris.

Gold Particles
5 and 10 nm aqueous colloidal gold and bis(p-sulfonato)triphenyl-
phosphine were purchased from Sigma-Aldrich. These are prepared
from 0.01 wt % HAuCl4, from which we calculate a particle concen-
tration of 76 nM for 5 nm particles, and 9.6 nM for 10 nm particles.
Preparation of particles capped by this phosphine and its function-
alization with thiolated DNA followed the literature procedure.16 A
DNA 100mer39 50-functionalized with 6-hydroxyhexyl disulfide was
purchased from IDT and dissolved in water at 0.1 mM without
reduction of the disulfide. Assuming 100% yield, our stock solution
of phosphine-protected 5 nm gold was 1.0 lM. To functionalize
these particles with DNA, two volumes of the gold stock solution
was combined with 1 volume of DNA stock solution.

To cap particles with peptoids, four volumes of commercial col-
loidal gold was combined with 1 volume peptoid stock solution. Salt
concentrations were adjusted using stock MgCl2 solutions (60 mM
for target concentrations of 10 mM, or 1M for higher concentra-
tions) or solid sodium chloride, which was added by weight with the
assumption that it adds volume according to its solid density. To add
DNA to peptoid-protected particles, 20 lL DNA stock was added to
1.6 mL commercial 5 nm gold particles and incubated at room tem-
perature for 5 hours. Then 0.4 mL peptoid stock was added, followed
by overnight incubation. From this, we expect to have provided
ratios of about 16 DNA oligomers and 1000 peptoids per particle.
The particles were precipitated by adding brine or solid sodium chlo-
ride followed by centrifugation. After decanting, particles were resus-
pended in a mixture of 0.2 mL water and 16 or 32 (‘‘2x’’) lL DNA
stock, which provides another 13 or 26 DNA oligomers per particle.
We estimate final concentrations of 540 nM gold particles and 7 or
14 lM DNA, some of which may be on particles.

Gel electrophoresis of peptoids and DNA was performed with
0.8% agarose gels (Invitrogen E-Gel) that use a proprietary TAE
buffer system and ethidium bromide. The double-stranded DNA
ladder was Invitrogen’s E-Gel 96 High-Range DNA Marker, ranging
from 400 to 10,000 base pairs. Gels involving gold particles used
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0.5x TBE and Sigma Ultrapure Agarose. Peptoids in gels were imaged
using SafeStain (Invitrogen), following the product protocol.

Visible spectrometry was performed using a Unico 3802 spectro-
photometer with 1 mL PMMA cuvettes. Dynamic light scattering
from the same samples was measured using a Wyatt DAWN EOS
with QELS attachment at right angles to the beam path (690 nm
laser). About 40 autocorrelation functions were measured for each
sample. The measurements with the second, third, and fourth low-
est initial values were averaged for the plots, and the curves were
normalized by their initial values for comparison. Transmission
electron microscopy was performed on a JEOL 2010F with holey
carbon grids (Pella) dipped into a gold particle sample.
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