THE JOURNAL OF 17155

PHYSICAL
CHEMISTRY

LETTERS

2007,111,17155-17157
Published on Web 11/01/2007

Quantifying the Surface Coverage of Conjugate Molecules on Functionalized Nanoparticles

Leonard F. Pease llI} De-Hao Tsail* Rebecca A. Zangmeistef, Michael R. Zachariah,* "+ and
Michael J. Tarlov*

National Institute of Standards and Technology (NIST), 100 BureauelMS 8362, Gaithersburg, Maryland
20899, and The Umersity of Maryland, 2181 Glenn L. Martin Hall, College Park, Maryland 20742

Receied: July 16, 2007; In Final Form: August 31, 2007

Here we present a method to determine the surface coverage or surface density of biological molecules
conjugated to nanoparticle surfaces. Electrospray-differential mobility analysis (ES-DMA) is used to determine
a coating thickness by measuring the change in the size of gold nanoparticles before and after modification
with thiol-derivatized single-stranded DNA. The DNA surface coverage is then obtained from the coating
thickness through the use of a simple random coil model. The method requires neither fluorescent tagging
nor calibration curves. We believe ES-DMA to be a broadly applicable nanometrology tool for the
characterization of biologically conjugated nanoparticles.

This letter addresses a key problem in nanoscience andthrough a neutralizing chamber where collisions with charged
nanotechnology: how to determine the molecular surface ions reduce the charge to a modified Boltzmann distribution.
coverage of nanoparticles derivatized with organic or biological Consequently, the particles analyzed in the DMA carry pre-
molecules, particularly those without a fluorescent tag. Many dominantly a single net positive charge. As the droplets
approaches to functionalize engineered particles have beercontaining a gold nanoparticle dry, any salts or other nonvolatile
developed, but characterizing the number of moieties dotting impurities encrust the surface. As only a small fraction of
the surface of a nanoparticle remains a critical technical droplets contain gold particles, most particles entering the DMA
challenge and a major barrier to commercial development. For are simply dried salts. Within the analysis chamber, charged
example, measuring surface coverage will be key to the particles are attracted to a center electrode while being dragged
development, manufacturing, quality control, and regulatory ajong by a carrier gas. Particles for which the radial electrical
approval of nanobiomaterials for therapeutic use. Additionally, force balances the radial drag force pass through a collection
surface coverage measurements will aid quantitative understandsjit in the center electrode. The drag force in the free molecular
ing of the results from nanoparticle sensors, enable engineeringregirne depends on the projected area; this is a fact we employ
of particles for energy applications, and facilitate nanoparticle i, our model for surface coverage. Finally, a condensation
toxicology studies. Here we demonstrate the use of electrospray-partide counter enumerates the number of particles passing
differential mobiIiFy ar_1a|ysis (ES-DMA) to determ_ine the surface through the detector per cubic centimeter of gas flow. Stepping
coverage of semiflexible molecules on nanoparticles by measur-y,,,gh the voltage yields a particle size distribution. In this
ing changes in particle size. ____manner, particles with diameters greater than 3 nm may be sized

To demonstrate our approach, we select gold nanoparticles,, i, high precision. For example, for nominally 10 nm Au

coated With single-strande_d DNA (ssDNA), which hold potential_ nanoparticles, the standard deviation of the number-average
for a variety of uses ranging from cancer treatments to genetic diameter ist 0 1 nm

diagnostics:> Comparing the diameter of coated and bare ) ) . . )
Figure 1 displays two ion mobility spectra: one (red) acquired

particles determines how far the ssDNA protrudes from the 3 L ) ;
surface. We then develop a simple random coil model to from a solution containing bare Au nanoparticles nominally 20

approximate the projected area and volume occupied by an"M in diameter and the other (blue) from a solution of 20 nm
individual strand. The surface coverage then follows from the AU nanoparticles coated with thiol-modified ssDNA [(dF)
molecular footprint. SH], where dT represents deoxythymine an_d th_e subsc_r_lpt

In differential mobility analysis, also referred to as gas-phase denotes the number of bases per strand. Typical ion mobility
electrophoretic mobility molecular analysis (GEMMAJ, a spectra display two peaks. The first set of peakd( nm)
particle suspension must be conveyed first into the gas phasecorresponds to salt particles that result from the drying of
Electrospray ionization suits this purpose well, producing a droplets not containing Au particles. Their location depends on
narrow distribution of droplet diameters. The droplets pass the concentration of nonvolatile salts present in the droplets prior
to drying, which can vary modestly with sample preparation.
97; T2%5V¥3h%m co?tgelsgggdzegzse ?Ehoul(_iI be _aﬂdrelsseld. (M.J.T) Phone: 301-The second set of peaks 15 nm) represents Au particles, one
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Figure 1. Two typical particle size distributions of nominally 20 nm  Figure 3. The surface coverage, versus the salt concentration of
Au particles, one bareQ) and the other coated with (GBSH (x). the ssDNA solution in which the particles were immersed during
The difference between the two particle size distributions determines preparation. Shorter strands display higher surface coverages because
the apparent coating thickness. each strand occupies a smaller footprint.
7 pAOiTMNaCl ¢

[appropriate for oligo(dT) strands on golf]though a variety
of prefactors remain available to account for surfasgand
interactions:! Accordingly, we expecH ~ Np2, and indeed
Figure 2 shows square root scaling to fit the data well. We thus
conclude that the strands adopt a random coil configuration on
the nanoparticle surfacé:13 Consequently, the coating does
not meet the formal requirements for a polymer brush, though
the DNA community often refers informally to these surface
coatings as brushés.
Knowing the configuration of the strands enables estimation
of the surface coverage. Here we note that while the structure
0 10 20 30 of the strands may change upon drying, the surface coverage
Number of Bases does not. The drag force experienced by the coated particle in
Figure 2. Apparent coating thickness, versus number of dT  the DMA depends on the diameter of the partic®, the
nucleotides per strand\,, for a variety of salt concentrationss. The projected area of the coiled strands characterized ki 172,
dashed and solid lines respectively represent fits for a contour length gnq the surface coverage, Knowing D and <x2>12 allows
(TOdEI for fully stretched out DNA versus that of a square 100t nference ofy from the data with a suitable model. We derive
ependenceH = 1.IN®5Nn0-3% nm L%35 mol~%39 characteristic of . ) " Y
strands coiled into low-grafting density layers (see text). an ana!yt'ca! expression for the d(ag force for a Ilumpy sphere
model in which the ssDNA occupi@é, hemispherical caps of
the shells of dry nonvolatile salts can be removed by subtracting radius<x?>12, whereNy, represents the number of caps around
the volume of the salt particle from that of the nanoparticle the two dimensional projection of the particle’s circumference
similar to the work of Kaufma#f.The narrow distribution in (see Supporting InformatioRy.The apparent coating thickness,
droplet size produced by the electrospray minimizes uncertainty H, determineNm,, which gives a measure of a strand’s footprint.
associated with this correction. Data in subsequent figures reflectThe surface coverage, consequently, may be approximated as
this correction. Subtraction of the diameter of the bare particle 0 = [(D + H)? — DZ%[2zD <x?>].2 Using this model, we
from the DNA-coated nanoparticle determines the apparent find o ranges between 2.2 10*? and 6.9x 103 strands/crh
coating thicknessH, presented in Figure 2, which is twice the as displayed in Figure 3, assumilag= 0.59 nm and\i = 3 (I«
thickness of the coating layer on either side of the particle. = 1.8 nm) forN, = 10—30 base$%17By comparison, “brushes”
Using ES-DMA, we investigated the dependence of the prepared under similar conditions have reported coverages from
coating thickness on the number of dT nucleotides within a 1.0 x 10 to 2.0 x 10 strands/crh for 12 mers on
ssDNA strandNy, and the salt concentrations. The depen- nanoparticles and 4.8 10%to 2.5 x 103 strands/crifor 25
dence of the coating thickness on the number of bases per strandners on planar substrates in reasonable agreement with the
is related to the spatial configuration of the bases within the values derived from our mod&t518
strand in the dry state. If the strands pack together tightly in a  An alternative approach approximates the surface coverage
brush structure, similar to alkanethiol self-assembled monolay- if the bulk density is known. Here the number of strands on the
ers, then the bases will extend into configurations that minimize particle equals the ratio of the volume of the shell containing
interstrand repulsion. Accordingly, the coating thickness should the DNA, #[(D + H)2 — D?)/6, to the volume of an individual
scale linearly on the contour length (i.e., the length of the sSDNA strand, (N, + m)/(Napay), WhereNa is Avogadro’s number,
backbone), such thad ~ Ny,. However, if packing allows for pav is the average bulk density from DNA on planar surfaces,
sufficient space between the strands, the bases will adopt am, is the molecular weight of a base, anylis the molecular
random coil configuration to maximize entropy (appropriate for weight of the thiol linkage. Dividing the number of strands by
dried strands), and then the coating thickness should bethe surface area yields = Napa[(D + H)® — D3)/[6D?(m,Np
proportional to the linear end-to-end distance?>12 of a + m)]. With pay of 0.89 to 1.3 g/criireported for (dT)sSH on

X078 MNaCl "

0151 MNaCl ,*

+2.29 M NaCl #
.

Coating Thickness (nm)

strand. For freely jointed Gaussian chaifg?>12 = cN,V2N, /3y, a planar gold film by Petrovykh et alm, = 304 g/mol,m =
whereN represents the number of bases per Kuhn lergth ( 134 g/mol for the six carbon thiol linked, ard, = 20 or 30
Nilp), I describes the length of a base, ang 0.62 for end- bases, we findr = 9.0 x 10'%to 6.4 x 103 strands as compared

tethered strands on a hard sphere with minimal surface attractionto o = 2.0 x 102 to 4.0 x 103 strands/crh for the same
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% 100 Kaufman adequately accounts for the presence of the salt,
3 +(dT);oSH despite “crusts” ranging from approximately 0.1 to 1.2 nm in
e O(dT),SH thicknes< However, we cannot distinguish with this technique
g X(dT) ,SH whether the crust lies on the top of the strands, at the base of
o A(dT),SH the strands, or uniformly coats the strands, though the latter
3 10 seems more likely.
8 In summary, these results indicate the potential of ES-DMA
‘g to quantify the coverage and configuration of biological
g molecules and organic coatings on nanopatrticles. We considered
o . o the specific example of thiol-modified ssDNA and find it adopts
] o1 ] a random coil configuration. We believe the analytical model
: to be valid generally for sufficiently long and flexible molecules
Ao/l (i.e., whereN, > Ny).
Figure 4. Scaled surface coveraggp*, versus the ratio of the Debye
length, 1o, to the Kuhn lengthl, wherea* is inversely proportional Acknowledgment. L.F.P. acknowledges support of a post-
to the molecular footprint of an individual, nonoverlapping strand, doctoral fellowship through the National Research Council. We
(<x?>)7%. The line represents a best fit ofo* = 0.82(o/li)™". express appreciation for helpful conversations with David L.
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conditions with the previous methd&.Thus, where the bulk  |ewski.
density on similar surfaces prepared at similar salt concentrations ) ) ) )
is known this alternative approach may find utility, while the ~ Supporting Information Available: Details of the sample
previous method may be more useful where Kuhn or persistencepreparat'f)n and data analysis. This material is available free of
lengths are known. charge via the Internet at http://pubs.acs.org.
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