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ABSTRACT

Analytical ultracentrifugation (AU) provides a general way to probe the polydispersity of nanoparticles and the formation of bioconjugates in
solution. Unconjugated gold nanocrystals show sedimentation coefficient distributions that are in agreement with size distributions as measured
by TEM. AU is sensitive to the size/shape changes elicited by conjugation, in this case to lactose repressor (Lacl). AU data reveal saturating
protein concentrations for conjugates that correspond to the measured stoichiometry of the complex under these conditions.

Introduction. Applying the unique features of nanoscale red to blue as DNA hybridization induces cross-linking
structures in biological applications generally requires the between nanocrystaid? Alternatively, transmission electron
formation of nanoparticle/biomolecule conjugates, where a microscopy (TEM) is widely used for evaluating nanocrystal
nanoscale particle is tethered through chemical or physicalshape and quality but is not well suited for visualizing the
means to an active biomolecule. Historically, gold nano- biomolecular coating on nano/bio conjugates. Nonetheless,
crystal/antibody conjugates have found widespread use inin some instances, average interparticle spacings from dried

biological research as labels for electron microscbighare nano/bio conjugate films have been used to evaluate con-
recently, nanoscale structures have been conjugated tqugation effectivenes$:*6-18More recently, the stoichiometry,
various biomolecules for DNA detection assayshiological structure, and conformations of DNA-gold nanocrystal
labeling®~® immunoassay¥;1? and materials assembl§.16 conjugates have been evaluated with electrophotegis.

In all of these settings, physical characterization of conjugates Similarly, electrophoresis has also been applied to pretein
is central for their optimization in applications. Tools that nanocrystal conjugates, but stoichiometric and structural
can provide information about the formation of conjugates analysis of conjugates is impeded by the strong charge
and the stoichiometry of their components are thus essentialcharacteristics of nanostructufég? Further, this method is
to generating more effective nanobiological systems. not readily applicable to very large complexes, sample
The general problem of nano/bio conjugate characteriza-recovery is challenging, and application to nonaqueous
tion is challenging, as this requires not only evaluation of particle systems is not feasible. Analytical ultracentrifugation
disparate components of a hybrid material, but also the (AU) is an ideal complement to these existing modes of
properties of the entire assembly. Traditional biotechnology analysis. This solution technique can be applied to both
and nanotechnology techniques are difficult to adapt directly aqueous and nonaqueous systems, with detection at any
for this purpose. For example, ultraviolet absorbance is wavelength across the UWisible spectrum. Moreover, AU
frequently used to determine protein concentration in solu- allows recovery of the analyzed sample.
tion, but optical signatures of nanocrystals (e.g., gold, CdSe)  ultracentrifugation is routinely used as a separation tool
interfere with this routine, quantitative analysis for conjugated for biological macromolecules. When performed analytically,
proteins. Optical spectroscopy can be useful in specific this method provides detailed quantitative information about
CircumStanceS, however. Single'stranded DNA-gOId nano- the mass and Shape of proteins and their Comp|exes in
crystal conjugate systems, for instance, change color fromspjution23 In nanoscience, centrifugation has been applied
as a preparative technique through the common process of
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stoichiometry (i.e., number of proteins/nanoparticle) of nano/
bio conjugates.

Methods. For this work, gold nanocrystals of diameter
~10 nm were purchased from Ted Pella (Sample A).
Additionally, gold nanocrystals were prepared according to

- the methods detailed by Frens et al. (SampléB)ypically
binding 38.8 mM sodium citrate (Aldrich, 99%) was added to 50
: mL of boiling 1 mM HAuCl-3H,O (Aldrich, A.C.S.). The
color of the mixture changed from yellow to colorless to
deep red, indicating the formation of gold nanocrystals. We
estimate gold nanocrystal concentrations in water, from both
TEM as well as the reaction yields, as 14 nM for our
solutions. TEM grids were prepared by evaporating ap-
R proximately 20uL of gold nanocrystal solution onto a Ted
fetramenization Pella 300 mesh grid with removable Formvar and-&l8
nm thick amorphous carbon film. Samples were imaged in

a JEOL-2010 transmission electron microscope operating at
100 kV; approximately 5 images were digitally recorded at
40 00x magnification. ImagePro software was used to count
Figure 1. Crystallographic structure of homotetrameric Lacl bound ?hpep;c\)/)gp;gfzzseognn dagic;g)(/j?;?rlisbL?iroiagfhtr?zrgg:g (t:cc))r%roglcj)lc;
to operator DNA. The Lacl dimer is the DNA binding unit. In the : . ; :

right dimer, the DNA binding domain is shown in light blue, the ~Nanocrystals in this work have an average diameter of 10.1
core domain in yellow, and the tetramerization domain in dark blue. £ 1.1 nm (Sample A) and 13.& 3.0 nm (Sample B).

The sugar-binding pocket is indicated by the asterisk in each Purification of Lacl was carried out as described previ-

subunit. The left dimer shows the two monomers in red and green. V37 Protei d i coli strain BLIM
The structure was generated from the PDB file 1lbg as reported by OUS, y: ) roteins were expresse Co_' strain ) (@
Lewis et al43 derivative of BL26 cured of the Lacl episom@&)Following

centrifugation of cultures, cell pellets were resuspended and
lysed. Cell lysis supernatant was precipitated with 37%
ammonium sulfate, dialyzed, and loaded onto a phospho-
cellulose column. The protein was eluted with a gradient of
0.12-0.3 M potassium phosphate buffer. Fractions contain-
ing Lacl, as determined by SD$AGE, were collected, and
concentrations were determined by absorbance at 280 nm

operator DNA

conjugate activity>?Recently, analytical centrifugation has
been applied to nonbiologically bound nanoscale structures
to determine particle size distribution and detect changes in
surface structuré.3° We demonstrate here that analytical
applications of ultracentrifugation can provide physical

information about nanostructures and their bioconjugates (e = 0.6 cnT? mg~t mL). [*°S]-Methionine labeled Lacl was

directly ?nd nondestructively in the solut|or1 phase. . generated with the TNT T7 Quick for PCR DNA transcrip-
For this work, we evaluated the systematic changes in thejontransiation kit (Promega) using the provided protocol.

sedimentation properties of gold nanocrystals conjugated togjefly, the Lacl gene was cloned into the pGEM-T vector
the oligomeric DNA binding protein Lacl (Figure 1). DNA  (promega) under the T7 promoter. After translation in the
recognition proteins have been the subject of interest in presence of3fS]-methionine (ICON Isotopes), unincorpo-
nanoscience: for example, where fluorescent particle proteinyated radioactivity was removed from labeled protein with
conjugates are assessed for specific DNA recognition, protein desalting spin columns (Pierce§®S]-Lacl was
where particles are bound to DNA fir§t*or where DNA-  fyrther purified from reaction components on a small
protein complexes are used as scaffolds for fabrication of phosphocellulose column. Purified#$]-Lacl was diluted 1:1
gold nanostructure¥. Lacl is a particularly attractive sub-  with unlabeled Lacl before protein concentration was
strate for conjugation because of the extensive genetic,determined by the absorbance at 280 nm. The amount of
biochemical, and biophysical information available for this radiolabel (counts per minute or cpm) was measured for an
protein® Although a level of complexity is introduced using  aliquot of this mixture to arrive at a specific activity (cpm/
Lacl as a bioconjugate, the benefits of that complexity ug) for the sample.

emerge in the possible applications. Lacl binds two ligands,  Conjugates were formed as follows: Lacl was dialyzed
DNA and sugar, and the protein exhibits allosteric binding against 50 mM Tris, pH 10, 5% glucose, 0.1 mM dithio-
behavior (i.e., the binding of one ligand affects affinity for threitol (conjugation buffer) in order to remove the potassium
the other ligandj® Thus, Lacl conjugates have the potential phosphate from the storage buffer. Gold nanocrystals (250
to provide control over conjugate function because bound 4L ) were diluted 1:1 with conjugation buffer, mixed with
DNA can be released by the addition of sugar. Here we show dialyzed Lacl to specified concentrations, and then diluted
that analytical ultracentrifugation can detect the changes into 1 mL with conjugation buffer (final concentration of gold
sedimentation that result when Lacl is conjugated to gold nanocrystab-3.5 nM). Samples were allowed to conjugate
nanoparticles. This information can be used to determine thefor 30 min at room temperature. Under these conditions,
extent of the conjugation process as well as an averagenanocrystals were stable against aggregation and exhibited
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Figure 2. Example sedimentation velocity raw data for Sample A
(D=10.1+ 1.1 nm). Nanocrystals were centrifuged at an angular
velocity of 4000 rpm. Absorbance scans were taken at 520 nm
throughout the cell length every 6 min. The first scan is the left-
most, and the last scan is the right-most. The radial position shown
on thex-axis is the distance from the center of the rotor.

0 500 1000 1500 2000 2500
S-value (x10 " *sec)

Figure 3. S-values derived for Sample (= 10.1+ 1.1 nm)
and Sample B = 13.8+ 3.0 nm). The relative frequency of
different S-values is plotted. Sample A (black line) and a recovered

_ ; ; sample rerun in the AU under the same conditions (gray line). The
ared color for weeks. FoffS]-Lacl conjugates, free protein samples show a broad 600) S-value distribution. Larger S-value

was first removed by cgntrlfugatlon a”‘?' reSUSpenS'on of the species, presumably aggregated material, cannot be resuspended
pellet. The concentration of the conjugated protein was in the recovered sample and therefore disappear from the analyzed
determined based on the amount of radiolabel present in thedata. The prepared nanocrystals in Sample B (broken line) have a
sample. This analysis provided a quantitative measure oflarger diameter and therefore a larger S-value than the purchased
protein concentration conjugated to nanoparticles through then@nocrystals in Sample A. They also show greater polydispersity
o S L . as compared to Sample A, in good agreement with TEM data (see
specific ac_t|V|ty of the initial protein sample. The average Supporting Information).
concentration of Lacl was 24 2.8 nM (h = 3) when

conjugated to 3.5 nM Sample B, corresponding to a Lacl 10 \ninown composition, and its assumptions have been shown

gold nanocrystal ratio of approximately 7:1 for Sample B. , e valid for a range of biomolecular problems. Readers

Analytical ultracentrifugation data were collected on a e girected elsewhere for detailed discussion of van Holde-
Beckman XL-A analytical ultracentrifuge using the vendor's \yaischet analysi€*! Here, we have applied AU and van
software. The quartz f:e” windows were cleaned with aqua pyo|de-Weischet analysis (1) to assess the polydispersity of
regia after each experiment to remove attat_:hed_gold material.o mmercial and prepared gold nanocrystals, (2) to measure
and thus prevent cell leakage and optical interference. o offect of protein conjugation on the sedimentation

oSedlmenta_tl_on velocity expe_rl_ments were performed at 20 properties of gold nanocrystals, and (3) to evaluate the
C at specified angular velocities. Scans were taken every Geﬁiciency and stoichiometry of conjugation.

min for up to 120 scans, and data weore processed With = 4 estaplish the utility of AU, we calculated theoretical
Ultrascan version 6.2In all data sets, 80% or more of the g gimentation coefficients for two different sizes of gold
boundary was used for fitting by the enhanced van Holde- o crystals from different sources and compared the resuits

Weischet analysis in Ultrascan. _ to measured S-values. The theoretical sedimentation coef-
Results. Biologists have developed analytical ultracen- ficient, S, for a smooth, compact, and spherical particle is
trifugation as a powerful tool for evaluating the hydrody- given by eq 1:

namic properties, molecular weight, and shape of biomole-
cules. In a typical sedimentation velocity experiment, raw MW(L — 7
data are displayed as absorbance traces obtained from time- =— 7% 1)
dependent changes in solution absorbance as a function of A6 g

radial position. To illustrate, example data are shown in

Figure 2. As time proceeds, particles sediment with the where MW is molecular weighty is the partial specific
centrifugal force, causing a boundary of optical density to volume of the particleps is the density of the solveng is
move outward from the center of the rotor. This resulting Avogadro’s numberys is the viscosity of the solvent, is
family of curves can be quantitated to deduce the numberthe radius of the particle, arfds the frictional coefficientf(

and relative frequency of sedimenting species and their = 1 for a sphere). In the case of a nonspherical particle, the
corresponding sedimentation coefficients, or S-values. Thefrictional coefficient can alter the S-value substantially.
S-value, with dimensions 1®° seconds, is derived from the  Assuming a spherical particle, a gold nanocrystal density of
sedimentation velocity of the molecule in a centrifugal field. 17 g/cn? in eq 14?2 and using the diameter and polydispersity
This value is dependent not only on particle molecular as determined from TEM, we calculated theoretical S-value
weight, shape, and density, but also viscosity and density ofranges for Sample A (6501010 S) and Sample B (940

the solvent. The S-value thus captures details of the material’'s2260), respectively. The nanocrystals were then analyzed
physical properties. The van Holde-Weischet method of datawith AU. Figure 3 shows S-value distributions calculated
analysis is particularly well suited for conjugate characteriza- from van Holde-Weischet analysis of the resulting AU data
tion because it is sensitive to heterogeneity in samples of from Samples A and B. The smaller nanocrystals in Sample
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A (Figure 3, black line) show a sedimentation coefficient Hn A
range between 500 and 1200 S, with a peak at approximately — Sample B

670 S. The measured and theoretical S-values are therefore S it

in good agreement, considering the severity of the assump-
tions made for the theoretical calculations.

An important advantage of AU in nanocrystal analysis is
that it is a nondestructive method; samples can be recovered
after sedimentation, permitting further analysis or purifica-
tion. The dashed line in Figure 3 illustrates this feature
directly. After sedimentation, Sample A was recovered,
resuspended, and rerun in the AU under the same conditions. 0 - :

The S-value of the recovered sample (gray line, Figure 3) is ) : ' : ' :
. . . 0 500 1000 1500 2000 2500

comparable to the initial sample, having a maximum of 660 S-value (x10 " sec)

S. The most significant change is the decrease in the amount 1400 o

of larger species (or aggregates) at higher S-values, presum- B

ably due to difficulty in their resuspension after the initial 1300 <

sedimentation. These data illustrate that the integrity of the

sample is not disrupted by sedimentation, and samples can

thus be recovered for further use and analysis.

Compared to Sample A, the larger gold nanocrystals in
Sample B (Figure 3, broken line) have a broader and higher
S-value range, 10062500 S, with a peak at 1380 S. This
breadth is expected given the larger 3.0 nm standard 900 —
deviation in size for Sample B. As for Sample A, we find —— LLLEESS < e 2
that theoretical S-values are in reasonably good agreement T T T T T 1
with the experimentally obtained S-values. In effect, these 0 50 100 U =0 lnE=00 i ifff <o
sedimentation data capture the polydispersity of gold nano- [CaciistixmecinM
crystals and accurately reflect the distribution of sizes seengigyre 4. Effect of protein conjugation on the sedimentation of
from TEM data (see Supporting Information). Sample B D = 13.8+ 3.0 nm). Sample B conjugated to a range

When Sample B is conjugated to Lacl and analyzed with of Lacl concentrations (6.25 to 250 nM) was centrifuged at an

- . . . . angular velocity of 3100 rpm. (A) Comparison of S-values for
AU, large and systematic changes in sedimentation behaworSample B (black line) and its conjugate to 250 nM Lacl (gray line).

are observed. The gray line in Figure 4A depicts the S-value Free Lacl is approximatgl7 S and is not shown. (B) Effect of

histogram for the conjugate. Compared to the unconjugatedincreasing protein concentration on conjugate peak S-values. The
nanocrystals (Figure 4A, black line), the maximum has maximum peak S-values obtained are plotted against the protein
shifted to 860 S, about a 500 S-value decrease. Even thougﬁzoncentration. Increased protein concentrations result in a sequential

. . . shift of the S-value peaks. Eventually, the nanocrystals become
the conjugate has a larger theoretical molecular weight than .\ ~1o4 at approximately 25 nM Lacl, in good agreement with

free nanocrystal, the S-value decrease arises from theihe concentration of conjugated Lacl (24 nM) as determined by
combined effects of a substantially decreased density (in-the amount of £S]-Lacl bound.

versely related to partial specific volume) and an increased

frictionall coefficignt. (see eqll). The observed conjuggte (Stoichiometry can be measured only if the protgarticle
S-value is also significantly higher than that of free protein Kq is well below the concentrations required for the experi-

(~7 S for La_cl, not shown). As with unconjugated Nano- ment. Additional experiments done at varied component
crystals, conjugates recovered and rerun have very similar . . . .
concentrations show that this requirement is met for our

S-value distributions to the initial run. In summary, AU is roteinparticle system.) Additionally, calculations approxi-
able to detect the formation of protein nanocrystal conjugatesIO einp Y ' Y, app
while maintaining the integrity of the sample mating the contact surface area of Lacl from its crystal
. . ' structuré® show that approximately 6 Lacl tetramers per gold
Lacl saturation of nanocrystals in Sample B can be .
nanocrystal would be accommodated on a nanocrystal with

followed with AU as demonstrated in Figure 4B. As more di ter of 13.8 Althouah th i |
protein is added to the nanocrystals, the S-values reach N average diameter ot 15.6 nm. ough these two values

minimum at which no further decrease in S-value is observed. 2€ In reasonably good agreement, the me:.:tsured ratio is
These data show that AU can provide a quantitative measurd 2r9€r than expected for a variety of reasons: Proteins are
of the extent of conjugation without prior separation of free More flexible in the solution phase as opposed to in a crystal

and conjugated protein. The protein concentration corre- Structure, which may allow for more efficient packing onto

sponding to the minimum S-value “end point”, approximately the nanocrystal surface. Further, the difference may arise
25 nM, is similar to the concentration of conjugated Lacl from the mathematical observation that the average surface

(24.4 nM) as determined by the specific activity 6fJ]- area in a population is larger than that computed using an
Lacl (see Methods). The value calculated from AU corre- average diametéf. Despite these challenges, this example
sponds to a Lacl tetramer to gold nanocrystal ratio of 7:1. illustrates that AU can provide a quantitative measure of the

Relative Frequency
w
]

1200 —

1100 —

Max S-value

1000 — L]
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extent of conjugation, resulting in the stoichiometry of a fully
conjugated nanocrystal.

Discussion.The results presented illustrate the utility of
analytical ultracentrifugation as a solution phase technique
for evaluating the size, dispersity, and protein conjugation
of nanoparticle systems. The gold nanocrystal solutions
examined exhibit a broad distribution in the measured
sedimentation coefficients that corresponds to the size
distribution observed by TEM (see Supporting Information).
AU analysis does not disrupt the integrity of the nanocrystals

or their protein conjugates, and the samples can be recovered

for further use. Further, the technique is broadly applicable
to any type of particle in solution, regardless of particle
composition or solvent. Most importantly, analytical ultra-
centrifugation is sensitive to conjugate formation, thereby
distinguishing between conjugated and free nanocrystal due
to changes in complex size, density, and hydrodynamic
properties. Finally, when the concentrations of conjugate
components are varied, AU is capable of measuring conjuga-
tion efficiency and the average stoichiometry of a fully
conjugated nanocrystal without prior removal of free protein.
In the future, other parameters affecting conjugation can be
analyzed with this technique in order to optimize the process
and develop functional materials.
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