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N
anoparticles hold a unique posi-
tion in nanotechnology1 because
of the ease with which they can be

decorated and functionalized to enhance

targeting or reactivity, assembled with

other nanoparticles into multicomponent

nanobioclusters, integrated as detection el-

ements or image contrast agents, and used

as vectors to deliver gene and drug

therapies.2�8 This ability to achieve mul-

tiple properties with individual nanoparti-

cles or nanoclusters, albeit having a com-

plex mixture of multiple components and

soft interfaces, is central to global biologi-

cal and nanotechnology initiatives.9�11

These unique characteristics of nanopar-

ticles and their nanocomplexes facilitate an

array of essential advances and challenges

for novel applications both in vivo and in

vitro. Examples include advanced cancer

treatments, where specifically sized gold

nanoparticles are decorated with antican-

cer moieties (e.g., tumor necrosis factor,

TNF) and self-assembled monolayers. These

soft, complex nanoparticles are delivered

intravenously to leverage the leaky vascula-
ture effect and active targeting, thereby en-
hancing the efficacy and potentially de-
creasing the side effects of
chemotherapy.12,13 In contrast, soft multi-
component protein coatings termed coro-
nas rapidly accumulate at the surface of
nanoparticles in vivo, raising the need for ef-
fective biopassivation due to concern about
their impact on human health from nano-
particle reactivity and transport (e.g., diffu-
sion) to nontargeted regions.7,14�19 To en-
hance the targeting specificity and reduce
the risk of potential toxicity, multiple anti-
body coatings on the surface of quantum
dots (QDs) are often administered.20�22

Antibody-bound nanoparticles are also
used regularly for in vitro molecular biol-
ogy to target specific proteins in cells and
tissues; dynamic measurements involving
protein trafficking have been
demonstrated.23�25 In high-throughput
bioassays, quantum dots (QDs) decorate
the surface of bacteriophage as a rapid
means of detecting harmful bacteria in
vitro.25,26 In this case, the bacteriophage tar-
gets a specific bacterial strain, while deco-
rated QDs provide a simple and potentially
quantitative indicator.

Yet, even as bionanoparticle complexity
becomes the norm, it challenges traditional
analytical techniques that thrive on simplic-
ity. Indeed, despite the key role of soft com-
plexes, analytical methods to interrogate
their presence and properties (i.e., structural
(including thickness), mechanical, biologi-
cal, catalytic, optical, etc.) remain insuffi-
cient. For instance, while transmission elec-
tron microscopy (TEM) produces sharp
images of metallic, oxide, and semiconduc-
tor nanoparticles, detecting thin organic
layers is often fraught with difficulty due to
their low contrast, destruction following
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ABSTRACT Quantitative techniques are essential to analyze the structure of soft multicomponent

nanobioclusters. Here, we combine electrospray differential mobility analysis (ES-DMA), which rapidly measures

the size of the entire cluster, with transmission electron microscopy (TEM), which detects the hard components, to

determine the presence and composition of the softer components. Coupling analysis of TEM and ES-DMA derived

data requires the creation and use of analytical models to determine the size and number of constituents in

nanoparticle complexes from the difference between the two measurements. Previous ES-DMA analyses have

been limited to clusters of identical spherical particles. Here, we dramatically extend the ES-DMA analysis

framework to accommodate more challenging geometries, including protein corona-coated nanorods, clusters

composed of heterogeneously sized nanospheres, and nanobioclusters composed of both nanospheres and

nanorods. The latter is critical to determining the number of quantum dots attached to lambda (�) phage, a key

element of a rapid method to detect bacterial pathogens in environmental and clinical samples.
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deposition of thin contrast-enhancing metallic layers,

and surface tension-induced aggregation of artifacts on

substrates.10,27,28 Optical techniques (including spec-

troscopy and scattering) can interrogate the chemical

composition and density of organic ligands, but quanti-

tative determination of their thickness or volume is

challenging on individual particles (and even more so

on clusters) without fluorescent tagging or time-

consuming generation of standard curves.29 Alterna-

tively, the lifetime or blinking rates of QDs may be used

to ascertain information regarding the organic coating

composition, but this approach remains in its infancy

due to lack of comparable measurement techniques

and standards for correlating optical properties with the

chemical environment of the QD.30 Despite the chal-

lenge, quantitatively characterizing soft, complex nano-

materials is critical to ensuring optical (e.g., photooxida-

tion) and chemical stability during manufacture and

storage, correlating pharmacokinetics and toxicity with

structure, making rapid bacterial testing quantitative,

and enabling regulatory approval, inter alia.

Here we use electrospray differential mobility analy-

sis (ES-DMA) with TEM to interrogate critical character-

istics of these materials. These two measurements are

complementary. ES-DMA measures the overall size of

the cluster, including the soft components, while TEM

detects the hard components. Both techniques are

label-free. As seen in Figure 1a, the DMA sizes posi-

tively charged aerosolized particles based on their size-

to-charge ratio (analogous to mass spectrometry) be-

cause electrical and drag forces compete to set the

particle trajectory within the DMA.31�34 Particles with

a select trajectory are individually counted using a con-

densation particle counter (CPC). Aqueous suspensions

of particles are introduced to the DMA by

electrospraying them and then reducing the charge

on the dried particle to �1, 0, and �1 using a bipolar

charge neutralizer.35 Recent advances in electro-

spray have improved the reliability of this

technique,25,31�34,36�40 and the resulting charge distri-

bution has been worked out by Wiedensohler.35 By

first charging the particles and then separating them

based on their charge-to-size ratio, the ES-DMA sepa-

rates the soft organic complexes based on size (see Fig-

ure 1b). Although historically used to sample environ-

mental aerosols, within the past decade, ES-DMA has

been used by several investigators to examine a wide

variety of bio/nanoparticles including proteins such as

streptavidin; viruses including adenovirus, MS2, lambda

(�) phage, and rhinovirus (HRV2); carbon nanotubes in-

cluding the length distribution of single-walled carbon

nanotubes; and catalysts.31,33,36,37,40�42

In a recent paper, the authors developed an analyti-

cal model to determine the drag force on close-packed

Figure 1. (a) Schematic depicting the major components of the analysis system: electrospray (ES) and neutralizer to set the
charge on the dry composite nanoparticle, a differential mobility analyzer (DMA) separating and collecting positively
charged particles by their size-to-charge ratio determined trajectory, and a condensation particle counter (CPC) to enumer-
ate them. (b) ES-DMA size distribution showing the gas phase number density versus the mobility diameter, dm, of rod-like
streptavidin-coated QDs (maximum of dimer peak at 205 particles/cc). The inset depicts a scale projection of a QD core (dark),
streptavidin coating (medium), and thin salt crust (light) remaining from the electrospray process. (c) TEM micrograph of rod-
shaped quantum dots. (d) Graphic depicting two orthogonal projections of a streptavidin-coated rod with diameter, d,
length, l, salt coating thickness, ls, and streptavidin coating thickness, lp.
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and collinear clusters composed of identical spheres
and validated the model using clusters of gold nanopar-
ticles.38 Here, we extend this model to heterogeneously
sized spheres and rods with surface-coated organic ma-
terials to determine the presence and physical compo-
sition of these soft components within nanobiocom-
plexes. We demonstrate the utility of this approach by
first quantifying the amount of streptavidin on protein-
coated QDs and subsequently determining the num-
ber of QDs attached to the head of a virus, lambda (�)
phage. Both aspects are essential to a recently pub-
lished strategy to use QD�phage complexes to rapidly
detect pathogenic bacterial cells.25,26 To our knowl-
edge, this is the only drag force model available in the
literature to quantify the hard components attached to
a soft surface in a statistically reliable manner, overcom-
ing a significant barrier in the analysis of multicompo-
nent nanobioparticles.

RESULTS AND DISCUSSION
The studies reported herein are motivated by the

need to overcome a key problem in nanobiotechnol-
ogy: the lack of characterization tools and methods
available to quantify the composition of complex, mul-
tiparticle nanobiocomplexes. Our approach integrates
ES-DMA with TEM studies. Coupling analysis of TEM and
ES-DMA derived data requires the creation and use of
analytical models to determine the size and number of
constituents in the nanoparticle complex from the dif-
ference between the two measurements. Previous ES-
DMA drag force models have been limited to clusters of
identical spherical particles.38 Here, we dramatically ex-
tend this framework to accommodate more challeng-
ing geometries, including thin protein layers on nano-
rods and nanobioclusters composed of QDs attached to
� phage viruses. We now consider both examples.

The nonspherical structure of commercially available
QDs coated with protein is shown in Figure 1. TEM mi-
crographs (Figure 1c) show the streptavidin-coated QDs
(Invitrogen, Q10101MP, tethered via a short polymer)
to be elongated and rod-like.43,44 The micrographs indi-
cate the cores and shells of the QDs to have an aver-
age length of 9.8 � 2.9 nm, an average diameter of 3.9
� 0.9 nm, and an average aspect ratio of 2.5 � 1.1 (un-
certainties based on 1� of multiple measurements,
NIST type A uncertainty, and a coverage factor of 2).45

Although TEM is valuable for establishing the size of the
hard central portion of these composite nanoparticles,
complementary techniques such as ES-DMA are needed
to quantify the softer organic components (e.g., pro-
tein and polymer) effectively invisible to TEM. Figure
1b shows the ES-DMA size distribution for the
streptavidin-coated quantum rods. There are two pri-
mary peaks arising from electrospray droplets that do
or do not contain nanoparticles. Less than 1 in 10 drop-
lets emerging from the electrospray contains a QD; the
empty evaporating droplets become small spherical salt

particles (shape confirmed in TEM)39 as nonvolatile

salts (e.g., borate, phosphate buffered saline, etc.)43

trapped within the droplets precipitate. The first peak

centered at ds � 8.8 � 1.6 nm (NIST type B uncertainty

estimated from the width of the distribution with a cov-

erage factor of 2) represents these particles.45 The peak

centered at 15.2 � 1.1 nm represents individual QDs.

Because nonvolatile salts precipitate onto the surface

of the QD as the droplet dries, its actual size is slightly

smaller.

To determine the thickness of the organic and salt

layers, we turn to the drag force model of Pease et

al.,34,38 who showed that the ES-DMA’s spherically

equivalent aerodynamic or mobility diameter, dm, may

be determined from the nanoparticle’s three specific

projected areas, Ai, via

This model has previously been used to determine the

mobility diameter of identical spherical particles. Here,

we extend this framework to nonspherical particles and

(below) nanobioclusters composed of multiple hetero-

geneously sized particles. Each of the projected areas

results from a projection normal to a principle axes for

the particle system, typically determined by symme-

try.38 For example, the quantum rod with length l and

diameter d has a plane of symmetry that bisects the rod,

yielding a circular projection, A1 � �d2/4, perpendicu-

lar to the central axis of the rod (see Figure 1d, left). The

other two projections are identical rectangles, A2 � A3

� dl (Figure 1d, right) because of rotational symmetry

about the central axis. A bare rod with dimensions indi-

cated by TEM would appear at dm � 5.5 � 1.4 nm, far

below the 15.2 nm size measured. We model the contri-

bution by the protein and salt layers as cylindrical

shells adding an equal (radial) thickness, lp � ls, to both

length and diameter (see Figure 1d), such that A1 �

�(d � 2lp � 2ls)2/4 and A2 � A3 � (d � 2lp � 2ls)(l �

2lp � 2ls) in eq 1, where lp represents the thickness of

the protein/polymer shell and ls represents the thick-

ness of the salt shell. Because we know the diameter of

the salt particle, we can also construct a volume bal-

ance to decouple the contributions of the protein/poly-

mer (an instrument independent material property)

and salt (an instrument dependent quantity that varies

with ES droplet diameter) as

where the first, second, and third terms represent the

volume of the salt-encrusted cylinder, the salt sphere

(with ds as its diameter), and a salt-free cylinder, respec-

tively.37 Solving, we find the thickness of the protein/

dm ) (√π
6 ∑

i)1

3

Ai
-1/2)-1

(1)

π
4

(d + 2lp + 2ls)
2(l + 2lp + 2ls) )

π
6

ds
3 +

π
4

(d + 2lp)2(l + 2lp) (2)
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polymer coating and salt shells to be 3.9 and 0.4 nm, re-

spectively. Dividing the volume of the streptavidin

layer by the volume of a sphere representing tetrameric

streptavidin (6.6 nm diameter as determined by Bacher

et al.31) suggests approximately 12 tetrameric, 24

dimeric, or 48 monomeric molecules per quantum rod

to be randomly attached on the surface of the rod, in

qualitative agreement with the manufacturer’s report of

up to 10 tetrameric streptavidins in addition to the

polymer. Differentiating the contributions from poly-

mer and protein would require additional stoichio-

metric or other analysis. In any case, the protein and

polymer contribute 94% of the particle’s volume (that

of the hard core and streptavidin coating are 120 and

1800 nm3, respectively), indicating the structural impor-

tance of this layer (see inset to Figure 1b).

These streptavidin-coated quantum rods were then

attached to the surface of � phage head genetically

modified to express biotin.25 Here, we use a combina-

tion of ES-DMA and TEM to determine in detail the

number of rods attached, Nr. Figure 2a shows ES-DMA

size distributions for biotinylated � phage with (Œ)

and without (�) streptavidin-coated QDs. For phage

without quantum rods, the peak centered at 48.8 nm

represents phages with only an icosahedral head, while

the shoulder peak centered at 56.1 nm represents a

fully intact phage (i.e., with head and tail); most of the

tails in both distributions were sheared off in the spin

columns (see Supporting Information). The addition of

the protein-coated QDs shifts the distribution by 7.0 nm

from 48.8 � 2.6 nm (1�) to 55.8 � 4.7 nm. To estimate

Nr, the rod-like QDs and icosahedral head of the virus

are modeled as right cylinders tangent to a central

sphere, respectively, with dimensions that account for

the streptavidin coating. TEM images (see Supporting

Information) show a propensity for the quantum rods to

align parallel to an icosahedral face (�80%) as de-

picted in the gallery of structures considered in Figure

2c. Each structure is equally weighted in the absence of

reason to expect that any structure will predominate.

To demonstrate the validity of this strategy for analy-

sis of heteroclusters, we first consider clusters com-

posed of one central spherical particle of diameter do,

surrounded by Ns spherical nanoparticles of a second

diameter de. The diameter of the resulting cluster, dc,

may be obtained via eq 1 (see Supporting Information

for mathematical analysis). Figure 2b shows that the

size of the clusters increases with each additional par-

ticle. When do/de 	 1, each additional particle adds sig-

nificantly to the final cluster size before reaching a pla-

teau. However, when do/de 
 1, each particle only adds

modestly and linearly to the final cluster size. The linear-

ity is crucial because it allows us to linearly extrapolate

when the central particle is much larger than the exter-

Figure 2. (a) Normalized ES-DMA size distribution of biotinylated � phage with (Œ) and without (�) streptavidin-coated
quantum rods, normalized on 88.9 and 176.8 phage/cc, respectively. The top inset shows the complete ES-DMA size distri-
bution with units as in Figure 1b, while the bottom inset depicts rod-like QDs attached to an icosahedral virus head. (b) Di-
mensionless plot of the ratio of the cluster size to the diameter of the central particle, dc/do, versus the number of attached
spheres for central to external particle diameter ratios, do/de, of 1/3 (asterisks), 2/3 (�), 1 (triangle), 3/2 (Œ), 3 (square), 100
(�). (c) Gallery of structures used to estimate the number of streptavidin-coated QDs (right cylinders with lengths and diam-
eters of 18.2 and 11.5 nm, respectively) attached to a biotinylated lambda (�) phage (spheres with average diameters of
48.8 nm). (d) Predicted mobility diameters, dm, for the sphere�rod systems shown in panel c versus the number of rods in
the system, Nr, corresponding to conditions at the mean mobility diameter from panel a (circle, short dash), 1� out from the
means (triangle, alternating dash) and 2� out from the means (diamond, long dash).
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nal particles. The latter case applies to the QD�phage
complexes.

As seen in Figure 2d, each additional QD adds lin-
early to the overall mobility diameter. Modestly ex-
trapolating to the arithmetic mean size of the
QD�phage complex distribution finds an average of
5.6 QDs per phageOin reasonable agreement with
fluorescence microscopy that found 7 � 3 QDs/phage
but in distinct contrast to TEM that indicated 13 � 4
QDs/phage. Yet, one of the most powerful features of
ES-DMA is its ability to provide size distributions based
on large populations of nanoparticles. Whereas our TEM
result is based on the analysis of 170 of phage�QD
complexes, which may or may not represent the true
mean value, the ES-DMA measurement is based on a
sampled population 3 orders of magnitude larger. Com-
paring the overlap of the upper wing of the virus size
distribution with the lower wing of the cluster size dis-
tribution suggests that some viruses may have one or
fewer quantum dots attached. Conversely, adding one
standard deviation to the mean of the QD�phage com-
plex and subtracting one from the phage distribution
finds Nr � 11.1, while adding or subtracting two stan-
dard deviations yields Nr � 16.1, respectively. These re-

sults indicate that TEM observations alone may lead to
overestimates of the average number of QDs attached
to each phage either because additional QDs enhance
the contrast (leading to operator bias in selecting repre-
sentative particles) or due to accumulation of free rods
around the phage in the drying process.25,27 Centrifug-
ing the phage�QD samples using membrane centri-
fuge columns in a benchtop centrifuge did not signifi-
cantly affect the QD/phage ratio measured by TEM.

In summary, the combination of ES-DMA and TEM
with analytical models represents a complementary
means of interrogating composite nanoparticle conju-
gates containing organic layers to enable assays requir-
ing quantitative analysis. TEM thrives on measurement
of hard materials with complex shapes, while ES-DMA is
able to count thousands of nanobioclusters per sec-
ond, leading to improved statistic confidence in the re-
sults relative to the same level of TEM effort with less
potential for operator bias. The analytical models re-
ported herein allow for deconvolution of the influence
of each distinctly sized component on the total aggre-
gate size using assumptions readily verifiable using
TEM. Together they represent a high precision charac-
terization system.

MATERIALS AND METHODS
Electrospray differential mobility analysis (ES-DMA) was used

to size three samples. The first contained � phage at a concen-
tration of 1.0 � 1010 phage/mL initially in phosphate buffered sa-
line (PBS). The second sample contained streptavidin-coated
quantum rods at a concentration of 1.0 � 1013 particles/mL. The
third solution contained a biotinylated � phage (1.0 � 1010

phage/mL in PBS prior to biotinylation and mixing) labeled with
the streptavidin-coated quantum rods initially at 1.0 � 1013 par-
ticles/mL. These samples were prepared for ES-DMA by minimiz-
ing nonvolatile salts and increasing their concentration as fol-
lows. The quantum rod sample was dialyzed for one week into
a 2.0 mmol/L ammonium acetate solution at pH 8 with a slide-a-
lyzer cartridge (Pierce Biotechnology, IL) having a 10 kDa molec-
ular weight cut off (MWCO). The two phage samples were dia-
lyzed against Nanopure water (Millipore, Billerica, MA) using
Spectra/Por Float-A-Lyzer tubing, MWCO 100 000 (Spectrum
Laboratories, Rancho Dominguez, CA) for 3 days. The phage
samples were further concentrated by 10-fold using spin col-
umns for 16 to 18 min at 3000 rpm, bringing their concentra-
tion above the ES-DMA’s minimum detection limit. These solu-
tions were transferred to low protein binding 1.5 mL
microcentrifuge tubes (Eppendorf, NY), and the phage samples
were stored under refrigeration at 4 °C until analysis.

The solutions were electrosprayed (TSI Inc., MN, #3480) to
produce a narrow distribution of droplet diameters.46 The elec-
trospray was operated exclusively in the stable cone-jet flow re-
gime, characterized by visual observation of a sharp cone-
shaped meniscus at the tip of a 25 �m inner diameter capillary,
although there was some variability in the current within a given
sample run (V � 2.25 to 2.36 kV, I � �77 to �95 nA). Immedi-
ately downstream of the electrospray, the rapidly evaporating
droplets enter a bipolar neutralizer containing a Po-210 ioniz-
ing radiation source from which a majority of dried nanoparti-
cles emerge with a charge of �1, 0, or �1. They were then
passed into the differential mobility analyzer (DMA) (TSI Inc.,
MN, #3080), which separates them based on their charge-to-
size ratio (or more formally, their mobility). Ones with a select ra-
tio (determined by the electrical and flow fields within the DMA)
were sent to a condensation particle counter (CPC) (TSI, MN,

USA, #3025A), which measures the concentration of particles en-
trained in the gas. The sampling flow containing polydispersed
aerosols was set to 1.2 L/min, while the nitrogen sheath flow rate
was 10 and 30 L/min for phage and other samples, respectively.
Because we apply a negative bias to ions within the DMA, only
particles that acquire a positive charge are detected. The fraction
of particles with a positive charge is size dependent given by
Weidensohler.35 Systematically stepping through electrostatic
potentials from 0 to �10 kV, corresponding to 0.2 nm intervals
in mobility diameter, builds up a size distribution for positively
charged particles. The distribution for all particles regardless of
charging efficiency is obtained by dividing the raw counts for
positively charged particles at each size by the fraction of posi-
tively charged particles at that size. Conversion to size was per-
formed as described in detail elsewhere34 assuming the particles
to be spheres with a Cunningham slip correction factor of Cc �
1 � Kn[ � � exp(��/Kn)], where Kn � 2�/d, d is the particle’s di-
ameter, the gas mean free path at room temperature � � 66
nm,  � 1.257, � � 0.40, and � � 1.110.34 This spherically
equivalent size is termed the mobility diameter, dm, and much
of the analysis of the ES-DMA size distributions involves extract-
ing structural information from it.32,38

Mobility diameters for several structures were calculated in
Mathematica (version 6.0, Wolfram Research, Inc., Champaign,
IL) using the projected area formalism introduced by Pease et
al.34 Please see Supporting Information for further details of the
calculation for heterogeneously sized nanospheres. Calculations
to predict the mobility diameter of the quantum rod labeled
phage assume the icosahedral head to be a 48.8 nm diameter
sphere (see Supporting Information for further justification) and
the rods to be right cylinders 18.2 nm in length and 11.5 nm in
diameter. The rigid cylinders are tangent to the sphere, and the
cylinder’s axis of symmetry lies parallel to the sphere’s nearest
tangent plane. Only sphere�cylinder systems with sufficient
symmetry to facilitate straightforward identification of the par-
ticle system’s principle axes were considered. For more compli-
cated geometries, where faces of the rods do not align with the
particle’s coordinate system, a gravimetric approach was used to
determine the projected areas: a structure and its three orthogo-
nal projections were assembled in Mathematica, the projection
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was printed and cropped, and the relevant areas were deter-
mined assuming the paper to be of uniform density and thick-
ness. This latter approach was confirmed to introduce minimal
uncertainty when compared to direct geometric calculation.

Samples for transmission electron microscopy (TEM) charac-
terization were prepared by placing several drops of the QD so-
lution onto 300-mesh copper or nickel grids with carbon support
film (no. 01753 or no. 01800, Ted Pella). High-resolution TEM
(HR-TEM) images were taken from JEOL 2100F field-emission
and 2100 LaB6 TEMs at 200 kV. The phage�QD complexes were
measured by TEM (Philips 400T) operating at 120 kV equipped
with a Soft Imaging System CCD camera (Cantega 2K).
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