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a b s t r a c t

Plasmonic nanomaterials as drug delivery or bio-imaging agents are typically introduced to biological
systems through intravenous administration. However, the potential for agglomeration of nanoparticles
in biological systems could dramatically affect their pharmacokinetic profile and toxic potential.
Development of rapid screening methods to evaluate agglomeration is urgently needed to monitor the
physical nature of nanoparticles as they are introduced into blood. Here, we establish novel methods
using darkfield microscopy with hyperspectral detection (hsDFM), single particle inductively-coupled
plasma mass spectrometry (spICP-MS), and confocal Raman microscopy (cRM) to discriminate gold
nanoparticles (AuNPs) and their agglomerates in blood. Rich information about nanoparticle agglom-
eration in situ is provided by hsDFM monitoring of the plasmon resonance of primary nanoparticles and
their agglomerates in whole blood; cRM is an effective complement to hsDFM to detect AuNP agglom-
erates in minimally manipulated samples. The AuNPs and the particle agglomerates were further
distinguished in blood for the first time by quantification of particle mass using spICP-MS with excellent
sensitivity and specificity. Furthermore, the agglomeration status of synthesized and commercial NPs
incubated in blood was successfully assessed using the developed methods. Together, these comple-
mentary methods enable rapid determination of the agglomeration status of plasmonic nanomaterials in
biological systems, specifically blood.

Published by Elsevier Ltd.
1. Introduction

Nanomaterial-containing commercial products are under
intense development by the pharmaceutical industry for imaging,
diagnosis, prevention, and treatment of disease [1]. The safety of
these new, nanomaterial-containing products remains a concern to
scientists and the public [2]. The toxicity of nanomaterials depends
strongly on their physiochemical properties (e.g. size, size distri-
bution, shape, surface charge, crystal structure, hydrophobicity,
surface reactivity, solubility, aggregation and purity) and material
y Core Facility, National Cen-
inistration, 3900 NCTR Road,
543 7239; fax: þ1 870 543

ang).
composition itself [3e5]. The United States Food and Drug
Administration (FDA) has developed a nanotechnology regulatory
science program to enhance research in nanomaterial character-
ization, in vitro and in vivo modeling, and product-focused dispo-
sition and toxicity [6]. One priority is the development of the
analytical tools to detect and characterize nanomaterials in com-
mercial products, food matrices, and biological systems. The chal-
lenge facing biomedical research is the poor understanding of the
agglomeration status and biological fate of nanomaterials once they
are introduced into the blood stream.

Gold nanomaterials (GNMs) are particularly appealing candi-
dates as new diagnostic and therapeutic agents because of their
relative bioinertness, tightly controllablemorphology, facile surface
functionalization, and unique optical properties [7e10]. Some
GNM-based medicines are in clinical trials. As an example, Auri-
mune® is a nanomedicine with tumor necrosis factor (rhTNFa)
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covalently conjugated to PEGylated gold nanoparticles that has
been approved for phase II clinical trials for cancer therapy [11].
AuroLase®, which is also in clinical trials, utilizes gold nanoshells
and laser technology as a new photothermal treatment modality
for refractory head and neck cancer [12]. In practice, GNM-based
medicine is generally administered intravenously, i.e. directly into
the blood stream. Blood is a complex fluid with significant con-
centrations of proteins, salts, and blood cells. Nanoparticles interact
with blood proteins; adsorption onto the materials' surface results
in the formation of a protein corona [13,14]. The change in surface
properties introduced by blood ionic strength can induce nano-
particle agglomeration [15], and thus significantly alter the cellular
interactions, biodistribution [16], and toxicity profile of the parti-
cles [17]. Additionally, nanomaterials retard cell motility [18], and
nanomaterial induced endothelial leakage (NanoEL), wherein
nanomaterials bypass the cell membrane by disrupting through
adherens junction, has also shown a strong correlation to the hy-
drodynamic size of the particle [19]. Due to their potential for
agglomeration, in situ monitoring of nanoparticles in blood is
crucial to fully understand in vivo effects of GNM-materials targeted
for human theranostics.

There are many well-developed methods to characterize GNMs;
however, characterizing GNMs in blood is complicated by the
complex environment, e.g. plasma proteins and various blood cells.
Electron microscopy (EM) is considered the most accurate method
to measure the size of nanoparticles and the most widely used
method of assessing nanoparticle morphology. However, EM re-
quires considerable sample manipulation, which introduces arti-
facts; it provides only a static image of the GNMs, typically in thin,
dry sections of tissues or matrices (e.g. 50e100 nm), and cannot
readily distinguish agglomerates from primary particles located in
close proximity [20e23]. Recently, cellular uptake of 30 nm,
spherical AuNPs has been visualized using scanning transmission
electron microscopy (STEM) imaging of liquids, yet at this point the
technique suffers from low resolution [24]. Chromatographic
techniques, such as size-exclusion chromatography, ultracentrifu-
gation, and electrophoresis, have been shown to separate primary
and agglomerated nanoparticles based on shape, size, or charge
[25]. One considerable disadvantage is that these techniques often
require extensive sample preparation, which may affect particle
agglomeration status. Dynamic light scattering (DLS) has been used
to estimate particle concentration in blood [26]; however, DLS is
limited due to (1) its requirement that the blood cells to be lysed
prior to measurement, which could affect the agglomeration status
of nanomaterials; (2) the presence of proteins and cells in blood
interferes with nanoparticle signal; and (3) larger particles which
are overrepresented in polydisperse samples [27]. UVeVis and
Raman spectroscopy can readily distinguish primary and agglom-
erated plasmonic nanoparticles [28,29], but the signal is compro-
mised by the extremely high optical density and opacity of blood.
Accordingly, we are unable to find a simple and robust methodol-
ogy for in situ characterization of nanoparticle agglomeration in
blood and other complex biological environments.

In this work, complementary and rapid in situ methods have
been developed to monitor the agglomeration status of plasmonic
nanoparticles in ex vivo blood. These methods include darkfield
microscopy with hyperspectral imaging (hsDFM), confocal Raman
microscopy (cRM), and single particle inductively-coupled plasma
mass spectrometry (spICP-MS). The first two methods are based on
the optical properties of GNMs, that is, the localized surface plas-
mon resonance (LSPR) [30]. The LSPR is extremely sensitive to
particle morphology with agglomeration of GNMs resulting in a
shift of the LSPR to lower energy [31]. The hsDFM can monitor this
shift of scattered photons from GNMs, thereby distinguishing light
scattered by the cellular environment from that scattered by
nanoparticles [32e36], and this instrument has been used to
distinguish macrophage maturity based on silver nanoparticle
(AgNPs) uptake [37]. Scattering also gives rise to enhancement of
the fluorescence and Raman scattering properties of molecules
close to the GNMs [38]. The areas of high curvature or between
adjacent AuNPs at agglomeration sites create localized “hot spots”
that enhance Raman signals, similar to a roughened metal surface
[38], with enhancement factors that can be 108 or greater [39].
Surface enhanced Raman spectroscopy (SERS) has been used to
identify circulating tumor cells in blood [40] and detect tumor cells
in vivo [41], as well as a wide-range of other chemical detection and
sensing applications [42,43]. We have applied SERS via cRM to
directly monitor nanoparticle agglomeration as a label-free detec-
tion method in this study.

In addition to the optical techniques, spICP-MS provides a high-
resolution technique to detect individual particle events for char-
acterization of a variety of engineered nanomaterials [44]. Unlike
traditional ICP-MS, which provides bulk elemental analysis of ho-
mogenized metallic species, spICP-MS provides a measure of indi-
vidual particles in suspension. At sufficiently low particle
concentrations, particles are introduced individually for atomiza-
tion and ionization in the plasma, creating a packet of ions that are
detected as a discrete signal. This quantifiable spike in intensity due
to single particle events enables individual nanoparticles to be
distinguished from the background ionic current [45]. The signal
intensity is proportional to the number of atoms in an individual
event, so larger particles produce higher signal intensity. Similarly,
particle agglomeration can be detected by monitoring the increase
in signal intensity [46]. By collecting a large number of data points,
the particle size and distribution can be determined [44,46e48].

In this report, we have validated and applied the spICP-MS
technique to analyze the agglomeration status of nanoparticles in
blood as a complement to the optical methods. AuNPs and ag-
glomerates were synthesized and characterized using well-
developed methods like UVeVis, Raman spectroscopy, TEM, DLS,
nanoparticle tracking analysis (NTA), and discrete dipole approxi-
mation (DDA) calculations. Detection of particle agglomerationwas
validated in a variety of simple biological media. The promising
methods were then used to detect agglomerates in blood, with
hsDFM and spICP-MS as the primary methodologies. Finally,
citrate-capped NPs were incubated in blood, and their agglomera-
tion was monitored using the developed methods. Together,
hsDFM, cRM, and spICP-MS provide a rapid and robust means to
analyze nanoparticle agglomeration in biological systems with
minimal sample preparation. These diverse, label-free methods can
distinguish primary particles from agglomerates in blood. Identi-
fication of the interactions between nanoparticles and components
in biological systems is, in turn, critically important for rational
design and implementation of nanomedicine.

2. Materials and methods

2.1. Chemicals

Tetrachloroauric acid trihydrate (HAuCl4$3H2O) and trisodium citrate heptahy-
drate (Na3-Cit; Na3C6H5O7$7H2O) were acquired from Alfa Aesar (Ward Hill, MA).
Phosphate buffered saline (PBS), fetal bovine serum (FBS), and Eagle medium were
acquired from Corning Cellgro (Manassas, VA). The reference AuNPs with nominal
diameters of 10 nm (RM8010), 30 nm (RM8012), and 60 nm (RM8013), were pur-
chased from the National Institute of Standards and Technology (NIST). Citrate-
capped 75-nm AgNPs were obtained from NanoComposix (San Diego, CA). Sodium
chloride (NaCl) and bovine serum albumin (BSA) were obtained from Sigma Aldrich
(St. Louis, MO). All chemicals were used as received.

2.2. Synthesis of AuNPs and agglomerates

Citrate-capped AuNPs (AuNP-cit) were synthesized via the Turkevich method as
previously described [49]. Briefly,10.6mgHAuCl4 was dissolved in 99mL 18MUH2O
and heated to boiling. To this solution, 0.9 mL of 10 mg/mL Na3Cit was quickly
injected. After 20min, a deepwine-red color was observed, indicating the formation
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of AuNPs. The suspension was removed from heat and allowed to cool to room
temperature. Prior to use, the excess precursors were removed by centrifuging at
20,800 g for 20 min at 20 �C, and the AuNP-cit was redispersed in 18 MU H2O.

Agglomerateswere generated by adding 0, 2.5, 5, 7.5,10, 20, or 50 mL of saturated
NaCl solution to 1 mL of the AuNP-cit suspension, immediately followed by thor-
oughly mixing for 5 s. After 10 min, 50 mL BSA (40 mg/mL, 18 MU H2O) was added to
arrest agglomeration [50]. The solution was immediately mixed and allowed to
incubate without further mixing for 30 min at room temperature. Agglomerates
were isolated by centrifugation at 20,800 g for 20 min at 20 �C. The pellet was
redispersed in 18 MU H2O, centrifuged a second time (20,800 g, 20 min, 20 �C),
redispersed in 18 MU H2O, and stored at room temperature. Samples were redis-
persed by brief (<2 s) bath sonication (Branson 5510, Branson Ultrasonics, Danbury,
CT) prior to use. No appreciable changes in the UVeVis spectra or hydrodynamic
diameter of agglomerates used were observed after 1 month of storage at room
temperature in the dark.

2.3. Introduction of nanoparticles into blood

Adult Fisher 344 rats were obtained from the National Center for Toxicological
Research (NCTR) Breeding Colony (Jefferson, AR). Whole blood samples from the rats
were collected via cardiac puncture into plastic whole blood collection tube (Becton,
Dickinson, Franklin Lakes, NJ) for the study. The animal procedures followed the
guidelines of the “Guide for the Care and Use of Laboratory Animals” and were
approved by the NCTR Institutional Animal Care and Use Committee. AuNP-cit
(100 mL; 80 ppm) was incubated directly with 1.5 mL fresh whole blood in a blood
collection tube. Alternatively, primary AuNPs and agglomerates (80 ppm) were
redispersed by bath sonication (~2 s) prior to use. A 20 mL sample was added to
200 mL of fresh, nanoparticle-free blood, followed by mixing for 2 s (final concen-
tration ~8 ppm). To prepare samples for imaging, 3 mL of blood was applied to a
clean-room-grade glass microscope slide (Schott, Elmsford, NY), smeared, and a
coverslip applied immediately prior to acquisition of hsDFM images. An identical
process was followed to introduce AgNPs to blood.

2.4. Transmission electron microscopy (TEM)

TEM images were recorded using a JEOL JEM-1400 (JEOL, Tokyo, Japan) with
accelerating voltage of 80 keV. Samples (3 mL) were applied onto a 200mesh carbon-
coated copper grid, followed by addition of 3 mL isopropyl alcohol and air dried.
Imageswere acquired using XR414mp TEM CCD system (AMT,Woburn, MA) and the
particle size was then measured using ImageJ software (National Institute of Health,
Bethesda, MD).

2.5. Dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA)

Hydrodynamic diameter (dH) and zeta potential were determined using a
ZetaPALS instrument (Brookhaven, Holtzville, NY). The sample was prepared by
diluting 20 mL of primary AuNPs or agglomerates to 2 mL with 1 mM of KCl after brief
sonication (<5 s) of the sample (~800 ppb). AuNP-cit was diluted 100-fold in 18 MU
H2O. The dH was measured by performing three consecutive 60 s runs while the zeta
potential was measured at 10 runs of 5 cycles each. Average hydrodynamic size was
determined using nanoparticle tracking analysis (NTA), and was performed using
NanoSight LM-10 (Malvern Instruments Inc, MA, USA). The sample was prepared by
diluting 10 mL of sample to 10 mL with 18 MU H2O (80 ppb) after brief sonication
(<5 s) of the sample. The diameter corresponding to the mode of the sample was
used to represent the most prominent nanoparticle size in solution. Triplicate
measurements were acquired for each sample.

2.6. UVeVis spectroscopy

Extinction spectra were acquired on an Agilent HP8453 UVeVis spectrometer
(Agilent Technologies, Santa Clara, CA) using a quartz cuvette with 1-cm path length
and 18 MU H2O as a blank. Samples were sonicated for <5 s and diluted 10-fold to
8 ppm with 18 MU H2O prior to measurement.

2.7. Confocal Raman microscopy (cRM)

Raman spectrawere acquired using a Horiba Jobin Yvon high-resolution LabRam
Raman microscope system (Horiba, Edison, NJ) equipped with a charge-coupled
detector and a spectrometer with a grating of 600 lines/mm. The systems were
set up with a 150-mm entrance slit and a 400-mm pinhole. The 633-nm laser exci-
tationwas provided by a HeNe laser operating at 5 mW. Raman shift calibrationwas
performed using the 521 cm�1 line of a siliconwafer. Raman samples were prepared
by diluting 100 mL of AuNPs, or agglomerates, to 1 mL with 18 MU H2O (8 ppm) after
brief sonication (<5 s) of the sample. The diluted sample was then transferred to a
50 mL, 10 mm path length quartz cuvette. Signal was acquired for 10 s and three
acquisitions were averaged per spectrum to improve signal-to-noise ratio.

2.8. Darkfield microscopy with hyperspectral detection (hsDFM)

Darkfield microscopy images and hyperspectral plots were acquired using
enhanced darkfield transmission optical microscope (Olympus BX41) equippedwith
hyperspectral imaging spectrophotometer (Headwall, CytoViva Inc, Auburn, AL).
This system is capable of recording high quality spectra (high signal-to-noise ratio)
in the visible and near infrared wavelength range (400e1000 nm). Hyperspectral
images were acquired using a 0.25 s collection time and awhite light source. Images
were acquired using a 100� oil immersion lens.

2.9. Single particle inductively-coupled plasmon mass spectrometry (spICP-MS)

The nanoparticles or agglomerates were stored at 4 �C in the dark prior to
analysis. Samples were warmed to room temperature, then mixed and sonicated
briefly prior to dilution to ensure full dispersion without disrupting agglomeration.
Nanoparticles or agglomerates (0.1 mg/mL) were briefly incubated with fresh blood,
and then diluted into 10 mL 18 MU water. Single particle analysis was performed
using an Agilent 7700X ICP-MS (Agilent, Santa Clara, CA) which was tuned daily to
optimal sensitivity and resolution. A MicroMist glass concentric nebulizer was used
with nickel composite sample and skimmer cones. Argonwas used as a carrier gas at
a flow rate of 1.05 mL/min. Peristaltic pump speed was set at 0.1 rpm. Samples were
analyzed in selected time resolved analysis (TRA)/full quantification mode with a
sampling period of 0.01 s and an acquisition time of 180 s. Between each acquisition,
the instrument was first flushedwith a solution containing 10% HNO3 and 10% HCl in
water at a pump speed of 0.5 rpm for 3 min to eliminate the AuNPs that were
trapped inside the sampling tube from prior measurement. Then the system was
rinsed with water for another 3 min to purge the acid. Every sample was measured
in triplicate. Agilent's MassHunter Workstation software was used for data analysis.

2.10. Calculation of optical properties

The optical properties were calculated according to the discrete dipole
approximation (DDA) using the DDSCAT 7.3 program [51]. In this formalism, the
particles are represented by an array of dipole moments residing within the volume
of the nanoparticles. The nanoparticles were represented as a dielectric continuum
with the complex dielectric response function of bulk Au [52]. The optical efficiency,
Q, is reported as the ratio of the respective optical cross section to p,a2eff , where the
effective radius, aeff, is defined as the radius of a sphere whose volume is equal to
that of the nanoparticle. The optical cross sections were averaged over two
orthogonal polarization directions of the incident light.

3. Results and discussion

3.1. Synthesis and characterization of nanoparticles and
agglomerates

The AuNPs synthesized via the citrate reduction method (AuNP-
cit) [49] had a diameter of 44.5 ± 9.2 nm from TEM measurements
(Fig. 1A inset, Fig S1). Based on DLS, the dH was 50.1 ± 0.7 nm and
the zeta potential was �35.2 ± 0.9 mV. NTA indicated a mode
diameter of 51.3 ± 2.3 nm. The size difference between TEM and
DLS/NTA measurements is expected because TEM is used to
determine the size of the metal core, while DLS and NTA measure
dH, which reflects the size of the metal particle and the citrate
stabilizer in solution. AuNP-cit exhibited an LSPR maximum at
537 nm (Fig. 1A) and appeared wine-red in color. The simulated
spectrum of a 45 nm diameter Au nanosphere showed an extinc-
tion peak at 534 nm, similar to that of the measured spectrum
(Fig. 1E).

Citrate-capped AuNPs have long been known to agglomerate
following an increase in the ionic strength in the suspensions [50].
Agglomerates of increasing size were generated by addition of
increasing volumes of saturated NaCl to AuNP-cit suspensions. Af-
ter 10 min reaction, BSA solution (40 mg/mL) was added to the
suspension to arrest agglomeration as described previously [17],
and the samples in various agglomeration states were collected via
centrifugation. The transmitted color of the suspension visibly
changed from its initial wine-red to purple and then purple-black.
The UVeVis spectra of primary, BSA-coated AuNPs and agglomer-
ates showed that as the NaCl concentration increased the LSPR red-
shifted from 539 to 545 nm and a shoulder, red-shifted from the
LSPR, emerged and resolved to a peak in the NIR (Fig S2). The
morphology of the agglomerates was assessed with TEM (Fig S3).

From these BSA-coated samples, “primary AuNPs,” “small ag-
glomerates,” and “large agglomerates”were defined as the samples
agglomerated with 0, 2.5, and 7.5 mL of saturated NaCl, respectively.
These samples were used as standards for further experiments.



Fig. 1. Characterization of AuNPs and agglomerates synthesized as described in the methods: (left) UVeVis spectra of samples with inset TEM images (200 nm scale bar) and (right)
corresponding spectra simulated by discrete dipole approximation with inset geometric illustrations: (A, E) citrate-capped AuNPs; (B, F) BSA-capped primary AuNPs, (C, G) small
agglomerates; and (D, H) large agglomerates. The spectra in (G) are averages from six possible geometries as shown in Fig. S3.
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Primary AuNPs (Fig. 1B) showed no agglomeration and had an LSPR
maximum at 539 nm. Small agglomerates (Fig. 1C) consisted of
trimers to pentamers with an LSPR peak at 541 nm and a visible
shoulder at ~600 nm. Large agglomerates (Fig. 1D) were typically
composed of between 10 and 25 AuNPs per agglomerate and
showed LSPR peaks at 545 and 780 nm. The emergence and sepa-
ration of these two peaks is often observed during controlled
agglomeration of nanoparticles and results from the plasmon
resonance of the particle ensembles, while the peak attributed to
individual particles remains [53]. The particle size, orientation, and



Table 1
Summary of characterization of AuNPs and their agglomerates.

AuNPs per
Agglomerate

LSPR
(nm)

dH (DLS)
(nm)

dH (NTA)
(nm)

Zeta
potential
(mV)

Designation

Citrate-capped 537 50.1 ± 0.7 51.3 ± 2.3 �35.2 ± 0.9 AuNP-Cit
1 539 53.7 ± 0.4 63.0 ± 1.0 �19.5 ± 1.5 Primary

AuNPs
3e5 542 142.3 ± 0.4 86.0 ± 13.0 �20.8 ± 1.1 Small

agglomerates
10e25 545,780 176.5 ± 3.1 177.0 ± 27.4 �28.3 ± 1.2 Large

agglomerates
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interparticle distance can all affect the position of the LSPR that
results from the ensemble of particles [29,31,54].

The discrete dipole approximation (DDA) method was used to
simulate the optical spectra of primary AuNPs and their agglom-
erates. The simulated spectra of a BSA-coated primary AuNP shows
an extinction peak at 543 nm (Fig. 1F), slightly red-shifted from that
of a citrate-coated particle (534 nm) due to the increase of refrac-
tive index from 1.33 for citrate to 1.46 for BSA. For small
Fig. 2. Darkfield images and typical hyperspectral scattering spectra of (A, B) primary AuN
samples in Fig. 2.
agglomerates, spectra of several configurations were simulated
according to visualization in TEM, as shown in Fig S4. These spectra
were averaged and plotted in Fig. 1G, indicating an extinction peak
at ~540 nm and a shoulder at ~670 nm, which is comparable to the
measured spectrum. In the case of large agglomerates, a repre-
sentative configurationwas chosen for simulation (Fig. 1H) because
it was not practical to integrate all the configurations that 10-25
particles could stochastically adopt in the sample. The simulated
spectrum shows two peaks at ~550 nm and ~750 nm with a board
shoulder in between, which indicates a similar trend as the
measured spectrum despite the discrepancy due to different con-
figurations in the actual sample. It is important to note that the
scattering efficiency increases in the order of primary AuNPs, small
agglomerates, and large agglomerates.

The trend of increasing agglomerationwas further confirmed by
DLS, NTA, and zeta potential measurements (Table 1). A rapid in-
crease of hydrodynamic diameter (dH) was observed by DLS during
the progression from primary AuNPs (53.7 ± 0.4 nm) to small
agglomerates (142.3±0.4nm), and large agglomerates
(176.5 ± 3.1 nm). This result was further confirmed by NTA with
Ps; (C, D) small agglomerates; and (E, F) large agglomerates, which correspond to the
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respective mode diameters of 63.0±1.0, 86.0±13.0, and
177.0±27.4nm. Additionally, the zeta potential changed
from �19.5±1.5mV for primary AuNPs to �20.8±1.1
and �28.3±1.2mV, suggesting that the primary AuNPs and ag-
glomerates were coated with BSA, in agreement with other studies
under similar conditions [55,56]. The initial discrepancy between
DLS and NTA can be ascribed to the different measurements of the
instrument. DLS is weighted by signal intensity, so a greater
contribution to the dH is made by larger components than smaller
components, which can artificially inflate dH values; NTA measures
many particles individually but produces a diameter based on
population intensity, rather than signal intensity, which may arti-
ficially deflate dH values. Further, agglomerates of 3e5 particles can
Fig. 3. The agglomeration behavior of citrate-capped AuNPs in four aqueous media: (A) H2

(black) with and (gray) without AuNPs. (Left) UVeVis spectra; (Center) darkfield image; an
be expected to show high variability, as their overall geometry can
be expected to change the most from the stochastic arrangement
(see Fig. S4 for some examples). Both of these techniques rely on
the velocity of particles in solution, and indicate that as the ag-
glomerates become larger, they travel more slowly through the
solution.

3.2. Establishment of the hsDFM method for identification of
agglomeration

The hsDFM has been used as analytical tool to detect certain
nanomaterials in cells [57,58]. For instance, a recent study
demonstrated the combination of the plasmonic Au dimer probes
O; (B) phosphate-buffered saline; (C) cell-culture medium; and (D) fetal bovine serum
d (Right) typical hyperspectral scattering spectra.



Fig. 4. Raman spectra taken from (A) (i) H2O and albumin-capped (ii) primary AuNPs,
(iii) small agglomerates, and (iv) large agglomerates and (B) (i) H2O and citrate-capped
AuNPs after 10 min incubation in (ii) H2O, (iii) phosphate-buffered saline, (iv) cell-
culture medium, and (vi) fetal bovine serum with (v) normal fetal bovine serum as a
reference.
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and hyperspectral imaging is capable of quantitatively imaging
single mRNA splices in live cells [59]. In this study, primary
AuNPs and their agglomerates can be easily seen using hsDFM
because of their large scattering cross-sections. Primary AuNPs
appeared green (in the web version) on the microscope (Fig. 2A)
and moved around extremely quickly due to Brownian motion
(i.e. diffusion). The agglomerates appeared yellow (in the web
version) and the particle motion decreased substantially (Fig. 2, C
and E). Hyperspectral maps were acquired for the various sam-
ples. From these spectra, the most intense spectra were accu-
mulated to represent typical spectral output. The scattering peak
of primary AuNPs appeared at ~550e560 nm (Fig. 2B). For small
agglomerates, the peak shifted to ~580 nm (Fig. 2D); for large
agglomerates, the peaks were observed at ~550 nm and
~660e700 nm (Fig. 2F). Importantly, the signal intensity
increased from primary AuNPs to small and large agglomerates,
as would be expected for a scattering-based process. The signal
from agglomerates is significantly brighter than that of primary
AuNPs, therefore the presence of agglomerates can be readily
detected by the relative intensity difference of their scattering
spectra. Agglomeration can be qualitatively monitored based on
the color of the scattered light as seen in the microscope and by
the particle diffusion velocity, which can then be further
confirmed using the hyperspectral camera to identify the change
in wavelength and intensity.

Having demonstrated the capacity to distinguish agglomerates,
hsDFM was applied to identify the status of AuNP-cit in different
media (i.e. H2O, PBS, cell-culture medium (CCM), and serum) and
compared with UVeVis spectra as shown in Fig. 3. In Fig. 3 A and D,
the hsDFM showed scattering maxima at ~550e560 nm for H2O,
and the true color images show mainly green (in the web version),
fast-moving particles, suggesting that the AuNP-cit did not
agglomerate in these media. In agreement with these results, the
UVeVis spectra showed no significant changes in eithermedium. In
contrast, hyperspectral plots of AuNP-cit incubated in PBS and CCM
showed two typical peaks, one located in the 550e580 nm region
and the other in the 630e700 nm region. True color, darkfield
imaging displayed primarily bright yellow (in the web version),
slow-moving spots, suggesting that AuNP-cit agglomerates
detectably in PBS and CCM. This result was confirmed by UVeVis
spectroscopy, which showed the emergence of a second peak
~680 nm, suggesting the formation of medium to large agglomer-
ates (Fig. 3 B and C). These results clearly demonstrate that the
hsDFM method can detect and monitor agglomeration of AuNPs in
simple media.

3.3. Raman studies of agglomeration

The cRM has been applied as a fast and label-free analytical
approach to detect carbon-based nanomaterials in biological
system [60]. GNMs' use as an agent for SERS has attracted much
attention in recent years [61]. In this study, cRM was used to
characterize agglomeration as a compliment to hsDFM. The sur-
face coatings, citrate and BSA, can serve as indicators of the
agglomeration of AuNPs because the gaps between agglomerated
AuNPs can enhance Raman signal by up to 108efold relative to
primary particles [62]. Fig. 4A shows this same trend with large
agglomerates having more intense spectral features than small
agglomerates. BSA-coated, primary AuNPs produced the same
spectrum as pure H2O with Raman shift at ~1640 cm�1 [63]. As
the size of the agglomerates increased, the Raman shift of H2O
was replaced by several informative peaks. The peak at
~225 cm�1 may be the result of AueN bond stretching [64] from
the protein adsorbed to the particle surface. Additionally, a
number of peaks emerge in the range of 1000e1600 cm�1 that
are likely associated with stretching of the citrate carbonyls or
aromatic vibrations and carbonyl stretching within the protein
structure [65]. The strongest peak to emerge, however, is
~2900 cm�1 and can be attributed to CeH stretching [65].
Monitoring for the emergence of these peaks, particularly the
CeH stretch, can be used to track the degree of agglomeration.
Interestingly, the intensity of the peaks begins to decrease at
higher agglomeration levels (Fig. S5), which could be the result of
the agglomerate not being completely irradiated, thereby pro-
ducing less signal [66], LSPR shift reducing the resonant ab-
sorption needed for enhancement [67], or the structure of the
agglomerate resulting in less enhancement [68].

Raman spectroscopy was used to complement the study of the
various media, and the response of AuNP-cit to incubation in H2O,
PBS, CCM, and serumwas measured (Fig. 4B). Similar to the hsDFM
and UVeVis results, no significant change was seen between sol-
vent spectra and Au containing spectra for water or serum, sug-
gesting that the AuNP-cit remains nonagglomerated. On the other
hand, incubation of AuNP-cit in CCM or PBS leads to the emergence
of several Raman peaks attributed to citrate, particularly the C]O
and CeH stretches. The emergence of these peaks further confirms
the agglomeration of AuNP-cit in both of these media, and dem-
onstrates the complementary nature of Raman spectroscopy for
detection of agglomeration.



Fig. 5. Characterization of prepared AuNPs in the blood: (A) darkfield image and (B) typical hyperspectral scattering spectra of primary AuNPs; (C) darkfield image and (D) typical
hyperspectral scattering spectra of large agglomerates.

Fig. 6. The agglomeration behavior of the citrate-capped AuNPs in the blood after incubation for different time periods: (A) darkfield image and (B) typical hyperspectral scattering
spectra at 5 min; (C) darkfield image and (D) typical hyperspectral scattering spectra at 18 h.
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Fig. 7. Single particle ICP-MS analysis of various AuNPs in whole rat blood: (A) Typical
pulse intensity versus time output from ICP-MS in single particle mode for blood
without AuNPs (black), or incubated with primary AuNPs (blue), small agglomerates
(red), or large agglomerates (green), (B) primary AuNPs in whole rat blood using 30 nm
(red) and 60 nm (gold) diameter NIST standard citrate-capped AuNPs stabilized with
albumin and in-house synthesized primary AuNPs stabilized with bovine serum al-
bumin (blue); (C) in-house synthesized, albumin stabilized primary AuNPs (blue),
small agglomerates (red), and large agglomerates (green) in whole rat blood. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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3.4. Detection and evaluation of Au particle agglomeration in blood
by hsDFM

The primary AuNPs and their agglomerates were added to
whole rat blood to model the behavior of the particles following
intravenous injection. The optical density of blood limited the use
of Raman and UVeVis spectroscopy to monitor agglomeration, and
the medium's complexity additionally ruled out the use of many
traditional characterization methods such as electron microscopy
and light scattering [69]. Fig. 5 shows darkfield images and typical
hyperspectral plots (hsDFM) of primary AuNPs and large agglom-
erates following 5 min incubation in blood prior to slide prepara-
tion. The primary AuNPs and agglomerates can be visually
distinguished using the hsDFM as they appear green (in the web
version) and yellow (in the web version), respectively, as shown by
the respective spectra, and with different levels of brightness. The
peak does not identically match the peaks observed in simpler
media, which may be attributed to the optical interference by the
blood. The peak location ~600 nm for primary particles shifts to
~800 nm for agglomerates. These data clearly demonstrate primary
AuNPs can be distinguished from agglomerates amongst the blood
cells by using the hsDFM technique.

The hsDFM method was further used to monitor the agglom-
eration status of AuNP-cit in blood, as shown in Fig. 6. AuNP-cit
were incubated in blood for 5 min and 18 h. After 5 min incuba-
tion, the hyperspectral plots showed maxima primarily ~600 nm,
indicating the presence of primary AuNPs. A slight red-shift to
~620 nmwas observed after 18 h incubation, suggesting there may
be some slight modification of the particles. This agglomeration
could be the result of restructuring of the protein corona during
incubation [70] or an artifact of the incubation itself. The typical
blood half-life for AuNPs is on the order of hours, though with
proper surface coating it can be extended to days [71]. As such, it is
likely that the sanguine concentration of AuNPs in vivo would be
lowafter 18 h, whichwould reduce the likelihood of agglomeration.
Nonetheless, the power of hyperspectral imaging of individual
particles using darkfield microscopy is demonstrated and can be
further explored to identify changes in the surface of the nano-
particles (i.e. agglomeration).

For the most part, AuNP-cit did not agglomerate during incu-
bation in blood, and cell morphology appeared unperturbed,
though several anomalies should be remarked upon. First, once the
blood sample is prepared, the sample must be imaged quickly to
observe an accurate representation of the blood cell morphology.
As the specimen remains on the microscope stage, the blood cells
begin to deform over the course of 30 min. Presumably this cell
disfiguration is the result of evaporation, leading to an increase in
salinity and deformation of the blood cells. Blood cells presented
typical morphology immediately following sample preparation
even after the blood had been stored in a refrigerator for several
days. Additionally, slides that had been prepared 30 min prior to
imaging began to show evidence of the formation of opalescent
particles visible by hsDFM that were likely the initial stages of
thrombus formation.

3.5. Detection of Au nanoparticle agglomeration in blood by single
particle ICP-MS

The spICP-MS was applied to discriminate the size of various
primary AuNPs in whole rat blood. Whole rat blood was used as a
matrix blank to monitor the background counts, and the results
showed that majority of the events exhibited counts smaller than
20. Typical pulse intensity versus time output can clearly distin-
guish primary AuNPs, small agglomerates and large agglomerates
in blood (Fig. 7A). Citrate-capped NIST AuNP reference materials
with 30 nm and 60 nm diameter were coated with BSA (NIST-30
and NIST-60, respectively) and used as standards against which to
compare to the primary AuNPs. The measurements for each sample
were performed three times and the results were reported as a
summation. Fig. 7B clearly shows that a large population of events
from our primary AuNPs fell between NIST-30 and NIST-60,
consistent with the size of the primary AuNPs (45 nm diameter)
obtained from TEM studies. Previous studies have suggested that in
spICP-MS, signal intensity is proportional to particle size for
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diameters <80 nm [44]. Since the intensity of each event is pro-
portional to the number of detected ions, the intensity ratio of
different particle sizes should be the same as their volume ratio. To
simplify the process, samples were normalized to the bin with
maximum number of events. As a result, the intensity ratio be-
tween our primary AuNPs and the NIST standards were 3.40 for
NIST-30 and 0.42 for NIST-60, which are very close to their volume
ratios using 45 nm particles (V45/V30 ¼ 3.38; V45/V60 ¼ 0.42).

The capability of spICP-MS to distinguish primary AuNPs, small
agglomerates and large agglomerates in blood was further exam-
ined. Typical measurements of primary particles, small agglomer-
ates, and large agglomerates after incubation in blood are shown in
Fig. 7C. Relative to primary AuNPs, small agglomerates presented a
broader intensity range; a large portion of events had counts higher
than 400/event. There were also a considerable number of events
with even higher pulse intensities, suggesting a range of agglom-
erate masses. When large agglomerates were analyzed, the in-
tensity distribution broadened further. As the intensity increased,
Fig. 8. Characterization of Ag nanomaterials in isolated, whole rat blood with typical hypers
Ag nanoparticles and (B) agglomerates. The agglomeration behavior of citrate-capped Ag na
darkfield image and (D) typical hyperspectral scattering spectra at 5 min; (E) darkfield ima
the frequency of events decreased relative to small agglomerates,
further indicating a much greater degree of agglomeration. These
results demonstrate that spICP-MS can be readily utilized to
monitor agglomeration of AuNPs in blood.
3.6. Evaluation of Ag nanoparticle agglomeration status in blood by
hsDFM

Similar to AuNPs, AgNPs are also in development as potential
therapeutics with strong plasmonic properties [72]. To test the
robustness of the hsDFM method, AgNPs were subjected to similar
analysis as AuNPs. Citrate-capped AgNPs were agglomerated by
NaCl resulting in a change in LSPR. BSA-capped primary and
agglomerated AgNPs were introduced to blood and imaged using
darkfield microscopy (Fig. 8, A and B). Primary AgNPs scattered a
cyan color associated with rapidly moving particles, while ag-
glomerates appeared as slow-moving yellow (in the web version)
spots. Due to either the size of the AgNPs (~75 nm) or the optical
pectral scattering spectra with inset darkfield image of albumin-stabilized (A) primary
noparticles in isolated whole rat blood after incubation for different time periods: (C)
ge and (F) typical hyperspectral scattering spectra at 18 h.
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properties of AgNPs, the signal is significantly brighter than that of
AuNPs. Hyperspectral plots confirm this change in color and in-
tensity with primary AgNPs scattering ~500 nm and agglomerates
scattering ~600e700 nm, sometimes displaying multiple peaks.
Having demonstrated that agglomeration of AgNPs can be detected,
citrate-capped AgNPs were incubated in isolated, heparinized rat
blood for 5 min and 18 h. After 5 min, the signal returned is pri-
marily between 500 and 540 nm, with the typical spectrum of the
primary particles (Fig. 8, C and D). There appears to be some
background signal from the blood, though it presents less inter-
ference than for AuNPs, which is attributable to the increased signal
intensity of the AgNPs. After 18 h in blood, a mixture of signals was
obtained (representative signals shown in Fig. 8 E and F) with
agglomerated AgNP showing emissions at 550e600 nm (upper two
spectra) and primary particles at 500e540 nm (lower three
spectra). Interestingly, the increased brightness of the AgNPs
mitigated some of the obscuring effects of the blood on the
hyperspectral plot as was seen with AuNPs.
4. Conclusions

Three complementary methods, hsDFM, cRM, and spICP-MS,
have been demonstrated for the first time for rapid characteriza-
tion of plasmonic nanomaterials in blood with minimal sample
preparation. These methods were capable of distinguishing pri-
mary nanoparticles and agglomerates in simple media, which was
validated by the standard methods such as TEM, UVeVis, DLS and
NTA. More importantly, hsDFM and spICP-MS demonstrated the
unique capability to distinguish primary particles and agglomer-
ates in blood. As a test, AuNPs and AgNPs were incubated in whole
rat blood and these methods were used to monitor for the
agglomeration of particles. The methods are anticipated to be
adaptable to a wide variety of particle morphologies, surface
coatings, and biological matrices. Furthermore, these methods
could be applicable to blood and tissue extracted from animals
following in vivo nanomedicine administration. These methods
provide biological and pharmacokinetic information important for
the development of nanomedicine, as well as analytical approaches
for the assessment of nanomaterial-based products.
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