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a b s t r a c t
Cluster C60 ToF-SIMS (time-of-ﬂight secondary ion mass spectrometry) operated in the event-by-event
bombardment-detection method has been applied to: (a) quantify the binding density of Au nanoparticles
(AuNPs)–antiCD4 conjugates on the cell surface and (b) identify the binding sites between AuNPs and
antibody. Brieﬂy, our method consists of recording the secondary ions, SIs, individually emitted from
a single C60 1,2+ impact. From the cumulative mass spectral data we selected events where a speciﬁc
SI was detected. The selected records revealed the SIs co-ejected from the nanovolume impacted by
an individual C60 with an emission area of ∼10 nm in diameter as an emission depth of 5–10 nm. The
fractional coverage is obtained as the ratio of the effective number of projectile impacts on a speciﬁed
sampling area (Ne ) to the total number of impacts (No ). In the negative ion mass spectrum, the palmitate
(C16 H31 O2 − ) and oletate (C18 H33 O2 − ) fatty acid ions present signals from lipid membrane of the cells.
The signals at m/z 197 (Au− ) and 223 (AuCN− ) originate from the AuNPs labeled antibodies (antiCD4)
bound to the cell surface antigens. The characteristic amino acid ions validate the presence of antiCD4. A
coincidence mass spectrum extracted with ion at m/z 223 (AuCN− ) reveals the presence of cysteine at m/z
120, documenting the closeness of cysteine and the AuNP. Their proximity suggests that the binding site
for AuNP on the antibody is the sulfur-terminal cysteine. The fractional coverage of membrane lipid was
determined to be ∼23% of the cell surfaces while the AuNPs was found to be ∼21%. The novel method can
be implemented on smaller size NPs, it should thus be applicable for studies on size dependent binding
of NP–antibody conjugates.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Gold nanoparticles, AuNPs, are attractive for tagging
biomolecules [1–6]. They are usually biocompatible and readily detectable with microscopic and chemical analysis techniques
[3–7]. Nevertheless, boundaries are set to their detectability by
their size and shape [5,7–9]. We present here a mass spectrometric
method which provides enhanced information about the bonding
of the NP, can determine the number of NPs in a given area of
interest, and has the prospect of detecting NPs of dimension
below those accessible by the scanning electron microscope
(SEM). The mass spectrometric analysis uses ToF-SIMS with C60
as projectiles. The experiments are run in the event-by-event
bombardment/detection mode which allows to identify molecules
co-located within a ∼10 nm diameter, i.e., the emission area from
an individual C60 impact [10].
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The novel capabilities are illustrated with the characterization of antibody–AuNP conjugates binding to immune cells. The
test case involves anti-CD4 conjugated with AuNPs which are
site-speciﬁc nanoprobes for recognizing CD4 antigen on surfaces
of T-cells and monocytes [1,2,5,6,11–13]. Levels of CD4 antigen
expression are particularly important in T-cells where this antigen
provides an entry point for HIV [14–16]. To date AuNP–antiCD4
nanoprobes have been detected and localized by the transmission
electron microscope (TEM) and the SEM. However, the instability of
nanoparticle–biomolecule conjugates under the high electron dose
of the TEM or SEM limits the microscopic detection [4,17,18].
SIMS in the event-by-event bombardment/detection mode
offers the ability to detect the proximity of a nanoparticle probe
to the amino acid sites of an antibody. In general, AuNPs are covalently or hydrophobically attached to the target antibody to site
speciﬁcally label proteins. Cysteine, a sulfur-terminal amino acid,
can form strong thiolate bonds with AuNPs. Schenkel and Wu
utilized SIMS with coincidence counting to study the bonding of
peptide and proteins and their non-covalent interactions [19]. We
have previously reported a methodology to quantify the surface
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coverage of Ag NPs on a glycine matrix and the surface coverage
of micropatterned species [20–22]. The event-by-event bombardment/detection mode allows the identiﬁcation of co-emitted SIs
with an ion of interest. A coincidental ion mass spectrum can be
obtained by summing all these coincidental events. The quantiﬁcation of a surface fractional coverage has been determined in terms
of the ratio of the number of effective impacts on a specimen (Ne )
to the total numbers of primary ions sent to a target surface (No ).
We demonstrate below the application of ToF-SIMS in the
event-by-event bombardment/detection mode to: (a) evaluate the
quantity of spherical NPs conjugated with antiCD4 attached on
a cell [23] and (b) examine the binding sites between antibody
molecules and NPs.

2. Materials and methods
2.1. Preparation of T-cell binding surfaces
2.1.1. Materials
3-Acryloxypropyl trichlorosilane was purchased from Gelest,
Inc. (Morrisville, PA). 10× phosphate buffered saline (PBS) without calcium and magnesium was purchased from Sigma Aldrich
(Saint Louis, MO). Formalin was purchased from Fischer Scientiﬁc. Puriﬁed mouse anti-human CD4 (13B8.2) was purchased from
Beckman–Coulter (Fullerton, CA). Colloidal gold (30 nm) conjugated monoclonal antibody to human T-cell helper (AuNP/anti-CD4
conjugate) was purchased from EY Laboratories (San Mateo, CA).
RPMI 1640 cell medium was purchased from VWR (West Chester,
PA). Fetal bovine serum (FBS), penicillin, and streptomycin were
purchased from Invitrogen (Carlsbad, CA). Molt-3 T-lymphocyte
line was purchased from American Type Culture Collection (ATCC).

2.1.2. Preparation of T-cell binding surfaces
Glass substrates were ﬁrst modiﬁed with 3-acryloxypropyl
trichlorosilane to promote antibody adsorption according to previously reported procedures [24,25]. Brieﬂy, glass slides were treated
in an oxygen plasma chamber (YES-R3, San Jose, CA) at 300 W for
5 min. The substrates were then incubated in 2 mM solution of
3-acryloxypropyl trichlorosilane diluted in anhydrous toluene for
1 h. Silanized slides were then rinsed in fresh toluene, dried under
nitrogen, dehydrated at 100 ◦ C for 2 h, and stored in a dessicator
prior to use. To prepare areas for T-cell capture, 0.2 mg/ml puriﬁed
mouse anti-CD4 antibody dissolved in 1× PBS solution with 0.005%
Tween-20 was printed onto silanized glass slides using a MicroCaster hand-held microarrayer system (Whatman Schleicher and
Schuell). Similarly, 10 g/ml AuNP/anti-CD4 conjugate antibody
containing 0.005% Tween-20 was also printed.

2.1.3. Formation of gold nanoparticle labeled cellular
micropatterns
Molt-3 cells were maintained in RPMI 1640 media with 10%
(v/v) fetal bovine serum (FBS), 100 g/ml penicillin and 100 g/ml
streptomycin at 37 ◦ C in a humidiﬁed atmosphere with 5% CO2 . The
cells were spun down at 1200 rpm for 3 min and then suspended in
1× PBS to a ﬁnal concentration of 5 × 106 cells/ml. The cells were
seeded onto anti-CD4 antibody arrayed substrates. After one hour
incubation at 37 ◦ C, substrates were washed with 1× PBS solution
to remove unattached cells. Substrates with patterned adherent
T-cells were then ﬁxed with 4% formalin solution for 15 min followed by three washes in 1× PBS solution. Finally, substrates were
incubated with 10 g/ml AuNP/anti-CD4 conjugate antibody for 1 h
followed by washing in 1× PBS to remove unattached gold particles.

Fig. 1. Secondary ion mass spectrum of AuNPs–antiCD4 on Molt-3 cell micropatterned surfaces analyzed with 26 keV C60 + ToF-SIMS. (a) m/z 30–150 and (b) m/z
150–300.

2.2. Instrumentation
2.2.1. ToF-SIMS with the event-by-event bombardment/detection
mode
The effusion C60 ToF-SIMS instruments, custom-built in our laboratory, produce C60 1,2+ projectiles with total impact energy on the
target sample of 26 keV and 43 keV for singly and doubly charged
C60 ions respectively [26–28]. The gaseous C60 is generated by
heating C60 powder placed in a Cu heating reservoir until it sublimes. The effusion vapor of C60 is then electron impact ionized by
electrons emitted from a heated tungsten wire or tantalum disk
to yield C60 1,2+ ions. The primary ions are focused with electrostatic lenses and mass selected with a Wien ﬁlter. C60 1,2+ ions are
then steered toward an off-center aperture that prevents the neutrals from impacting the negatively biased target. The electrons and
negative secondary ions emitted from the target are extracted by
a grounded electrode. Electrons are deﬂected by a weak magnetic
ﬁeld to strike a start detector (start signal). The SIs are detected with
a stop detector composed of a micro channel plate (MCP) assembly
with an 8-anode detector capable of detecting up to 8 isobaric ions
per event [26]. The event-by-event bombardment-detection mode
allows to acquire and record the data for each individual projectile
impact [29]. The Total Matrix of Events (TME© ) software is used to
acquire and process data in the event-by-event mode. An event is
determined by the detection of ejected electron and their simul-
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Fig. 2. Secondary ion mass spectra of anti-CD4 on silane glass slide (top) and silane
on glass slide (bottom) impacted with 26 keV C60 + primary ions.

taneously ejected SIs from a single projectile impact resulting in
an emission area ∼10 nm in diameter [30]. The co-emissions of SIs
originate from the co-localized molecules within the nanometric
volume. The secondary ion mass spectrum is obtained by accumulation of several million impact/emission events, and is similar to
a conventional SIMS spectrum. To obtain a coincidental ion mass
spectrum, a mass window is set on speciﬁc ion of interest. The
extracted SIs in the coincidence ion mass spectrum represents the
spatially co-located ions.
2.2.2. ToF-SISM analysis
The samples were on glass substrates modiﬁed with anti-CD4
Abs and incubated with CD4 antigen-expression T-cell line (Molt3). Molt-3 cells captured on the glass surfaces were incubated with
AuNPs/anti-CD4 conjugates. They were analyzed with a sequence
of individual C60 1,2+ projectiles at total energies of 26 and 43 keV
respectively. To obtain statistically valid data, the experiments
were run with a total of ∼106 single impacts each spaced ∼10−3 s
apart, over a sampling area (800 m diameter) covering ∼3000
cells. In the conventional secondary ion mass spectrum, antibodies and cell receptors produce similar characteristic peaks. AuNP
labeling was used to impart signature mass peaks to antiCD4
molecules. AuNPs generated speciﬁc negative Au and Au adduct
ions in the secondary ion mass spectrum that allowed to identify the
AuNPs–antiCD4 in a complex biological system. We also employed
the SEM to visualize the presence of AuNPs (∼30 nm in diameter)
on the cell surfaces.

Fig. 3. SEM images of AuNPs–antiCD4 labeled on cell micropatterned surfaces. (a)
Molt-3 cells (∼9 m in diameter), scale bar: 10 m and (b) AuNPs–antiCD4 attached
on Molt-3 cell, scale bar: 100 nm.

2.3. SEM
The AuNPs and cells were analyzed by the scanning electron
microscope (SEM; Jeol-7500F Cold Field Emission). SEM operated
on gentle beam mode (l kV) was used to image the morphology and
shape of cells (×700 magniﬁcation) and AuNPs (×70,000 magniﬁcation) under vacuum (∼10−5 Torr).
3. Results and discussion
3.1. Secondary ion mass spectrum and SEM images of
AuNPs–antiCD4 on cells
The secondary ion mass spectrum of the AuNPs–atniCD4 conjugates immobilized on cells is shown in Fig. 1. Similar to
conventional SIMS, the cumulative SIs mass spectrum shows the

Fig. 4. (a) Schematic illustration of C60 + impacted on a AuNPs–antiCD4 labeled cell
surface and (b) individual events records.
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Fig. 5. (a) Original secondary ion mass spectrum of AuNPs–antiCD4 labeled on Molt-3 cells; (b) coincidental ion mass spectrum of co-emitted ions with Au− (m/z 197); (c)
coincidental ion mass spectrum of co-emitted ions with AuCN− (m/z 223), inserted spectrum represents coincidental intensity of ion at m/z 120; (d) coincidental ion mass
spectrum of co-emitted ions with silane fragment at m/z 179.

chemical information of the complex surfaces. The negative ions in
the mass range from m/z 30 to 120 are labeled as peaks suggested
to originate from amino acid residue side chains, i.e., indicating the
presence of antibodies (shown in Fig. 1(a)). A corroborating indication of these peaks arising form amino acids is the increase in
their intensities when comparing the immobilized antiCD4 to the
silane background (shown in Fig. 2). The palmitate (C16 H31 O2 − )
and oletate (C18 H33 O2 − ) ions originate from the topmost layer of
cell surfaces that are composed of the cellular lipid membranes
(Fig. 1(b)). The peaks at m/z 197 (Au− ) and 223 (AuCN− ) are AuNP
adducts emitted from the AuNPs labeled on antibodies (anti-CD4)
bound to the cell receptor sites. These unique signals corresponding
to AuNPs at m/z 197 (Au− ) and 223 (AuCN− ) conﬁrms the successful
immobilization of AuNPs–antiCD4 to cells.
The presence of AuNPs immobilized on the cell was also veriﬁed with SEM images. As shown in Fig. 3(a), the morphology of
Molt-3 cells (∼9 m diameter) cultured on microcasted anti-CD4
surfaces (800 × 1200 m2 ) were investigated by the SEM [31,32].
The SEM images show that cell morphology remains intact in the
vacuum environment (∼10−6 Torr). Fig. 3(b) shows the attachment
of AuNPs with size ∼30 nm in diameter conjugated with anti-CD4
on the Molt-3 cell surfaces. The blurred image of AuNP–antiCD4
on cells indicates the difﬁculty in using the SEM to image AuNPs
of 30 nm in the cellular environment. The high electron dosage of

the SEM technique causes the AuNP–antiCD4 conjugates to become
unstable and decompose [4,18].
3.2. Coincidental ion mass spectra of AuNPs–antiCD4 on cells or
silane modiﬁed glass
The schematic illustration of applying the event-by-event bombardment/detection mode to probe the cellular surface is shown in
Fig. 4(a). The random C60 projectiles statistically impact either the
cell rich region or the AuNPs–antiCD4 area. As shown in Fig. 4(b),
the 1st event illustrates a single C60 + primary ions impact on the
lipid membrane region and the detection of co-emitted SIs from a
lipid resolved nanovolume of 5–10 nm in depth and 10 nm in the
diameter [10]. The 2nd event expresses the projectiles impact on
the co-located AuNPs and antiCD4. The 3rd event shows the SIs
were resolved from both antigen and cell lipid membrane area. All
individual events are isolated and recorded at time and space that
allows one to extract and construct coincidental mass spectrum
with events of co-emitted ions with a selected ion [29].
In the secondary ion mass spectrum, the Au adduct AuCN−
at m/z 223, indicates the recombination of ions Au and CN from
AuNP–antiCD4 within the impacted nanovolume. Fig. 5(b) and (c)
indicates the possibility of identifying amino acids related peaks
for the antiCD4 when examining co-emitted ions with Au adducts,
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Table 1
The quantitative results of AuNPs–antiCD4 on cell micropatterns.
Detected species

Co-emitted secondary ions

AuNPs–antiCD4 conjugates
Cell lipid membrane
Cell

Au− and AuCN−
C16 H31 O2 − and C18 H33 O2 −
Au + lipid membrane

Fractional coverage
21%
23%
44%

AuCN− (m/z 223) or Au− (m/z 197). The co-emissions of Au adducts
and amino acid SIs arises from the spatial co-location of antiCD4
and AuNPs. A further examination of co-emitted ions with a silane
background peak at m/z 179 shows the absence of those amino
acids peaks, conﬁrming the speciﬁc identities of antiCD4 related
ions (shown in Fig. 5(d)). A peak at m/z 120 may be due to deprotonated cysteine suggesting the closeness of cysteine and AuNP
recalling that the emission volume is ≤103 nm3 (shown in Fig. 5(b)
and (c)). In addition, the side chains corresponding to characteristic amino acid residues are observed in the coincidental spectra
co-emitted with Au− . Their proximity suggests that the binding
sites for AuNPs on the antiCD4 are the sulfur-terminal cysteine and
co-existing amino acid residues.
A similar result was obtained with the test case of
AuNPs–antiCD4 deposited on a glass surface. The cumulative
secondary ion spectrum and the mass spectrum of the coincidental
secondary ions with AuCN− (at m/z 223) are shown in Fig. 6(a) and
(b). In Fig. 6(a), the negative SI at m/z 120 may be attributed again
to the deprotonated cysteine. The SIs co-emitted with AuCN− (m/z
223) are shown in Fig. 6(b). Ions at m/z 30–100 are tentatively
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and IA,B is the number of co-emitted ions A and B, recorded in the
coincidental mass spectrum.
The SI yields of ion A and B are computed as follows:

2

50 C3N

7

0

-6

To identify the number of complex species on the cell surface
we applied a methodology that has been previously described for
determining the fractional coverage of immobilized biomolecules
on micropatterned surfaces [22]. The fractional coverage is the ratio
of the effective number of projectile impacts on a speciﬁed sampling area (Ne ) to the total number of impacts (No ) as shown follows:
Brieﬂy, two co-emitted ions, A and B originating from the same
compound (in the present case from emitted species lipid membrane or AuNPs) have a correlation coefﬁcient, QA,B , of unity. QA,B
is computed as follows:
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For a practical application, we use the coverage coefﬁcient, K, to
express the fractional coverage of specimens on the micropatterned
surface:
K=

Ne
× 100%
N0

(6)

As listed in Table 1, we determined the fractional coverage of
membrane lipid to be ∼23% of the cell micropatterned surface using
the co-emitted ions C16 H31 O2 − and C18 H33 O2 − from lipids. The
fractional coverage of the AuNPs was found to be ∼21% based on
the co-emitted Au− and AuCN− ions as shown in Fig. 5(b). The AuNP
coverage indicates the binding density of AuNPs labeled anti-CD4
on the cell receptor sites. The percentage of each specimen allowed
us to calculate their densities in the sampling area. The sampling
area is about 800 m in diameter. Within this area, 21% of the patterned surface is covered with AuNPs–antiCD4 conjugates. It should
be noted that the cell surface is partially covered by the 30 nm size
AuNPs (Fig. 4(a)), thus the effective impacts on the cell surface were
reduced by the presence of AuNPs. Thus to calculate the number of
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cells within the sampling area, the fractional coverage of AuNPs
needed to be taken into account. As a result, the total cell coverage
was found to be ∼44% of the sampling area. The data corresponding
to the number of cells or AuNPs are listed in Table 1. The number of cells in the sampling area was ∼3430 while the number of
AuNPs was 1.45 × 108 . The resulting number of AuNPs per cell was
about 42,274 which is in a good agreement with the literature result
measured by ﬂow cytometry [33,34].
4. Conclusions
This study illustrates the ability of SIMS in the individual impact
mode to: (a) validate the immobilization of AuNP labeled antiCD4 on cell surfaces and (b) quantify the coverage of molecules
expressed on the cell surface. This method has several promising
features for analysis of bio-nanomaterials and cells. Coincidence
SIMS may be used to analyze nanoparticles that fall below
the detection limit of standard electron microscopy, and should
thus be applicable for studies on size dependent binding of
nanoparticle–antibody conjugates [20]. As demonstrated by this
work, SIMS may also be used to quantify the density of cell surface
antigens. Beyond analysis of numbers, SIMS also provide chemical
composition of the cell surface molecules and may in the future be
used to analyze changes in composition (e.g., mutations) of cell surface receptors. We envision mass spectrometry of cell surfaces to
have future applications in cancer research, immunology and the
study of infectious diseases.
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