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The characterization of nanomaterials is critical to
understand the size/structure-dependent properties of these particles.
In this report, a form of heavy ion mass spectrometry, namely,
superconducting tunnel junction (STJ) cryodetection mass spectrom-
etry (MS) is used to characterize quantum dot semiconductor
nanocrystals and gold nanoparticles. The nanoparticles studied ranged
in mass from 200 kDa to >1.5 MDa and included lead sulfide quantum
dots, various cadmium selenide and/or telluride-based core—shell
quantum dots coated with different ligands, and gold nanoparticles.
Nanoparticles were ionized by both matrix-assisted laser desorption
ionization (MALDI) and laser desorption ionization (LDI), shot with
an aimed ion gun into a flight tube, mass separated by time-of-flight
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(TOF), and detected by an energy-sensitive STJ cryodetector. STJ cryodetection MS can be used to analyze intact
heterogeneous nanoparticles, allowing determination of average particle mass, dispersity, and ligand loading. Some
nanoparticles, however, do undergo fragmentation during the MALDI or LDI-TOF mass analyses. The measurement of the
energy deposited into the detector was found to be different for different types of particles. Metastable fragments from
these nanoparticles were observed at lower energies. The lower energies deposited for metastable fragments can provide
insight into the stability and surface compositions of these materials. Cadmium selenide core—shell quantum dots (655 nm
emission) conjugated to biomacromolecules, such as cholera toxin B and human serum transferrin, were also analyzed.
When compared to unconjugated particles by mass, it was determined that ~96 cholera toxin B and ~14 transferrin
proteins were attached to the surface of these nanoparticles.

nanoparticle characterization, mass spectrometry, superconducting tunnel junction, heavy ion mass spectrometry,

metastable ion, quantum dots, gold nanoparticles

anoparticles (NPs) are defined as a class of materials

with one dimension between 1 and 100 nm."” At the

nanometer scale, these particles can exhibit distinct
properties related to the onset of quantum effects that are
radically different from those of the bulk material.”* Most of
these properties are dependent on particle size, but shape and
structure also play an important role.””’

One way to classify NPs is based on composition. In this
report, we analyzed two classes of NPs: (i) metallic and (ii)
inorganic semiconductor NPs. Metallic NPs are particles with
cores composed of metallic elements (e.g, gold, silver, platinum,
etc.) either of a single element or as alloys. These NPs have
optical, electronic, and catalytic properties, which have been
used in many different applications. For example, metallic NPs
have been used for catalysis, molecular sensing/detection, and
managing environmental contaminants.”"* These applications
utilize metallic NP properties derived from surface plasmon
resonance and structural effects.””'>"® Inorganic semiconduc-
tor NPs, sometimes referred to as semiconductor nanocrystals
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or quantum dots (QDs), are composed of metallic, nonmetallic,
or metalloid elements and exhibit photoluminescent properties
originating from quantum confinement effects when cluster
sizes comprise less than ~10000 atoms.'”"> QDs can be
synthesized in different sizes and compositions, such as core—
shell-type particles, which can be tuned to select emission
properties.”'®'” Semiconductor nanocrystals have seen appli-
cation in areas such as photovoltaics and optoelectronics,
biomedical imaging and delivery, photocatalysis, and flow
cytometry. >

Characterization of synthetic NPs is essential to understand
the interesting size/structure-dependent properties of these
particles. Nanomaterials are typically characterized using optical
and electron spectroscopy, atomic force microscopy, X-ray
crystallography, thermogravimetric analysis (TGA), and more
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Figure 1. (a) LDI mass spectrum of PbS QDs with a m/z range of 1.0 X 10° to 1.6 X 10° Single QDs were detected at m/z 1.97 X 10° with
dimers, trimers, and tetramers at m/z 3.96 X 10%, 5.93 X 10°, and 7.84 X 105, respectively, up to hexamers at m/z 1.2 X 10°. Peak widths
increased with increasing mass, as expected. Multimerization of the singly charged QDs is believed to occur during the LDI process. (b)
Energy scatterplot mass spectrum of the same data as in (a) with regions of energy for specific charge states indicated. The lower-energy
signals beneath singly charged ions indicated metastable fragmentation of the QDs after LDI. (c) Energy-filtered 2D mass spectrum showing
data of singly charged intact ions (black trace) and, at lower energies, metastable fragments (green trace); m* = metastable ion.

recently, mass spectrometry (MS).””"** All these character-
ization methods have limitations, due to the physical properties
of the NPs, where size, mass, chemical composition, abundance,
and stability may all hinder the analysis. MS has typically been
employed to study smaller NPs whose molecular weights are
<100 kDa and can be detected using conventional instru-
ments;>>~*' however, widespread use of MS for characterizing
NPs has been impeded by the complex nature, stability, and
ultrahigh masses of these particles. In one study, the analysis of
even small, metal nanoclusters (<50 metal atoms) was limited
due to the destructive nature of the ionization process used."”
As a result, the development of “softer” ionization techniques,
which allow for intact NP analyses, has been essential to
advance MS studies of these complexes. In addition, there is a
need for ultrahigh m/z detectors. Conventional mass
spectrometers often use ionizing-type detectors with secondary
electron emission that is amplified to become the analytical
signal. The sensitivity of this technique is dependent on ion
impact velocity in order to generate the initial electrons
required for observation.” As a result, as m/z values increase
and ion velocities decrease, the detection response is reduced
without the introduction of advanced detection strategies.**~*°

Although synthetic methods for producing NPs have
improved greatly since their inception, with the ability to
produce more uniform particles in size and structure,
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uncontrolled molecular complexity still exists. Most NPs
cannot be synthesized with atomic precision; so as a byproduct
of synthesis, these particles have a wide distribution of surface
ligands and number of core atoms. Small distributions in size
lead to large variations in mass, and when coupled with large
molecular weights, analysis on conventional mass spectrometers
is often not possible. Select mass spectrometers may be able to
detect low mass NP ions if the charge states are increased, thus
lowering the m/z range required for detection, but higher
charge state ions require higher resolving power to gain useful
information.”” Even state-of-the-art high-resolution Fourier
transform-based mass spectrometers do not have either the
mass range or the resolving power to determine the charge
states of mega-Dalton NPs because of the high dispersity of
these particles. In addition, even if the NPs were ideally
atomically precise, a commercial high-resolution Orbitrap mass
spectrometer with a mass range up to m/z 20000 would require
1 mega-Dalton NPs to acquire >50 charges to fall within this
m/z range. This high charge state may not be possible even
when using electrospray ionization. It should be noted that,
recently, researchers modified an Orbitrap mass analyzer to
extend the upper m/z limit to ~80000."%*

Superconducting tunnel junction (STJ) cryodetection was
first coupled to a time-of-flight (TOF) mass spectrometer in
1996 and has demonstrated near 100% efficiency for detection
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Figure 2. LDI-TOF-STJ mass spectrum of organosol 800 nm emitting core—shell QDs. (a) The energy scatterplot has multiple energy bands,
which reflect differences in particle energy associated with ion charge or through energy loss via fragmentation. The lower band is assigned to
fragmentation from metastable ions originating from singly charged ions. The degree of fragmentation reflects the stability of these NPs after
LDL (b) Energy-filtered 2D mass spectrum showing only singly charged single QDs and dimers (inside red rectangles in (a)). (c,d) 3D mass
spectrum of all the points from (a) showing (c) the relative abundance of all peaks and dispersity while (d) shows a rotated view of the energy

differences with m/z with more clarity.

of heavy ions at m/z > 100000.>° The operating principles of
STJs have been described elsewhere’"** and have been used for
the analysis of macromolecules above 100 kDa and exceeding
17 MDa in molecular weight.”>~>* This report demonstrates
that STJ cryodetection coupled with laser desorption ionization
(LDI) and/or matrix-assisted laser desorption ionization
(MALDI) TOF MS provides a useful tool to analyze metallic
and inorganic semiconductor NPs. NPs with molecular weights
>100 kDa and exceeding 1.5 MDa have been analyzed, whereby
average masses and dispersities can readily be determined.
Additionally, by measuring deposition energies of the particles
impacting the STJ detectors, differences among particle types
and metastable fragments have been observed which may aid in
the characterization of NP stability and surface structure.

RESULTS AND DISCUSSION

Lead sulfide (PbS) QDs with an infrared (IR) emission
wavelength maxima at 1311 nm were analyzed by LDI-TOF-
ST] MS. These QDs were coated with a trioctylphosphine
oxide (TOPO) shell. Similar PbS QDs have been used in
applications related to photovoltaic device constructions.>
Figure la shows the 3D mass spectrum for these QDs and
highlights the additional energy dimension available by STJ
cryodetection. Without sufficient resolution, the means of
cationization (e.g., protonation, anion loss, metal cationization)
are unknown, and thus, we represent the charged QDs as [nM
+ mX]™", where X denotes the mass of a cation. The integer n
represents the number of particles associated with the ion, and
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m represents the number of cations and, in this case, the net
charge of the ion. The base peak, [M + X]* at m/z 1.97 X 10°
was assigned to singly charged PbS QDs. These QDs appear to
be stable in the ion source because under LDI conditions we do
not see peak tailing to lower m/z, which is indicative of in-
source fragmentation. In addition to the base peak, several
singly charged broad peaks were observed at higher m/z values.
These peaks have been assigned to nonspecific multimers (n-
mers) generated during the LDI process where n > 1. This
nonspecific multimeric pattern has been observed previously
for LDI-MS of small metal clusters.” The dimeric cluster was
detected at m/z 3.96 X 10°, whereas the trimeric and tetrameric
species were measured to be m/z 5.93 X 10° and 7.84 X 10°,
respectively. Up to hexamers of PbS QDs are readily resolved.
The broadness of these NP peaks is due to the dispersity as a
result of the QD synthesis. To make this conclusion, we
compared the mass spectrum of the protein IgG (see Figure 3
in ref 56) with nearby masses from the PbS QDs. The IgG
monomer at 148.3 kDa and trimer at 445.74 kDa had full width
at half-maximum (FWHM) values of 5.5 and 11.7 kDa,
respectively, whereas the PbS QDs at 197 and 396 kDa had
FWHM values that were nearly an order of magnitude higher at
70 and 100 kDa, respectively.

Based on the monomeric mass of 197 kDa, the bulk density
of PbS (7.6 g cm™"), and the assumption that TOPO did not
contribute significantly to the mass, it was estimated that the
PbS QDs had an average diameter of ~4.4 nm. This diameter
correlates well with an average core diameter of 4.2 nm
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Figure 3. (a) Energy scatterplot generated from the MALDI-TOF-ST] MS analysis of carboxyl-functionalized amphiphilic polymer-coated 800
nm emitting QDs obtained using sinapinic acid as the matrix. Similar to the energy scatterplot of organosol QDs in Figure 2a, there is 25%
relative abundance of metastable fragmentation resulting in the signal band immediately below the intact QD bands. (b) Top view of the 3D
mass spectrum. Note that the ions appear better separated from those in (a) due to the smaller range of energies plotted. (c) 2D mass
spectrum of the intact +1, +2, and metastable fragments from the singly charged precursor ions after energy filtering. (d) 3D mass spectrum of
the data in (a) viewed from a different orientation; m* = metastable ion.

provided by the manufacturer® using transmission electron
microscopy (TEM).

The energy scatterplot LDI mass spectrum of PbS QDs
(Figure 1b) shows the relative energies deposited by the
impacting particles onto the ST detector surface versus m/z.
This plot highlights different energies deposited onto the
detector as noted by the clusters of single ion events, and in
some cases, these clusters can reveal charge states. For particles
of the same charge, it is expected that ions will impart the same
energy on impact with the detector surface; however,
interestingly, a slight increase in energy was observed with
increasing multimeric cluster size. At present, the origin of this
observation is not well understood but is believed to be due to
a combination of higher ion internal energy and other collision
processes.

When looking at signals lower in energy than the singly
charged ions (see dashed rectangle in Figure 1b), a few low
abundant features are resolved. At identical m/z values of the
M + X]%, [2M + 2X]*, and [3M + 3X]* ions, low-energy
signals are observed to decrease slightly with increasing m/z.
These low-energy signals are believed to result from metastable
fragmentation. In metastable ion fragmentation inside a TOF
mass analyzer, the ion undergoes dissociation in the flight tube
after exiting the ion source. The ion is fully accelerated; thus,
fragment ions will carry the same velocity as the metastable
precursor ion and strike the detector at the same time,
providing an identical m/z.°> However, these fragment ions will
be detected at energies less than that of the precursor ion where
the energy partitioning among fragments follows the mass
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partitioning from precursor ions to fragments. As shown in
Figure 1, some fractions of [M + X]*, [2M + X]*, and [3M +
X]* precursor ions are observed to undergo metastable
fragmentation and lose a small amount of mass prior to
impacting the detector. At present, the energy resolution of the
STJ detectors is not sufficient and/or the energy spread of
these low-energy fragments is too large for the determination of
exact compositions, but the fragment mass is clearly a small
fraction of the intact NP. We propose that some surface-“labile”
material of the NPs, for example, the organic ligand coat,
fragments from the core in a metastable fragmentation scheme
similar to what has been observed for zinc oxide NPs.”” The
low-energy events observed with the PbS QDs could represent
loss of the TOPO coat. There is also a trend in the metastable
fragmentation pattern, in which precursor ions of larger m/z
(multimers) lose a greater fraction of mass. This may reflect
time constraints associated with the dissociation process.
Specifically, ions of higher mass (and larger m/z when z is
the same) will have lower ion velocities, allowing for longer
flight times prior to detection. These longer flight times may
provide the additional time needed to localize the energy
required to break bonds prior to detection.

One additional feature observed in the LDI mass spectrum of
PbS QDs was the high-energy data points which represent
primarily doubly charged ion impacts but can also include
simultaneous detector hits of two singly charged ions each at 20
keV onto a single STJ element within the detector pulse decay
time (~3 us). These peaks are most likely due to multiply
charged multimers because such ions would account for peaks
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Figure 4. MALDI-TOF-ST] MS analysis of PEGylated core—shell QDs which emit at a wavelength of 800 nm. The [M + X]* ion increases in
mass after PEGylation. (a) Energy scatterplot mass spectrum with clusters at different charge states. (b) 2D mass spectrum of all points from
the data in (a). Note the overlap among charge states as a result of nonuniform dispersity among QDs. (c) Top view of the 3D mass spectrum
of the data showing peak maximum, which allows ready identification of the different charge states present. (d—g) 2D mass spectra of
separated charge states (+1 to +4), labeled with peak m/z values of the distributions. Isolation of the singly charged +1 ions via energy
filtering refines the mass of the PEGylated QDs to 1500 kDa. Each PEG chain has a mass of ~2 kDa. The water-soluble carboxyl-
functionalized amphiphilic polymer-coated QDs shown in Figure 3 increased in mass from 734 to 1500 kDa, an increase of 761 kDa. This
corresponds to an average labeling of these carboxyl-functionalized amphiphilic polymer-coated QDs with ~383 PEG chains/QD.

at m/z 3/2 and 5/2 for the singly charged particle at m/z ~2.94
X 10° and 4.90 X 10°, respectively. As a result, a charge state of
+2 is assigned to this region of higher-energy points, as shown
in Figure 1b. Also noted in this higher-energy region of the
spectrum is a weak signal due to metastable fragmentation of
the multimeric ions, [nM + 2X]*?, again, with slightly lower
energies deposited as a result of the lower energies of ion
impact.

In addition to the PbS QDs, larger QDs were analyzed using
STJ cryodetection MS. Figure 2 shows results from the LDI-
TOF-ST] MS analysis of near-infrared (NIR) emitting (800
nm) core—shell QDs. These NPs are composed of a cadmium
selenide (CdSe) core layered with cadmium telluride (CdTe),
CdSe, and zinc sulfide (ZnS) layers outward followed by
TOPO on the surface, causing them to be soluble only in
organic solvents (organosols). Figure 2a shows the energy
scatterplot mass spectrum generated from the 800 nm emitting
core—shell QDs. At the singly charged energy level, two distinct
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ion clusters are observed as noted by the two dashed rectangles
in Figure 2a. The energy-filtered mass spectrum, using the data
inside these rectangles, is shown in Figure 2b. These singly
charged features have been assigned to monomeric, [M + X]*,
and dimeric, [2M + X]*, ion distributions at m/z 4.02 X 10°
and 9.60 X 10°, respectively. The strong dimeric ion observed
at ~90% relative abundance is an interesting feature for such
large particles that have increased internal energy due to LDI.
However, the dimeric peak at m/z 9.60 X 10° is significantly
higher than predicted by twice the m/z of the 4.02 X 10°
monomeric peak. This higher dimer mass may represent less
fragmentation than observed from the monomer or some yet
unknown chemistry that may play a role in the formation of the
dimer. There also appears to be an unresolved distribution
shown as a shoulder centered at m/z ~ 8.00 X 10° (see Figure
2b,c), which would agree better with the mass calculated from
the monomer. These QDs also show lower-energy distributions
with significant relative abundances of >50%, which are
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assigned to metastable fragments originating from the singly
charged precursor ions. The 3D mass spectrum in Figures 2c
highlights the abundance of the precursor ion relative to these
metastable fragment ions. The higher abundance of metastable
fragments suggests that these QDs are less stable under LDI
conditions than the PbS QDs. Also observed was the doubly
charged ion, [M + 2X]*, at 30% relative abundance at m/z 2.13
X 10° (see solid blue oval in Figure 2a).

Water-soluble 800 nm emitting core—shell QDs with surface-
protecting carboxyl-functionalized amphiphilic polymer ligands
were analyzed next by MALDI-TOF-ST] MS. The softer
technique of MALDI utilizing sinapinic acid (SA) as the matrix
was used to reduce fragmentation of these NPs. These water-
soluble QDs were observed to give a signal-to-noise ratio by
MALDI higher than that observed for the organosol QDs
obtained using LDI (compare Figure 2 to Figure 3). The
MALDI signal improvement is a reflection of the ability of the
matrix to surround the water-soluble particles and to lift the
particles while protecting them from the laser energy. As shown
in the mass spectra in Figure 3ab,d, four distinct peaks were
observed that corresponded to [M + X]* and [M + 2X]** at m/
27.34 X 10° and 3.73 X 10°, and metastable fragment ion peaks
originating from both the singly and doubly charged precursor
ions were observed below these peaks at m/z 7.76 X 10° and
3.91 X 10° These results are similar to the LDI data of the
organosol core—shell QDs shown in Figure 2 in that both the
+1 and +2 charge states are observed, and they undergo
metastable fragmentation. However, compared to the organosol
QDs analyzed by LDI in Figure 2, the relative abundance of
metastable fragmentation from the singly charged particle is
markedly reduced, as one would expect when using MALDIL
The spectrum also lacks the signature mass peak of a dimeric
species. By selectively filtering signals based on ion energies
detected at the STJs, a 2D mass spectrum was plotted in Figure
3c for the three most abundant ion populations observed.
Using this energy-filtering tool and the 3D mass spectrum for
enhanced visualization in Figure 3d, it was determined that the
metastable fragments from the [M + X]* ions were at ~25%
relative abundance.

Because the cores of both organosol and water-soluble QDs
emitting at 800 nm were expected to be of a similar size, and if
we assume that the total coat mass of the two different ligands
is similar, the mass difference between these particles should be
relatively small. However, a ~339 kDa mass difference was
measured between the organosol (Figure 2) and water-soluble
(Figure 3) QDs. This mass difference was much larger than
what could be attributed to the ligand loading. We propose that
at least some of the mass difference is due to in-source
fragmentation of the ligand coat by LDI. This has indeed been
noted by others studying nanocrystalline gold particles.”*~*
For QDs using LDI, the high flux of photons is absorbed
directly by the NPs rather than by the matrix, such as SA, in
MALDI. As a result, the large difference between molecular
weight determinations in Figure 2 wversus that in Figure 3
suggests that the 339 kDa mass loss likely included both the
surface ligands of the QDs and some additional mass from the
core.

NPs have been utilized in vivo with applications ranging from
tissue imaging to targeted drug delivery.**’~%" In addition to
concerns about cytotoxicity, researchers are often faced with
the challenge of synthesizing NPs that are water-soluble and
remain stable in physiological conditions.””””" A technique
often employed to enhance water solubility and biocompati-
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bility of NPs is to coat their surfaces with polar polymers.”>”>

For example, polyethylene glycol (PEG) coupled to NPs can
increase solubility and protect the particles from the immune
system of the host.”* These polymers can also be functionalized
to bind small molecules and biomacromolecules for targeted
delivery to sites within the host.”***>% Mass spectra of water-
soluble carboxyl QDs that have been surface PEGylated are
shown in Figure 4.

The energy scatterplot mass spectrum generated by the
MALDI-TOF-STJ MS analysis of PEGylated 800 nm emitting
core—shell QDs is shown in Figure 4a. This QD forms ions
readily by MALDI as noted in the unfiltered spectrum in Figure
4, which consists of ~95000 ion impacts. Both singly and
multiply charged ions of the intact PEGylated QDs were
observed. Figure 4b shows a traditional 2D mass spectrum. Due
to the broad mass dispersity of the intact PEGylated QDs, m/z
values of multiply charged ions overlap significantly. The ability
to separate the data into a third dimension via measurement of
the relative energy imparted to the STJ detectors allows charge
states to be resolved, thus yielding additional information. In
addition, accurate energy separation can result in better mass
assignments. Figure 4a,c,d shows the [M + X]* ion as a broad
distribution centered at m/z ~ 1.500 X 10° Using energy
filtering, individual charge states from +1 to +4 can be isolated
as shown in Figure 4d—g. Multiply charged ions, [M + 2X]*',
[M + 3X]*', and [M + 4X]* were detected at m/z 8.08 X 10,
5.05 X 10°, and 3.84 X 10°, respectively, providing an average
mass determination of 1516 kDa with a ¢ of 1.1%.

The observation of the singly charged PEGylated QDs at m/
z ~ 1.500 x 10° (MWavg ~1.5 MDa) demonstrates the high
detection efficiency of STJ for these macromolecules at low
charge states. The ability to detect ions at low charge states is
especially advantageous for NPs as synthetic methodologies
generate large variations in particle size, which are readily
observed as peak broadening in the m/z dimension. Using the
most abundant mass of the broad +1 charge state, the
molecular weight of the PEGylated QD (Figure 4) was
compared to the intact carboxyl-functionalized amphiphilic
polymer-coated QDs (Figure 3). Assuming that the core
structure of the QDs was the same, the significant difference in
mass between these particles is proposed to account for the
amount of ligand loading of the surface coatings. At an average
molecular weight of 2 kDa for the PEG ligands, the ~766 kDa
mass difference between carboxyl-functionalized amphiphilic
polymer-coated (Figure 3) and PEGylated (Figure 4) QDs
provides a ligand loading number of ~383 PEG chains on the
surface of the QD.

We next analyzed core—shell QDs which emit at 655 nm by
LDI-TOF-ST] MS and MALDI-TOE-ST] MS. These QDs
were analyzed biomolecule-free and also conjugated to either
cholera toxin B (CTB), MW ~ 11.6 kDa, or human serum
transferrin (HuTf), MW ~ 75.2 kDa. Cholera toxin B (CTB)-
conjugated QDs have been used as an alternative to
polyarginine labeling to minimize particle ag;;regation upon
internalization in cellular labeling studies.”” Transferrin-
conjugated QDs undergo receptor-mediated endocytosis
when bound to transferrin receptors to bring QDs into
cells.”® Both CTB- and HuTflabeled QDs were biologically
active.”® The biomolecule-free organosol core—shell QDs were
composed of a CdSe core surrounded by a ZnS layer prior to
surface protection in contrast to the four-layer composition of
the 800 nm emitting core—shell QDs shown in Figures 2—4.
The LDI-TOF-STJ MS analysis of organosol QDs prior to
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Figure 5. LDI-TOF-STJ MS mass spectrum of organosol core—shell QDs emitting at 655 nm without biomolecule conjugation and MALDI-
TOF-STJ MS with biomolecule ligands. (a) Energy scatterplot of the biomolecule free QDs. As in Figures 2 and 3, metastable fragmentation
was also observed. (b) 2D mass spectrum of singly charged ions from (a) with the suspected intact QDs appearing at m/z 5.33 X 10°. Singly
charged dimers were also observed at m/z 1.027 X 10°. The peak at m/z 3.20 X 10° is tentatively assigned to be LDI fragments generated
through in-source fragmentation prior to ion acceleration. (c) 3D mass spectrum of all the points in (a). (d—f) MALDI mass spectra of
carboxyl-functionalized amphiphilic polymer-coated core—shell QDs that were covalently coupled with cholera toxin B (CTB) (MW ~ 11.6
kDa). (g—i) MALDI mass spectra of carboxyl-functionalized amphiphilic polymer-coated core—shell QDs that were covalently coupled with
human serum transferrin (HuTf) (MW ~ 75.2 kDa). The average number of protein molecules attached was calculated to be 96 and 14 for
CTB-QDs and HuTf-QDs, respectively. Water-soluble, 655 nm emitting carboxyl-functionalized amphiphilic polymer-coated core—shell QDs

were unavailable.

bioconjugation is shown in Figure Sa—c. This bioligand-free
particle served as a reference when compared to the
bioconjugated QDs. The energy scatterplot in Figure Sa
shows multiple features resolved in both m/z and particle
energy. Figure Sb shows the energy-filtered 2D mass spectrum
for singly charged ions. Three distinct peaks are observed. The
peak at m/z 5.33 X 10° has been assigned to [M + X]*, and the
peak at m/z 1.027 X 10° has been assigned to a dimer, [2M +
X]*. The singly charged partially resolved peak at m/z 3.20 X
10° is believed to be fragments of the intact QDs after partial
fragmentation in the ion source prior to acceleration; however,
heterogeneity of NP production could also account for this
lower m/z distribution. LDI is known to be a more energetic
process, and these data suggest that LDI is not the ionization
method of choice as it can lead to increased fragmentation of
these particles. Figure 5S¢ shows the 3D mass spectrum from the
LDI-TOFE-STJ] MS analysis of the organosol core—shell QDs.
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The 3D mass spectrum more clearly shows the peak maxima of
the multiply charged and metastable fragment ions through the
added energy dimension.

The MALDI-TOF-ST] MS analysis of QDs conjugated to
CTB is shown in Figure Sd—f, whereas QDs conjugated to
HuTf are shown in Figure Sg—i. The energy scatterplot for
CTB-conjugated QDs is shown in Figure 5d, and the singly
charged energy-filtered 2D mass spectrum and full 3D mass
spectrum are shown in Figure Sef, respectively. Intact CTB-
conjugated QDs were detected singly charged at m/z 1.605 X
10 (MW, of ~1.61 MDa). Using the difference between the
[M + X]* peaks in Figure Sbe (m/z 1.117 X 10°), it was
estimated that ~96 CTB molecules (~11.6 kDa) were
conjugated to the QD. In a similar approach, HuTf-conjugated
QDs were analyzed, and these results are shown in Figure 5g—i.
The energy scatterplot for HuTf-conjugated QDs is shown in
Figure 5g, whereas the singly charged energy-filtered 2D mass
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Figure 6. MALDI-TOF-ST] MS of Au NPs. (a) Energy scatterplot mass spectrum of Au NPs, showing singly and doubly charged ions. While a
lower-energy signal band (orange box) was also observed for Au NPs, this feature has been assigned to clusters of organic matrix ions from
sinapinic acid used in the MALDI process. (b) 2D mass spectrum of energy-filtered +1 and +2 charge states. The inset shows a space-filling
model for the Au NPs coated with citrate. The black trace represents singly charged Au NP ions that have an apex at m/z 8.27 X 10°, which
represents ~4544 Au atoms free from citrate. The mass of the Au NP (~827 kDa) is significantly higher than the calculated mass for a $ nm
Au particle (761 kDa). The manufacturer only provided the Au NPs diameter to one significant figure. The purple trace represents doubly
charged Au NP ions at m/z 4.76 X 10°%, as well as doubly charged dimers at m/z 8.57 X 10°. The orange trace represents clusters of SA matrix
ions. The neutral mass calculated from the doubly charged Au NP was found to be 952 kDa and may reflect the increased probability of larger
Au NPs obtaining a second charge. (c) 3D mass spectrum showing the base peak to be +1 and the +2 at ~30% relative abundance. (d) Relative
energy deposited into the STJ detectors for SA matrix ion clusters, singly charged Au NPs, and doubly charged Au NPs. The Au NPs show a
significantly higher energy (AE) deposited into the STJ detector as compared to SA clusters of the same mass.

spectrum and full 3D mass spectrum are shown in Figure Shjj, [M + X]* distribution, which has a maxima at m/z 8.27 X 10,
respectively. HuTf-conjugated QDs were detected intact and whereas filtering for the +2 charge state shows the doubly
singly charged at m/z 1.554 X 10° (MW, of ~1.55 MDa). The charged ion distribution, [M + 2X]** at a maxima of m/z 4.76 X
mass difference between the [M + X]* peaks of the organosol 10°. Due to Au NP peak dispersity and the current limitations
core—shell QD reference (Figure Sb) and that of the HuTf- in mass resolution, it was not clear whether citrate was retained
conjugated QD (Figure Sh) of m/z 1.021 X 10° suggested that on the surface after the MALDI processes, but if so, the mass
~14 HuTf molecules (~75.2 kDa) were conjugated on the contribution was expected to be small relative to the mass of
surface of the QD. The ligand loading calculation was based on the Au core. Based on the measurement of mass of the singly
LDI data in Figure Sc and not MALDI data for organosol QDs. charged ions, the expected m/z value for the doubly charged
As the former ionization method uses direct ablation of material ions was expected to be centered at m/z 4.14 X 10°. The
with laser irradiation, there is no possibility for matrix difference between the measured m/z value for the doubly
molecules to contribute to the mass of these QDs via adduction charged ion (m/z 4.76 X 10°) and that of the predicted value
(as it is common for larger species). A possible downside to (m/z 4.14 X 10°) may be due to lower ion abundance statistics
LDI is increased fragmentation, as discussed above, which can for the doubly charged ion, which was present at ~30%
also alter the results. In any regard, these results demonstrate abundance relative to the singly charged ion. Alternatively,
that a specialized ultrahigh mass MS technique, such as MALDI larger Au NPs may preferentially favor two charges, thus
MS with STJ cryodetection, allows efficient detection of shifting the average m/z for the +2 charge state higher.
macromolecules above 1 MDa and allows estimation of cargo Using the bulk density of gold (19.32 g cm™") and assuming
loading of specific biomolecules on the surface of NPs. that citrate was fully stripped from the Au core, it was
As a final example of the utility of STJ cryodetection MS for determined that the mean diameter of the detected Au NPs was
studying NPs, a metallic NP whose core consisted of gold (Au) 5.14 nm. This is in good agreement with the nominal 5 nm
atoms was analyzed. MALDI-TOF-ST] MS results from the value supplied by the manufacturer. A 5.00 nm Au NP was
analysis of 5 nm Au NPs protected by citrate ligands are shown estimated to have a mass of ~761 kDa. As shown by the Au
in Figure 6. core size estimates from the MALDI-TOF-ST] MS results and
The energy scatterplot in Figure 6a shows three distinct S nm nominal core size calculations, a small change in particle
clusters of points. Upon energy filtering for the +1 charge state, diameter can account for a significant change in the mass of the

the 2D mass spectrum in Figure 6b displays the singly charged particle. This STJ] MS methodology may provide a more
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accurate size and dispersity measurement as it is based solely on
molecular mass determinations. Approximately 74000 Au NP
ion impacts were acquired to generate this mass spectrum.

As discussed previously, signals observed below the energy of
the singly charged ions are typically assigned to metastable
fragments if they are aligned in m/z but with lower energy. A
distribution was shown in Figure 6 for the Au NP MALDI-
TOF-STJ MS data which tailed from m/z 5.00 X 10° to 1.000 X
10° between the relative energy deposited values of 0.2 to 0.3.
In this case, the ion signal was assigned to clusters of SA matrix.
The exponential decay in abundance of the lower-energy SA
signal is commonly observed for small-molecule matrix clusters
in MALDI MS, and as shown here, these signals can be
observed above m/z 5.00 X 10°. The significant difference in
energy (AE) between singly charged S nm Au NPs and SA
organic matrix cluster ions is shown in Figure 6¢,d. We have
found that signals detected at the lower-energy levels are
associated with singly charged organic ions (ie., biomolecules,
synthetic polymers, etc.). Metallic or inorganic NPs, as shown
here, yielded a higher-energy response by ST] MS than organic
ions given the same kinetic energy and mass. Interestingly, the
Au NPs yielded the highest ST] energy response of all particles
analyzed, followed by the less dense PbS QDs and core—shell
Cd-based QDs. We hypothesize that there is a correlation
between physiochemical properties of these NPs such as the
internal energy or heat capacity of these ions and the degree to
which various collisional processes occur compared to the
measured STJ response.

CONCLUSIONS

In this report, we demonstrated that MALDI and LDI ST]J
cryodetection MS allows characterization of nanomaterials at
ultrahigh mass. Using this approach, average molecular weights
and dispersities can be readily determined for low charge state
heavy ions at m/z well above 1.00 X 10°. While the mass
spectrometer used has a relatively low resolving power, all NP
mass peaks in this report were broad primarily due to the large
dispersity of sizes as a result of the synthetic processes. PbS
QDs were found to readily form multimers by LDI-TOF-ST]J
MS when compared to the other NPs analyzed. Many QDs
undergo metastable fragmentation by LDI and MALDI,
evidenced by signals detected at energy levels less than that
of a singly charged ion but with m/z alignment. In some
instances, and especially by LD], in-source fragmentation was
observed, whereby the m/z of detected ions was reduced due to
fragmentation prior to ion acceleration. The energy measure-
ments enabled by the use of STJ cryodetection allow for
contributions from m/z-aligned fragments to be discriminated
from the total ion current, which is currently not possible with
conventional ionizing detectors. Future energy resolution
improvements of STJ cryodetectors should allow for an
improved determination of relative NP stability using
information gained from metastable fragmentation patterns.
Combining LDI and MALDI approaches allows character-
ization of intact NPs but also provides a means to investigate
NP composition, where fragmentation is expected to reflect
aspects of particle stability and surface structure. For example,
when attempting to measure the intact mass, dispersity, and
particle stability of the NPs, MALDI was employed, whereas
LDI was used to study more robust NPs or to further
investigate particle stability under more rigorous conditions.
With further development, STJ cryodetection may be able to
provide additional NP characterization information beyond
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molecular weight, dispersity, and stability by invoking character-
istic responses of the ST] detectors in a single MS experiment.
Chemical information, such as the extent of ligand loading, is
also readily available by MALDI ST] MS through measurement
of the reactant and product masses, similar to what is typically
afforded by TGA.

After analyzing these NPs, we observed intriguing differences
between the detected energy responses for various NP
compositions. The reasons for these differences are not well
understood, but clearly many physical and chemical processes,
such as energy transfer, would occur during the collision of an
ion with a surface. As the detector response is proportional to
energy deposited by the impinging particle, redistributions of
energy between internal degrees of freedom and the energy
transferred to the detector would affect the readout. These
different detector responses may provide useful analytical
information related to the physiochemical properties of each
type of NP and the collision processes with which they
undergo.

METHODS

Chemicals. Water, acetonitrile, and acetone as solvents were of
HPLC grade and purchased from Fisher Scientific (Fair Lawn, NJ).
Sinapinic acid matrix was obtained from Sigma-Aldrich (St. Louis,
MO). PbS QDs with 1311 nm emission were a gift from Evident
Technologies (Troy, NY) and used as received as a toluene suspension
at 2.5 mg/mL. The average size of the PbS cores, as determined by
TEM, was ~4.2 nm.%' CdSe and CdSe + CdTe visible-light-emitting
QDs were from Molecular Probes-Invitrogen (Eugene, OR). Organo-
sol CdSe-based core—shell QDs with 800 nm emission were used as
received as a decane suspension at 0.9 uM. Water-soluble CdSe-based
core—shell QDs with 800 nm emission, coated with carboxyl-
functionalized amphiphilic polymers, were used as received as aqueous
colloids at 8.0 uM. PEGylated CdSe-based core—shell QDs with 800
nm emission were used as received as aqueous colloids at 2.0 uM.
Organosol CdSe-based core—shell QDs with 655 nm emission were
used as received as a decane suspension at 1.0 yuM. CTB-conjugated
and HuTf-conjugated CdSe-based core—shell QDs with 655 nm
emission were received as gifts and used as received. Citrate-protected
Au NPs (S nm nominal diameter) were obtained from Sigma-Aldrich
(St. Louis, MO) and used as received.

Sample Preparation. For LDI-based experiments (organosol
QDs), samples were spotted directly onto the MALDI plate and
allowed to air-dry prior to introduction into the mass spectrometer.
For MALDI-based experiments with water-soluble NPs, 1—2 uL of SA
matrix solution (a saturated solution in 1:1 acetone/water + 0.1% v/v
trifluoroacetic acid) was spotted onto the plate, and then 1-2 uL of
NPs was added, mixed with a micropipetter directly on the plate, and
allowed to dry before introduction into the mass spectrometer.

STJ Cryodetection Mass Spectrometry. LDI/MALDI-TOF
analyses were performed on a Macromizer (Comet AG, Flamatt,
Switzerland) mass spectrometer equipped with a 16 channel, 200 ym
X 200 um per pixel, STJ cryodetector held at 0.34 K.** The sample
spot was visually selected, and the optimal area of the spot was
empirically established in a series of method development and
optimization experiments. Samples were irradiated with a 337 nm
nitrogen laser pulsed at 10 Hz with a maximum pulse energy of 260 yJ.
The sample plate was held at 20 kV, and the instrument was operated
in delayed extraction mode with the grid element pulsed to 17 kV
using a delay time of 10 us. The Einzel lens was fixed at 10 kV for all
experiments. Individual STJ detectors were biased at 350 4V with the
Helmbholtz coil set to 1 A.

Mass calibration at ultrahigh m/z values (>100000) is a relatively
new problem that has arisen with the development of heavy ion mass
spectrometry. The TOF response of the instrument was calibrated
between m/z 3.81 X 10° and 1.617 X 10° using multiply charged ions
of the matured capsid (Head II) of bacteriophage HK97 (MW,Avg =
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12,918,636.96 Da).*® HK97 Head II was selected as a calibrant due to
its monodispersity, ability to multiply charge by MALD], and because
of its stability through natural subunit cross-linking.

An absolute STJ energy calibration was not performed for these
data because it was not necessary to determine the spectral
assignments. In addition, we discovered that different NPs give
significantly different energy responses even at the same m/z and
charge state. We determined what energy bands are due to a specific
charge state by analyzing the whole spectrum. In general, the +1
charge state was found to fall between 0.3 and 0.5 relative energy
deposited into the STJ detectors for these NPs. Although there is
some energy overlap, above that energy was assigned to doubly
charged or higher charge state ions and below that energy was assigned
to metastable fragments.

The acquired data were processed offline in a custom Mathematica
program developed in house. An energy correction algorithm was
applied to the data using the Mathematica program to minimize
variations in energy responses between individual detectors.
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