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Abstract

Differentiation between cell surface-bound and internalized nanoparticles is challenging yet
essential for accurately quantifying cellular uptake. Here, we describe a versatile mass
spectrometry-based method that allows separate quantification of both cell surface-bound and
internalized nanoparticles. This rapid method uses tuned laser fluencies to selectively desorb and
ionize cell surface-bound cationic gold nanoparticles from intact cells, providing quantification of
external particles. Overall nanoparticle quantities are obtained from the cell lysates, with
subtraction of external particles from the total amount providing quantification of uptaken
nanoparticles. The utility of this strategy was demonstrated through simultaneous quantitative
determination of how cell-surface proteoglycans influence nanoparticle binding and uptake into

cells.
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The ability to finely control the size,! shape? and surface properties® of nanoparticles (NPs)
coupled with their ability to provide controlled release® makes them potent carriers for
cellular delivery of therapeutics. The unique optical and magnetic properties of NP cores
likewise make them important imaging reagents.5’ The localization of these materials is,
however, essential to their utility with efficiency of cellular uptake is a key figure of merit in
the engineering of NPs for biomedical applications. Most strategies for achieving uptake,
however, rely on modification of NPs with ligands designed to interact with specific
receptors or to interact strongly with the plasma membrane.8° Both strategies will generate
simultaneous cell surface adhesion and internalization, with very different therapeutic/
imaging outcomes for these two locations.

Despite the central importance of quantifying cellular uptake, quantitative differentiation of
internalized and cell surface-bound NPs remains a significant challenge.1? Optical and
microscopic techniques have been the most valuable in this regard. Confocall! and
fluorescence microscopyl? as well as transmission electron microscopy (TEM)13 are reliable
methods for measuring the distribution of NPs on a cellular level. These methods can
typically distinguish between NPs bound to the cell surface and those that have been
internalized, and provide important insight into NP localization on a sub-cellular level.
Quantitation using these methods, however can be challenging, in particular with small NPs.

Quantitative measurements of NP uptake into cells typically relies on methods such as
inductively-coupled plasma mass spectrometry (ICP-MS)14 and flow cytometry.15:16 These
methods are sensitive to a wide variety of materials and provide a relatively high-throughput,
quantitative measure of NP uptake. Chemical etching is typically performed to differentiate
which particles are actually internalized as compared to those that are simply adhering to the
surface.1”18 Chemical etching, however, uses toxic reagents and disruptively low ionic
strengths that limit its applicability.1® Molecular mass spectrometric techniques have the
potential to provide quantitative information while simultaneously reporting on multiple NPs
in their intact state. Our group has previously shown that laser desorption/ionization (LDI)
MS is a versatile strategy that can successfully be used to detect a wide range of NPs with
different materials and sizes. For example, LDI-MS was used to detect surface monolayers
on quantum dots which enables monitoring of intracellular monolayer stability.2? Magnetic
nanoparticle can also facilitate ionization when coupled with LDI-MS, which allows direct
determination of ligand composition.2: Other examples include the imaging of carbon
nanomaterials?2 and AuNPs23 in animal tissues. Widely compatible with different NPs, LDI-
MS has been used to determine cellular uptake2* and monitor stability of NPs in cells.?> We
report here an extension of the LDI-MS method that uses tuned laser fluency to rapidly
quantify cell surface-bound and internalized NPs. This LDI-MS method quantitatively
distinguishes between cell surface-bound and internalized AuNPs through laser fluency
absorption by the NP core that then enables desorption and ionization of the attached
monolayers.2

A unique benefit of utilizing our nanoparticle-based LDI-MS method is that it capable of
measuring multiple functionalized NPs in a single analysis due to the label-free and
multiplex nature inherent to MS. This feature allows for the creation of specific adhesion
and uptake profiles of different NPs. The combination of both optical and mass
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spectrometric methods allows for one to create a comprehensive picture of the uptake of
various NPs in biological cells. Using the LDI-MS method with cell -level optical and
quantitative methods enables the quantitative differentiation of extra- and intracellular NP
distributions (Figure 1). Here, we demonstrate the utility of the LDI-MS method through
quantitative assessment of the role of proteoglycans in determining cellular uptake of NPs, a
challenging question that requires effective differentiation of surface-bound and internalized
NPs.

RESULTS AND DISCUSSION

The hypothesis underlying our research is the laser fluency could be tuned to desorb and
ionize monolayers from NPs attached to the outside of intact cells but unable to penetrate
intact cells membrane to desorb and ionize monolayers from NPs inside the cells. We first
determined if AuNPs could be detected on intact cells by studying two cationic AUNPs
(Figure 2a). Cells were cultured on poly-lysine coated indium tin oxide (ITO) glass slide, so
that LDI-MS analyses could be performed directly following incubation without further
manipulation of the cells. HeLa cells (20,000 cells) were incubated with 250 nM of AuNP 1
and AuNP 2 in serum-free media for 15 min. After incubation, the cells were washed and
analyzed by LDI-MS. The ligand molecular ion or “mass barcodes” of AUNP 1 and 2 (m/z
464 and 422, respectively) are readily observed in the mass spectrum, as are fragment ions
(loss of H,S from the ligands) and Au,™ (m/z 394) ions (Figure 2b).

We determined the appropriate laser fluency for selectively detecting surface-bound AuNPs
using pulse-chase kinetics. AuNPs 1 and 2 were sequentially incubated with the cells, so that
AUNP 1 was pushed for internalization. After removal of surface-bound AuNP 1, AuNP 2
was added for cell surface binding, the cell samples analyzed by LDI-MS, with the distinct
ligands on two nanoparticles allowing differentiation by LDI-MS. First, 250 nM of AuNP 1
was incubated with HeLa cells in serum free media for 60 min. After incubation, the cells
were extensively washed with PBS to remove any AuNP 1 that was still bound to the cell
surface. From separate ICP-MS measurements, we found that four wash cycles were
sufficient to remove essentially all AUNPs bound to the cell surface (Figure 3a), leaving only
the internalized AuNPs. In a control experiment using a polylysine-coated glass slide, no
signal from AuNPs wasd etected in LDI-MS after the washing step, confirming that the
effect of AUNPs on the substrate after the washing step was negligible. (Figure S1). After
removal of cell-surface bound AuNP 1, 250 nM of AuNP 2 was then incubated with the cells
for different amounts of time to allow AuNP 2 to both bind to the cell surface and be
uptaken by the cells. As expected, a greater amount of AuNP 2 is associated with the cells
after longer incubation times, as measured by LDI-MS of the cell lysate (Figure 3b),
indicating that both cell uptake and cell adherence has occurred. During this time the level of
AuNP 1 remained unchanged due to the relatively slow rate of exocytosis (Figure 3b).27 We
incubated cells with AuNP 1 for 60 min, followed by washing and incubation with AuUNP 2,
at time points that provided approximately equal total quantities of the two NPs (Figure 3b).
The cells were then subjected to laser irradiation at different laser fluencies, and mass
spectra were acquired. The signal-to-noise ratios (S/N) of the mass barcodes for each NP
were then compared (Figure 3d). S/N was used to evaluate the level of detection, where a
peak of S/N over 5 was considered distinguishable from background and can be used for
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quantification.?8 Results show that no ion signal is measured for either AuNP at energies
below 2.39 J/cm?, but as the laser fluency is increased to 2.42 J/lcm2, AuNP 2 is selectively
and reproducibly detected. In control experiments using washed and unwashed cells that
were incubated with only a single NP, only the unwashed cells provided an ion signal at
laser fluencies below 2.45 J/cm? (Figure S2). As the laser fluency is further increased past
2.45 J/cm?, both AuNPs can be detected from the intact cells, indicating that higher laser
fluencies are sufficient to desorb and ionize NPs both inside and outside the cell. As
expected, the NPs outside the cells are detected more efficiently at all the laser fluencies
studied (Figure 3c), consistent with our initial hypothesis that the cell membrane of intact
cells would hinder the desorption/ionization process.

We next performed both energy depletion of cells and cell incubation at 4 °C. After energy
depletion with sodium azide and 2-deoxyglucose, we observed both nanoparticles at lower
laser fluency than expected (Figure S3), potentially due to the ability of sodium azide to
dissociate the cell membrane from the cytoskeleton.2? Chase particle AUNP 2 was observed
at much higher levels than pulse AuNP 1 as expected, with the observation of some level of
internalized AuNP 1 consistent with our previous finding has shown that energy depletion
cannot prevent internalization of positively charged nanoparticles.3? For cells incubated at

4 °C, both surface binding and internalization of nanoparticles were reduced to levels that
could not be quantified, presumably due to reduced binding kinetics and cellular activity. We
also compared our method with chemical etching. After incubating with AUNP 1, one batch
of HeLa cells were treated through 1,/KI etching process,1’” whereas another batch was
washed with DPBS for five times. We found that cells had dramatic morphological change
and reduced cell density after etching compared to non-etched ones (Figure S4a), suggesting
massive cell death after chemical etching, presumably due to osmatic stress when using the
low ionic strength required for this method. Gold content in the supernatant from these
samples was measured and compared with the cell surface-bound AuNP measured by LDI-
MS (Figure S4b). Supernatant from non-etched showed agreement to LDI-MS measurement
as one way-ANOVA test showed no significant difference. Interestingly, significantly higher
amount of gold was measured for etched samples. Considering the loss of cells shown in
figure S4a, it is possible that some AuNPs was removed with the cells unintentionally by the
etching process.

We next quantified the cell surface-bound AuNPs using an AuNP internal standard and an
external calibration on HepG2 cells. AUNP 1 was used as internal standard; increasing
concentrations of AuNP 2 and a fixed concentration of AuUNP 1 (100 nM) were incubated
with cells for 15 min, during which time minimal NPs were internalized (See Figure 3b).
After incubation, the intact cells were immediately analyzed by LDI-MS at the laser fluency
(i.e. 2.42 Jlcm?) that ionized only cell-surface bound AuNPs. Differences in behavior
between cell types requires laser fluency calibration for different cell samples, adding
additional experimentation. The resulting ion abundance ratios of the mass barcodes for
AUNP 2 (m/z 422) and AuNP 1 (m/z 464) were plotted against the concentration ratio
between the two AuNPS to generate a calibration curve (Figure 4a). Using this calibration
curve, the relative amounts of AuNP 2 bound to the surface of the cells monolayer could be
determined (black data points in Figure 4b). For each incubation time indicated, the internal
standard (AuNP 1) was added at 100 nM (12.5 pmol) to the incubated sample and allowed to
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sit with the cells for 15 minutes before LDI-MS analysis. For comparison, a fraction of the
cells was also lysed after different incubation times and the total NP content in the cells was
determined by LDI-MS (red data points in Figure 4b). The difference between the total (red
data) and cell surface bound (black data) amounts allows determination of AuNP 2
internalized (Figure 4b). It is worth notice that the amount of AuNP on cell surface is
monotonically, which could be a reflection of cell shape and or surface structure modulation
by exposure to positively charged AuNPs.31:32

Having established rapid and effctive quantification of nanoparticles, we demonstrated the
utility of this method by determining how different cell-surface proteoglycans influence
AUNP internalization as a demonstration of the utility of our method. Wild-type Chinese
hamster ovary (CHO) cells and two proteoglycan knockdown mutants, CHO-2
(xylosyltransferase 1 deficient) and CHO-3 (galactosyltransferase 1 deficient) cells33 were
incubated with AuNP 2 and analyzed (Figure 5a) (See Figure S5 in Supplementary
Information for calibration curve for these cell lines). No measurable cell uptake occurs
during the first 15 minutes of incubation, providing a quantitative measure of total NP
adsorption in these cells using ICP-MS measurements on the cells at the 15 min time point
and using these values to correlate ion abundance ratios and the absolute NP quantity (see
Supplementary Information for details). The data in Figure 5 summarize the quantitative NP
distributions in the three different cell types. Three conclusions can be obtained from these
data: 1) The NP amounts on the cell surface do not change significantly during the course of
incubation, indicating there is a rapidly achieved equilibrium between cell culture media and
plasma membrane. 2) The NP amounts bound to plasma membrane differ based on cell
glycosylation. The normal CHO cells have a higher level of cell surface adsorption than the
proteoglycan knockdown mutants, consistent with the study by Payne et a/. that proposed
the importance of negatively charged proteoglycans as binding sites for cationic
nanomaterials.34 3) Despite the difference in particle attachment, there was no significant
difference in cellular uptake. Taken together, these studies provide direct evidence of the
ability of nanoparticles to differentiate between cell surfaces based on glycosylation, an
important issue for sensing®® and therapeutic strategies.36

CONCLUSION

We have shown that cell surface-bound AuNPs can be selectively detected and quantified
using LDI-MS by choosing the appropriate laser fluency for analysis. Combination of this
method with overall NP levels obtained through ICP-MS or LDI-MS of the cell lysate
provides quantitative values for cell surface-bound and internalized NP. This method is
rapid, reproducible, and avoids processing conditions that complicate etching-based
methods. Given the wide range of nanomaterials that have been shown to be LDI-active,
23,25,37-38.39 this method provides a highly versatile approach to addressing the long-
standing challenge of quantifying nanoparticle internalization, with the potential to increase
both throughput and accuracy for fundamental and translational studies of nanomaterials.
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Gold nanoparticle synthesis

The gold NPs and ligands were synthesized according to the previous reports.#? The Brust-
Schiffrin two-phase synthesis method was used to synthesize 2 nm core AuNPs (Figure S7).
41 After that, the Murray place-exchange was used to functionalize the AuNPs.42

Cell culture and interaction with gold nanoparticles

HelLa and HepG2 cells were cultured in a humidified atmosphere (5% CO») at 37 °C and
grown in Dulbecco’s modified eagle’s medium (DMEM, low glucose) supplemented with
10% fetal bovine serum (FBS) and 1% antibiotics (100 U/ml penicillin and 100 pg/ml
streptomycin. CHO (ATCC CCL-61), CHO 2 (pgsB-618 (ATCC CRL-2241)) and CHO 3
(pgsA-745 (ATCC CRL-2242)) cells (20,000 cells/well) were cultured in a humidified
atmosphere (5% CO,) at 37 °C and grown in F-12K medium supplemented with 10% fetal
bovine serum (FBS), 1% antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin) and
1% non-essential amino acids. The cells were split into two groups, one was plated on ITO
glass slide and the other was on 96-well plate. After 24 h of plating, the cells were washed
three times with cold phosphate buffer saline (PBS). Then, 125 pl of serum free DMEM
containing AuNPs was added to the cells at 37 °C. After incubation, the cells were washed
by cold PBS with one group analyzed directly on ITO glass slide and the other group was
lysed for 30 min using lysis buffer (125 ul; Genlantis).

LDI-MS detection and quantification of gold nanoparticles in cell monolayer

ITO glass slides was coated with 0.1% poly-lysine solution for 5 minutes and then washed
with deionized water 3 times to remove excess poly-lysine. The coated slides were then air
dried. Open-ended Eppendorf (1.D. = 10 mm) tubes were glued to the coated slide on one
end to generate media reservoirs for the cell culture. Planted cells on the slides were used for
incubation with AuNPs. After incubation, the reservoirs were removed and cell monolayers
on the substrate were analyzed by LDI-MS. All LDI-MS measurements were carried on a
Bruker Autoflex I1l MALDI-TOF mass spectrometer. All mass spectra were acquired in the
reflectron mode with an average of 100 laser shots at a repetition frequency at 100 Hz. The
acceleration voltage was set to 19 kV. Bruker software (FlexAnalysis Version 3.3) was used
for data analysis. At least 30 spectra were collected and averaged for each sample point.

LDI-MS detection and quantification of gold nanoparticles in cell lysate

The lysed cells containing AuNP 1 and/or AuNP 2 were centrifuged at 14,000 r.p.m. for 30
min. Cell pellets generated by this process were collected and washed with 60%
acetonitrile/40% water to remove excess surfactants. Then, the pellets were transferred onto
a 384 MTP grounded stainless steel MALDI target for LDI-MS analysis. External
calibration curves were generated before sample analyses (See Figure S6 in Supplementary
Information). Increasing concentrations of AuNP 2 (0, 1, 2, 5, 10 and 20 pmol) and a
constant amount of AuNP 1 (5 pmol) were spiked into cell lysate and vortexed for 15 min.
The resulting pellets from centrifugation were washed and analyzed by LDI-MS. The
intensity ratios of the molecular ions for both AuNPs were plotted against AUNP molar
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ratios to generate a calibration curve. The quantities of AUNP were then determined by
comparing with the calibration curve.

ICP-MS sample preparation and measurement

After incubation of the AuNPs with the cells, the lysed cells were digested with 0.5 ml of
fresh aqua regia (highly corrosive; use with high caution) for 15 min. The digested samples
were diluted to 10 ml with deionized water. A series of gold standard solutions (0, 0.2, 0.5,
1,2, 5, 10 and 20 ppb) were prepared in 5 % aqua regia before each experiment. The gold
standard solutions and cell lysate samples were measured on a PerkinElmer Nexion ICP
mass spectrometer. The instrument was operated with 1,100W radiofrequency power, and
the nebulizer argon flow rate was optimized around 0.9 to 1.1 I/min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Workflow for quantifying total NP, cell surface-bound and internalized NPs using LDI-MS.
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Figure 2.
Structures of the monolayer-stabilized AuUNPs used in this study and the m/z ratios of their

ligand and core molecular ions and major fragments.
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Figure 3.
Differentiation of cell surface-bound and internalized AuNPs by tuning laser fluency (a)

ICP-MS measurement of AuUNP 1 levels in the cells after wash cycles showing essentially
complete removal of surface-bound NPs. Paired sample t-test were performed, n=3; ***,
P<0.01; **, P<0.05; n.s., P>0.05. (b) LDI-MS quantification of two AuNPs in cell lysate at
different AUNP 2 incubation times. Note that AUNP 1 was first incubated for 60 min and
then the cell monolayer was washed five times before incubation with AuNP 2. One-way
ANOVA were performed on anount of AuNP 1, n=3, P<0.01, no significant difference
between different time points was identified. (c) LDI-MS detection of AuUNPs 1 and 2 from
the intact cells. All error bars represent the standard deviation.
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Figure 4.
Quantification of cell surface-bound and total AuNPs in HepG2 cells. (a) Calibration curve

obtained for AuUNP 2 (m/z 422) when using AuNP 1 (/2 464) as the internal standard (b)
Relative amounts (solid) and absolute amount (pmol) (dashed) of AuNPs absorbed on cell
surface and associated with the entire cells. The absolute amount of total AUNP 2 was
measured by ICP-MS and the absolute amount of cell surface AUNP 2 was determined using
the calibration curve.
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Quantities of AuNPs associated with the different CHO cell lines. One way-ANOVA

(P<0.01) was performed, n=3, all error bars represent standard deviation. Letters above the
bars indicate significance, in which a, b and c are in comparison with CHO, CHO2 and
CHO3 at the same time point respectively.
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