
1 
 

Absolute Quantification of Nanoparticle Interactions with Individual Human B Cells by 1 
Single Cell Mass Spectrometry 2 
 3 
Nathan D. Donahue1, Vinit Sheth1, Alex N. Frickenstein1, Alyssa Holden1, Sandy Kanapilly2, 

Chady Stephan3, and Stefan Wilhelm*1,4,5 

1 Stephenson School of Biomedical Engineering, University of Oklahoma, Norman, Oklahoma, 

73019, USA 

2 PerkinElmer, Waltham, MA, 02451, USA 

3 PerkinElmer, Woodbridge, ON, L4L8H1, Canada 

4 Institute for Biomedical Engineering, Science, and Technology (IBEST), Norman, Oklahoma, 

73019, USA 

5 Stephenson Cancer Center, Oklahoma City, Oklahoma, 73104, USA  

* Corresponding author:  Stefan Wilhelm, Ph.D. 

Email:    stefan.wilhelm@ou.edu  

ORCIDs of authors: 

Nathan D. Donahue  0000-0003-0251-0226 

Sandy Kannapilly  0000-0003-3840-1910 

Stefan Wilhelm   0000-0003-2167-6221   4 



2 
 

Graphical Abstract 1 

2 



3 
 

Abstract 1 

We report on the absolute quantification of nanoparticle interactions with individual human B cells 2 

using quadrupole-based inductively coupled plasma mass spectrometry (ICP-MS). This method 3 

enables the quantification of nanoparticle-cell interactions at single nanoparticle and single cell 4 

levels. We demonstrated the efficient and accurate detection of individually suspended B cells and 5 

found a ~100-fold higher association of colloidally stable positively charged nanoparticles with 6 

single B cells than neutrally charged nanoparticles. We confirmed that these nanoparticles were 7 

internalized by individual B cells and determined that the internalization occurred via energy-8 

dependent pathways consistent with endocytosis. Using dual analyte ICP-MS, we determined that 9 

>80% of single B cells were positive for nanoparticles. Our study demonstrated an ICP-MS 10 

workflow for the absolute quantification of nanoparticle-cell interactions with single cell and 11 

single nanoparticle resolution. This unique workflow could inform the rational design of various 12 

nanomaterials for controlling cellular interactions, including immune cell-nanoparticle 13 

interactions.  14 
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Engineered nanoparticles can deliver antigens and nucleic acid-based payloads for immune 1 

system activation to induce safe and durable immune responses.1–3 This activation process often 2 

includes B cells that mediate antibody-dependent responses and assist with long-lasting 3 

immunity.4–6 Nanoparticles may interact with B cells in organs and tissues, such as the liver, 4 

spleen, and lymph nodes, impacting nanoparticle delivery efficiency, activity, fate, and toxicity.7–5 

12 To develop safe and effective nanoparticle formulations for immune system activation, there is 6 

a need to quantify the interactions between nanoparticles and immune cells, such as individual B 7 

cells, at the single cell level.  8 

Typically, flow cytometry provides single cell analysis of nanoparticle-cell interactions. 9 

However, in flow cytometry, nanoparticles may require fluorophores that can alter a nanoparticle’s 10 

physicochemical properties, therefore often affecting cellular association and uptake.13,14 11 

Fluorophore-free measurements with flow cytometry using light scattering of cells exposed to 12 

nanoparticles have been performed but rely on nanoparticles >20 nm in size (Table S1).15–17 13 

Similarly, microscopy-based analyses of nanoparticle-cell interactions are often limited by 14 

fluorescence and typically exhibit low-throughput (Table S1).18,19  15 

By contrast, mass spectrometry methods (e.g., CyTOF) have been applied to examine 16 

nanoparticle-cell interactions at the single cell level with multi-element capabilities used for deep 17 

phenotyping of diverse cell populations (Table S1).20–22 As an economical alternative to these 18 

existing techniques, quadrupole-based inductively coupled plasma mass spectrometry (ICP-MS) 19 

is a promising method for quantifying nanoscale interactions.23 Researchers have used single cell 20 

ICP-MS (SC-ICP-MS) to probe nanoparticle interactions with algae, yeast, and bacteria.24–27 Other 21 

studies using SC-ICP-MS investigated intrinsic metals, metallodrugs, and nanoparticles within 22 

various human cell lines.28–31 In this report, we demonstrated that quadrupole SC-ICP-MS detected 23 
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metal-tagged human B cells at a rate of ~30 cells per second with a 50% transport efficiency.We 1 

quantified model gold nanoparticles (AuNPs) within single B cells and further demonstrated that 2 

>80% of B cells had internalized AuNPs.  3 

We first sought to compare two different cell labeling methods to count individual B cells with 4 

SC-ICP-MS accurately. The first method relied on an iridium-based DNA intercalator, commonly 5 

used in mass cytometry to non-specifically mark nucleated single cells (Figure 1A).32 The second 6 

cell labeling method use streptavidin-coated quantum dots that selectively bind to specific biotin-7 

conjugated anti-human CD19 monoclonal antibodies (Figure 1B). We hypothesized that, in 8 

contrast to the iridium staining, quantum dot labeling of B cells would generate a stronger ion 9 

signal per cell once the cells were atomized and ionized by the argon-based ICP (Table S2, Figure 10 

S1). To test this hypothesis, we prepared a single cell suspension of B cells that were stained with 11 

the iridium intercalator (Figure 1A). Additionally, we prepared B cells labeled with commercially 12 

available 15-nm streptavidin-coated Cd-based quantum dots consisting of a CdSe core and a ZnS 13 

shell and exhibiting an emission maximum of ~655 nm (Figure S2). To label B cells with 14 

streptavidin-modified quantum dots, we leveraged the ubiquitous surface expression of CD19.33,34 15 

First, we incubated B cells with biotinylated anti-human CD19 monoclonal antibodies and then 16 

used streptavidin-coated Cd-based quantum dots to selectively bind to the biotinylated B cells 17 

(Figure 1B).35,36 To confirm the specific binding properties of streptavidin-coated quantum dots to 18 

biotinylated antibodies, we prepared mixtures of quantum dots with and without biotinylated anti-19 

CD19 antibodies and quantified the corresponding 114Cd signals using single particle ICP-MS (SP-20 

ICP-MS) following previous SP-ICP-MS techniques.23,37 Using SP-ICP-MS, we observed a five-21 

fold enhancement of 114Cd intensity for streptavidin quantum dots mixed with biotinylated anti-22 

CD19 antibodies when compared to quantum dots alone (Figure S3). These SP-ICP-MS results 23 
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indicated successful clustering of streptavidin-coated quantum dots with biotinylated anti-CD19 1 

antibodies. Additionally, we used fluorescence-based confocal laser scanning microscopy (CLSM) 2 

to confirm the surface labeling of B cells with the fluorescent quantum dots in the presence of anti-3 

human CD19 monoclonal antibodies (Figure S4).  4 

We then quantified the corresponding transient ion signals of individual iridium- and quantum 5 

dot-labeled B cells, respectively (Figure 1C,D). Iridium-stained B cells produced transient 193Ir 6 

signals with ~15 counts (Figure 1C), while quantum dot labeled B cells produced transient 114Cd 7 

signals with ~42 counts (Figure 1D). These transient ion signals and corresponding counts 8 

indicated that quantum dot labeling of B cells enhanced the ion signal of individual B cells ~3-9 

fold. These observations were consistent with the expected larger number of ions obtained from a 10 

single B cell labeled with 15-nm Cd-based quantum dots compared to the iridium staining. Our 11 

demonstrated quantum dot-based labeling of individual cells in combination with biotinylated 12 

antibodies that recognize specific cell surface markers represents a potentially generalizable 13 

method to identify a particular type of cell for a given heterogeneous biological sample to analyze 14 

nanoparticle-cell interactions using the described quadrupole-based SC-ICP-MS workflow. 15 

We then sought to confirm that intact and individual B cells entered the ICP-MS (Figure S1). 16 

To confirm this, we sequentially measured 114Cd and 193Ir events with SC-ICP-MS at various B 17 

cell concentrations obtained from a suspension of single B cells. Figures S5 and S6 show the 18 

hemocytometer images of B cells obtained from stock single cell suspensions. We observed that 19 

both 114Cd and 193Ir provided similar detected events at equivalent cell concentrations using SC-20 

ICP-MS (Figure 1E). Next, we confirmed that these detected events corresponded to single intact 21 

B cells with epifluorescence microscopy. Figure S7 confirms that B cells remained intact upon 22 

nebulization and entry into the ICP-MS. Image analysis corroborated these findings and revealed 23 
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Pearson correlation values of 0.9 pre- and post-nebulization for the B cell membranes and nuclei. 1 

Taken together, these results indicate that intact B cells entered the ICP-MS and were accurately 2 

detected with single cell resolution using SC-ICP-MS.  3 

Based on the 114Cd and 193Ir events in Figure 1E, we calculated the cellular transport efficiency 4 

using equation S1 (Figure 1F). The cellular transport efficiency enabled us to determine how many 5 

cells were detected upon entry into the ICP-MS, which we then applied to quantify the mass of 6 

various isotopes in individual B cells.38 Using Equation S1, we found that the B cell transport 7 

efficiency was ~50% for both iridium staining and quantum dot labeling procedures at all cell 8 

concentrations used. Our results are significant since typical transport efficiencies for SC-ICP-MS 9 

are between 1-5%, with a throughput lower than ten cells per second.39–41  10 

We validated these results with commercially available micron-sized lanthanide-doped 11 

polymer beads as a model system for single cells.24,42 At similar concentrations as the B cells, 12 

single lanthanide-doped beads were detected at a rate of ~40 events per second, yielding a transport 13 

efficiency of ~60% (Figure S8), representing the upper limit for this technique. We emphasize that 14 

with (i) microsecond detector dwell times: (ii) sample flow rates of 13.0 µL/minute, (iii) cell 15 

concentrations ≤3x105 cells/mL, (iv) 50% transport efficiency, and (v) single cell suspensions with 16 

intact B cells (Figures S5, S6, and S7), the probability of measuring overlapping/multiple cell 17 

events was minimized below a probability of 0.05 per Poisson statistics.43 Collectively, these 18 

results confirmed consistent detection of intracellular and surface-bound metals on single and 19 

intact B cells with SC-ICP-MS. Based on these results, we then sought to quantify nanoparticle 20 

interactions at the single B cell level. 21 

To model nanoparticle interactions with single B cells, we synthesized 13-nm quasi-spherical 22 

AuNPs with a narrow size distribution and tunable surface chemistry.44 Using our previously 23 
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established SP-ICP-MS method, we determined that 93% of the in-house synthesized AuNPs had 1 

a mass of ~24 ag, corresponding to an AuNP diameter of ~13 nm assuming a spherical geometry 2 

(Figure S9).37 Transmission electron microscopy and dynamic light scattering measurements 3 

corroborated these SP-ICP-MS findings (Figures S10 and Table S3). 4 

To probe how nanoparticle surface charge impacted interactions with individual B cells, we 5 

prepared 13-nm AuNPs with two different surface modifications according to previously published 6 

protocols: (ii) neutral methoxy-terminated poly(ethylene glycol), mPEG, (1 kDa), or (ii) positively 7 

charged peptide (K7C) with a similar molecular weight as the 1 kDa mPEG.45 These surface 8 

modifications yielded 13-nm AuNPs with similar hydrodynamic diameters but with a zeta 9 

potential difference of ~18 mV (Table S3). These nanoparticles with two different surface charges 10 

provided model systems to probe nanoparticle interactions with B cells. To ensure that the surface 11 

modifications did not compromise nanoparticle colloidal stability, we measured the mass of 12 

individual surface-modified 13-nm AuNPs under conventional cell culture conditions at 37°C. Our 13 

SP-ICP-MS data showed that the most frequent and average masses for both surface-modified 14 

AuNPs remained at ~24 ag, which indicated that the surface modifications did not result in 15 

detectable nanoparticle agglomeration (or aggregation) (Figure S11).37  16 

We hypothesized that positively charged AuNPs modified with K7C peptides containing seven 17 

lysine residues would associate more strongly with individual B cells than AuNPs modified with 18 

neutral mPEG potentially due to favorable electrostatic interactions with the overall negatively 19 

charged cell membrane.46 We used SC-ICP-MS to quantify the average amount of 197Au associated 20 

per induvial B cell upon exposure to the differently charged 13-nm AuNPs under the same 21 

exposure conditions (Figure 2A). For B cells exposed to mPEG-modified AuNPs, the average 22 

197Au mass per cell was 315 ag, corresponding to ~13 AuNPs per cell. Conversely, B cells treated 23 
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with the same molar concentration of K7C peptide-modified 13-nm AuNPs exhibited an average 1 

197Au mass of 30,117 ag per cell, corresponding to ~1,250 AuNPs per cell. These results showed 2 

that peptide-modified AuNPs were nearly two orders of magnitude more effective in associating 3 

with individual B cells than the neutral mPEG-modified AuNPs. We then obtained the single cell 4 

197Au mass distribution of B cells exposed to either 13-nm mPEG-modified AuNPs or 13-nm K7C-5 

modified AuNPs (Figure 2B). Interestingly, the most frequent mass of B cells exposed to mPEG-6 

modified AuNPs was ~24 ag, the same mass of a single 13-nm AuNP (Figures S9 and S11). Only 7 

4% of the total 197Au events were above 24 ag for B cells exposed to 13-nm mPEG-modified 8 

AuNPs with a maximum detected mass of 13,000 ag per cell. On the other hand, ~95% of 197Au 9 

events were above 24 ag for B cells exposed to 13-nm K7C-modified AuNPs. We measured a 10 

maximum 197Au mass of 50,000 ag per cell, the maximum mass the SC-ICP-MS instrument could 11 

detect for these conditions. Collectively, our quantitative SC-ICP-MS results indicated that K7C-12 

modified AuNPs enhanced B cell nanoparticle association on average ~100-fold compared to 13 

mPEG-AuNPs.  14 

We then qualitatively assessed nanoparticle association with B cells with CLSM using a label-15 

free light scattering approach to visualize AuNPs associated with B cells.47,48 Due to the ability of 16 

metallic nanoparticles to scatter light, fluorophores were not required to visualize AuNPs. 17 

Interestingly, only B cells exposed to K7C-modified AuNPs had detectable intracellular CLSM 18 

light scattering signals (Figure 2C). On the other hand, B cells exposed to mPEG-modified AuNPs 19 

(Figure 2D) lacked detectable CLSM light scattering signals, similar to B cells without AuNPs 20 

(Figures 2E). These qualitative label-free CLSM-based imaging results corroborated the SP-ICP-21 

MS results and demonstrated how nanoparticle surface charge governed nanoparticle interactions 22 

with individual B cells. To assess the biocompatibility of the K7C-modified AuNPs, we evaluated 23 
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the viability of B cells exposed to several different concentrations of K7C-modified AuNPs with 1 

a colorimetric viability assay (Figure S12). The assay confirmed that our cationic peptide-modified 2 

AuNPs were a safe model for further investigating nanoparticle-cell interactions at the single B 3 

cell level. 4 

Previous studies used KI/I2 etching to remove extracellular AuNPs in cell culture 5 

experiments.49 We wondered whether this approach could be adopted for quantifying internalized 6 

vs. associated AuNPs at the single B cell level. We confirmed that upon exposure to KI/I2 etchant 7 

solution, 13-nm AuNPs were undetectable by dynamic light scattering (DLS) and no longer 8 

exhibited the characteristic surface plasmon resonance-based absorption properties using UV-Vis 9 

spectrophotometry, thus indicating the dissolution of the AuNPs (Table S4 and Figure S13). To 10 

visualize nanoparticle uptake within B cells, we first examined B cells exposed to AuNPs with and 11 

without KI/I2 etchant using CLSM. To help identify internalized AuNPs, we tracked intracellular 12 

vesicles with fluorescently-modified dextran and acquired CLSM Z-stacks of B cells exposed to 13 

13-nm K7C peptide-modified AuNPs (Figure 3A).50 The representative Z-projection in Figure 3A 14 

shows colocalization between AuNP scattering signal and fluorescently labeled intracellular 15 

vesicles. Upon exposing B cells to KI/I2 etchant, the nanoparticles were still localized within 16 

intracellular vesicles (Figures 3B). Our CLSM images indicated that B cells internalized 17 

nanoparticles within intracellular vesicles, and that these internalized nanoparticles did not degrade 18 

upon KI/I2 etchant exposure. 19 

We then used SC-ICP-MS to quantify the number of internalized AuNPs per individual B cell. 20 

We first obtained the average 197Au mass of B cells exposed to 13-nm K7C peptide-modified 21 

AuNPs with and without KI/I2 etchant treatment (Figure 3D). The average 197Au mass decreased 22 

by ~3,000 ag after the B cells were exposed to KI/I2 etchant, indicating that only ~125 AuNPs had 23 
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been etched away. These results were validated by CLSM imaging and suggested that K7C 1 

peptide-modified AuNPs were engulfed by cells instead of adhering to the B cell membrane. To 2 

confirm the KI/I2 etchant’s ability to remove surface-bound AuNPs, we exposed B cells to K7C 3 

peptide-modified AuNPs at 4°C. This temperature reduces a cell’s membrane fluidity and 4 

effectively inhibits nanoparticle endocytosis.46 We observed that the B cells kept at 4°C exhibited 5 

an average of ~10,000 ag of associated 197Au corresponding to ~417 AuNPs per cell. However, 6 

after the cells were exposed to the KI/I2 etchant, the number of 197Au events decreased and over 7 

9,000 ag of 197Au (~375 AuNPs) were removed per B cell (Figure 3C).  8 

Similarly, B cells that were fixed with 4% paraformaldehyde before exposure to K7C peptide-9 

modified AuNPs exhibited an average of ~10,000 ag of associated 197Au per individual B cell. 10 

Upon KI/I2 etchant exposure, these fixed B cells lost over 9,000 ag of 197Au per individual B cell. 11 

Our SC-ICP-MS data showed that although K7C peptide-modified AuNPs efficiently associated 12 

with B cells, approximately 95% of extracellular AuNPs could be removed upon chemical etching. 13 

These results were further corroborated by the mass distribution of single B cells before and after 14 

KI/I2 etching (Figure 3E). Our KI/I2 etching results revealed that K7C peptide-modified AuNPs 15 

accumulated inside B cells through energy-dependent mechanisms, likely endocytosis, which we 16 

quantified at the single cell level with SC-ICP-MS.  17 

Since quadrupole SC-ICP-MS is limited to detecting one element per cell event, cells without 18 

AuNPs were not detected. To overcome this limitation, we sought to simultaneously analyze a cell 19 

marker and AuNPs using our previously established dual analyte quadrupole ICP-MS technique.23 20 

Briefly, transient ion signals of analytes are elongated, allowing the quadrupole mass filter to 21 

switch between two different isotopes per event efficiently. First, we compared transient ion 22 

signals of iridium-stained B cells and quantum dot labeled B cells under conditions that enable the 23 
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simultaneous detection of two isotopes per event on quadrupole ICP-MS (Table S5). Figure 4A 1 

shows that the transient ion cloud for quantum dot labeled B cells extends up to 5 ms with a 2 

maximum intensity of ~35 counts, whereas the iridium-stained B cells had 5-fold fewer counts and 3 

barely lasted 2 ms (Figure 4A). B cells exposed to K7C peptide-modified AuNPs exhibited 4 

transient 197Au signal durations >5 ms with intensities over 100 counts under optimized dual 5 

analyte ICP-MS conditions (Figure S14). These millisecond transient ion signals pointed to the 6 

possibility of efficient quadrupole mass filter switching between a cell marker and internalized 7 

AuNPs, thus enabling the simultaneous detection of B cells that were positive or negative for 8 

AuNPs using quadrupole ICP-MS. We found that only quantum dot labeled B cells enabled the 9 

accurate simultaneous determination of individual B cells that had internalized AuNPs in dual 10 

analyte SC-ICP-MS mode (Figure 4B). When 114Cd and 197Au were measured sequentially (i.e., 11 

one isotope at a time) 81.1 ± 8.9% of B cells were positive for AuNPs (i.e., AuNP+). Similarly, 12 

when 114Cd and 197Au were measured simultaneously (i.e., both isotopes detected simultaneously 13 

under optimized dual analyte SC-ICP-MS conditions), 79.6 ± 11.1% of B cells were AuNP+. We 14 

only found similar results when 193Ir and 197Au were measured sequentially (83.2 ± 6.1%, Figure 15 

4C). However, when 193Ir and 197Au were measured simultaneously, the number of 193Ir events 16 

decreased by ~50% (Figure 4C). These results indicated that although iridium staining of 17 

individual B cells worked well for the detection of single cells in single analyte mode on 18 

quadrupole-based SC-ICP-MS, the high signal intensity and long millisecond transient ion signals 19 

from quantum dot nanoparticles and AuNPs were needed for the accurate simultaneous 20 

measurement of two different analytes in a single cell.  21 

We corroborated our dual analyte SC-ICP-MS results with CLSM imaging and showed that B 22 

cells labeled with quantum dots and exposed to K7C peptide-modified AuNPs could be visualized 23 
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(Figure 4D). To provide a better understanding of how many B cells had AuNPs, we counted 96 1 

representative quantum dot-labeled B cells from multiple fields of view and determined that 83 of 2 

those cells exhibited AuNP scattering intensity, indicating that ~87% of B cells had internalized 3 

AuNPs (Figure 4E).  4 

In conclusion, we showed that B cells labeled with either an intracellular (DNA) stain (iridium) 5 

or surface-bound labels (quantum dots) enabled the detection and quantification of individual B 6 

cells using quadrupole SC-ICP-MS at a maximum rate of ~30 cells per second. We quantified the 7 

AuNP association with B cells at the single cell level and observed that positively charged AuNPs 8 

safely enhanced B cell association ~100-fold compared to neutral charged AuNPs. We further 9 

demonstrated the ability to quantify internalized AuNPs with SC-ICP-MS and showed that these 10 

nanoparticles entered B cells through active internalization pathways. Lastly, we determined that 11 

>80% of B cells had internalized AuNPs by using quantum dot labeling in combination with a 12 

quantitative dual analyte SC-ICP-MS workflow and corroborated the findings with label-free light 13 

scattering-based CLSM imaging. The demonstrated SC-ICP-MS workflow could potentially be 14 

adopted and expanded to quantify nanoparticle-cell interactions with organic nanoparticles bearing 15 

metal tags. Our established SC-ICP-MS workflow provides a quantitative framework for 16 

researchers who seek to understand nanoparticle-cell interactions at the single cell level with far-17 

reaching implications for nano ecology, nanotoxicology, and nanomedicine, including 18 

nanovaccines.   19 
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Figures 1 

 2 
 3 
Figure 1: Detection of individual metal-labeled B cells. (A) Schematic representation of nucleic 4 
acid intercalator staining with natural-abundance iridium of individual B cells. (B) Schematic 5 
representation of labeling individual B cells with cadmium-based streptavidin-conjugated 6 
quantum dots via biotinylated Anti-CD19 antibodies. (C) Transient 193Ir ion signal of individual 7 
iridium-stained B cells. (D) Transient 114Cd ion signal of individual cadmium-based quantum dot 8 
labeled B cells. (E) Detected cell events as a function of cell concentration for 114Cd (r2=0.99) and 9 
193Ir (r2=0.99). Symbols represent averages and standard deviations of 3 independent experiments. 10 
Scan time = 30 s. (F) Transport efficiencies of individual B cells based on detected events from 11 
(E) and calculated using Equation 1. Symbols represent averages and standard deviations of three 12 
independent experiments. The total acquisition scan time was 30 seconds for each measurement.  13 
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 1 
 2 

Figure 2: Quantifying and visualizing nanoparticle-cell association at the single-cell level. (A) 3 
The Average 197Au masses obtained from B cells exposed to 13-nm K7C AuNPs, 13-nm mPEG 4 
AuNPs, or no AuNPs for 12 h. Circles represent the average 197Au mass of ≥ 500 197Au events. 5 
Bars represent the average of 3 independent experiments. (B) Mass distribution of B cells exposed 6 
to either 13-nm K7C conjugated AuNPs (green), 13-nm mPEG conjugated AuNPs (orange), or no 7 
AuNPs (pink) for 12 h. Confocal laser scanning microscopy images of B cells exposed for 12 h to 8 
13-nm K7C-modified AuNPs (C), 13-nm mPEG-modified AuNPs (D), and without AuNPs (E). 9 
Scale bars represent 20 µm. The white arrows in (C) indicate the location of AuNPs.  10 
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 1 
 2 
Figure 3: Visualizing and quantifying nanoparticle interactions with individual B cells. (A-3 
C) Confocal laser scanning microscopy (CLSM) maximum intensity projections (MIP) of B cells 4 
exposed to 13-nm AuNPs surface-modified with K7C peptides for 8 h without (A) and with (B) 5 
exposure to KI/I2 etchant that dissolves AuNPs. (C) CLSM maximum intensity projection (MIP) 6 
images of B cells without AuNPs exposure (cell only control group). Scale bar represents 20 µm. 7 
The intracellular vesicles were labeled with fluorescently-tagged dextran. (D) Average 197Au 8 
masses of individual B cells exposed to 13-nm AuNPs surface-modified with K7C peptides under 9 
different conditions for 8 h without etchant (blue) and with an etchant (red). Circles represent the 10 
average 197Au mass of ≥ 500 197Au events. Bars represent the averages of three independent 11 
measurements. Unpaired T-Test was used to determine the statistical significance between the 12 
average 197Au mass before and after etching (n.s. - no significance; *** p ≤ 0.001, **** p ≤ 0.0001) 13 
(E) The 197Au mass distribution based on individual B cells exposed to 13-nm AuNPs surface-14 
modified with K7C peptides without etchant (blue) and with an etchant (red).   15 
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 1 
 2 
Figure 4: Determining AuNP+ B cells with dual-analyte SC-ICP-MS. (A) Transient ion peak 3 
shapes of cadmium and iridium labeled B cells using optimized dual-analyte SC-ICP-MS 4 
conditions to detect 193Ir and 114Cd. (B) SC-ICP-MS determination of AuNP+ B cells with 5 
sequential and simultaneous analysis of 193Ir and 197Au in individual B cells exposed to 13-nm 6 
AuNPs surface-modified with K7C peptides for 8 h. Bars represent mean values with standard 7 
deviations from three independent measurements. (C) SC-ICP-MS determination of AuNP+ B 8 
cells using sequential and simultaneous analysis of 114Cd and 197Au in individual B cells exposed 9 
to 13-nm AuNPs surface-modified with K7C peptides for 8 h. Bars represent mean values with 10 
standard deviations from three independent measurements. Unpaired T-Test was used to determine 11 
the statistical significance between events detected with sequential measurements or simultaneous 12 
measurements of cell markers and AuNPs (n.s.- no significance; ** p ≤ 0.01) (D) Representative 13 
confocal laser scanning microscopy (CLSM) images of B cells exposed to 13-nm AuNPs surface-14 
modified with K7C peptides for 8 hours and labeled with streptavidin-coated quantum dots via 15 
biotinylated anti-CD19 antibodies. Images i-v display different emission channels. Scale bar 16 
represents 20 µm. (E) The number of quantum dot labeled B cells (quantum dot (+)) and AuNPs+ 17 
cells. The numbers were obtained using representative CLSM images (40x objective) with AuNP 18 
scattering intensity from multiple fields of view.   19 
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