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Abstract
Silver nanoparticles (AgNPs) have been used in many fields due to their anticancer, antimicrobial, and antiviral potential. 
Single-cell ICP-MS (SC-ICP-MS) is an emerging technology that allows for the rapid characterization and quantification of 
a metal analyte across a cell population in a single analysis. In this study, a new rapid and sensitive SC-ICP-MS method was 
developed to quantitatively study the interactions of AgNPs with yeast Saccharomyces cerevisiae. The method can quantify 
the cell concentration, silver concentration per cell, and profile the nanoparticle distribution in a yeast cell population. AgNP 
dosing time, concentration, and AgNP size were quantitatively evaluated for their effects on AgNP-yeast cell interactions. 
The results showed that the initial uptake of AgNPs was rapid and primarily driven by the mass of Ag per cell. The optimal 
dosing particle concentrations for highest uptake were approximately 1820, 1000, and 300 AgNPs/cell for 10, 20, and 40 nm 
AgNPs, respectively. Furthermore, this study also validated a washing method for the application to a microorganism for the 
first time and was used to quantitatively determine the amount of cell surface–adsorbed AgNPs and intracellular AgNPs. 
These results indicated that the mass (Ag in ag/cell) ratios of intracelluar vs cell surface-adsorbed AgNPs were similar for 
different AgNP sizes. This high throughput and ultrasensitive SC-ICP-MS method is expected to have many potential appli-
cations, such as optimization of methods for green synthesis of AgNPs, nanotoxicity studies, and drug delivery. This is the 
first quantification study on the interactions of AgNPs and S. cerevisiae using SC-ICP-MS.

Keywords Silver nanoparticle · Yeast cell · Single-cell ICP-MS · Uptake of AgNP by yeast cell · Surface-adsorbed AgNP · 
Intracellular AgNP

Introduction

The incorporation of nanotechnology into daily life is grow-
ing with applications in commercial products, antibacterial 
materials, and drug delivery [1–4]. Better understanding 
of the interaction mechanisms between nanoparticles and 

cells is becoming more important. The effects of nano-
particle waste on the environment such as potential toxic 
effects on aquatic and plant organisms or air quality are 
an area of research with many unknowns [1, 5]. Research 
and development of “green manufacturing methods” using 
fungi, bacterial, and plant substrates for nanotechnology 
production to reduce the environmental impact of the sec-
tor has also grown substantially [3, 6, 7]. The exact modes 
of antibacterial action of nanoparticles on cells are still 
not fully defined as they can differ based on the cell type, 
nanoparticle type, and experimental conditions [5, 8, 9]. In 
drug delivery, the percentage of nanoparticle-based drug 
that is actually delivered to the target tumor location can 
be less than 1%, showing that there is still substantial room 
for optimization of these techniques [10]. More recently, 
nanoparticles, including silver nanoparticles (AgNPs), 
have been shown to neutralize COVID-19 viruses [11] and 
have also been applied to the masks and air filters to inac-
tivate Coronaviruses [12]. Therefore, with the growth of 
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the nanotechnology sector and research into these various 
areas, there has been concurrent development of analytical 
techniques to facilitate the advancement of nanotechnology. 
There is no single technology that can fully characterize 
nanoparticle interactions with a biological system or the 
environment. Various combinations of different techniques 
are the practical approaches currently. Spectroscopy, various 
types of electron microspectroscopic images, and ICP-MS 
are the major analytical techniques that have been used in 
this field [13–15]. ICP-MS-based analytical techniques for 
the detection of metal content in cells [16] such as single-
cell (SC) ICP-MS [17–22], including SC-ICP-TOF–MS 
(also referred to as mass cytometry) [23, 24], LA-ICP-MS 
[25–28], and microfluidic device-coupled ICP-MS [29] are 
advancing very rapidly to study nanoparticle and cell inter-
action mechanisms, nanotoxicity, drug development, and 
delivery at the single-cell level. More recently, an ICP-OES 
method was also used for silver nanoparticle speciation after 
sequential extraction of the solid materials [30]. Comprehen-
sive reviews and comparisons of different techniques and 
their applications in single-cell analyses have been reviewed 
extensively [13, 14, 31–35].

SC-ICP-MS is a cutting-edge technology that can help 
yield insights into the gaps of nanoparticle knowledge as 
has been previously described [16, 20–22]. Conventional 
ICP-MS analysis of the metal content in cells is limited to 
measurements of the average amount per cell in a cell popu-
lation after acid digestion [16, 21]. The key advantage of 
the SC-ICP-MS technology is that it rapidly provides the 
distribution of the metal content within a cell population, 
allowing for the discrimination of differences due to cell 
heterogeneity [16, 18, 19, 21]. The analysis is time-resolved, 
uses a low flow rate high-efficiency nebulizer, and each cell 
is detected as a single pulse signal. The intensity of the pulse 
signal is proportional to the mass of the element in each 
individual cell, and the frequency of the pulse signals is 
proportional to the cell concentration. This allows for the 
quantitation of metal ion uptake, metal-based nanoparticle 
uptake or intrinsic metal, such as Zn or Cu, concentration 
measurement in each cell [18, 19, 21]. In addition, the sin-
gle-cell sampling setup and the software can be easily imple-
mented (in comparison to purchasing a new instrument) into 
an existing ICP-MS in a laboratory, with minimal cost and 
operator training required for operation. Though it is still at 
the infancy step of the SC-ICP-MS technology development, 
it is expected that this technique will advance very quickly 
and will highly benefit research and applications, especially 
in the fields of nanomedicine, drug delivery, green synthesis 
of nanoparticles, and nanotoxicity study.

AgNP is one of the most broadly used nanomaterials. It 
is particularly popular in agrochemicals (pesticides, insec-
ticides, fungicides, fertilizer), nanomedicines, and drug 
delivery. Its green synthesis is also an active research field. 

Yeast Saccharomyces (S.) cerevisiae cells have been used 
for AgNP green synthesis [36–38] and is also a popular cell 
type for nanomaterial-cell interaction mechanism study and 
other nanotoxicity studies [39–41]. It is reported that AgNPs 
readily adhere to the yeast cell wall and are also taken up 
intracellularly [15, 42–44]. Chen et al. [37] also demon-
strate how S. cerevisiae coupled to AgNPs could be used 
to remove heavy metals from wastewater while also provid-
ing antibacterial functions. While the majority of previous 
toxicity research focuses on evaluating the dosing-toxicity 
relationship between nanoparticles and cells, comparisons 
between studies are difficult due to variation in experimental 
variables such as limited datapoints per study, measurement 
methods, nanoparticle properties, experimental conditions, 
and cell type [13, 45, 46]. Kettler et al. demonstrated that 
even differences in the dosing medium used in a study could 
have significant effects on the observed uptake [9]. Although 
studies have reported the interactions of AgNPs with yeast 
cells [15, 42–44] and the mechanism with different tech-
niques, a rapid and highly sensitive SC-ICP-MS quantifica-
tion method is still lacking and needed for quantitative and 
comprehensive study of the broadly used AgNPs and yeast 
cells.

The objectives of this study are to develop a rapid, ultra-
sensitive SC-ICP-MS quantification method to study AgNP 
and yeast cell interactions, to quantitatively measure the 
amount of cell surface adsorbed and intracellular AgNPs, 
and to optimize conditions of AgNP uptake by yeast cells. 
This method can be used to support the variety of appli-
cations stated above for this common NP-cell model. The 
method is expected to benefit the potential application of 
S. cerevisiae as a green synthesis substrate, cell model for 
nanotoxicity, or drug delivery research, etc. To the authors’ 
best knowledge, this is the first quantification study on the 
interactions of AgNPs and S. cerevisiae under different con-
ditions using SC-ICP-MS.

Materials and methods

Materials

Citrate-stabilized AgNP standard suspensions (10, 20, 
40, 70, and 100 nm at 0.02 mg/mL) were purchased from 
Nanocomposix (San Diego, CA, USA). S. cerevisiae 
(S288c) was obtained from ATCC. The cell strain was 
BY4743 with genotype MATa/α his3Δ1/his3Δ1 leu2Δ0/
leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0. 
Sodium hydroxide; sodium thiosulfate  (Na2S2O3·5H2O); 
and YPD medium containing tryptone, yeast extract, 
and dextrose were obtained from Fisher Scientific (Fair 
Lawn, NJ, USA). 2-(N-Morpholino)ethanesulfonic acid 
(MES) hydrate, ethylenediaminetetraacetic acid (EDTA), 
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and potassium ferricyanide  (K3Fe(CN)6 were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Dextrose 
was purchased from MP Biomedicals (Solon, OH, USA). 
Ultrapure water (18.2 MΩ-cm) was produced by an Elix-3 
water purification system from Millipore (Billerica, MA, 
USA). EQ four-element calibration beads, polystyrene 
beads (2.5 μm) containing known concentrations of the 
metal elements Ce, Eu, Ho, and Lu in aqueous suspension, 
were purchased from Fluidigm (San Francisco, CA, USA).

Yeast cell culture

For each experiment, one colony of yeast cells was cul-
tured in a sterile cell culture flask with 30 mL of YPD 
medium (50 g/L in ultrapure  H2O) at room temperature on 
a rotor at 12 rotations per minute for the necessary time. 
The cells were then sent into log phase by resuspending 
cells in about 50 mL of fresh YPD medium, and incubating 
on the rotor for an additional 1.5–2 h. At the end of this 
time period, the cell sample was transferred to centrifuge 
tubes, centrifuged (5 min at 500 g), and then washed 3 
times using 10 mL ultrapure  H2O per wash and recentri-
fuged after each wash. The samples were centrifuged a 
fourth time and resuspended in 1 mL of ultrapure  H2O. 
All resuspended cell samples were then combined into one 
vial to make a cell stock suspension. A hemacytometer was 
used to count the concentration of the cell stock suspen-
sion for the subsequent use in the next experimental step.

Single‑cell ICP‑MS method

For all experiments, a Nexion300D ICP-MS (PerkinElmer, 
Shelton, CT), the same sample introduction system and 
Syngistix Single-Cell Application software used for a 
previous study of toxic algae treatment by copper-based 
algaecide (Shen et al. 2019), was utilized. Additionally, a 
single-cell Micro DX autosampler was added to the system 
and used for the SC-ICP-MS analysis. ICP-MS parameters, 
including autosampler specific parameters, are shown in 
Table 1. 107Ag was monitored for AgNP and cell interac-
tion and 64Zn was monitored as an intrinsic metal in cells 
for cell concentration determination. The sample cham-
ber was maintained at approximately 33 °C for all experi-
ments. Transport efficiency (TE) measurement methods 
were evaluated by using 40 nm gold nanoparticles, yeast 
cells, and EQ four-element calibration beads. EQ four-
element calibration beads were then selected and used to 
measure TE before each experiment at 110,000 beads/mL 
per vendor recommendation. Calibration curves consisted 
of 20 nm, 40 nm, 70 nm, and 100 nm citrate-stabilized 
AgNPs at ~  105 NPs/mL.

Cellular exposure to AgNPs and SC‑ICP‑MS analysis

Dosing with AgNPs was mainly conducted at  107 cells/
mL concentration in 10 mL of dosing medium, unless oth-
erwise noted in certain experiments. Dosing medium was 
0.2% (w/v) MES hydrate + 0.2% (w/v) dextrose in ultrapure 
 H2O, adjusted to a pH of 6.8 using NaOH. Different con-
centrations and sizes of AgNPs were added in this dosing 
medium. Each sample dosing level was prepared in tripli-
cate. The samples were then capped and placed on a rotor 
for a specified exposure time (experiment dependent) at 12 
rotations/min. The cell samples were then washed by fol-
lowing a published procedure [37] for three times by cen-
trifugation (10 min first centrifugation, 5 min for second 
and third washes) at 500 g using 10 mL ultrapure  H2O per 
wash in order to completely remove dosing medium and 
any residual-free floating silver nanoparticles. For experi-
ments to remove surface-adsorbed AgNPs, the cell samples 
were washed with PBS buffer containing 20 mM  K3Fe(CN)6 
and 20 mM  Na2S2O3·5H2O. This published procedure [47] 
that removes surface-adsorbed nanoparticles from human 
T-lymphocyte cells via a chemical etch process was vali-
dated to work for yeast cells in this study. After the washing 
step, the samples were resuspended in 1 mL of ultrapure 
 H2O. To completely remove any residual supernatant, each 
sample was transferred to a 1.5 mL centrifuge tube. Using 
a low-speed mini-centrifuge, the samples were centrifuged 
for about 20 s, and then, the supernatant was removed. If 
needed, samples were placed in a refrigerator to save for 

Table 1  Optimized single-cell ICP-MS parameters

a Measured daily or each batch of experiment
b Autosampler-specific parameters

Parameter Value

Manual sampling flow rate 15–20 μL/min
Nebulizer
Spray chamber
Injector

Meinhard TRP-90-A0.05
Asperon Single-Cell
Quartz, 2.0 mm id

RF power
Nebulizer gas flow
Makeup gas flow
Analytes
Transport efficiency
Sample analysis time
Dwell time

1600 W
0.54 L/min
0.7 L/min
64Zn, 107Ag
30–40%a

100 s
50 μs

Sample loop  sizeb

Autosampler sample flow  rateb
100 μL
15 μL/min

Sample  vialsb Micro96-well plate (poly-
propylene, 2 mL)

Carrier  solutionb H2O
Working  solutionb H2O
Autosampler rinse  1b 1%  HNO3, 5%  H2O2

Autosampler rinse  2b H2O
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analysis or continued for the next step of the analysis. The 
cells were resuspended in 1 mL  H2O and vortex-mixed for 
about 10 s. This stock sample suspension was used to dilute 
to analysis concentrations (~  105 cells/mL) in 0.26 mM 
EDTA aqueous solution in 15-mL centrifuge tubes. Samples 
were vortex-mixed immediately before analysis by SC-ICP-
MS. Histograms were fitted using Syngistix Gaussian dis-
tribution, and the maximum of the distribution was utilized 
for result comparison. While the software directly reported 
Ag mass (ag) per cell, the particle number per cell was cal-
culated by dividing the mass per cell by the mass of each 
AgNP.

Transmission electron microscope imaging 
of AgNP‑dosed yeast cells

Transmission electron microscopy (TEM) was used to con-
firm the impact of the different washing processes and to 
check the status of AgNPs on the surface of the cells. The 
unstained AgNP-dosed yeast cells were deposited on TEM 
grids (Ted Pella, Inc. 300 mesh, Prod # 01843-F), freshly 
glow discharged with a plasma cleaner for 3 min, and left to 
incubate for 3 min. Subsequently, excess sample suspension 
was gently wicked away from the grids with a filter paper, 
and the grids were air-dried at room temperature. A FEI Tec-
nai F20 transmission electron microscope (FEI, Hillsboro, 
OR, USA) was used for obtaining TEM images of dosed 
cells at an accelerating voltage of 200 kV.

Results and discussion

SC‑ICP‑MS method optimization and performance

Transport efficiency determination No universal TE detec-
tion standard method is currently reported for SC-ICP-MS 
analysis. We tested TE by three different methods to evalu-
ate the accurate method for TE determination of yeast cells 
using the SC-ICP-MS analysis, as there have been several 
different methods reported with inconsistent results for TE 
detections of the SC-ICP-MS methods for algae cells [18, 

19]. We first used the yeast cells themselves to determine TE 
by monitoring the intrinsic metal 64Zn, similar to the method 
used in a recently published paper [19]. Zn is present in 
high enough quantity in individual yeast cells to be detected 
by SC-ICP-MS. When we used the yeast cells in water to 
detect TE, a low TE (18%) was obtained. EDTA has been 
reported to prevent cell aggregation [19, 48]. By adding a 
small concentration of EDTA (0.26 mM) to the final dilution 
of samples, the TE of the yeast cells increased to about 38% 
(Table 2). We also checked the cell integrities by collecting 
a sample post-nebulization and observing the cells using 
a microscope. The cells were intact after nebulization. EQ 
four-element beads in water at vendor-recommended con-
centrations (1.1 ×  105 beads/mL) were then tested to deter-
mine TE by monitoring the metal element 140Ce in the beads. 
Since the beads are approximately 2.5 μm in diameter, it 
has been considered in a previous study that they are more 
analogous to cells than nanoparticle suspensions due to their 
similar size and density [18]. The TE measured using the 
beads was found to be similar with the TE obtained by using 
the yeast cell suspension at the approximate concentration 
1.0 ×  105 cells/mL in 0.26 mM EDTA solution (Table 2). 
We also tested the TEs using 40 nm AuNP suspensions in 
water with and without EDTA. The TE from AuNP suspen-
sions with EDTA was much higher (> 90%) than the TEs 
using yeast cells. The TE was also higher when the AuNPs 
were in water without EDTA, although better than that 
obtained by using the AuNPs with matrix-matched EDTA 
present. Our test results here did not agree well with other 
previously reported results where matrix-matched suspen-
sions of AuNPs were utilized for TE determination [18]. 
Therefore, TE determination for the SC-ICP-MS analysis 
should be specific for the cell type and the matrix as part 
of method development. Though the most accurate method 
to determine TE should be the cells being analyzed, the 
TE determined by the beads for yeast cells in this study is 
similar or the same with those obtained by using yeast cells 
with EDTA present. Using the beads is a simpler way to 
determine TE compared with the cells because cells need 
to be freshly cultured and counted each time. Therefore, the 
EQ four-element beads were utilized for TE measurement 
(measured daily for each experiment) in this study.

Table 2  Transport efficiencies 
measured with yeast cell 
suspensions (intrinsic metal 
64Zn was monitored), EQ 
four-element calibration 
beads (140Ce in the beads was 
monitored), and Au NPs (107Au 
was monitored) in aqueous and 
matrix-matched solutions

Sample (matrix) Concentration Transport 
efficiency (%) 
(n = 3)

AuNPs (water) 107,500 (particles/mL) 47.13 ± 0.98
AuNPs (0.26 mM EDTA in water) 107,500 (particles/mL)_ 96.85 ± 2.12
EQ four-element beads (water) 1.1 ×  105 (beads/mL)_ 42.06 ± 2.60
Yeast cells (water) 105 (cells/mL)_ 18.35 ± 0.81
Yeast cells (0.26 mM EDTA in water) 105 (cells/mL)_ 38.04 ± 5.49
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Reproducibility and stability The stability of yeast cell 
TEs over 9 h with measurements taken every 1.5 h with 
hemacytometer-counted cell suspensions was found to be 
acceptable at 44.2 ± 2.8%. Reproducibility of the method 
was tested through an experiment where 3 separate cell cul-
tures were grown from 3 different colonies. Each colony was 
dosed with 10, 20, and 40 nm AgNPs at 3000, 1000, and 
300 AgNPs/cell, respectively, for approximately 3 h. The 
%RSDs of the maximum of the Gaussian distributions were 
less than 6% for the same cell culture (n = 3) across all three 
AgNP sizes tested. The %RSDs of results from all three cells 
cultures (n = 9) were less than 8% for all three AgNP sizes 
tested (Fig. S3).

While ag Ag/cell results were generally Gaussian, the fit-
ting to the maximum of the cell distribution using the Gauss-
ian fit software setting obtained highly repeatable results 
with an %RSD of 5.3% (n = 3) (Fig. 1).

Linear correlation and detection limits Yeast cell concentra-
tions were measured at a concentration range from 1000 to 
1,000,000 cells/mL by both the SC-ICP-MS method and by 
counting the cells with a hemacytometer. It should be noted 
that only the stock cell suspension was counted by hemacy-
tometer, and the lower concentrations were calculated from 
the different dilutions because this counting method is not 
accurate for counting low concentrations of cells. It showed 
good linear correlation from 1,000,000 cells/mL down to 
1000 cells/mL (Fig. 2). Therefore, the cell concentration 
detection limit was estimated to be 1000 cells/mL. While 
not specifically evaluated in this study, this detection limit 
could theoretically be improved with longer analysis time. 
The mass detection limit of Ag per cell for AgNPs was based 
on AgNP calibration curves (10, 20, 40, 70, 100 nm) col-
lected from multiple experiments, and representative detec-
tion limits were calculated using the ICH guidelines [49].

where σ = standard deviation of the y-intercepts for the 
AgNP calibration curve, and DL is the mass detection limit 
(ag Ag/cell).

The silver detection limit was approximately 78 ag/cell. 
For smaller nanoparticles (10 and 20 nm) below or near the 
detection limit, it was necessary for multiple nanoparticles to 
be present on or in the cell for the cell to be detected by the 
SC-ICP-MS when monitoring the analyte 107Ag. Therefore, 
the detection limit was equivalent to approximately 14 of 
10 nm and 2 of 20 nm AgNPs/cell.

Washing methods and their impacts on AgNP 
and yeast cell interactions

The SC-ICP-MS method cannot distinguish if the AgNPs 
were in the cells or attached on the surface of the cells. 
Therefore, cells were imaged using TEM post-dosing 
with AgNPs to validate the presence of AgNPs on the 
cell surfaces. Two washing processes were evaluated: 
(1) wash with ultrapure water, which leaves the cell sur-
face–adsorbed AgNPs intact, and (2) wash by PBS buffer 
containing 20 mM  K3Fe(CN)6 and 20 mM  Na2S2O3·5H2O 
to remove the cell surface–adsorbed AgNPs. The proce-
dure for removal of surface-adsorbed nanoparticles from 
human T-lymphocyte cells is a previously published pro-
tocol by Ivask, A, et al. [24, 47], but this procedure has 
not been used on yeast cells, a microorganism. Therefore, 
the washing efficiencies by water and the buffer (PBS solu-
tion with 20 mM  K3Fe(CN)6 and  Na2S2O3·5H2O) were 
evaluated by SC-ICP-MS (Table 3). The washing impacts 
were evaluated after 1, 3, and 6 washes with  H2O, and no 

DL =
3.3(�)

slopeofcalibrationcurve

Fig. 1  Gaussian distribution fitting of representative histogram 
for AgNP-dosed yeast cells. Dosed 2300 AgNPs/cell, AgNP size is 
10 nm

Fig. 2  Cell concentrations detected by SC-ICP-MS versus hemacy-
tometer-counted cell concentrations tested on 2 different days. Con-
centration of cell stock suspension was determined with hemacytom-
eter, and then diluted samples were prepared for analysis. Error bars 
represent standard deviation (n = 6)
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significant effects were observed, indicating that AgNPs 
loosely attached outside of the cell wall were washed off 
completely by 3 water washes, and successive washes had 
no further impact on the total AgNPs associated with yeast 
cells (Fig. S1). Therefore, three-time water wash proce-
dure was used for the determination of total AgNP associ-
ated with cells after yeast cell exposure to AgNPs prior to 
the SC-ICP-MS analysis. When AgNP-dosed cells were 
washed by PBS containing  K3Fe(CN)6 and  Na2S2O3·5H2O 
for 3 times, the AgNPs adsorbed to the surface of the 
cells were removed and the AgNP concentration per cell 
decreased compared with those by water wash. The results 
from different washes were also confirmed by the TEM. 
The representative TEM images are shown in Fig. S2. No 
AgNPs were present for the blank control (Figure S2A, no 
AgNP-dosed). There were many AgNPs associated with 
the cell surface after 3-time water wash (Figure S2B). The 
cell surface–adsorbed AgNPs were completely removed 
from the cell surface after washing 3 times by the PBS 
buffer containing  K3Fe(CN)6 and  Na2S2O3·5H2O (Fig-
ure S2C). Our results are in agreement with published 
literature showing that AgNPs are adsorbed to the cell 
wall due to attraction to various functional groups on the 
cell wall [44]. The insides of cells were not imaged, but 
prior literature has shown uptake of AgNPs internally in 
S. cerevisiae was kept as nanoparticles. Therefore, for all 
calculations in this study, it was assumed that any silver 
taken up by yeast cells and detected by SC-ICP-MS was 
AgNPs [44]. For samples washed with  H2O, SC-ICP-MS 
results represent the total AgNPs associated with cells, 
including AgNPs adsorbed to the cell surfaces and the 
AgNPs inside the cells. For those washed with PBS buffer 
containing  K3Fe(CN)6 and  Na2S2O3·5H2O, SC-ICP-MS 
results represent only the intracellular AgNPs. One key 
advantage of this novel SC-ICP-MS method is the accu-
rate quantification of AgNPs inside the yeast cells, the 
total AgNP associated with the cell, and adsorbed onto 
the cell surface by calculation. Another major advantage 
is that it can determine the AgNPs in individual cells and 
the distribution profile in the cell population as shown in 
histograms (Fig. 1).

Dosing time impact on AgNP uptake

To determine the effect of dose time on AgNP uptake, cells 
were dosed with 10 nm AgNPs at a concentration ratio of 
1820 AgNPs/cell and tested at various intervals over the 
course of 48 h (Fig. 3). The majority of the 10 nm AgNP 
uptake took place in the first hour, with only slight addi-
tional uptake with increasing exposure time up to 48 h. This 
indicated the fast uptake kinetics of the AgNPs by the yeast 
cells. It should be noted that we did not collect data shorter 
than 1 h, and thus could not derive the kinetics constant of 
the uptake, though the SC-ICP-MS is a potential method to 
study uptake kinetics. Further study may be conducted to 
estimate the uptake kinetics using this SC-ICP-MS method.

Uptake efficiencies by different sizes of AgNPs 
at different dosing concentrations

The experiment was conducted to evaluate the correlation 
of AgNP uptake vs dosing concentration. The correlation 
of AgNP uptake presented by mass of each cell (ag/cell) vs 
dosing mass concentration of AgNP (ag/cell) in cell culture 
is shown in Fig. 4. Amounts of uptake by each cell increased 
quickly with increased AgNP dosing concentration when 
the dosing concentrations were low. The uptake increasing 

Table 3  Quantitative 
comparison of cell surface–
adsorbed and intracellular 
AgNPs. Dosed concentration 
ratio was 2300 AgNPs/cell and 
dosing time was 24 h, n = 3

AgNP 
size (nm)

AgNP loca-
tion on cell

ag Ag/cell (%RSD) AgNPs/cell (%RSD) % uptake % 
Intracellular:surface-
adsorbed AgNPs

10 Total 8903 (5.1) 1621 (5.1) 70.5 -
10 Internal 6359 (1.8) 1158 (1.8) 50.3 71.4
10 External 2544 463 20.1 28.6
20 Total 15,603 (2.2) 355 (2.3) 15.4 -
20 Internal 11,592 (4.3) 264 (4.2) 11.5 74.3
20 External 4011 91 4.0 25.7
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Fig. 3  Cellular uptake of 10 nm AgNPs vs exposure time. Dosed con-
centration ratio was 9997 ag Ag/cell (1820 Ag NPs/cell) concentra-
tion ratio. The error bars represent standard deviation (n = 3)
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slowed down when dosing AgNP concentrations were fur-
ther increased. It seems that the uptake was driven by mass 
of Ag per cell where similar mass uptakes per cell were 
observed for all three AgNPs sizes. However, when the cor-
relation of uptake vs dosing concentration was expressed in 
terms of particle concentration of AgNPs per cell, differ-
ences were observed for different AgNP sizes. The AgNP 
uptake particle concentration per cell increased with increas-
ing dosing AgNP particle concentration per cell (Fig. 5 top), 
while the uptake percentage of the AgNPs showed a clear 
optimum dosing concentration for each nanoparticle size 
tested (Fig. 5 bottom). Under these experimental conditions, 

the highest percentage uptakes were dosing concentrations at 
approximately 1820, 1000, and 300 AgNPs/cell for 10, 20, 
and 40 nm AgNPs, respectively.

Internal uptake versus cell surface–adsorbed AgNP

Cells were dosed with a concentration ratio of 2300 AgNPs 
per cell for 24 h to allow enough time for uptake of the 
AgNPs. Uptakes of 10 nm and 20 nm AgNPs were tested. 
Six samples of the same dosing particle concentrations were 
prepared for each AgNP size. Three samples were washed 
with  H2O and the other three were washed with PBS con-
taining 20 mM  K3Fe(CN)6 and  Na2S2O3·5H2O to distinguish 
between surface-adsorbed and intracellular AgNPs. The 
samples were then analyzed by the SC-ICP-MS method and 
results were used to calculate the total, intracellular, and sur-
face adsorbed AgNPs (Table 3). The total uptake for 10 nm 
AgNP (1621 particles/cell) was much higher than those for 
20 nm AgNP (355 particles/cell), about 4.6 times, based on 
the particle concentration (particles/cell). However, the total 
mass uptake of 10 nm AgNP (8903 ag/cell) was lower than 
those for 20 nm AgNP (15,603 ag/cell), about 0.57 times, 
based on the mass concentration (ag/cell). Interestingly, 
despite the differences in nanoparticle size, the proportions 
by mass of intracellular and surface-adsorbed AgNPs were 
similar for both the 10-nm and 20-nm sizes analyzed, at 
71.4% intracellular and 28.6% on the cell surface for 10 nm 
AgNPs, and at 74.3% intracellular and 25.7% on the cell 
surface for 20 nm AgNPs. These results suggested that the 

Fig. 4  Uptake concentration versus dosing concentration ag Ag/cell 
for different sizes of AgNPs. Dosing time is about 3 h. The error bars 
represent standard deviation (n = 3)

Fig. 5  Uptake concentrations and %uptake versus dosing particle concentrations. Dosing time is about 3 h. The error bars represent standard 
deviation (n = 3)
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ratio of the cell surface–adsorbed AgNPs and intracellu-
lar AgNPs is likely biologically regulated by the mass of 
the AgNPs, not by the size of the AgNPs. However, more 
experiments to see if this ratio stays constant or is affected 
by other variables such as dose time, dose concentration, and 
NP size would be of interest. This experiment shows that 
the method works well for quantitatively evaluating intra-
cellular versus surface-adsorbed AgNPs. This could be a 
useful method for applications in the growing research area 
of green synthesis of AgNPs where optimal AgNPs per cell 
can be quantitatively evaluated quickly using the SC-ICP-
MS technique [36–38].

Overall, this new SC-ICP-MS method was able to quanti-
tate the uptake of AgNPs by yeast cells both adsorbed to the 
cell surface and located intracellularly. While AgNPs have 
been reported to be toxic to yeast cells [41], the cell integ-
rity was found to remain intact during the dosing times and 
concentrations tested in this study, even at the high AgNP 
dosing concentrations of several thousand AgNPs per cell. 
Since the SC-ICP-MS can rapidly quantify the cell concen-
tration, silver concentration, and profile of the nanoparticle 
distribution in a cell population, this makes it a potential 
asset for green manufacturing applications for the AgNP 
synthesis using yeast cells where optimal yields per cell can 
be quickly optimized and evaluated. This new SC-ICP-MS 
method also can be utilized as a complementary method for 
nanotoxicity studies, which commonly utilize S. cerevisiae 
as a model [39–41], by quantitatively monitoring the nano-
particle-cell interactions, fate of nanoparticles, and viability 
of the cells (pulse signals of the cells will change when cells 
lyse after death).

Conclusions

A new SC-ICP-MS method was developed for evaluating 
AgNP interactions with yeast cells as a model. Different 
TE determination methods were evaluated and the results 
showed that 40 nm AuNPs were not suitable for TE detec-
tion for SC-ICP-MS analysis of yeast cells. Yeast cells in 
EDTA aqueous solution resulted in similar TEs with the 
commercial EQ four-element beads, and the beads were used 
for the daily TE measurement in this study. This SC-ICP-MS 
method can not only rapidly quantify the cell concentra-
tion, silver concentration per cell, and profile of nanoparti-
cle distribution in a cell population, but also quantitatively 
distinguish the amount of cell surface–adsorbed AgNPs 
and intracellular AgNPs by washing the dosed yeast cells 
using a water wash and PBS solution wash (with 20 mM 
 K3Fe(CN)6 and  Na2S2O3·5H2O), demonstrating, for the first 
time, a previously published method used for mammalian 
cells (human T-lymphocyte cells) [24, 47] which can be 
applied to remove the cell wall–adsorbed AgNPs from S. 

cerevisiae cells, a microorganism of the fungus kingdom, 
while leaving the cells intact for analysis. The yeast cell 
AgNP uptake study demonstrated that the initial uptake of 
AgNPs was rapid and primarily driven by the mass of Ag per 
cell, not the nanoparticle size. However, there were optimal 
dosing concentrations in terms of AgNP particles per cell 
for each nanoparticle size tested. This model and metrology 
have high potential to be utilized in many applications, espe-
cially for green synthesis method optimization and as a com-
plementary method for nanotoxicity studies. To the authors’ 
best knowledge, this is the first report for quantifying AgNP 
uptake in S. cerevisiae using SC-ICP-MS methodology.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 022- 03937-4.
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