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A B S T R A C T   

Intracellular chloride ion (Cl− ) is known to have various roles in the cellular growth, modulation of cell cycles 
and volume, and in pathological disorders such as cancers, neurological and cardiovascular disorders. Various 
methods employed to measure intracellular Cl− requires lengthy procedure and measurement duration, bulky 
and advanced instruments, or incapable to measure low to single-cell sample quantity. In this study, we report 
the measurement of intracellular chloride and other ions in mammalian cells using the FROZEN freeze-drying 
method for preparing adherent cell cultures for analysis. The sample preparation does not require chemical 
fixation and enables direct measurement by X-Ray analytical methods such as X-Ray Fluorescence (XRF) or 
Energy Dispersive X-Ray Fluorescence (EDS). Cell staining showed that the cells retained their content and 
location after preparation, which enables single-cell level analysis. Treatment of Furosemide to the cells dis
rupted the Cl− , K+ and Na+ transport, causing changes in the intracellular ions. Additionally, the intracellular Cl−

of the dried cells was successfully measured, as low as 0.9 mM. The XRF and EDS measurements showed that 
treated cells displayed a significant reduction of intracellular Cl− on all tested cell lines. However, no significant 
changes were detected in intracellular K+. Furthermore, EDS analysis on single cells showed a significant 
decrease in intracellular Na+ in most cell lines. These results demonstrate the efficiency and simplicity of the 
proposed method in intracellular ion analysis, allowing quick and simple preparation to measure biological 
samples with high sensitivity for various intracellular ions, which may be applicable in the diagnosis of diseases.   

1. Introduction 

Cellular homeostasis is the delicate balancing of ions within and 
around the cells, which is vital to maintaining their physiological 
functions [1]. Imbalances in intracellular ions could lead to impaired 
function and numerous diseases [2,3]. Alzheimer’s [4] and cancers[5], 
for example, are known to have intracellular ion imbalance that further 
exacerbates the condition by accelerating cognitive dysfunction and 
associated with cancer growth and metastasis. Furthermore, manipula
tion of intracellular ions in cancer through the introduction of synthetic 
ion carriers is reported as a potential anticancer [6], displaying the 
importance of ion homeostasis for cells. 

Chloride ion (Cl− ) is the most abundant anion in the cell. Cl− is 
required to regulate nerve and muscle cells’ excitability, preserve the 
cell’s ionic composition, control cell volume, transport other ions across 
plasma membranes, and acidify lysosomes and other vesicles [7]. 

Moreover, Cl− ion is reported to involve in cell proliferation, as blockage 
of Cl− reduced cell growth [8]. Interestingly, Cl− association with cell 
growth is not limited to normal cells but also cancer cells. Cl− channel 
ClC-3 knockdown arrested nasopharyngeal carcinoma at G0/G1 phase, 
inhibited volume-activated Cl− current and reduction of cell volume that 
correlated with cell growth [9,10]. Similar effect is reported in other 
cancers involving other Cl- channels as well [11–13]. Thus, the intra
cellular chloride ions in the cell show correlation to cancer growth and 
metastasis, making the intracellular Cl− measurement could be appli
cable for cancer-related testing [11,14,15]. However, direct measure
ment of intracellular Cl− poses several difficulties, mainly in relatively 
lower Cl− ions transmembrane ratio and driving force in the cell [16]. 

Measurement of intracellular ions has been reported with various 
methods, utilizing chloride-sensitive electrodes [17,18], fluorescent 
dyes [19], nanoparticle probes [20–22], or patch clamp [23]. 
Microelectrode-based or microelectrometric titration measurement are 
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capable to detect minute trace of Cl− ions but requires a complex sample 
preparation and high number of cells, making it unsuitable for rapid 
measurement with low amount of sample. Moreover, electrode prepa
ration demands a careful setting prior to measurement, which is time 
consuming, and electrode penetration may affect the cell’s intracellular 
Cl− condition [16,24]. Chloride-sensitive fluorescent dyes have high 
sensitivity but prone to bleaching, limiting the measurement duration. 
Additionally, leakage of the dyes from the cells were also reported [16, 
25-27]. Lastly, intracellular Cl− ions can be measured by genetic sensor 
produced by genetically modified cells through fluorescence or indi
rectly through the activity of enzymes related to intracellular Cl− . The 
drawback of this method is the strenuous preparation steps needed to 
measure the intracellular Cl− makes it unsuitable for diagnosis [28–30]. 
Moreover, fluorescence-based detection demands advanced in
strumentations, further complicating the measurement [16]. 

NMR- and MRI-based Cl− measurement provides a non-invasive 
method and doesn’t involve ionizing radiation, thus allowing mea
surement on live cells with no risk of radiation damage. However, there 
are also drawbacks in using NMR, mainly its need to add shift reagent to 
distinguish the different source of ions, relatively expensive to perform 
and unable to be done in the field. Moreover, NMR measurement re
quires a strong magnetic field applied into the sample, affecting the 
surrounding area and severely limits the applicability of NMR-based ion 
detection [31]. Similarly, MRI-based Cl− measurement requires 
powerful magnetic field to perform measurement, and on top of that, 
needs long scanning time. These hurdles inhibit their wider use for 
biological ion detection [32]. 

X-Ray fluorescence spectrometry (XRF) can rapidly determine ion 
components and their distribution in biological tissue samples [33,34]. 
Each ion emits distinct fluorescence when exposed to an X-Ray beam, 
thus enabling the detection of the ions within biological samples. This 
method has been employed to analyze plant cells, detect toxic ions 
(mercury, arsenic and other heavy metals) and trace element patterns 
associated with neurodegenerative diseases or other intracellular ions 
present in the cell [35–37]. XRF-based measurement is capable of 
measuring the intracellular ion in the sample directly, avoiding addition 
of dyes or probes to the samples. However, preparation of the samples 
for XRF analysis often includes chemical fixation, which may alter the 
cell ion concentrations for specific ions, as reported by Jin et al. (2016). 
The K+ and Cl- measured after chemical fixations step were significantly 
reduced (as low as 0.3% and 16% for K+ and Cl− , respectively) 
compared to the freezing method. Phosphorous (P) was also reported to 
be reduced after chemical fixation, demonstrating the efficiency of 
freezing-based cell preservation. The report utilizes the freeze-drying 
method but uses a complex and laborious cell-culturing method to 
prepare the cells and is only able to process a limited amount of cells due 
to the small area of cell culture [38]. Therefore, the development of a 
simple, low-cost and straightforward method to measure intracellular 
ions would facilitate rapid measurement of intracellular ions in biolog
ical samples. 

In this report, we have optimized the method to measure intracel
lular ion with X-Ray based analysis. Several intracellular ions were 
measured after treatment of cells with chloride channel blocker Furo
semide (FMD), a diuretic drug commonly used for treating hypertension 
and edema. FMD treatment could disrupt intracellular chloride balance 
by blocking Na+-K+− 2Cl− cotransporter (NKCC), one of the chloride ion 
transporters belonging to cation chloride cotransporters (CCC), through 
binding to the NKCC pore in the intracellular side and inhibit sodium, 
potassium, and chloride transfer across the cell membrane [39–41]. 
Inhibition of NKCC leads to lower intracellular Cl− [42,43], which can 
be detected and quantified by X-Ray based methods XRF and EDS in 
combination with sample processing FROZEN method [44]. 

2. Experimental section 

2.1. Materials 

RPMI media (22400–089), DMEM media (11995–040), EpiLife™ 
medium (MEPI500CA) with growth supplement (EDGS) (S0125), 
Defined Keratinocyte-SFM Basal medium with growth supplement 
(107440109), Pen-Strep antibiotic (PS, 15140–122), fetal bovine serum 
(FBS, A3160801), TrypLE Express Enzyme (12604013) and phosphate- 
buffered saline (PBS, 10010–031) were purchased from ThermoFisher, 
USA. Furosemide (F4381) was purchased from Sigma Aldrich, USA. 
Potassium Chloride (KCl) was purchased from Sangon Biotech, China. 
Petri dishes used to culture cells were bought from Thermo, USA 
(150466). Sterile filters with 0.2 µm pores were purchased from Pall 
Corporation, USA (4612). Parafilm tape was purchased from Bemis, USA 
(PM-996). 

2.2. Cell culture 

SKOV3 ovarian cancer cell line (ATCC, HTB-77™) was cultured in 
RPMI media supplemented with 1% PS and 10% FBS. NP460 cell line 
was cultured in mixed media (1:1 ratio of EpiLife™ media supplemented 
with EDGS and Defined Keratinocyte SFM media with growth supple
ment) with 1% PS. A549 (ATCC, CCL-185™) and H1299 (ATCC, CRL- 
5803™) cell lines were cultured in DMEM media supplemented with 1% 
PS and 10% FBS. Cells were incubated until 80% confluence before 
dissociated for experiments 

2.3. Preparation of 0.15 mg/mL FMD media 

Furosemide stock was prepared by dissolving 15 mg of FMD in 500 µl 
DMSO to a final concentration of 0.3 mg mL− 1. FMD media was prepared 
by diluting FMD stock to 0.5% V/V with culture media. Afterward, the 
media was sterilized by filtering FMD media with a 0.2 µm sterile filter 
(Pall, USA) inside a biosafety cabinet. 

2.4. Incubation of cells in FMD media 

Cells were washed with PBS before dissociated from the culture flask 
with 1.5 mL TrypLE and centrifuged. Approximately 10,000 cells were 
then seeded in 10 cm Petri dishes with 10 mL complete media. All cell 
lines were seeded into Petri dishes with their respective media. After 24 
h of incubation, culture media was replaced with 10 mL FMD media and 
incubated until reaching 95% confluence (4–6 days). The media was 
changed after 2 days of incubation with FMD media. Control cells were 
incubated with normal culture media and DMSO control cells were 
incubated with 0.5% DMSO + culture media. 

2.5. Freeze-dried sample preparation 

The freeze-dried cells were prepared based on a previously reported 
method, with some modifications [44]. All media in confluent Petri 
dishes was removed, and every dish was washed with PBS. Cells were 
washed by adding 10 mL MilliQ water to the dish while shaking the dish 
to make sure the MilliQ water covers the dish evenly, then immediately 
discarding the water. This process was repeated twice more, with the 
removal of the remaining water using a surgical pipette in the last 
washing step. The process should be performed quickly, approximately 
no more than 15 s from initial MilliQ washing to the end. Immediately 
afterward, each dish was exposed to liquid N2 vapor for 30 s to freeze 
cells and moved to − 80 ◦C fridge in frozen state. Each frozen dish was 
covered with parafilm, and small holes were punctured on parafilm. 
These samples were kept at − 80 ◦C before being transferred to the freeze 
dryer (Labconco, USA) in frozen condition. The remaining frozen water 
on the dishes was removed by storage in a freeze dryer with 1 mBar or 
less pressure overnight. All samples were ensured to remain frozen 
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throughout freeze drying by adding small amounts of dry ice beneath 
each dish. The dried cells were recorded using a microscope with 40x 
magnification (Leica DMI300B, Germany). 

2.6. Preparation of KCl spiked solution 

The spiking solution was prepared based on calculations reported in 
a previous report [44]. Spiked solutions of KCl were prepared with the 
following assumptions:  

1. Added concentration was calculated as per cell.  
2. The amount of K+ in the cells was approximately 100 mM.  
3. On average, NP460 cells have 33.8 µm diameter, with cell volume of 

1.62×10− 10 L and will collapse to a small area of 897.25 µm2.  
4. Therefore, the K concentration in the area would be 1.8 × 10− 12 

mmol µm− 2.  
5. To achieve those concentrations, solutions of corresponding salts 

with specific concentration needs to be dried to mimic a cell condi
tion. For a 5 ml solution, if all liquid perfectly covers the entire Petri 
dish surface, the depth of the liquid will be 636.64 µm.  

6. Assuming the volume of solution in a Petri dish is 636.64 µm, the 
required concentration for 5 mL salt solution will be 2.827 mmol L− 1 

for K. 

2.7. KCl spiking preparation 

Spiked cell samples were prepared by adding 5 mL of pre-cooled 5, 
10, and 15 mM KCl solutions to freeze-dried cells. Samples were then 
stored at − 80 ◦C immediately after addition for 30 mins, and then each 
dish was covered with parafilm and kept in frozen condition until placed 
in a freeze dryer machine. A small amount of dry ice was placed un
derneath the spiked dishes during freeze drying with a pressure of 1 
mBar or lower overnight. Each KCl spiking was performed with 3 rep
licates, and the test was repeated 3 times. 

2.8. XRF data acquisition and analysis 

XRF measurement was done with Energy Dispersive X-Ray Fluores
cence equipment Bruker S2 Puma (Bruker, USA) with 20 kV and Palla
dium (Pd) anode. The measurement was performed in vacuum condition 
with 60 s acquisition time. Dried cell samples in Petri dishes were cut 
into small chunks (less than 3 cm in width), and each sample was tested 
in 3 replicates from the same dish. Measurements were performed at 20 
kV, and data analysis was done with normalization by the Palladium 
(Pd) spectrum peak. Each data on FMD treatments were calculated from 
at least 3 biological repeats with 3 replicates for each repetition. KCl 
spiking measurements were calculated from 3 biological repeats with 3 
replicates for each repeat. Subsequent data was processed and compiled 
in Excel and GraphPad for statistical test and generation of graphs. 

The concentration of Cl in cell lines were calculated by using the 
linear regression. 

Y = ax + b 

The intercept (a) and slope (b) was obtained from the KCl spiking 
experiment. The mean and SD of all normalized intensity for Cl in each 
cell lines (Y) were used to calculate the mM concentration of the sample 
(x). Since the line doesn’t cross at 0 point in non-spiked sample (0 mM 
point), calibration was performed by reducing the numbers with x value 
if Y is 0. The calculation was performed on both mean and SD. 

2.9. SEM-EDS data acquisition and analysis 

Samples for the SEM-EDS test were prepared from dried cells in Petri 
dishes. The dishes were cut to a smaller size (roughly 0.5 × 0.5 cm2) and 
mounted in the specimen holders by carbon tape. The samples were 
coated with carbon coating prior to SEM measurement. SEM-EDS test 

was performed with JEOL JSM IT500 Scanning Electron Microscope 
(JEOL, Japan) and operated at 15 kV in vacuum with 30 s acquisition 
time. 

EDS analysis was done on a single cell level, with minimum 5 cells 
measured for each sample. Samples were collected from at least 2 
different batches of dried cells for each cell line, totaling at minimum 10 
cells measured per treatment in each cell line. The size of the scanned 
ROI varies from 30 to 40 µm2. The EDS data was processed by AZtec 
software (Oxford Instruments, UK) and each result was normalized by 
the software. Subsequent data was processed and compiled in Excel and 
GraphPad for statistical test and generation of graphs. 

2.10. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 8 soft
ware. Differences in XRF spectra intensity and EDS data throughout 
controls and FMD media treatment were assessed with one-way ANOVA 
with Tukey’s multiple comparison test as post-Hoc test. Linear re
gressions of the spiking tests were calculated and displayed using 
GraphPad Prism 8. 

3. Result and discussion 

3.1. Cell freeze-drying 

Cancer cell lines SKOV3, A549, H1299 and nasopharyngeal cell line 
NP460 were used in intracellular chloride ion (Cl− ) analysis using XRF 
and EDS. Dried cells were prepared by flash freezing of cultured cells 
after washing with dH2O and then freeze-dried overnight under a vac
uum (below 1 mBar). Dried cells displayed a relatively well-preserved 
morphology with minimal structural damage, and most cells remained 
fixed in their initial locations. 

The cell freeze-drying method can maintain the location and pre
serve the cell membrane of most of the cells, which was confirmed by 
DAPI and calcein AM staining in dried cell analysis and further observed 
under SEM (Fig. 1). Most cells were seen intact, with some visible effect 
of dehydration on the cells (Fig. 1A). Cell stained with DAPI and calcein 
AM retained the dye after drying and displayed preserved cell 
morphology despite the shrinking due to dehydration. A side-by-side 
picture before and after cell drying (Fig. 1C and D) showed that most 
of the cell’s nuclei were intact, while the cytoplasm shrunk and 
collapsed around the nuclei. Some cells were displaced during the 
washing and freeze-drying step, but most cells remained in the same 
place, confirming that the cell drying method could fix the cells into 
their locations for further analysis. 

Under SEM (Fig. 1B, E-F), the same morphology can be observed on 
the dried cells. The nuclei were intact but deflated, and the cell mem
brane was fractured. Meanwhile, the cytoplasm was dried and collapsed, 
leaving behind tendril-shaped remains, due to lack of fixation step to 
preserve the cellular morphology prior to dehydration [45]. Further
more, flattening of the nucleus is observed in fixed and non-fixed cells 
[46]. The cracks and crevices in the cell membrane are clearly shown in 
higher magnification, with some pores visible on the membrane 
(Fig. 1F). 

Additionally, each cell line showed a distinct growth pattern under 
SEM (Supplementary figure S1), with NP460 and SKOV3 cells growing 
relatively close to each other in full confluency. In contrast, A549 grows 
in clusters and has small gaps in between the clusters, and H1299 grows 
in smaller clusters separated by small gaps. The dried cell morphology 
showed that the method successfully preserved the cells, as demon
strated in previous reports [38,44]. 

3.2. Intracellular ion analysis with XRF 

After the cells were dried, several intracellular ions were measured 
with XRF. In total, 3 cancer cell lines (SKOV3, A549, H1299) and 1 
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immortalized normal cell line (NP460) were subjected to Cl− and K+

analysis with XRF. Both normal and cancer cell lines were treated with 
FMD drug. As FMD drug is dissolved in DMSO, solvent control was 

added by incubating the cells with media with 0.5% DMSO to remove 
the effect of DMSO on the cells. The spectra obtained from XRF was 
normalized to Palladium (Pd) for instrumental control. 

Fig. 1. The condition of post-treatment dried cells visualized under microscope. (A) Freeze-dried cells observed under brightfield. (B) Closer magnification (7000x) 
of dried cells with fissures in cell membrane pointed with arrows. Bar represents 50 and 2 µm. (C) DAPI and (D) Calcein AM stained cells on cells before being dried 
(top) and after being dried (bottom). Bars represent 100 µm. (E) Freeze-dried cells observed under SEM with 500x magnification. (F) The area within the insert is 
enlarged to 3000x magnifications. Bars represent 20 and 5 µm. 

Fig. 2. XRF result of Cl− measurement in dried cells with FMD treatment. Statistical tests were done with one-way ANOVA with Tukeys multiple comparison test. *: 
P<0.05, **: P<0.01, ***: P<0.001. 
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Treatment with FMD showed a significant reduction of intracellular 
Cl− in all cell lines, as displayed in Fig. 2 below. DMSO control 
demonstrated a reduction of Cl− in the majority of cell lines, though not 
as extensive as FMD treatment, which indicates the decline of Cl− was 
not only caused by the FMD drug, but DMSO also influenced intracel
lular Cl− reduction. The intracellular Cl− reduction after treatment of 
FMD drug might be achieved through blocking of NKCC transporters 
that regulate the transport of Na+, K+ and Cl− ions, resulting in the 
reduction of intracellular Cl− level in the cells [40,47]. The measure
ment deviation on A549 and H1299 were also higher than SKOV3 and 
NP460 cells, but the deviation was smaller in FMD treatment than in the 
untreated and DMSO controls. 

DMSO controls indicated slight changes in intracellular Cl− and K+

concentration influences intracellular K concentration through dissipa
tion of ions, as DMSO is reported to be capable of inducing water pores 
formation and increasing the permeability of several ions, which may 
contribute to changes in intracellular ions composition [48,49]. Addi
tionally, A549 and H1299 displayed higher overall intracellular Cl−

reading compared to the other 2 cells. This difference might be caused 
by the difference in cell media used to grow the cells or possibly stem
med from fundamental differences in intracellular Cl− concentration 
due to the origin of cancers, which warrants future investigations. 

On the other hand, FMD treatment seems to have no significant ef
fects on intracellular K+ measurement (Fig. 3). XRF measurement dis
played no significant difference in measurement reading in all cell lines 
and through all treatments, signifying the drug cannot alter cells’ 
intracellular K+ level. The intracellular K+ measurement displayed a 
higher deviation throughout all cell lines than intracellular Cl− , but the 
average of the readings showed that the normal cell line has lower 
intracellular K+ than the cancer cell lines. Furthermore, the 2 lung 
cancer cell lines, A549 and H1299, have the highest intracellular K+, 
similar to the intracellular Cl− reading. 

3.3. Quantification of intracellular Cl−

To assess the quantitative measurement accuracy, dried cells were 
spiked with a known amount of 5, 10 and 15 mM KCl solution and then 
freeze-dried. Cl spectra from each spiking concentration were used to 
calculate the linear regression graph. The graph demonstrated a linear 
increase in normalized Cl spectra with the higher spiked concentration, 
demonstrating high linearity of reading for Cl (R2 = 0.992) (Fig. 4). 
Through the spiking test, we measured the LoD and LoQ of the XRF 
measurement for Cl− . The measurement was based on the LoD and LoQ 
calculations reported by Chen et al. and displayed as follows [50]: 

LoD = a x 3SD + b  

LoQ = a x 10SD + b 

With a and b are the intercept and slope of intracellular Cl− linear 
regression graph and SD comes from the deviation of the respective 
peaks of Cl− spectra in a blank dish. From the equations, the LoD and 
LoQ of Cl are 0.245 and 0.249 mM, respectively. Table 2 displays the 
intracellular Cl− measurement of 4 different cell lines in untreated, 
DMSO control and FMD treatments from Figs. 2 and 3. The measurement 
could detect as low as 0.9 mM Cl− , demonstrating the potentiality of 
combining the cell drying method and XRF analysis as a quantitative 
method for measuring intracellular Cl− in adherent cells. 

Fig. 3. XRF result of K measurement in dried cells with FMD treatment. Statistical tests were done with one-way ANOVA with Tukey’s multiple comparison test. Ns: 
not significant. 

Fig. 4. XRF measurement result of KCl spike experiment. Untreated NP460 
cells were dried and spiked with 5–15 mM KCl solution before being subjected 
to the second freeze-drying cycle. The linear regression curve for Cl was 
measured with XRF from all spike concentrations. 

Table 1 
Limit of Detection (LoD) and Limit of 
Quantitation (LoQ) of XRF measurement 
for Cl− .   

Cl (mM) 

LoD 0.245 
LoQ 0.249  
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3.4. Single-cell EDS analysis 

Single-cell EDS analysis on dried cells enables more direct testing of 
the elemental composition of individual cells (Fig. 5). The result is dis
played as the mass fraction of weight (%Wt) of the corresponding 
element compared to the whole measured elements’ weight. Since EDS 
measurement recorded all (%Wt) of the cell, Carbon (C) and Nitrogen 
(N) elements were excluded from the measurement due to the high 
proportion of carbon and nitrogen in form of carbohydrates, protein, 
nucleic acids and lipids constitutes 80 to 90% of cell’s dry weight, which 
dwarfed the inorganic ions including K, Cl, Mg and Na that constitutes 
less than 1% of the dry weight [51]. EDS measured the following 5 el
ements: O, K, Cl, Na and Mg. 

EDS analysis allowed a more precise measurement of Na+ in the cell 
composition, which is not sensitive in XRF due to its lack of sensitivity 
towards lighter elements [52]. Though Na+ can be detected in XRF [53, 
54], its specific peak is small and hard to get clear peaks in biological 
samples where the Na+ concentration is low. 

EDS measurement on NP460 cells (Fig. 6A) displayed significant 
changes in all measured ions. DMSO and FMD treatment caused an in
crease (K+) or decrease (Cl− and Na+) of dried cells’ ion composition. On 
top of that, cells under DMSO control displayed a shift of intracellular 
ions compared to control cells, which indicated that DMSO alters the ion 
composition of the cells. Additionally, FMD treatment affected the 
intracellular ion, further increasing K+ and reducing Na+ and Cl− in 

cells. The significant difference in ion composition of FMD-treated 
NP460 cells compared to other cells suggested that FMD influences 
changes in NP460 cell ion composition more than the other cell lines. 
Compared to the NP460 XRF result, the intracellular Cl− fits with the 
XRF, although there is no significant change in DMSO-treated cells in 
Cl− . As for potassium, the individual cell potassium fractional weight 
measured by EDS was increased in DMSO and FMD-treated cells. The 
increasing trend was also detected in the XRF measurement, albeit not a 
significant increase. This disparity could be caused by the sample 
number and the measurement area of these 2 methods. XRF measures 
thousands of cells in a wide area, while SEM-EDS measures a fraction of 
the area in single cells. Additionally, only 10 cells per treatment were 
tested in the SEM-EDS compared to thousands of cells measured in XRF. 

Furthermore, EDS measurements on different regions of the dried 
cells displayed different weight ratios. Test on untreated NP460 cells 
measured in the center part of the cells (around the nuclei) and the 
periphery (Supp. Figure 2) gave a distinct result in weight ratio. Intra
cellular K+ and Na+ in the center were higher than the edge of the dried 
cells, while the intracellular Cl− had no significant difference when 
measured from both locations (Supp. Figure 3). The effect on measure
ment location allows spatial analysis of the dried cells, which can 
generate the distribution of specific ion weight ratios within the cell. 

On the other hand, a similar pattern on 3 measured elements is 
observed in SKOV3 cells. The Cl− measured in EDS and XRF was reduced 
after FMD treatment (Fig. 6B). Na+ composition is also reduced after 
FMD and DMSO treatment, suggesting that Na+ and Cl− ions are linked 
to the effect of the FMD drug. In the A549 cell line, EDS measurement 
showed no significant change in intracellular K+ and Cl− , while intra
cellular Na+ was reduced (Fig. 6C). Meanwhile, H1299 cells do not show 
any changes in intracellular ions measured on all ions (Fig. 6D). There 
were variations in recorded results for each treatment across all 
measured ions, but none were statistically significant. As with the 
intracellular K+ in NP460, the discrepancy in XRF and EDS results might 
be contributed by the same factors. 

Table 2 
XRF measurement of intracellular Cl− in dried cells.  

Cell lines Concentration of Cl− ions (mM) 
Control DMSO FMD 

SKOV3 1.296±0.274 1.345±0.379 0.935±0.216 
NP460 1.591±0.317 1.300±0.321 0.961±0.326 
A549 3.003±0.796 2.629±0.753 1.945±0.417 
H1299 3.204±1.371 2.773±1.028 2.190±0.442  

Fig. 5. Single-cell measurement of intracellular ions by SEM-EDS. Individual cells on the samples were measured by SEM-EDS to quantify the weight fraction of the 
ions in the dried cells. 
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The limitations in the intracellular Cl− measurement proposed is the 
lack of established methods to measure in a single-cell resolution to 
validate the results. Prior reports in intracellular Cl− measurement rely 
on self-calibration to validate their intracellular Cl− measurement. 
Imaging-based measurement primarily conducted in situ analysis for 
calibration, a widely used method but still poses inaccuracies due to 
many uncontrolled variables during the process [19,28,55-57]. Simi
larly, analysis using ion-sensitive microelectrode involves calibration 
with Cl− standard solutions [58,59]. Therefore, we performed a spiking 
analysis with Cl− solution as a calibration step to validate the measured 
intracellular Cl− . 

DMSO has been reported to increase intracellular Ca2+ concentration 
by increasing cell membrane permeation, allowing extracellular 
Ca2+ions to flood into the cytoplasm [49,60]. Though only increase in 
intracellular Ca2+ions was reported, a similar mechanism could happen 
in changes in intracellular Na+, K+ or Cl− . However, this effect is pri
marily observed in EDS results, as most XRF results showed no signifi
cant difference for DMSO control cells compared to FMD-treated cells. 
The variation in single-cell measurement might have been influenced by 
cell-to-cell heterogeneity, as cancer cells are heterogeneous and 
comprise subclusters of cells with different characteristics and metabolic 
rates [61,62]. 

The effect of FMD was reported previously in retinal and neuron 
cells, demonstrating a reduction of intracellular chloride activity in frog 
retina pigment epithelium (RPE) [63], rabbit and human ciliary 
epithelium (CE) [64], and gastric cancer cells, leading to slowing cancer 
cells proliferation [11]. Furthermore, FMD was reported to increase 
fractional sodium [39,65,66] and potassium [67] excretion in urine. 
Though the effect on intracellular concentration of Na+ or K+ was not 
directly experimented with, reduction in Na+ and K+ in the body could 
be related to changes in intracellular ion concentrations, as demon
strated in XRF and EDS measurements reported in this paper. However, 

further tests have to be performed to confirm this. 
The reported freeze-drying method for intracellular ion measure

ment can preserve adherent cells for intracellular ion measurements but 
also have some technical limitations. XRF measurement for Cl− has high 
sensitivity but difficulties to measure intracellular Cl− on a single cell 
scale remain a challenging task. A 3D ion measurement via tomographic 
XRF allows spatial analysis of various ions in single diatom cell, 
including Cl− . However, the process requires up to 36 h of measurement, 
with half of the time was spent in manual work, and further 7 h for data 
acquisition. The prolonged radiation exposure for data acquisition is not 
suitable for mammalian cells, and furthermore, additional correction 
algorithms is required for low atomic weight elements, making the 
application in mammalian cells sample limited [68,69]. SEM-EDS, while 
able to measure single cells, can only estimate the ions’ weight fractions. 
However, with proper equipment such as synchrotron microXRF imag
ing [33,36,38], this method can be utilized for single cell measurement. 
Additionally, the wash with de-ionized water step may cause loss of 
intracellular ions, despite the short exposure and rapid freezing. The 
freeze-drying process might also cause small ruptures on the cell 
membrane after dehydration, which may contribute to intracellular ion 
loss. However, the staining test displayed that most cells retain their 
cytoplasmic and nucleus contents after freeze-drying, indicating that the 
loss might not be significant. 

4. Conclusion 

Our study demonstrates that the drying method employed to pre
serve the cells could retain the intracellular ions of the cells, preserving 
the intracellular ion and fixing the dried cells in place for detailed 
downstream analysis, such as single-cell level measurements. Drying the 
cells enables long-term preservation of samples without fear of sample 
degradation and enables tricky measurements such as intracellular ions 

a)

Fig. 6. Single-cell EDS analysis of K, Cl and Na elements on 4 different cell lines. Each element fractional mass (%Wt) is measured from single cells of 4 cell lines 
NP460 (A), SKOV3 (B), A549 (C) and H1299 (D). Statistical tests were done with ANOVA and Tukey’s multiple comparison test. *: P<0.05, **: P<0.01, ***: P<0.001, 
ns: not significant. 
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to be performed relatively cheaply and safely. 
XRF measurement for intracellular Cl− and K+ demonstrated a linear 

result on incremental addition of spiked KCl, signifying an excellent 
quantitative capacity for Cl− measurement in biological samples, able to 
detect Cl− as low as 0.9 mM. Test on EDS displayed different patterns on 
some ions or cell lines compared to XRF, which may imply the hetero
geneous nature of cancer cells within the populations of tested cells due 
to the difference in the amount of cells in XRF measurement and EDS 
measurement. 

Meanwhile, treatment with the diuretic drug FMD reduced intra
cellular Cl− across the cell lines. However, the effect on K+ and Na+

varies in different cell lines tested. Interestingly, some cell lines react to 
DMSO as well, possibly due to DMSO effect in increasing cell perme
ability, allowing transport of ions inside or outside the cells. 
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