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Abstract

Macrophages are at the center of innate immunity and iron metabolism. In the case of an infection, macrophages
adapt their cellular iron metabolism to deprive iron from invading bacteria to combat intracellular bacterial
proliferation. A concise evaluation of the cellular iron content upon an infection with bacterial pathogens and diverse
cellular stimuli is necessary to identify underlying mechanisms concerning iron homeostasis in macrophages. For
the characterization of cellular iron levels during infection, we established an in vitro infection model where the
murine macrophage cell line J774A.1 is infected with Salmonella enterica serovar Typhimurium (S.tm), the mouse
counterpart to S. enterica serovar Typhi, under normal and iron-overload conditions using ferric chloride (FeCls)
treatment. To evaluate the effect of infection and iron stimulation on cellular iron levels, the macrophages are stained
with FerroOrange. This fluorescent probe specifically detects Fe** ions and its fluorescence can be quantified
photometrically in a plate reader. Importantly, FerroOrange fluorescence does not increase with chelated iron or
other bivalent metal ions. In this protocol, we present a simple and reliable method to quantify cellular Fe* levels in
cultured macrophages by applying a highly specific fluorescence probe (FerroOrange) in a TECAN Spark microplate
reader. Compared to already established techniques, our protocol allows assessing cellular iron levels in innate
immune cells without the use of radioactive iron isotopes or extensive sample preparation, exposing the cells to

stress.

Key features

e  Easy quantification of Fe?* in cultured macrophages with a fluorescent probe.

e Analysis of iron in living cells without the need for fixation.

e Performed on a plate reader capable of 540 nm excitation and 585 nm emission by trained employees for handling
biosafety level 2 bacteria.
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Background

Human typhoid fever, a severe and often life-threatening infectious disease, is caused by the facultative intracellular
Gram-negative bacterium Salmonella enterica serovar Typhi, leading to major health loss globally (Stanaway et al.,
2019). For murine infection models, the strain Salmonella enterica serovar Typhimurium (Salmonella
Typhimurium, S.tm), which causes a systemic disease in mice but a self-limiting gastroenteritis in humans, is
frequently used.

In the case of a bacterial infection, invading pathogens are phagocytized by macrophages, the first line of innate
immune defense (Weiss and Schaible, 2015). S.tm, however, thrives within macrophages. Despite its ability to
invade various types of cells, virulence is dependent on intramacrophage proliferation (Fields et al., 1986; Leung
and Finlay, 1991). One factor critically affecting the outcome of this host—pathogen interaction is the availability of
nutrients, as intramacrophage S.tm depends on the acquisition of essential nutrients to sustain efficient proliferation.
This includes amino acids or trace metals, like iron. On one hand, S.tm—driven metabolic reprogramming grants the
pathogen access to intracellular nutrients (Liss et al., 2017). On the other hand, macrophages exploit this nutrient
demand by withdrawing iron from the spatio-temporal localization of the pathogen in a process termed nutritional
immunity (Nairz et al., 2007; Murdoch and Skaar, 2022). Appropriately, a state of systemic or cellular iron excess
is associated with increased bacterial proliferation (Khan et al., 2007; Porto and De Sousa, 2007; Kao et al., 2016).
Macrophage cellular iron metabolism and its adaptation to an infection have been extensively studied. In the case
of an infection with an intracellular pathogen like S.tm, regulation of the key iron metabolism proteins Ferroportin-
1 (FPN1) and the Transferrin receptor-1 (TFR1) facilitates a decrease of cellular iron content and thus leads to an
improved infection control of intracellular bacteria (Nairz et al., 2008; Fritsche et al., 2012; Wessling-Resnick, 2015;
Abreu et al., 2020). Furthermore, transport of iron into the cytosolic lumen is accomplished by the divalent metal
transporter-1 (DMT1) and by the natural resistance-associated macrophage protein-1 (NRAMP1 or SLC11A1), both
of which have also been implicated in bacterial iron withdrawal (Forbes and Gros, 2003; Fritsche et al., 2012;
Grander et al., 2022). DMT1 is responsible for the uptake of non-transferrin-bound iron (NTBI) from outside the
macrophage and for transporting transferrin-bound iron (TBI) from the early endosome into the lumen of the
phagocyte. NRAMP1 transports iron out of the late phagosome. As both are only capable of binding Fe**, the
function of the six-transmembrane epithelial antigen of prostate 3 (STEAP3) in the late endosome to reduce Fe** to
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Fe?" is indispensable (Wang and Pantopoulos, 2011).

Another factor at play is the acute phase protein hepcidin (HAMP1), a liver-derived hormone regarded as the
systematic master regulator of iron metabolism. During an infection, hepcidin targets the iron exporter FPN1,
leading to its degradation and thus iron sequestration, causing hypoferremia (Nemeth et al., 2004). However, its role
in an infection with intracellular pathogens is not yet completely understood (Chlosta et al., 2006; Lim et al., 2018).
During infection studies, cellular iron quantification is frequently relevant. Standard procedures like the usage of
radioactive *Fe isotopes are elaborate, expensive, and might be inapplicable in certain experimental settings. Iron
quantification with the help of the quenchable probe Calcein-AM is easily available and often used but has several
disadvantages. Acquiring fluorescence by flow cytometry needs extensive preparation of samples that exposes cells
to mechanical stress; furthermore, as Calcein does not pass into the cellular membrane compartments (e.g.,
lysosomes), which are rich in labile iron (chelatable), total cellular iron is most likely drastically underestimated
when this method is applied (Tenopoulou et al., 2007).

Herein, we report a simple and powerful tool to accurately determine alterations in cellular iron levels upon diverse
stimuli, which can be employed for cultured immune cells, here exemplified in a murine macrophage infection with
intracellular bacteria. As the cellular iron trafficking machinery primarily utilizes Fe?", monitoring metabolically
active intracellular ferrous iron levels is most insightful (Hentze et al., 2010; Moroishi et al., 2011; Cronin et al.,
2019). We apply a fluorescent probe that specifically detects Fe**, based on N-oxide chemistry (RhoNox-4;
commercial name: FerroOrange) (Hirayama et al., 2020). By using this approach, cellular levels of the trace metal
can be quantified in a plate reader without additionally exposing cells to stressors.

Materials and reagents

12-well plate (Falcon, catalog number: 353043)
Acridine orange/propidium iodide stain (Biocat, catalog number: F23001)
Agar-Agar Kobe I (Roth, catalog number: 5210.3)
Aqua bidest (Fresenius Kabi, catalog number: 16.231)
CASY Cup (OMNI Life Science, catalog number: 5651794)
CASY Ton buffer (OMNI Life Science, catalog number: 5651808)
Cell scraper (Sarstedt, catalog number: 83.3951)
CoolCell™ LX freezing container (Merck, catalog number: BCS-405G)
Cryo vial with silicone washer, 2 mL (Simport, catalog number: T311-3)
. Dimethylsulfoxide (DMSO) (Roth, catalog number: A994.1)
. Disposable cuvette (BRAND, catalog number: 759015)
Disposable pipettes, 5 mL, 10 mL, and 25 mL (Falcon, catalog number: 606180, 607180, and 357525,
respectively)
13. Dulbecco’s modified Eagle’s medium (DMEM) (Pan Biotech™, catalog number: P04-01500)
14. Eppendorf tubes, 0.5 mL (Eppendorf, catalog number: 0030121.023)
15. Erlenmeyer flask, 250 mL (Stoelzle Medical, catalog number: 21226368000)
16. Ferric chloride (FeCls) (Sigma, catalog number: 236489)
17. FerroOrange (GERBU Biotechnik GmbH, catalog number: F374-10)
18. Fetal bovine serum (FBS) (Pan Biotech™, catalog number: P30-3031)
19. Gentamicin (Gibco, catalog number: 15750-037), stock: 50 mg/mL
20. Glass beaker, 150 mL (Ruprechter, catalog number: 102113729)
21. Glycerol (Sigma, catalog number: G5516-100ML)
22. Iscove’s modified Dulbecco's medium (IMDM) (Pan Biotech™, catalog number: P04-20150S3)
23. L-Glutamine (Lonza, catalog number: BE17-605E)
24. Luna cell counting slides (Biocat, catalog number: L201B1C3GB)
25. Lysogeny broth (LB) medium Lennox (Roth, catalog number: X964.2)
26. Penicillin/streptomycin (Capricorn Scientific, catalog number: PS-B)
27. Phosphate buffer saline (PBS) (Lonza, catalog number: 17-515 F)
28. Pipetman L Starter Kit, 2, 20, 200, and 1,000 puL pipettes (GILSON, catalog number: F167370)

AESEPR RN A ol

—_
—_— O

_.
N

Cite as: Grubwieser, P. et al. (2024). Quantification of Macrophage Cellular Ferrous Iron (Fe**) Content Using a
Highly Specific Fluorescent Probe in a Plate Reader. Bio-protocol 14(3): e4929. DOI: 10.21769/BioProtoc.4929.



bio-protocol Published: Feb 05, 2024

29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

Pipette tips, 10, 200, and 1,250 uL. (STARLAB, catalog number: S1110-3700, S1120-3810, and S1112-1720,
respectively)

Polypropylene tube, 50 mL (Falcon, catalog number: 352070)

Salmonella enterica serovar Typhimurium ATCC14028 (ATCC)

Sartorius Midi Plus pipetting controller (Sartorius, catalog number: 710931)
Tissue culture flask, 750 mL, straight neck (Falcon, catalog number: 353028)
LB medium (see Recipes)

LB medium with 30% glycerol (see Recipes)

Cell culture medium (see Recipes)

Cell culture medium for infection with S.tm (see Recipes)

Staining solution (see Recipes)

Iron (IIT) chloride solution (see Recipes)

Cell line

J774A.1 (ATCC TIB-67™) is a macrophage cell line isolated in 1968 from a female BALB/c mouse with reticulum
cell sarcoma.

Recipes
1. LB medium
200 mL aqua bidest
2 g LB medium powder

Autoclave (20 min at 121 °C and 10 min at 50 °C)

LB medium with 30% glycerol
Add 300 pL of glycerol to 700 puL of LB medium

Cell culture medium

500 mL of DMEM

50 mL of FBS

5 mL of L-Glutamine

5 mL of Penicillin/Streptomycin

Cell culture medium for infection with S.tm
500 mL of DMEM

5 mL of FBS

5 mL of L-Glutamine

Staining solution
5 mL of IMDM
1 pL of FerroOrange (1 mmol/L)

Iron (IIT) chloride solution
135 mg of FeCl;
50 mL of Aqua bidest

Equipment

1.

Automated multimode microplate reader (TECAN Spark, catalog number: 1912001805)
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Casy counting system CASY TT (OMNI Life Science, catalog number: TT2QA2571)

Centrifuge (Hettich Micro 200R and Rotanta 460R)

Freezer, -80 °C (Thermo Fisher Scientific, catalog number: 15788587)

CO; incubator (Thermo Fisher Scientific, model: Heraeus® HER Acell®)

Laminar flow cabinet (EuroClone Sicherheitswerkbank Safe Mate Eco 1.2) (Politakis Laborgerite, catalog
number: EN 12 469)

Liquid nitrogen storage tank (CryoShop, catalog number: CS-79105601)

LUNA automated cell counter (Biocat, catalog number: L10001-LG)

Millivac-Maxi vacuum pump (Merck, catalog number: SD1P014M04)

. Photometer (Eppendorf, catalog number: BioPhotometer D30)
. Shaking incubator (VWR, catalog number: GFL 3031)

Software and datasets

1.  GraphPad Prism 9.1 (GraphPad Software)
2. SparkControl™ (Spark Method Editor V.3, release date 2021 06 01) (TECAN Trading, Ltd.)
Procedure
A. Thawing of the J774A.1 macrophage cell culture aliquot
Note: Perform the next steps in a sterile laminar flow cabinet.
1. Preheat a water bath to 37 °C.
2. Preheat the cell culture medium (see Recipes).
3. Prepare a 50 mL polypropylene tube with 25 mL of preheated cell culture medium.
4. Take the J774A.1 cell culture aliquot from the liquid nitrogen storage and incubate the cells in the water
bath until the aliquot is almost completely thawed.
5. Pipette the thawed cell culture aliquot into the previously prepared 50 mL polypropylene tube.
6. Centrifuge the cells at 300x g for 5 min.
7. Discard the supernatant in a 150 mL glass beaker.
8. Resuspend the cell pellet in 25 mL of cell culture medium (see Recipes).
9. Pipette the cells into a 750 mL tissue culture flask.
10. Place the cell culture flask into a cell incubator at 37 °C with 5% CO; and 95% humidity as growth
conditions.
B. Splitting of the J774A.1 cell culture

Note: Perform the next steps in a sterile laminar flow cabinet.

Remove the complete cell culture medium using a peristaltic pump.

Wash the cells with 10 mL of PBS.

Remove the PBS using a peristaltic pump.

Add 10 mL of cell culture medium .

Use a disposable cell scraper to scrape off the cells.

Prepare a new cell culture flask with 24 mL of cell culture medium.

Pipette 1 mL of the scraped off cells into the previously prepared cell culture flask.

Place the cell culture flask into a cell incubator at 37°C with 5% CO, and 95% humidity as growth
conditions.

XN W=

9. Check the density of the cells every second day.

Cite as: Grubwieser, P. et al. (2024). Quantification of Macrophage Cellular Ferrous Iron (Fe**) Content Using a

Highly Specific Fluorescent Probe in a Plate Reader. Bio-protocol 14(3): e4929. DOI: 10.21769/BioProtoc.4929.



bio-protocol Published: Feb 05, 2024

10.

If the cells cover up to 90% of the cell culture flask’s surface, further split the cells into a new cell culture
flask.

C. Freezing and storage of the J774A.1 cells

Note: Perform the next steps in a sterile laminar flow cabinet.

NN R =

9.

10.
11.
12.
13.
14.
15.

Perform steps as described in Section B1-5.

Pipette the scraped off cells into a 50 mL polypropylene tube.

Pipette 9 pL of the cell suspension into a 0.5 mL Eppendorf tube.

Mix 1 pL of the acridine orange/propidium iodide stain solution to the 9 pL cell suspension.
Pipette the 10 pL of the stained cells into a Luna cell counting slide.

Measure the cell number using the LUNA-FL fluorescent and brightfield automated cell counter.
Centrifuge cells at 300x g for 5 min.

Prepare the freezing mix (DMEM containing 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin
+ 8% DMSO).

Discard the supernatant into a 150 mL glass beaker.

Resuspend the cell pellet in FBS to a concentration of 1 x 107 cells/800 L.

Mix 800 pL of the cells in FBS with 800 pL of freezing mix.

Aliquot 800 pL of this cell suspension into Cryo tubes.

Label the Cryo tubes with the cell type, the number of cell passages, and the date of storage.

Put the Cryo tubes into a Cool Cell™ freezing container and leave it at -80 °C for two days.
Place the Cryo tubes on liquid nitrogen for long-term storage.

D. Seeding of the J774A.1 cells on 12-well plates

Note: Perform the next steps in a sterile laminar flow cabinet.

1.

Bl el

Remove the complete cell culture medium using a peristaltic pump.

Wash the cells twice with 10 mL of PBS.

Remove the PBS using a peristaltic pump.

Add 10 mL of DMEM containing 1% FBS and 1% L-glutamine.

Note: 1% FBS is used to reduce the amount of iron in the cell culture medium. This reduction of FBS is
necessary to achieve the iron overload with the iron stimulus.

Use a disposable cell scraper to scrape off the cells.

Pipette 9 pL of the cell suspension into a 0.5 mL Eppendorf tube.

Mix 1 pL of the acridine orange/propidium iodide stain solution to the 9 pL cell suspension.
Pipette the 10 pL of stained cells into a Luna cell counting slide.

Measure the cell number using the LUNA-FL fluorescent and brightfield automated cell counter.

. Seed 2.5 x 10° cells in 1 mL of DMEM containing 1% FBS and 1% L-glutamine in a 12-well plate.
. Incubate cells overnight in a cell incubator at 37°C with 5% CO, and 37°C and 95% humidity as growth

conditions.

E. Treatment of the J774A.1 cell culture with iron

Note: Perform the next steps in a sterile laminar flow cabinet.

L.

2.

Treat the cells with 50 pM of FeCl; [iron (III) chloride solution; see Recipes] or leave them untreated for
5 h (Figure 1).
Incubate cells for 5 h in a cell incubator at 37 °C with 5% CO- and 95% humidity as growth conditions.
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Figure 1. Timeline and 12-well plate layout of the experimental procedure described in this protocol. A.
Timeline of the experimental procedure depicting distinct experimental phases. B. 12-well plate layout
depicting the arrangement of treatments and replicates used in this protocol.

Preparation of Salmonella typhimurium (S.tm) stock as described in Brigo et al. (2022)

10.

11
12

Take an aliquot of Salmonella enterica serovar Typhimurium ATCC14028 from -20 °C storage.

Thaw the aliquot at room temperature.

Note: Perform the next steps in a sterile laminar flow cabinet.

Pipette 10 pL of S.tm into 10 mL of LB medium in a 250 mL Erlenmeyer flask and cover the top of the
flask using a tin foil.

Incubate at 37 °C overnight in a shaking incubator at 200 rpm.

The following day, pipette 50 uL of the overnight culture into fresh 10 mL of LB medium in a 250 mL
Erlenmeyer flask and cover the top with tin foil.

Dispose of the remaining overnight culture of S.tm in an appropriate designated biosafety level 2 waste
and wash and sterilize the 250 mL Erlenmeyer flask.

Incubate the culture at 37 °C for 1-2 h at 200 rpm in a shaking incubator.

Measure ODggo to check if S.tm reached 0.5:

a. Calibrate a photometer by measuring the blank with 500 pL of LB medium in a disposable cuvette.
b. Pipette 500 pL of the S.tm culture in a new disposable cuvette and measure.

S.tm reaches the optimal logarithmic growth phase when ODego is between 0.5 and 0.7.

Note: If the ODqggy value is below 0.5, continue the incubation of the culture in the 250 mL Erlenmeyer
flask as described above until the ODggp value of 0.5 is reached. Of note, S.tm density duplicates every 20
min. If the ODgpy value is above 0.7, dilute the culture 1:1 with LB medium and incubate the culture in the
250 mL Erlenmeyer flask until reaching an ODgg value of 0.5.

Transfer the culture into a 50 mL polypropylene tube or continue with counting of S.tm (Section G); keep
the bacteria on ice for counting using the Casy counting system and afterwards until infection of the cells.

. Centrifuge the S.tm culture at 5000x g for 5 min at room temperature.
. Remove the supernatant by using a peristaltic pump.
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13. Resuspend the pellet in 1 mL of freshly prepared LB medium with 30% glycerol (see Recipes).
14. Prepare 50 pL aliquots in 0.5 mL Eppendorf tubes.
15. Store the aliquots at -20 °C.

G. Counting of viable S.tm using a Casy counting system as described in Brigo et al. (2022)

Note: The setting up procedure and the programs used for the Casy counting system have been described in

(Pfeifhofer-Obermair et al., 2022; Brigo et al., 2022). Alternatively, another method of counting/quantifying

bacteria may be used (i.e., manual counting via microscopy).

1. Use the 45 um capillary.

2.  Measure the background by placing a new Casy cup with fresh 10 mL of Casy Ton buffer under the
measuring unit.

3. Select the program for the background measurement.

4. Measure the background. It should be below 30 counts and 1 pum size. Otherwise, wash the system.

5. Prepare a new Casy cup with 10 mL of Casy Ton buffer and add 5 pL of S.tm ODgqg 0.5.

6. Shake gently.

7. Place the sample under the measuring unit.

8. Select the program for measuring between 1 and 3 pm.

9. Measure.

10. Click Next to get the number of viable counts/mL = viable S.tm /mL.
Note: Viable counts from a freshly prepared S.tm culture with an ODgoy of 0.5 are between 2.5 x 10° and
3 x 10° viable counts/mL.

H. Infection of the J774A.1 macrophage cell line with S.tm on a 12-well plate

Note: Perform the next steps in a sterile laminar flow cabinet.

1. Infect the desired wells with a cell density of 2.5 x 10° cells with S.tm using a multiplicity of infection
(MOI) of 10; therefore, 10 times more S.tm than cells are added to each well.

2. Example for calculation of S.tm:
a.  To gain a MOI of 10, multiply the cell number x 10: 2.5 x 10° x 10 =2.5 x 10°.
b. Divide the calculated cell number against the gained viable Salmonella count (e.g., 2.5 x 10%):
c. 2.5 10%viable counts/mL: 2.5 x 108 viable counts/mL = 0.01 mL = 10 puL

3. Add the calculated amount of S.tm directly into the desired cell culture wells containing cell culture
medium for infection with S.tm.

4. Incubate the cells for 1 h in a cell culture incubator (37 °C, 5% CO,, 95% relative humidity).

I. Gentamicin neutralization assay and continued treatment of the J774A.1 cell culture with

iron

1. Pre-warm the medium and PBS in a water bath at 37 °C to avoid additional stress to the cells.

2. Remove the medium containing non-phagocytosed S.tm using a cell culture peristaltic pump.

3.  Wash the cells twice with 1 mL of PBS + 25 pg/mL gentamicin.

4. Add 1 mL of DMEM supplemented with 1% FBS, 1% L-glutamine and 25 pg/mL gentamicin.

5. Treat the cells again with 50 uM FeCls [Iron (III) chloride solution] or leave them untreated.

6. Incubate the cells for up to 24 h in a cell culture incubator (37 °C, 5% CO,, 95% relative humidity).

J. Staining of the J774A.1 cells with FerroOrange

1. Thaw an aliquot of FerroOrange.
2. Prepare staining solution (see Recipes).
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Remove the cell culture media using a peristaltic pump.

Gently wash the cells twice with 1 mL of PBS.

Remove the PBS using a peristaltic pump.

Add 200 pL of the prepared staining solution into each cell culture well.

Incubate the cells for 30 min in a cell incubator at 37 °C with 5% CO; and 95% humidity as growth
conditions.

8. Place the 12-well plate into a preheated and pre-set 5% CO, Spark plate reader.

N kW

K. Setup of the Spark plate reader
A captured image of the setup screen is displayed below (Figure 2).

L m Fluorescence Intensity

MName ircn crange

Mode O Top (@) Bottom
Fluorophore [ Other v |
Excitation wavelength [nm] | Manochromator v | 540 @ Bandwidth 20,0
Emission wavelength [nm] | Manochromator v | 585 @ Bandwidth 20.0

~ Hide advanced settings

Flashes =
Gain [ Manual v ] ' 120
. :
Z-Position [um] [ Manual v 23000 ]
Settle time [ms] 0 =

Multiple reads per well | User defined v Type | Circle {filled) ¥

Border [um] 1450

Figure 2. Screenshot of Spark plate reader method editor setup

1. Open the Spark plate reader method editor.
2. Select a 12-well plate.
Note: Select the correct model of a 12-well plate, depending on its commercial source, to avoid inaccurate
measurements in “bottom read mode” and to avoid damaging the detector.
Select measurement Fluorescence Intensity.
Set the instrument temperature to 37 °C.
Set the CO; flow to 5%.
Change the Mode to Bottom for fluorescence intensity bottom reading.
Change the Fluorophore Setting to other.
Set the fluorophore parameters to:
a. Monochromator 540 nm excitation; bandwidth 20 nm.
b. Monochromator 585 nm emission; bandwidth 20 nm.
9. Leave Flashes at 30.
10. Change the gain to manual and use 140.
11. Set the z-position to manual.
Note: The z-position can be calibrated right before the measurement and changed if needed.
12. Select multiple reads per well:
a. User defined.

XN R W

Cite as: Grubwieser, P. et al. (2024). Quantification of Macrophage Cellular Ferrous Iron (Fe**) Content Using a
Highly Specific Fluorescent Probe in a Plate Reader. Bio-protocol 14(3): e4929. DOI: 10.21769/BioProtoc.4929.



bio-protocol Published: Feb 05, 2024

b. Type: filled circles (4 x 4).
c. Border: 1450.
13. Save the setup.
14. Open Spark plate reader control.
15. Load the FerroOrange measurement setup.
16. Confirm that the temperature is at 37 °C and CO; is at 5%.
17. Place the 12-well plate into the spark plate reader.
18. Calibrate the z-position in the machine (Figure 3):
a.  Select z-position in the menu on the bottom left.
b. In the Scan sub-menu, select wells for signal detection.
c.  Click the Scan button on the bottom left.
d. In the resulting graph, signal strength for different z-positions is visible.

K 2o - s

Z-Position iron orange Selected labels: 1 / Amount labels: 1

Bx 540 (20) Em: 585 (20)
6000
Well 1 (Signal Well 2 (Blank)

)
B CEED B )

| Well 1 (Signal) 28073 ’

Z-Position values

5500

Value [RFU]

5000

23000 24000 25000 26000 27000 28000 29000 30000 31000 32000 33000 34000
Z-Position [um] Manual 28000

Figure 3. Screenshot of Spark plate reader calibrating the z-position. In the z-position panel of the
SparkControl™ software, the user is able to measure the signal strength (x-axis) over multiple z-positions
(y-axis) to determine the optimal z-position for the assay.

Note: The z-position determines how far apart the measuring device is from the microplate's surface. You
can change it by moving the plate up and down. When light bounces off the liquid on the sample, adjusting
the Z-position helps to maximize signal-to-noise ratio.

19. Apply automatically suggested z-position to the entire plate or enter a manual value.

20. Click Start.

21. After the measurement is completed, an Excel file will open automatically.

22. Save this file and proceed to data analysis.

Data analysis

1. Open the generated Excel file. The Excel file shows all the performed actions in the experimental setup.

2. Scroll down until the measured data shows up.

3. Each individual measurement of the 4 X 4 multiple reads per well is shown in the table. The position of each
individual measurement is displayed in a map, also found in the Excel file (see Figure 4).

4. In the table, in the lines below the assay information (i.e., time and temperature), the mean and standard
deviation of all individual measurements of one well are displayed (exemplary output Excel available under
the Validation section below).

Cite as: Grubwieser, P. et al. (2024). Quantification of Macrophage Cellular Ferrous Iron (Fe**) Content Using a 10
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5. Open GraphPad Prism.

21 22) (2i3) 24

g 372 (3.3 3:4

4,2 4;3

Figure 4. Position of the multiple reads per well as found in the Excel table (left) and an illustration of
multiple measurements in one well (right). Reprinted from Brigo et al. (2023).

6. Select a column graph in GraphPad Prism.
7. Label the columns according to the groups.
8. Add the technical replicates of each group into each column.
9. Check the graph.
10. Label the y-axis as fluorescent intensity of FerroOrange.
11. Label the x-axis as 24 h stimulation.
Note: An example graph of the measured 24 h time point is shown in Figure 5.

%k %k

2.5
*kok

2.0

1.5

1.0

0.5+

fluorescence intensity FerroOrange
(n-fold change)

0.0-

control infected

Figure 5. Fluorescent intensity of FerroOrange after 24 h of iron treatment with or without infection.
Data from three experiments, done in triplicates (n = 9), are shown as mean fluorescent intensity + SD,
normalized to uninfected control conditions (dashed line). * denotes p < 0.05 and *** denotes p < 0.001, as
evaluated by one-way ANOVA.

General notes and troubleshooting

General notes

Here exemplified in an infection model of the macrophage cell line J774A.1, this protocol may be applied to other
macrophage models like bone marrow—derived macrophages or the human THP-1 cell line.

Cite as: Grubwieser, P. et al. (2024). Quantification of Macrophage Cellular Ferrous Iron (Fe**) Content Using a
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As the manufacturer implies in the technical information sheet (DOJINDO, product code F374), FerroOrange
fluorescence intensity may be observed and quantified using a confocal fluorescence microscope (Cy3-channel) or
flow cytometer (Weber et al., 2020). To the best of our knowledge, the FerroOrange dye is not fixable.

Troubleshooting

Potential problems include low signal, implausible measurements, or inappropriate variance between replicates or
individual experiments. To counteract this, assay details should be verified: cells should be seeded uniformly in the
well. Although this protocol suggests multiple measurements per well, a homogeneous distribution of cells will
allow most consistent measurements. The correct z-position of the 12-well plate is vital for optimal signal-to-noise
ratio. This calibrated z-position may need to be changed if 12-well plates from other manufacturers are used. As
FerroOrange is time and light sensitive, accurate results may only be obtained with fresh staining aliquots thawed
and used immediately. At last, as FerroOrange may leak out of cells, the medium should not be changed before the
measurement.

Validation of protocol

This protocol was adapted and modified after Grubwieser et al. (2023).

For this protocol, we used a 12-well plate layout as illustrated in Figure 1. This enabled simultaneous measurement
of three technical replicates (wells) for each experimental condition. Furthermore, the experiment was repeated
independently three times, to increase the robustness of findings (Figure 5). An exemplary output Excel file of one
experiment is shown in Figure 6.

List of actions in this measurement script:

Plate Fluorescence Bottom Reading FerroOrange

Name GRE12ft User Calculations

Plate layout Plate layout

Plate area A1-C4 1 2 3 4
1 A Ctrl iron Ctrlstm  Iron stm

Mode .Fluorescence Bottom Reading B ctrl o Chrl <tm W lFon str

Halp S ranoranes G ctrl iron Ctrlstm  Iron stm

Excitation Monochromator

Excitation wavelength [nm] 540

Excitation bandwidth [nm] 20

Erlssion M onoehraratar ctrl iron infected  infect iron

Ernission wavelerigth fnm] 585 1482,083 24915 1382,833 2707,083

Emission bandwidth [nm] 20 1400,5 2534,333 1294,583 2359

Ghin Mannat 140 15755 2450,417 1394,167 3117,583

Number of flashes 30

Integration time [s] 40 mean 1486,028 2492,083 1357,194 2727,889

Lag time [ps] ]

Settle time [ms] 0

Z-Position [um] 28000 Normalized

Z-Position mode Manual ctrl iron infected infect iron

Multiple Reads per Well (Circle (filled)) 4x4 0,997 1,677 0,931 1,822

Multiple Reads per Well (Border) [um] 1450 0,942 1,705 0,871 1,587

Peitofiflate AL 1060 1649 0938 2,008

i:"‘:;'::fm o 202 ‘;’:;5 dlb mean 1,000 1,677 0913 1,836

1;2 13
251 2;2 2;3 2;4
31 32 33 34
42 43

Well Al A2 A3 A4 Bl B2 B3 B4 c1 c2 c3 (o3

Mean 1482,083 2491,5 1382,833 2707,083 1400,5 2534,333 1294,583 2359 15755 2450,417 1394,167 3117,583

StDev 229,1234 602,3385 409,827 1254,217 240,3809 590,6381 290,0509 660,2886 291,2133 415,0068 297,2669 874,2336

12 1167 2331 1095 2265 1724 2330 1245 2390 1761 2587 1345 2855

13 1451 2975 1417 2927 1784 2410 1327 2507 1312 2595 1531 3961

z1 1346 2207 1095 1891 1185 2170 1025 1679 1470 2189 1385 2519

2;2 1279 1992 1122 1863 1196 2017 1127 1981 1548 2144 1237 2756

23 1444 2289 1304 2538 1260 2454 1294 2264 1366 2309 1340 2843

2;4 1845 3770 2410 5468 1527 3518 1739 3453 1681 3018 2023 4793

31 1372 2137 1122 1654 1046 2035 927 1586 1581 1883 928 2182

3;2 1316 1941 1164 1672 1150 1872 1042 1684 1118 1985 1052 2292

33 1411 2126 1286 2340 1322 2532 1325 2226 1418 2285 1389 2822

34 1734 3530 2019 5032 1460 3681 1897 3512 1999 3156 1787 4639

4;2 1520 2225 1270 2151 1567 2278 1118 2006 1492 2292 1222 2576

4.3 1900 2375 1290 2684 1585 3115 1468 3020 2160 2962 1491 3173

Figure 6. Exemplary output Excel file of one experiment. In the output Excel file, details of the performed

Cite as: Grubwieser, P. et al. (2024). Quantification of Macrophage Cellular Ferrous Iron (Fe**) Content Using a
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measurement are listed (panel 1, blue). Beneath, the result table shows data from multiple measurements (panel 2,
orange). The experimental conditions and user calculations are depicted in panel 3 (green).
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