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SUMMARY

Here, we detail a protocol using electroporation to precisely deliver defined
amounts of purified protein into CAD cells. This method allows one million cells
to be electroporated with protein simultaneously, with high delivery efficiency
and low cell death. Further, by circumventing the normal biosynthetic pathway,
proteins can be studied without the complication of post-translational modifica-
tions and before a transcriptional response can be initiated. This protocol will be
useful for any researcher who is interested in protein concentration-dependent
cellular phenotypes.
For complete details on the use and execution of this protocol, please refer to
Skruber et al. (2020).
BEFORE YOU BEGIN

Preparing cells for electroporation

Timing: 1–2 days

Cells chosen for protein delivery should be in log-phase growth and at a low passage number. If

cells are maintained under selection by an antibiotic, such as puromycin, the antibiotic should

ideally be removed 24 h prior to the electroporation to increase cell viability. Cells should

also be routinely tested for mycoplasma infection, which could interfere with electroporation.

In this protocol we use cath.a differentiated (CAD) cells (Qi et al., 1997) which can be transfected

with >99% electroporation efficiency (percentage of cells which uptake protein) and <10% cell

death.
Determining optimal electroporation parameters

Timing: 1–2 days

Electroporation conditions vary by cell type and need to be optimized prior to performing experi-

ments. We recommend first using an inert fluorescent tracer such as fluorescently labeled dextran

(see Figure 1) to determine optimal conditions for cell viability and electroporation efficiency.

Options for measuring cell viability include colorimetric assays such trypan blue exclusion, or

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium).

Optimization of electroporation parameters is described in detail below.
STAR Protocols 2, 100272, March 19, 2021 ª 2020 The Author(s).
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Figure 1. Quantifying delivery of electroporated protein

(A) Quantifying protein delivery using imaging (step 4). On the left are representative images of cells electroporated with 10 kDa dextran-FITC. The

dextran-FITC bath concentration in the electroporation chamber is indicated. Images are scaled identically and pseudocolored based on the included

lookup table to convey relative fluorescent intensities. On the right is a box-and-whisker plot depicting the quantification of mean cellular 10 kDa

dextran-FITC fluorescence as a function of its bath concentration in the electroporation chamber. Individual data points are plotted along with the mean

and 95% confidence intervals. The R2 value is the linear fit through the mean value of fluorescence intensity for each bath concentration. N = 42, 59, 53, 69

for 20 mM, 50 mM, 100 mM, 200 mM, respectively.

(B) Quantifying protein delivery with a co-electroporated tracer using imaging (step 4). On the right are representative images of cells co-

electroporated with Thymosin b4-647 and 10 kDa dextran-FITC. The bath concentration in the electroporation chamber is indicated. Images are scaled

identically and pseudocolored based on the included lookup table to convey relative fluorescent intensities. On the right is a box-and-whisker plot

depicting the quantification of mean cellular intensities of Thymosin b4-647 and 10 kDa dextran-FITC fluorescence as a function of bath concentration in

the electroporation chamber. Individual data points are plotted along with the mean and 95% confidence intervals. The R2 value is the linear fit through

the mean value of fluorescence intensity for each bath concentration. N = 77, 69, 74, 83 for 25 mM, 50 mM, 100 mM, 150 mM, respectively. Note that co-

electroporation efficiency is comparable to (A) the electroporation of a single protein.
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Figure 1. Continued

(C) Quantification of protein delivery by fluorometry (step 5). Three biological replicates of cells were transfected with the indicated bath concentration

of Thymosin b4-647. Immediately after electroporation cells were washed, collected, and raw fluorescence units are plotted as a function of

concentration. The R2 value is the linear fit through the mean value of fluorescence intensity for each bath concentration.

(D) Quantification of protein delivery by western blot (step 6). Western blot and quantification of expression levels of profilin 1 in control and PFN1 KO

cells after electroporation with the designated concentration of purified profilin 1. The concentrations reflect the bath concentration of profilin 1 in the

electroporation chamber. Profilin 1 expression was normalized to GAPDH. Four biological replicates were used for each condition. Individual data

points are plotted along with the mean and 95% confidence intervals. Scale bars, 10 mm. (A) and (D) are reprinted with permission from Skruber et al.

(2020).
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Preparing protein for cellular delivery

Timing: 1 day

Successful delivery of protein through electroporation depends on the protein preparation. The pro-

tein should be of high quality, meaning that it is of high purity (>99.5%), with minimal contamination,

and maintained at conditions empirically determined to maintain protein activity. Protein quality

should be assessed through a minimum of two methods. Analyze protein samples with SDS-PAGE

and Coomassie Brilliant Blue or Silver stain to confirm that the protein runs as a single band and

thus has not degraded. Further validation by amino acid analysis (LC-MS/MS) will eliminate the pos-

sibility of a contaminant that co-migrates with the protein of interest and will also accurately deter-

mine concentration.

Protein concentration must be validated for each protein after purification. The most common

method is measuring absorbance with a UV-VIS spectrophotometer. Measuring absorbance at

280 nm with a Nanodrop provides a good estimate of the protein concentration. If that equipment

is not available, Bicinchoninic acid assay (BCA) is a highly sensitive assay that works over a large

range of amino acid compositions. Protein samples analyzed through BCA are compared against

a protein standard such as bovine serum albumin (BSA) (Table 1). However, DTT, chelating agents

like EDTA, or high detergent concentrations (SDS >1.25% or Triton X-100 >0.25%) in the buffer

are unsuitable for this method. Alternatives to BCA include the Lowry and Bradford assays. BCA

and Lowry assays both work on the principle of copper-protein chelation and are thus sensitive to

buffers with chelating agents present such as EDTA. The Lowry assay is also sensitive to the presence

of detergents, but it has a higher tolerance for reducing agents than BCA. The Bradford assay trades

compatibility with detergents, reducing agents, and chelating agents for reduced sensitivity over a

large range of amino acid compositions. See Troubleshooting for additional details.

CRITICAL: The protein buffer is an important variable in the electroporation reaction, as
high salt concentrations can induce arcing and cause cell death. Protein buffers suitable

for electroporation are low salt. For instance phosphate buffered saline (PBS) and HEPES

buffer have proven suitable electroporation buffers (Alex et al., 2019). Electroporation

with protein buffer and an inert fluorescent tracer should be performed prior to protein

delivery. If cell viability or electroporation efficiency is low, the protein should be dialyzed

into a buffer more suitable for electroporation. See Troubleshooting for more detail.
Preparing coverslips

Timing: 26 h

For imaging, coverslips need to be cleaned and coated with appropriate reagents to help the cells

adhere to them. Below we detail coating the coverslips with laminin as in (Skruber et al., 2020); how-

ever, the specific reagents (ex. fibronectin, poly-d-lysine) and incubation times/temperatures will

vary depending on the cell type used.
STAR Protocols 2, 100272, March 19, 2021 3



Table 1. Example BCA data used to determine the concentration of Thymosin b4

Bovine Serum Albumin mg/mL Trial 1 Trial 2 Trial 3

2.0 0.841 0.836 0.805

1.0 0.498 0.465 0.476

0.5 0.317 0.292 0.324

0.25 0.209 0.195 0.205

0.12 0.156 0.151 0.155

0.0 0.097 0.096 0.101

Thymosin b4 0.426 0.476 0.561
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1. Generating ‘‘squeaky clean’’ imaging-ready coverslips.

a. Place 1,000 coverslips directly in a bath sonicator. Alternately, coverslips can be placed in a

beaker which can then be filled and placed in a sonicator.

b. Add diH2O + Alconox lab detergent to fill line.

c. Sonicate for 1 h.

d. Remove detergent, wash with ddH2O.

e. Repeat steps c and d 103.

f. Add 75% EtOH to fill line, sonicate for 1 h.

g. Remove 75% EtOH.

h. Store coverslips in 75% EtOH in sealed container.

Pause point: As long as the container is opened under only sterile conditions, coverslips can

be stored for up to 2 years.

Timing: 2 h, 15 min

2. Coating coverslips with laminin.

a. Remove (6) coverslips from 75% EtOH under sterile conditions and place one into each well of

a 6-well sterile plate filled with �2 mL DPBS. Coverslips will float until EtOH evaporates.

b. Once coverslips sink to the bottom, aspirate DPBS and wash with 1–2 mL fresh DPBS. Repeat

23.

c. Add 990 mL of DPBS/well.

d. Thaw laminin (Sigma-Aldrich, 10 mg/mL) on ice, briefly vortex, and then pulse centrifuge to

collect at the bottom of the tube.

e. Dispense 10 mL of laminin per well and gently rotate plate to mix. Do not leave laminin for an

extended time at 20�C–25�C.
f. Place the 6-well plate into an incubator at 37�C, 5% CO2 for 2 h.
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Profilin1 C56B8 rabbit mAb Cell Signaling #3246

Rabbit anti-GAPDH (2118) Cell Signaling Cat# 2118S

Goat anti-rabbit Alexa Fluor 680 Li-Cor P/N: 926-68021

Chemicals, peptides, and recombinant proteins

Thymosin b4-647 (Yarmola et al., 2000) N/A

Profilin-1 (Henty-Ridilla et al., 2017) N/A

16% Paraformaldehyde Electron Microscopy Sciences CAT# 15710

cOmplete Protease Inhibitor Cocktail Roche Cat#11697498001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Laminin from Engelbreth-Holm-Swarm
murine sarcoma basement membrane

Sigma-Aldrich Cat# L2020-1MG

Alexa Fluor Phalloidin 568 Thermo Fisher A12380

Coomassie brilliant blue Millipore Sigma B8522

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2650

Dextran, fluorescein 10,000 mw anionic Thermo Fisher D1821

Dextran, fluorescein 40,000 mw anionic Thermo Fisher D1845

Orange G Sigma-Aldrich O7252

Critical commercial assays

Pierce bicinchoninic acid (BCA) assay Thermo Scientific Cat#232225

Qubit Protein Assay Kit Thermo Fisher Q33212

Experimental models: cell lines

Cath.a differentiated (CAD) cells ATCC CRL-11179

Software and algorithms

Fiji ImageJ NIH https://imagej.net/Fiji

‘‘SubtractMeasuredBackround’’ Macro NIH https://imagej.nih.gov/ij/macros/
SubractMeasuredBackground.txt

Other

Neon transfection system Invitrogen MPK5000S

XCell II blot module Invitrogen EI9051

XCell SureLock mini-cell electrophoresis Invitrogen EI0001

Qubit 4 fluorometer Thermo Fisher Q33238

Fisherbrand Superfrost microscope slides Fisher Scientific 12-550-15

Prolong Diamond antifade mountant Invitrogen REF#P36961

4%–20% Tris-glycine gels Invitrogen Cat#XP04200BOX

Amicon Ultra centrifugal filter Millipore Sigma UFC203024

Deutsche Spiegelglas coverslips 25 mm Carolina Item #633057

DMEM/F-12 with HEPES Thermo Fisher Catalog # 11330032
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MATERIALS AND EQUIPMENT

For electroporation we use the Neon transfection system. The Neon uses a tip-based capillary probe

to maximize viability and electroporation efficiency (Kim et al., 2008). The Neon is also attractive for

protein electroporation since the reaction volume is only 10 mL. Systems with larger volume electro-

poration chambers will require significantly more purified protein. Alternative systems to the Neon

include Lonza’s Amaxa/Amaxa 4D or Bio-Rad’s Gene Pulser Xcell.
STEP-BY-STEP METHOD DETAILS

Protein electroporation

Here, we provide a protocol for electroporation of protein into cells. For establishing parameters that

yield high electroporation efficiency, we recommend first optimizing the cell line for electroporation

by using an inert fluorescent standard, such as dextran. After electroporation conditions are optimized

with the standard, the protein of interest can then be introduced by co-loading with dextran (step 1, Fig-

ure 1). Labeling the protein of interest highly increases the possibilities for quantification of its delivery

(steps 4–6), however labeling could interfere with protein function. If the protein is unlabeled, electropo-

ration efficiency can be established by performing labeling the cells with antibodies against the protein

of interest. For CAD cells, a semi-confluent 10 cm dish (approximate 13106 cells) yields enough cells for

the equivalent of two electroporations or a 10 mL suspension of Total Cell Volume (Table 2). For each

condition, ‘‘Total Volume’’ reflects the amount needed for two electroporations. This technique mini-

mizes electroporation variability.We found it best tomaintain the same volume of electroporation buffer

(buffer R) across different protein concentrations (see Table 2 for example protocol).

Timing: 2 h, 30 min
STAR Protocols 2, 100272, March 19, 2021 5
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Table 2. Example electroporation protocol for unlabeled protein with fluorescent tracer

Stock concentration of
protein (mM)

Desired final concentration
of protein (mM)

Volume of
protein (mL)

Volume of R
buffer (mL)

Fluorescent tracer
volume (mL)

Total cell suspension
volume (mL)

Total electroporation
volume (mL)

0 (buffer only) 0 6.25 7.25 1.5 10 25

200 50

40 10

80 20

200 50

400 100
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1. Transfecting cells with fluorescent dextran or protein

a. Take cell culture media and 6-well plate with laminin-coated coverslips out of the incubator.

Under sterile conditions, remove the DPBS and add 2mL of pre-warmedmedia to each well of

a 6 well plate. Place the plate back in the incubator.

b. Thaw dextran or protein on ice in the dark (e.g., covered with foil). If delivering protein, first

preclarify by centrifugation (>100,000 3 g, 20 min) to remove aggregates. For an example of

co-electroporation with protein and dextran see Table 2.

c. Add the required buffer volumes (see Table 2.) in sterile 0.5 mL Eppendorf tubes.

d. Harvest cells from (3) 60%–80% confluent 10 cm dishes by trypsinization (1.5 mL, 500 mL/dish,

3 min).
6

Note: Alternately, cells could be harvested with a cell scraper.

e. Inhibit trypsin with (6 mL, 2 mL/dish) 8% FBS in DMEM/F12 media.

f. Combine harvested cells into one 15 mL falcon tube and gently centrifuge (1503 g, 3 min) to

remove trypsin.

g. Wash pellet in DPBS (3 mL) being careful to at least dislodge or fully resuspend the pellet

upon DPBS addition.

h. Centrifuge as before, add DPBS, and then remove DPBS. Repeat 13.

i. Remove 6-well plate from incubator.

j. Add dextran/protein to total electroporation volume.

k. Remove DPBS then resuspend pellet gently in the minimal amount of electroporation buffer

R. For example, for six electroporations with 10 mL of cell suspension per electroporation, the

minimal amount needed would be 65 mL to provide enough volume to minimize bubble for-

mation. We recommend adding an additional electroporation’s worth of cell suspension

(10 mL) in case of arcing, an additional 10 mL for counting, and an additional 10 mL for the

non-electroporation control. Gently mix the cell suspension so cells are evenly distributed.

l. Use 10 mL of cell volume to count cells, cells should be in the range of 3–5 3 106 cells/ mL.

Dilute in buffer R if cell count is too high.

m. Add 10 mL of total cell suspension volume to each Eppendorf tube using a 20 mL pipette tip.

Stir the solution once gently with a pipette tip and then mix by pipetting up and down once,

taking care to avoid bubble formation.

n. Draw the solution into one 10 mL Neon Pipette Tip (Thermo Fisher). Tip should then be in-

verted to visualize any air bubbles. If bubbles have formed, dispense suspension back in

the Eppendorf tube and redraw. If bubbles still remain, pulse centrifuge and resuspend.

o. Use one single 1,400 v 20 ms pulse for electroporation. The pipette tip contents are

dispensed into the 6 well plate with coverslips and media following completion of the pulse.

p. Use one 10 mL Neon Pipette Tip (Thermo Fisher) twice per condition. Change the tip between

concentrations.

CRITICAL: The time cells and delivery materials are suspended in buffer should be mini-
mized; work quickly while taking care to ensure that bubbles do not form. If bubbles are

not eliminated, the electroporation reaction could arc resulting in high cell death.
STAR Protocols 2, 100272, March 19, 2021
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q. Place 6 well plate in an incubator (37�C, 5% CO2) for 2 h to allow cells to adhere.

r. Plate a non-electroporated control from the total cell suspension volume from step k (30 mm

dish) simultaneously with electroporated samples.

Timing: 48 h, 30 min

2. Preparing slides for imaging

a. Prepare 6 mL of 4% PFA in PBS from 16% paraformaldehyde (1.5 mL of cold 16% PFA is added

to 4.5 mL of PBS).

b. After 2 h, remove cells from incubator and confirm adherence by light microscopy.

c. For fixation, quickly aspirate the media and add 1 mL of 4% PFA/well. Fix cells for 10 min at

20�C–25�C in the dark.

d. Remove the PFA and safely dispose of it.

e. Dispense PBS liberally into each well to a volume sufficient to cover the cells. Remove the PBS

and gently add more to each well to remove traces of PFA. Repeat 13.

f. Leave PBS in wells for 5 min in the dark.

g. Label and prepare slide (25 3 75 mm, Superfrost). Invert a bottle of ProLong Diamond Anti-

fade mounting media and dispense one large drop.

h. While tilting the 6 well plate, use forceps to carefully grab each coverslip. While keeping track

of which face the cells are adhered to, gently drain the coverslip of excess PBS through capil-

lary action by touching the edge of the coverslip close to a KimWipe or absorbent towel, being

careful not to touch the face of the coverslip with cells. Place each coverslip on the mounting

media so that cells are facing down toward the slide.

i. Keep slides in the dark and undisturbed for 48 h.

j. After 48 h, seal slides with a minimal amount of clear nail polish and allow the nail polish to dry

completely before imaging.

Pause point: Keep slides in the dark at 4�C for up to 2 months.
Assessing delivery of purified proteins

Two important measures of protein electroporation are the fraction of electroporated cells and the

amount of protein delivered per cell. Below are three orthogonal options for assessing the delivery

of purified protein into cells. For assessing the amount of delivered protein, we recommend that at

least two different methods are used, including a method that quantifies delivery on a per cell basis,

such as quantification by microscopy. We also recommend performing at least three biological rep-

licates of the assays listed below to determine if protein delivery is consistent from day to day.

3. Determining electroporation efficiency. We used the EVOS XL digital invertedmicroscope equip-

ped with the 203 0.5 NA objective to measure efficiency. However, any microscope capable of

transmitted light (ex. phase or DIC) and epifluorescence imaging should be sufficient. For these

measurements, you want to use lower magnification (ex. 103 or 203) to fit as many cells in a field

of view as possible.

a. Locate a field of view in the transmitted light channel, then focus and capture image.

b. Without changing the field of view, switch to the fluorescence channel and capture an image.

c. Repeat and save in tiff format.

d. Electroporation efficiency can be counted manually by counting the total number of cells

(transmitted light channel) and dividing it by the number of fluorescent cells or quantified

as described below using the freely available Fiji (ImageJ) software.

e. For the transmitted light channel, binarize each image (Process/Binary/Make Binary).
i. Binarizing the image will often fragment cells. If this is the case, erode the binarized image

(Process/Binary/Erode) until the cells appear whole.

ii. Convert binarized image to mask (Process/Binary/Convert to mask).
STAR Protocols 2, 100272, March 19, 2021 7
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Note: If thresholding the binarized transmitted light channel is difficult or cells are not

captured, a plasma membrane stain such as CellMask HCS stain (Thermo Fisher) or Vybrant

Di cell-labeling (Thermo Fisher) could alternately be used instead of the transmitted light

channel to locate the cell edge. Lastly, cells could be circled by hand, however, this last option

introduces the most bias.

f. To measure electroporation efficiency, analyze particles (Analyze/Analyze Particles), un-

der ‘‘Show’’ select ‘‘Outlines.’’ To ensure that cell debris is not counted as a cell, limit

the size by selecting a threshold number for cell size (for example 10-Infinity). Count

cells using the results generated in Analyze Particles for both the light and fluorescence

channels.

4. Quantifying protein delivery using imaging. In this approach, electroporated cells are imaged on

a microscope. The benefit to this method is that cell-to-cell variability of protein delivery is estab-

lished in addition to mean changes of the entire population. We used the EVOS XL digital in-

verted microscope equipped with the 203 0.5 NA objective to measure fluorescence intensity.

However, any microscope capable of epifluorescence should be sufficient. For whole cell mea-

surements, it is best to use a lower magnification objective with a large depth of focus.

a. Locate cells with a range of fluorescence intensities.

b. Select settings for both light intensity and exposure time that provide good signal for both

high and low fluorescence intensity cells. Ensure that highly fluorescent cells do not saturate

the signal while retaining good signal-to-noise ratio for lower intensity cells. Since increasing

either exposure time or light power will increase the signal, elect to increase exposure time

over light power to reduce bleaching. Perform for both channels.

c. Locate cells suitable for single-cell measurements: center them in the field of view, focus, and

then capture the image. Cells should not be touching other cells. Once established, do not

change imaging settings.
8

Note: It is important that all imaging for each biological replicate is performed on the same

day, using identical imaging parameters (light intensity, exposure time). This will minimize

the potential that equipment variability (ex. light source) to affect a result.

d. For measurement of two probes, make sure that the stage is not moved when capturing both

channels.

e. Capture images for 30–40 cells and save in tiff format.

f. Open Fiji software and import all images from one data set as an image sequence (File/

Import/Image Sequence).

g. Create one maximum intensity Z-projection of the image sequence (Image/Stacks/Z-Project-

Select: Max IP).

h. Tomeasure background on a large number of images, select the maximum intensity Z-projec-

tion of the image sequence and locate an area devoid of cells or signal. To ensure the area is

only background, adjust the brightness and contrast by reducing the maximum intensity (Im-

age/Adjust/Brightness&Contrast). Use the rectangle tool (located in the toolbar) to draw a

small box. While holding down shift, identify at least one more area free of cells/signal to

draw another box, preferably at a far distance from the first box. When done, two areas should

be selected on the stack that are devoid of any signal to generate a representative value for

the background. Alternately, background can be subtracted from individual images, one at a

time by using the rectangle tool to draw a small box in an area devoid of cells. Measure the

mean intensity of the background (Analyze/Measure) for each image and then manually sub-

tract that value from the image (Process/Math/Subtract). If background is subtracted manu-

ally, proceed to step l.

i. Select the window for the image sequence and Shift + E (alternately, Edit/Selection/Restore

Selection) to transfer the drawn boxes to the image sequence. This places all the boxes in the

same location for each image in the sequence, and every box should represent an area devoid

of cells.
STAR Protocols 2, 100272, March 19, 2021
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j. Close the maximum intensity projection.

k. Download and then run the background subtraction macro (Plugins/Macros/Run/’’File loca-

tion’’/Backgroundsubtract.txt) (For link see Key resources table).

Note: For simultaneous measurement of two channels, background subtract each channel.

To use one channel to aid in detection of the other (Figure 1B), use the brighter channel

to locate and threshold the cell boundary. Transfer the selection from one channel to the

other using Shift + E (alternately, Edit/Selection/Restore Selection) to transfer the drawn

boxes to the image sequence.

l. In the ‘‘Set Measurements’’ (Analyze/Set Measurements) window select the following: Area,

Integrated Density, Mean Gray Value, Median. If measuring two fluorescence channels,

each channel should have identical area measurements per cell.

Note: There are multiple metrics available for fluorescence quantification. For quantifying

the delivery of a fluorescent probe that diffusively localizes throughout the cytosol, we

recommend using mean fluorescent intensity. Mean intensity is the sum pixel intensity

divided by cell area and normalizes the measurement to account for any changes in area.

It is a measure of the fluorescent probe concentration. Integrated density is a sum pixel in-

tensity within the measured area and therefore measures the amount of fluorescent probe.

Integrated density can alternately be calculated by multiplying the mean intensity by the

area. Median pixel value can be used to display large variances in fluorescence distribution.

Taking into consideration the localization of the probe as well as its distribution will help

establish which metric will be the most informative.

m. Check a few of the images in the sequence to make sure the background was subtracted by

drawing a box in an area devoid of cells. Take a measurement by Ctrl + M (alternately,

Analyze/Measure) and checking the mean value. By selecting both an area for background

and for a cell you can establish a signal: noise ratio.

n. To measure individual cells, threshold the signal (Image/Adjust/Threshold). Optimize the

thresholding so that cells are selected. If background subtraction was done correctly, the

signal-to-noise ratio is high, and the protein is diffusively distributed in the cytoplasm, then

the entire cell should be outlined (see Alternatives). Once the cell is thresholded, use the

wand tool (located in the toolbar) to select the cell and Ctrl + M (Analyze/Measure) to mea-

sure. Additionally, the ROI Manager (Analyze/Tools/ROI Manager) can be used to measure

cells and save a record of the analysis for future use.

Note: If the protein is unlabeled, delivery can be assessed by performing immunostaining

using an antibody that is specific for that protein. If the protein is endogenously expressed

in the cells that are being electroporated, then electroporation should be assessed in cells

were the gene encoding for the protein of interest is knocked out. Alternatively, an epitope

tag could be added to the electroporated protein. As with any immunolabeling experiment,

care should be taken to ensure that they antibodies are specifically interacting with their in-

tended target. Protein delivery can also be indirectly by co-electroporating a fluorescent

dextran that is similar in size to the protein being introduced (Figure 1B), though co-electro-

poration of both probes needs to first be documented with an immunostaining experiment

against the protein of interest.

Alternatives: Fluorescence activated cell sorting could alternatively be used to assess pro-

tein delivery to individual cells. This method has the advantage of being able to analyze a

much greater number of cells. Though, information about cell morphology that may be of

importance will be lost.

5. Quantifying protein delivery using fluorometry. In this approach, electroporated cells are lysed

and their fluorescence is measured in a fluorometer. This requires that the delivered protein is
STAR Protocols 2, 100272, March 19, 2021 9



ll
OPEN ACCESS Protocol
fluorescent. As this is a bulk assay, it does not give a measure of cell-to-cell variability. Thus, it is

recommended that this assay is combined with one that does such as quantitative imaging (step

4). Also, it only allows a relative comparison to be made between groups electroporated with

different amounts of protein (Figure 1C).

a. Pre-warm 10 mL aliquot of media (DMEM/F-12 with 10% FBS) in an incubator (37�C, 5% CO2)

and then divide 5 mL among (6) 1.5 mL Eppendorf tubes.

b. Thaw Alexa647-tagged Thymosin b4 or your choice of high quality fluorescently tagged pro-

tein or molecule.

c. Follow the protocol of step 1 with 2–3 times the starting cell volume (6–9 60%–80% confluent

10 cm dishes). Double the electroporation volumes for four electroporations/condition

instead of two.

d. Take extra care to thoroughly resuspend the total cell volume and then count cells. Aliquot

total cell volume equally among all conditions. Make a control for electroporation by mixing

fluorescently tagged protein with lysate but do not electroporate.

e. After electroporation, deliver cells to the Eppendorf tubes and partially close the lids to allow

for gas exchange. Allow cells to rest for 10 min in an incubator (37�C, 5% CO2).

f. Centrifuge Eppendorf tubes for 3 min, 150 3 g, at 20�C–25�C. Remove media and replace

with 1 mL of DPBS taking care to gently resuspend the pellet. Repeat the process of centrifu-

gation, gentle re-suspension and washing, and DPBS removal 33. Leave the pellet in DPBS.
Note: This process can be performed under sterile or non-sterile conditions.

g. Suspend each pellet in the same volume of a fluorometry-suitable protein buffer. The Qubit

system comes with its own protein buffer (Component B).

h. Using a properly calibrated Qubit 4 Fluorometer or equivalent instrument, select the ‘‘Fluo-

rometer’’ function and choose the Red (635 nm) excitation wavelength.

Note: Check the excitation wavelength for the fluorophore of your protein or molecule of

interest.

i. Record relative fluorescence units for each sample and graph as a function of protein concen-

tration in the electroporation chamber.

6. Quantifying protein delivery by western blot. This approach is similar to fluorometry (step 5), in

that it is a bulk method that quantifies mean protein delivery among cells in a population. How-

ever, it offers a greater flexibility in what proteins are able to be measured since they do not have

to be fluorescently labeled. This method does require that the protein of interest can be differ-

entiated on the western blot, either because it runs at a different size than the endogenous pro-

tein or has an epitope tag that allows it to be specifically identified. As with fluorometry, it is rec-

ommended that an approach that quantifies cell-to-cell variability such as quantitative

fluorescence imaging (step 4) is also performed. It is also important to know the electroporation

efficiency (step 3) to accurately interpret the results.

a. Dispense 4–5 mL/dish of cell culture media (DMEM/F-12 with 10% FBS) in (6) 60 mm tissue

culture dishes (4–5 mL/dish) and place dishes in an incubator for a minimum of 30 min prior

to electroporation. Pre-warm a 50 mL aliquot of media to 37�C in a water or bead bath.

b. Follow the protocol of step 1 with 2–3 times the starting cell volume (6–9 60%–80% confluent

10 cm dishes). Double the electroporation volumes for four electroporations/condition

instead of two. Additionally, use control cells to establish endogenous levels of protein.

c. After electroporation, allow cells to adhere for 2 h in an incubator (37�C, 5% CO2).

d. Prepare for cell lysis:
10 S
i. Make a 2 mL RIPA buffer solution (50 mM Tris-HCl pH 7.4, 150 mMNaCl, 1% Triton X-100,

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with 80 mL of solubilized 253

Roche Protease inhibitor cocktail. Keep on ice.

ii. Aliquot 10 mL of DPBS and keep on ice.

iii. Label (12) 1.5 mL Eppendorf tubes and keep on ice.
TAR Protocols 2, 100272, March 19, 2021
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iv. Pre-chill a microcentrifuge capable of speeds up to 10,000 3 g to 4�C.
e. Check for adherence and electroporation in a light and fluorescent microscope, respectively.

f. Harvest cells.

i. On ice, aspirate media and rinse cells with ice-cold DPBS. Aspirate DPBS and replace with

250 mL of RIPA buffer. Cells should incubate on ice with RIPA buffer for 5 min prior to me-

chanical lysis.

ii. By using a cell scraper and tilting the plate, collect cells at the bottom of the dish. Carefully

alternate scraping and rotating the dish. Be sure to work quickly and keep the cells on ice.

iii. Using a 1 mL pipette, transfer the RIPA buffer solution with cells to the chilled and labeled

Eppendorf tube.

iv. Start a timer counting up.

v. Repeat this for all cells. Do not leave cells out of the incubator longer than 5 min unless

they are being harvested.

vi. Work quickly and ensure that the first harvested plate gets the same amount of time on ice

in RIPA as the last as monitored by the timer.

g. Generate whole cell lysate by mechanical lysis of cells with repeated passage (53) through a

27G needle. Alternately, cells can be lysed via probe-tip sonicator. Either method should be

performed on ice.

h. Centrifuge lysate (10 min, 10,0003 g, 4�C). Pelleted membrane and debris should be seen at

the bottom of the tube after centrifugation.

i. For the Li-Cor system, prepare 63 SDS buffer stained with Orange G (40% glycerol, 6% so-

dium dodecyl sulfate, 0.5% Orange G, 300 mM Tris-HCl pH 6.8, store at 20�C–25�C).
j. During centrifugation step h, prepare SDS buffer by adding 5% b-mercaptoethanol (12.5 mL b-

mercaptoethanol to 237.5 mL 63 SDS buffer).

k. After centrifugation, take 30 mL of lysate from each sample and load 10 mL of each sample to

three wells onto the same 96 well plate for protein quantification. Keep samples on ice.

l. Transfer 145 mL of lysate from each sample to the Eppendorf tubes labeled in step diii and

dilute with 30 mL of the prepared 63 SDS buffer. Keep all samples on ice until loading.

m. Take a 96 well plate and load with BSA standards. Dispense 10 mL of each sample to three

wells.

n. Add 190 mL of BCA reagent to all wells using a multi-channel pipette.

o. Incubate 96 well plate with BCA working reagent for a minimum of 30 min at 37�C. Then read

absorbance values with a plate reader. Calculate requisite volumes for loading protein sam-

ples. Make sure to multiply by the dilution factor to account for the addition of SDS buffer

(Table 1).

p. Denature samples at 95�C for 5 min in a heating block. Store samples directly on ice after

denaturing and then centrifuge (5 min, 5,000 3 g, 4�C).

Pause point: Samples can be stored at �80�C for up to 1 month at this point or processed

as described below.

q. Make 13 running buffer (1.44% glycine, 0.3% tris base, 0.1% sodium dodecyl sulfate (SDS))

and 13 transfer buffer (7.5% glycine, 1.21% tris base) in 20% methanol added last. Store

the transfer buffer aliquots at �20�C.
r. Load the gel in XCell SureLock Mini-Cell Electrophoresis or equivalent system.

i. Prepare a gel (Novex tris-glycine 1.0 mm mini) for SDS-PAGE. In 13 running buffer, load

10 mL of WesternSure Pre-Stained Chemiluminescent Protein Ladder (Li-Cor) into the left-

most lane.

ii. Load 10 mg of each sample into the subsequent lanes, keep track of which lanes receive

which samples.

iii. Load empty lanes with 2 mL of 63 SDS buffer.

s. Run gel at constant voltage until loading dye is close to the bottom of the gel (�2 h, 120 V at

20�C–25�C).
STAR Protocols 2, 100272, March 19, 2021 11



Figure 2. Protein delivered by electroporation retains its functionality

(A) Representative staining of Thymosin b4-647 (125 mM) after electroporation. Cells were transfected, then fixed and

stained with 488-phalloidin after permeabilization.

(B) Phalloidin intensity is used as a measure of polymerized actin.

N = 140, 121 for cells electroporated with buffer or Thymosin b4-647 (125 mM), respectively. Scale bar, 10 mm.
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t. 1 h and 45 min after the start of running the gel, wet a polyvinylidene difluoride (PVDF) mem-

brane in a glass container with enough 100% methanol (MetOH) to cover the entire mem-

brane. Dispose of the MetOH safely (Note: MetOH for wetting membranes can be reused)

and wash themembrane 23 in de-ionized water (dH2O). On the second wash, shake themem-

brane in dH2O for 2 min. Remove the water and wash the membrane in transfer buffer on an

orbital shaker or rocker. Ensure the membrane does not dry out.

u. Pre-wet the filter pads, blotting paper, and gel in ice-cold transfer buffer for a wet transfer in

the XCell II Blotting or equivalent module. Assemble stack for transfer (from bottom to top:

filter pad, blotting paper, gel, membrane, blotting paper, filter pad) and transfer on ice at

constant current to the PVDF membrane (50 min, 100 mA).

v. After transfer, rinse the membrane 23 in dH2O. Then, block membrane for 15 min in 5%

bovine serum albumin (BSA) in 13 tris buffered saline (TBS) at 20�C–25�C (2.5 g/50mL). Dilute

primary antibodies in 5% BSA, 0.1% Tween-20, then add tomembrane. Incubate primary anti-

body while shaking at 4�C overnight.

w. The next day, wash membrane in 0.1% Tween-20 in TBS 33 for 30 min. Incubate membrane

with Li-Cor secondary antibodies diluted in 5% BSA, 0.1% Tween-20 in TBS for 2 h at

20�C–25�C while shaking. The membrane is then washed in 0.1% Tween-20 in TBS 33 for

30 min, and then washed in 13 TBS 23.

x. Visualize western and quantify the bands according to manufactures instructions.

Note: Use a quantitative western analysis such as via the Li-Cor system tomaintain linearity in

detection. Quantitative western blotting can also be performed to determine howmuch pro-

tein is delivered in reference to endogenous levels. If establishing intracellular concentra-

tions is desired, load a range of purified protein concentrations to generate a standard curve.

To calculate concentration of protein per cell from western blot results, both the cell volume

and the number of cells loaded per well are required.
EXPECTED OUTCOMES

Using the protein delivery assessment methods described in steps 6–8, we have shown that the

amount of delivered protein is linearly proportional to the bath concentration in the electroporation

reaction for FITC-labeled dextran (dextran-FITC) (Figure 1A), Alexa 647-labeled thymosin b4

(Tb4-647) (Figure 1B), Tb4-647 that has been co-electroporated with dextran-FITC (Figure 1C),

and profilin 1 (Figure 1D) (Skruber et al., 2020). Further, we have shown that proteins are functional

after delivery by electroporation. Shown in Figure 2 is the effect of Tb4-647 electroporation on poly-

merized actin levels. Since Tb4 sequesters actin monomers (Safer et al., 1991), increasing Tb4 con-

centration in cells should reduce the amount of polymerized actin. Electroporating cells with a

125 mM bath concentration of Tb4 reduces polymerized actin levels approximately 30% (Figure 2).

Additionally we have demonstrated that electroporating physiological levels of profilin 1 can rescue

actin defects seen in PFN1 KO cells (Skruber et al., 2020).
STAR Protocols 2, 100272, March 19, 2021
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LIMITATIONS

This protocol must be optimized for each cell line and each transfected protein. Some cell lines may

be less suitable for electroporation, resulting in low electroporation efficiency or high cell death.

Similarly, different proteins may be unsuitable for electroporation based on their size, conformation,

amino acid composition, or required buffer for proper folding. See Troubleshooting for a discussion

of these topics.

TROUBLESHOOTING

Problem

High cell death after electroporation (step 1).

Potential solution

Maximizing cell viability generally may require sacrificing electroporation efficiency and vice-versa

(Sherba et al., 2020). We chose to optimize electroporation efficiency and accounted for low levels

(�10%) of routine cell death during electroporation. However, high (�50%) cell death is a problem

that compromises the experiment. If high cell death is seen in comparison to the non-electroporated

control (step 1), start by ensuring that no antibiotics are present in the media post-electroporation.

Antibiotics in the media hinder recovery and may be cytotoxic in the 1–2 h electroporation recovery

period. Increasing serum (for instance from 8% to 10%) may additionally aid in post-electroporation

recovery. Arcing is also a major cause of reduction in cell viability. Arcing causes a flash of light that

can be easily visualized in the Neon tip during the electroporation. If loss of viability is only present in

certain conditions, it is possible that arcing occurred but was missed visually. The Amaxa device re-

ports when arcing has occurred to clarify this possibility. Researchers should be vigilant during elec-

troporation to ensure arcing does not occur and steps should be taken to prevent it (see below). If

high cell death is seen in comparison to no protein control or correlates with increasing volumes of

added protein, then protein buffer composition may be a cause of excessive cell death. Concentrate

the protein and determine the new concentration. As the protein buffer is mixed with the electropo-

ration buffer R, there is a level of tolerance for less than ideal buffer compositions. The ratio between

the buffer required for protein stability and the ideal buffer for electroporation must be experimen-

tally optimized. Lastly, some have found that washing with DPBS or treating cells with low concen-

trations of trypsin after electroporation helps to deal with post-electroporation recovery (Alex et al.,

2019).

Problem

Excessive arcing during electroporation (step 1).

Potential solution

Excessive arcing during electroporation is most likely due to bubbles in the electroporation tip. After

mixing the total electroporation solution the sample can be pulse centrifuged and very gently resus-

pended. Excessive salt in the protein buffer could also lead to excessive arcing. Desalting the pro-

tein, dialyzing into a different buffer, and reconcentrating may provide a more suitable electropora-

tion reaction. Additional sources of arcing could include contaminants in the electroporation mix,

perhaps due to incomplete media removal prior to electroporation.

Problem

Low electroporation efficiency (steps 1 and 3).

Potential solution

The most likely solution is to optimize the electroporation settings by varying the pulse length and

voltage. A short, high voltage pulse, a long, low voltage pulse, or a protocol with two successive

pulses are good starting points. A complete range of conditions can be found in the documentation

for the electroporation system as provided by the manufacturer. The quality of cells used for elec-

troporation can also affect electroporation efficiency. Cells should be recently passaged and in
STAR Protocols 2, 100272, March 19, 2021 13
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log growth phase. Cells which are attached to each other may pose a problem. This could be solved

by light trituration in the presence of trypsin during the cell collection phase. Understanding the time

course of degradation of the protein may also be important during troubleshooting. Knowing

whether the experiment is taking place during the time period prior to protein turn-over may be

important and could be performed with a combination translation and proteasome inhibitor (such

as cycloheximide and MG-132). Lastly, establishing electroporation efficiency with an inert fluores-

cence dextran of the same approximate size of the protein can help determine if the desired elec-

troporation is possible.
Problem

The delivered protein appears to have no effect after electroporation.
Potential solution

First, check the protein preparation and its concentration. Protocols for purification are highly spe-

cific for each protein and may require strict adherence or troubleshooting, see protocols for profilin

(Henty-Ridilla et al., 2017) and Thymosin b4 (Yarmola et al., 2000) for reference. For determination of

protein concentration, the protein buffer composition should be known and the blank or protein

standard used should be solubilized in a buffer identical to the protein sample. Re-establishing pro-

tein concentration after high speed centrifugation will ensure only solubilized protein is measured. If

protein is no longer soluble or is aggregating, then empirically determine ideal storage conditions

and acquire a fresh protein preparation. Establishing the range of protein concentration relative to

endogenous levels may be an important insight into both the function of the protein and to the phys-

iological relevance of the experiment. Protein degradation kinetics and lifetimes can be established

to understand whether the experiment is taking place during the time period prior to turn-over.

However, we recommend erring on minimizing time post-electroporation as per the protocol to

avoid this confounding factor.

In our experience, after optimization of electroporation parameters, protein preparation is the

largest determinant of functionality. While protein purification protocols are specific for each pro-

tein, knowledge about general strategies for purification may aid in enhancing protein quality

(Scopes, 2013). Alternatively, users of this protocol may opt to buy commercially available purified

proteins or outsource the purification step. Cell quality is also an important factor in protocol opti-

mization. 13106 cells can be transfected with high efficiency and high viability as long as they are

in log-phase growth and at low passage number. Protein suitability for electroporation must be

determined experimentally as variables like size and charge may alter their ability to be electro-

porated. We have electroporated proteins up to 40 kDa (Skruber et al., 2020), and others have

shown that electroporation is possible for 70 kDa (Demiryurek et al., 2015) and 148 kDa (Graziadei

et al., 1991) sized molecules. Little is known about the effect of protein charge on electroporated,

but we have observed quantitative delivery of both acidic (Figure 1B) and basic (Figure 1D)

proteins.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the Lead Contact, Eric Vitriol (evitriol@ufl.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

This study did not generate/analyze [datasets/code].
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