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ABSTRACT: The complex signaling mechanisms in red blood
cells (RBCs) enable them to adapt to physiological stresses such as
exposure to low O2 levels, metabolic demands, oxidative stress, and
shear stress. Since Ca2+ is a crucial determinant of RBC fate,
various ion channels, pumps, and exchangers regulate the delicate
balance of Ca2+ influx and efflux in RBCs. Elevated intracellular
Ca2+ can activate processes such as membrane phospholipid
scrambling and alter RBC deformability, which is essential for
effective capillary transit. However, the dynamic information about
Ca2+ regulation in RBCs is limited. Although static mapping and
bioanalytical methods have been utilized, the absence of a nucleus
and the presence of hemoglobin create challenges for real-time
probing of RBC signaling, necessitating innovative approaches.
This work introduces a synthetic chemistry−recombinant protein-based strategy to assemble sensors at genetically intact healthy
human RBC surfaces for measuring dynamic signaling. Using this approach, we measured autocrine regulation of RBC Ca2+ influx in
response to low O2 tension-induced ATP release. The study also explores the utilization of synthetic glycosylphosphatidylinositol
(GPI) anchor mimics and sortagging for targeting sensors to the surfaces of primary as well as immortalized cells. This demonstrated
the wide applicability of this approach to probe dynamic signaling in intact cells.
KEYWORDS: Ca2+, GCaMP6s, P2X, GPI anchor mimics, TIRF imaging, RBCs, sortase A, cellular signaling

1. INTRODUCTION
Ca2+ is a major secondary messenger that controls crucial and
deterministic cellular functions, and thus, its concentrations at
various subcellular compartments are tightly regulated.1,2 For
instance, Ca2+ controls signaling underlying muscle contrac-
tility, blood clotting, bone mineralization, cell motility, and
apoptosis.3−6 Dysregulation of Ca2+ availability, both the
deficiency and overloading, can bring about destructive
consequences to cells.7 Therefore, multicellular organisms
monitor and adjust cell exterior Ca2+ concentrations in body
fluids (i.e., blood, cerebrospinal fluid, and lymph) to maintain a
stable cellular environment.8 Moreover, multiple cellular
mechanisms are employed to buffer, sequester, accumulate,
and mobilize Ca2+ in cells to maintain cell interior Ca2+
concentrations within strict limits. In early studies, the changes
in extracellular Ca2+ concentration in the rat cerebellum were
measured using double-barreled Ca2+-selective micropipettes.9

In anesthetized Wistar rats, in situ microdialysis techniques
have been used to monitor extracellular Ca2+ concentration in
the subepithelial spaces of the intestine.10 Ca2+-sensitive
metallochromic indicators (antipyrylazo III and tetramethyl-
murexide) have also been used to detect extracellular Ca2+

dynamics in beating hearts.11 The droplet technique based on
the activity of the plasma membrane Ca2+-ATPase was
exploited to measure extracellular Ca2+ changes.11 Ca2+-
Green-C-18, the fluorophore-conjugated with a lipid derivative,
has been used to record Ca2+ fluctuations inside the T-
tubules.11 Additionally, Ca2+-sensitive probes conjugated to a
hydrophobic tail have been used to cross the external leaflet of
the cell membrane and directly measure extracellular Ca2+

levels.11 In smooth muscle cells, the Ca2+-sensitive indicator
Fura-C18 was employed to measure extracellular Ca2+ changes
near the plasma membrane. In contrast to the success of
intracellular Ca2+ measurements, detecting Ca2+ fluctuations
on the cell surface presents significant challenges.
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Red blood cells (RBCs) are essential components of the
circulatory system. RBCs lack the nucleus and organelles,
maximizing space for hemoglobin and sustaining a high O2-
carrying capacity. RBCs have complex signaling mechanisms
that operate various protein kinases and phosphatases. This
allows them to quickly adapt to multiple physiological stresses
such as exposure to low O2 levels, metabolic demands,
oxidative stress, and shear stress.12−17 Furthermore, mechan-
ical stress and changes in O2 levels activate ion transporters
and specific phosphorylation events, which affect cell volume
and membrane properties.12 Various ion channels, pumps, and
exchangers regulate intracellular Ca2+ levels in RBCs since the
disruptions in Ca2+ homeostasis can lead to altered RBC
function and even hemolysis.18 In RBCs, elevated intracellular
Ca2+ can activate several processes, including the scrambling of
membrane phospholipids, marking the cell for clearance by the
spleen.18 Additionally, increased Ca2+ influences RBC
deformability and rheology in microvasculature.19 Under-
standing the dynamic behavior of these signaling pathways is

crucial to providing potential therapeutic strategies for
hemoglobinopathies and channelopathies, emphasizing the
importance of targeting signaling elements to improve RBC
function in various pathological conditions.
While cell-destructive approaches such as proteomics and

biochemical analysis of involved proteins have been used to
generate static maps of signaling,20−22 dynamic bioanalytical
methods including microflow analysis,23 microfluidic devi-
ces,24−28 3D vasculature mimics29,30 and capillary electro-
phoresis31 have been used to examine a handful of chemical
messengers released by physically and pharmacologically
perturbed RBCs. Considering the vital role of RBCs in a
plethora of critical pathophysiological functions in humans and
other organisms, innovative approaches that can circumvent
the above challenges are needed. However, the dynamic
information about Ca2+ regulation in RBCs is limited since
regular Ca2+ imaging in RBCs is challenging due to the unique
characteristics of RBCs compared to the other cell types. For
instance, the lack of a nucleus and organelles in RBCs32 limits

Scheme 1. Strategy for the Synthesis of Compound 1 and H2N-GGGYC-Maleimide-PEG-DOPE (Compound 2)
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the application of genetic manipulation techniques and
conventional signaling pathway analysis. Additionally, technical
limitations due to hemoglobin interference prevent the use of
optical methods such as fluorescence.
In this work, we adapted a synthetic chemistry−recombinant

protein-based strategy that can assemble different sensors at
genetically intact cell surfaces, especially the surface of healthy
human RBCs, to measure dynamic signaling. Since the
regulation of Ca2+ plays a key role in RBC pathophysiology,
we devised a novel strategy to measure autocrine regulation of
RBC Ca2+ influx on low O2 tension-induced ATP release. Cells
use a specific mechanism to present over 150 proteins on the
outer leaflet of the plasma membrane.33 This mechanism
involves a region at the carboxy-terminal of the proteins
recognized by glycosylphosphatidylinositol (GPI) transami-
dase. This recognition allows the transamidase to create a
covalent bond between a GPI glycolipid and the processed C-
terminus of the protein.34,35 Since the use of synthetic GPI
anchors to target proteins to the cell surface is challenging, GPI
anchor mimics have alternatively been employed. GPI anchors
were mimicked using short lipidated peptides synthesized via
solid-phase peptide synthesis (SPPS).36 This approach requires
fewer purification and synthetic steps while preserving
targeting capabilities and offering a simpler alternative to
more complex native-like GPI anchor mimics.37 Our approach
uses an efficient sortase A from Staphylococcus aureus to

catalyze the ligation of a five amino acid substrate motif
(LPXTG, X can be any amino acid) on the carboxy-terminal
(Ct) of the protein and oligoglycine nucleophiles-tethered
maleimide-based PEG-glycerolipid.38 Although the use of
sortase A-catalyzed modification of proteins with polyethylene
glycol (PEG)-lipids has been employed to label and track
cells,39 our work introduces a novel approach for decorating
the surfaces of genetically intact cells with various sensors for
dynamic signaling events. In this study, we measure changes in
RBC surface Ca2+ concentrations due to the influx through
ATP-gated P2X channels using fluorescence and biolumines-
cence resonance energy transfer (BRET). Overall, our
methodology holds significant potential to map dynamic
signaling in primary cells, such as RBCs and neurons, which
are difficult to probe using conventional techniques.

2. RESULTS AND DISCUSSION

2.1. Decoration of Cell Surfaces with Recombinant
Protein-Based Sensors Using Sortase-Mediated Ligation
(SML)

Our goal was to develop an optimized protocol for
incorporating protein-based sensors at the cell surface without
genetic modifications. Here, we selected GCaMP6s, which
provides an ∼1.5-fold fluorescence increase upon Ca2+ binding
as the Ca2+ sensor.40 We first engineered the construct

Figure 1. Schematic representation of the sortase A reaction between the membrane-anchored H2N-GGGYC-Maleimide-PEG-DOPE and purified
GCaMP6s-LPDTG.
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encoding GCaMP6s with the LPDTG motif at the Ct in the
pET32 bacterial expression vector and purified the recombi-
nant protein using BL21 (DE3) competent cells. Subsequently,
we synthesized compound 1 carrying diglycine nucleophile and
compound 2 (H2N-GGGYC-Maleimide-PEG-DOPE) with
triglycine nucleophile as described in Materials and Methods
(Scheme 1). The design of compound 1 was based on a
previously reported GPI anchor mimic36 that was modified to
make the target more facile to prepare, thus easily accessible by
less sophisticated synthetic laboratories. Since the commer-
cially available wild-type sortase A was deemed inefficient in
conjugating the protein with the triglycine nucleophile, we
recombinantly purified a more efficient 5M (Penta mutant)
sortase A variant.41,42 The size and the purity of purified
proteins were validated by SDS-PAGE (Figure S1A). Using
HeLa cells as the sample cell type, we first optimized the
labeling protocol using sortase A (5 M) (Figure 1). Though
the initial labeling conditions 1 and 2 described in Materials
and Methods resulted in internalization of the sensor (Figure
2A, left and middle), the optimized condition 3 exhibited
efficient labeling of HeLa cells with GCaMP6s. The labeling
mechanism involves sortase A binding to the LPDTG motif
tethered to the sensor, cleaving between the Thr and Gly
residues. This results in the formation of an acyl-enzyme
intermediate complex between the sortase A active site Cys
thiol and the carboxyl group of Thr. Finally, the intermediate is
released following a nucleophilic attack by the amino group of
the membrane-tethered triglycine nucleophile (Figure 1). The
optimized protocol includes incubation of cells with H2N-
GGGYC-Maleimide-PEG-DOPE first to decorate the cell
surface with the PEG-Maleimide lipid carrying the exposed
triglycine, and subsequent incubation with the purified
GCaMP6s-LPDTG protein in the presence of the improved
sortase A. We named the cell surface anchored GCaMP6s

“ExtraCal” henceforth. Figure 2A, right shows ExtraCal labeled
HeLa cells using condition 3. We also employed condition 3 to
label HeLa cells using compound 1 in place of compound 2.
These cells also exhibited efficient labeling (Figure S1B).
Therefore, for all the subsequent labeling reactions, we used
compound 2 (H2N-GGGYC-Maleimide-PEG-DOPE).
Next, to examine whether ExtraCal senses extracellular Ca2+

changes, we treated ExtraCal-labeled HeLa cells in the MEM-
based cell culture media (1 mL) with 200 μL of 2.5 μM EDTA
(in PBS) making the final EDTA concentration in cells = 0.5
μM. Confocal time-lapse images of the sensor were collected
during this process using 488 nm excitation and 521 nm
emission. Upon EDTA addition, ExtraCal fluorescence on the
cell membranes exhibited an ∼2-fold reduction (Figure 2B,
+EDTA; cell images, plot, and Movie S1). However, ExtraCal
fluorescence in HeLa cells treated only with 200 μL PBS
remained unchanged (Figure S1C). Since MEM-basal media
contains ∼1−2 mM Ca2+, next we added 200 μL of HBSS-
With-Ca2+ containing ̃1.3 mM CaCl2 to the same cells. Cells
exhibited near-complete recovery of the lost fluorescence
incurred upon EDTA addition (Figure 2B, +HBSS-With-Ca2+;
cell images, plot, and Movie S1). This data collectively
indicated that ExtraCal is able to sense dynamic changes in the
extracellular Ca2+. To examine the stability of the sensor’s cell
surface localization, we examined cells over 3 h, by capturing
images at 30 min intervals. This showed that the localization
remained intact, indicating the suitability of the labeling
method for prolonged experiments (Figure S1D).
We also show that this labeling method can be successfully

adopted for a wide variety of cell types. Cell types such as
RAW264.7, AC16 (human cardiomyocytes), and differentiated
3T3L (adipocytes), and C2C12 (muscle cells) exhibited
efficient labeling with ExtraCal (Figure S2). Additionally,
primary cells including mouse primary fibroblasts, dorsal root

Figure 2. (A) Optimization of the cell labeling protocol in HeLa cells was performed under three different conditions: (left) cells are in MEM/
DFBS/PS containing HeLa media and purified sortase A and GCaMP6s-LPDTG proteins are in 1% PBS; (middle) cells and purified sortase A and
GCaMP6s-LPDTG proteins are in 1% PBS; (right) cells are in 1% PBS and purified sortase A and GCaMP6s-LPDTG proteins are in elution
buffer. (B) HeLa cells labeled with ExtraCal showed a reduction in ExtraCal fluorescence upon EDTA addition and its fluorescence intensity was
increased upon addition of HBSS containing Ca2+ (n = 25 cells from 3 repeats). The plot shows fluorescence change of ExtraCal upon EDTA
followed by HBSS-With- Ca2+ addition over the course of 6 min. The error bars represent SD (standard error of standard deviation). Scale bar = 5
μm. EDTA, ethylenediaminetetraacetic acid; HBSS, Hanks’ balanced salt solution.
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ganglion cells (DRGs), and white adipose tissues also
demonstrated an efficient ExtraCal labeling (Figure S2).
Since our primary interest in this study was to examine RBC
autocrine signaling, we next examined whether human RBCs
could be labeled with ExtraCal similarly. Since RBCs are
nonadherent suspension cells, the optimized condition 3 with
minor modifications described in Materials and Methods
resulted in efficient labeling with ExtraCal.
RBC morphology has been used in previous studies as an

indicator to show a correlation between cell morphology and
ATP concentration using preserved blood.43 To further
confirm that the RBCs remain intact after labeling, we next
examined the RBC morphologies by comparing the widefield
images of labeled and unlabeled RBCs. The cell morphologies
were nearly identical under both conditions, suggesting that
the RBCs remained intact following the labeling process

(Figure S3A,B). Additionally, we performed an absorbance
scan from 450 to 800 nm to detect any peaks associated with
hemoglobin in the supernatants collected by spinning ∼10000
RBCs at 500 g for 2 min before and after labeling. The absence
of significant differences in the absorbance spectra before and
after labeling further supports that the RBCs remained intact
(Figure S3C). In contrast, we observed a distinct peak
corresponding to hemoglobin (540−580 nm) in the sample
obtained after spinning the same number of lysed RBCs
obtained by vigorously passing through a syringe with a narrow
needle. Collectively, this data suggests that the cell labeling
protocol preserves cell integrity.
2.2.1. Real-Time TIRF Imaging of Autocrine Regu-

lation of ATP Release and P2X Channel-Mediated Ca2+
Influx in Single RBCs. Human RBCs have large replenishable
stores of ATP in millimolar quantities that can be released in

Figure 3. (A) ExtraCal exhibited negligible Ca2+ chelation upon ATP addition in the presence of 10 mM Mg2+, compared to the samples
containing 5 mM Mg2+ and no Mg2+, in a Plate reader assay (n = 3 replicates). (B) Diagram depicting the TIRF imaging of Rhod 2-AM stained and
ExtraCal labeled RBCs by controlling the penetration depth and the focal plane. (C) Rhod-2 AM stained and ExtraCal labeled healthy human
RBCs exhibited a detectable ExtraCal fluorescence reduction and Rhod-2 AM fluorescence gain upon ATP addition, indicating the ATP induced
Ca2+ influx in RBCs (n = 25 cells from 4 repeats). Scale bar = 3 μm. (D) ExtraCal labeled, Rhod-2 AM stained, healthy human RBCs showed
ExtraCal fluorescence reduction upon oxyrase addition, indicating the ATP release from RBCs due to the low O2 tension (n = 20 cells from 4
repeats). Scale bar = 5 μm. The error bars represent SD. RBCs: Red Blood Cells; TIRF: Total Internal Reflection Fluorescence.
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response to mechanical deformation, reduced pH, and
exposure to decreased O2 tension.14,29,44 Once released into
the circulation, ATP and its hydrolysis products, ADP and
AMP can activate purinergic receptors and channels in the
paracrine mode by acting on the vasculature,45,46 as well as
exert autocrine effects on the RBCs themselves.47 While this
paracrine signaling has been extensively investigated,48,49 the
inherent difficulties in mapping RBC signaling dynamics have
led to ATP-triggered autocrine regulation of RBC function
being underexplored. Though RBCs have Gq-coupled P2Y1
and P2Y2 receptors that activate PLCβ, which elevates Ca2+
signaling in many cells;50 since mature RBCs do not have a
sarcoplasmic reticulum, this signaling is unlikely to result in
Ca2+ mobilization. Therefore, Ca2+ channels, including P2X1,
P2X4, and P2X7, are likely to play a significant role in RBC
Ca2+ homeostasis.50 Similar to HeLa cells, we decorated the
plasma membranes of healthy RBCs with the ExtraCal sensor.
To avoid fluorescence interference due to hemoglobin in cells
in focus and from the stratified cells in an RBC suspension
while only capturing the fluorescence signals from the cells
sitting on the imaging dish surface, we employed total internal
reflection fluorescence (TIRF) microscopy imaging. Since our
first goal was to investigate how exogenous ATP influences
Ca2+ concentration at the cell surface, using TIRF microscopy,
we examined Ca2+ dynamics at RBCs surfaces upon ATP
addition. Considering that ATP chelates divalent cations,51

such as Ca2+ and Mg2+, we hypothesized that, in addition to
the P2X-mediated Ca2+ removal due to influx, ExtraCal would
also exhibit fluorescence intensity changes due to ATP-
mediated Ca2+ chelation. ATP has an ∼3-fold higher
preference toward Mg2+ over Ca2+ (Mg2+, Kb = 9554 ± 585
M−1 > Ca2+, Kb = 3722 ± 211 M−1).51 Calculations show that
in the presence of 5−10 mM Mg2+, ATP-induced Ca2+
chelation is negligible. For instance, in the absence of Mg2+,
∼82% of Ca2+ is chelated by 1 μM ATP. However, in the
presence of 5 mM and 10 mM Mg2+, chelation reduces to
∼9%, and ∼5%, respectively (Figure S4). We also determined
the optimum Mg2+ concentration needed to prevent ATP-
mediated chelation of Ca2+. Here, we added 100 μL of HBSS-
With-Ca2+ into three wells in a UV transparent quartz 96-well
microplate (SPECTRAplateTM). Each well was treated with 1
μL of 2 mg/mL purified GCaMP6s-LPDTG. We then treated
only the second and third wells with 5 mM and 10 mM MgCl2,
respectively. The GCaMP6s fluorescence intensity was
measured and compared before and after the 1 μM ATP
addition. Compared to the well without added MgCl2,
GCaMP6s fluorescence reduction upon ATP addition was
significantly lower in the 5 mM MgCl2 treated well, while
completely absent in the 10 mM MgCl2 treated well (Figure
3A, one-way ANOVA: F5,12 = 325.019, p = 2.25 × 10−12; Table
S1A,B).
The ExtraCal labeled RBCs were resuspended at 7%

hematocrit in HBSS-With-Ca2+ and allowed to settle for 10
min on an imaging glass-bottomed dish housed in an incubator
maintained at 37 °C, 5% CO2. Cells were then pretreated with
10 mM Mg2+, and after allowing 1−2 min to reach room
temperature, TIRF imaging using the Dragonfly-500 auto-
mated TIRF system was performed. We then exposed RBCs to
10 μM of ATP to activate P2X channels,52 while continuing
TIRF imaging. Upon ATP addition, RBCs exhibited an
ExtraCal fluorescence loss, indicating the Ca2+ reduction near
the RBC membranes (Figure S5A and Movie S2). Compared
to the room temperature incubated cells, we also found that

ATP-induced change in ExtraCal fluorescence is not influenced
by the 37 °C, 5% CO2 incubation conditions mentioned above
(Figure S5B, one-way ANOVA: F1,19 = 1.414, p = 0.25; Table
S2A,B). Therefore, we conducted all the subsequent experi-
ments under 37 °C, 5% CO2 incubation. To further validate
that the observed ExtraCal fluorescence loss is indeed due to
Ca2+ influx, we incubated RBCs with the intracellular red Ca2+
sensor, Rhod-2 AM (1 μM),53 and subsequently labeled the
cells with ExtraCal. Here, we imaged a thin layer of Rhod-2
AM near the RBC membrane adjacent to the glass bottom of
the dish so that the interference from the hemoglobin is
averted. We controlled both the focus and the TIRF
penetration depth (100 nm-120 nm) to acquire a circular
area of ExtraCal fluorescence and a layer of cytosolic Rhod-2
AM signal (Figure 3B and S5C). Cells were then exposed to 10
μM of ATP to activate P2X channels. As expected, ExtraCal
fluorescence reduction and Rhod-2 AM fluorescence increase
were observed (Figure 3C). This indicated that the ATP
induced Ca2+ influx (reducing extracellular Ca2+) while
increasing Ca2+ in the RBC cytosol. In a control experiment
that involved the addition of only the vehicle (PBS), the cells
did not exhibit a detectable ExtraCal or Rhod-2 AM
fluorescence change (Figure S5D).
It has been shown that exposure to reduced O2 tension

induces ATP release from RBCs.29,54,55 RBCs were prepared as
described above and pretreated with 10 mM Mg2+. We then
examined whether reduced O2 tension- induced ATP release
from RBCs activates P2X channels, resulting in Ca2+ influx.
While continuing TIRF imaging of ExtraCal and Rhod-2 AM, a
reduction in O2 tension was induced by exposing RBCs to
oxyrase, an O2 scavenger that can reduce O2 levels down to
∼3%.29,55 Cells showed a reduction in ExtraCal fluorescence
and an increase in Rhod-2 AM fluorescence intensities,
indicating the P2X channel activation induced Ca2+ influx,
likely due to low O2-induced ATP release from RBCs (Figure
3D). RBCs labeled only with ExtraCal also showed an ∼4-fold
reduction in ExtraCal fluorescence upon oxyrase addition
(Figure S5E and Movie S3). Next, we examined the ExtraCal
fluorescence changes in labeled RBCs treated with P2X7,
P2X1, or P2X4 inhibitors: A438079, NF449, or BAY1797,
respectively. As expected, the RBCs exhibited a significantly
lower ExtraCal fluorescence change upon the addition of
oxyrase, suggesting reduced Ca2+ influx due to inhibition of the
P2X channels (Figure S6A). This was further confirmed by a
plate reader assay, in which we measured the ExtraCal
fluorescence changes upon 5% oxyrase addition.
The ExtraCal fluorescence changes in inhibitor-treated

labeled RBCs upon oxyrase addition were significantly lower
compared to control cells (Figure S6B). In the negative control
experiments in which labeled RBCs were treated with 1% PBS
and unlabeled cells treated with oxyrase, the RBCs did not
exhibit a significant ExtraCal fluorescence change (Figure
S6B). These data collectively validated that the previously
observed ExtraCal fluorescence change is due to the ATP
induced-P2X channel activation and the subsequent Ca2+
influx.
To quantify the ATP-induced extracellular Ca2+ reduction

due to the Ca2+ influx into RBCs, we determined the pre- and
post-ATP concentrations of Ca2+ in RBC reconstituted HBSS-
With-Ca2+. Here, we diluted 250,000 RBCs in 1 mL of HBSS-
With-Ca2+, also containing 10 mM MgCl2, in a 29 mm cell
culture dish. To be consistent with the previous experiment,
we used ExtraCal-labeled RBCs. We first removed 200 μL
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aliquot of RBC media from the dish and centrifuged at 500 g at
4 °C for 2 min. This was done to remove any remaining RBCs
before transferring a 100 μL aliquot of the supernatant into
two wells (blank and control) of a UV transparent quartz
microplate (SPECTRAplate). The control well was treated
with 1 μL of Rhod-2 AM (final concentration 1 μM), while 1
μL of vehicle solvent (DMSO) was added to the blank.
Similarly, the supernatants of RBCs exposed to 10 μM ATP
were prepared with Rhod-2 AM. We then measured the Rhod-
2 AM fluorescence intensities in these wells (Figure 4A, one-
way ANOVA: F1,6 = 44.99, p = 5.33 × 10−4; Table S3A,B). To
calculate the corresponding Ca2+ concentrations from these
blank-subtracted fluorescence measurements, we made a Ca2+
dilution series by diluting HBSS-With-Ca2+ in Ca2+-free HBSS
and similarly measured the Rhod-2 AM fluorescence intensities
(Figure S6C). We verified that the manufacturer-reported Ca2+
concentration of HBSS (1.26 mM), is accurate by preparing a
1.26 mM CaCl2 solution in Ca2+-free HBSS and comparing its

Rhod-2 AM fluorescence with that of HBSS-With-Ca2+. A one-
way ANOVA confirmed that the Ca2+ concentrations of both
solutions were not significantly different (Figure S6D, one-way
ANOVA: F1,4 = 0.55043, p = 0.5; Table S4A,B). Collectively,
our data show that the Ca2+ concentration of HBSS media
reconstituted with RBCs before ATP is ∼1.2 mM, and upon
the addition of 1 μM ATP, it goes down to ∼0.4 mM (Figure
4B). These data show a 3-fold reduction in the extracellular
Ca2+ upon stimulation of RBCs with ATP.
2.2.2. Quantification of Low O2-Induced ATP Release

from RBCs. A commonly used method to detect ATP is
through the chemiluminescent luciferin/luciferase reac-
tion.56−58 In this process, the enzyme luciferase, along with
magnesium and O2, results in a chemiluminescent reaction
with ATP to result in the oxidation of the substrate luciferin.17

This oxidation produces oxyluciferin in the excited state, which
relaxes and emits light in a wavelength region between 550−
570 nm.59 To directly measure the release of ATP from RBCs

Figure 4. (A) Fluorescent plate reader assay employing Rhod-2 AM showed that extracellular media around RBCs has a lower Rhod-2 AM
fluorescence intensity after ATP addition, compared to the ATP pretreated state (n = 4 replicates). (B) Fluorescent plate reader assay employing
Rhod-2 AM showed that extracellular media around RBCs has a lower Ca2+ concentration (∼0.4 mM) after ATP addition, compared to the ATP
pretreated state (∼1.2 mM) (n = 4 replicates). (C) luciferin treated mCherry-FLuc-labeled RBCs exhibited significant BRET gain upon oxyrase
addition, compared to the RBCs in controls (n = 9 replicates from 3 days). The whisker box plot shows the observed BRET changes. (D) BRET
change calibration curve obtained from a dilution series of ATP (n = 3 replicates). (E) Bar graph showing average ATP concentrations from healthy
human RBCs under standard conditions and low O2 tension (7% solution, n = 3 injections). The error bars represent SD.
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under conditions of reduced extracellular O2, we first assessed
ATP on the surface of the RBCs using a bioluminescence
resonance energy transfer (BRET) reaction. Subsequently, we
quantified the ATP released into the surrounding media as the
RBCs passed through a microfluidic channel using chem-
iluminescence detection.29

In the BRET method, we engineered a recombinant N-
terminally mCherry-tethered firefly luciferase (FLuc) with a C-
terminal sortase recognizing motif (mCherry-FLuc-LPDTG)
in the pET32 bacterial expression vector. The aim was to
enable efficient energy transfer from luciferase to mCherry
upon low O2 tension-induced ATP release from RBCs. We
initially labeled the RBCs with the FLuc-BRET sensor, which
is also similar to the ExtraCal labeling of RBCs. The labeled
RBCs were then transferred into three sets of three wells of a
white opaque 96-well tissue culture plate, with approximately
250,000 cells per well. Additionally, the same number of
unlabeled RBCs was added to another set of three wells on the
same plate as controls. Subsequently, 10 μL of 1 mg/mL
luciferin in 1× PBS was added to the wells with unlabeled
RBCs and two sets of labeled RBCs, while one set of labeled
RBCs was left without luciferin. We observed the BRET signal
upon the automated injection of 10 μL of oxyrase (diluted in
1× PBS to have a 5% final concentration in a well) into the
wells using a plate reader. Notably, the labeled RBCs
pretreated with luciferin exhibited a significant BRET gain
upon oxyrase addition, indicating ATP release (Figures 4C and
S7A). In comparison, no BRET change was observed in the
unlabeled RBCs treated with luciferin or in the labeled RBCs
without luciferin (Figure 4C). As a control, we injected 10 μL
of 1× PBS instead of oxyrase into another set of wells
containing luciferin-treated labeled RBCs, and these cells did
not exhibit a detectable BRET change upon PBS addition
(Figure 4C, one-way ANOVA: F3,32 = 80.45, p = 5.44 × 10−15;
Table S5A, and B). Three replicates were used in each
condition, and the experiments were repeated on three
different days using healthy RBC samples.
To examine that extracellular ATP as the dependent variable

is responsible for the observed BRET gain from FLuc-labeled
RBCs, a multipoint calibration curve with ATP concentrations
ranging from 10 fM to 10 nM was generated. RBCs were
labeled with the FLuc- BRET sensor and prepared as above,
seeded in wells of a white opaque 96-well tissue culture plate
(∼250,000 cells per well). We then measured the ΔBRET
signal upon the addition of ATP. The resultant calibration
curve exhibited a linear ΔBRET increase with the ATP
concentration (R2 ∼ 0.98) (Figure 4D). We next converted the
ΔBRET shown in Figure 4C into the amount of ATP released
from RBCs. The calculations indicated that, under reduced O2
tension, RBCs in each well released ∼15 fmol of ATP. This
means that each RBC released about 36,000 ATP molecules
when exposed to reduced O2 tension.
The Martin group has previously shown that a 3D-printed

microfluidic device can be used to quantitate ATP release from
RBCs.29 The device (Figure S7B) introduces a 1 μL plug of
RBCs into a flowing stream of buffer that mixes with a
luciferin/luciferase solution (in a mixing T), and detection is
accomplished via PMT. HBSS/RBC samples were pumped
through the inlet of the device at 15 μL/min, and luciferin/
luciferase was pumped from two syringes at a rate of 2.5 μL/
min (to each side channel). The channel of the 3D-printed
device mimics the physiological flow of RBCs, but with these
channel dimensions and flow rates, the shear stress is less than

1 dyn/cm2, which should not cause any shear stress-induced
release of ATP in the device.60 Quantitation was done by
standard addition. In these studies, the 3D-printed device was
used to quantify the concentrations of RBC-derived ATP from
both RBCs under standard conditions and reduced O2 tension
(same conditions as the BRET experiments above) (Figure
S7B). RBCs were separated from the whole blood of healthy
volunteers, washed with PSS, diluted to 7% hematocrit, and
injected into the device (standard conditions). RBC samples
that have not been exposed to low O2 tension release ATP in
concentrations that vary depending on the method used and
the hematocrit measured. Generally accepted values are in the
hundreds of nanomolar range.61−68 It was found that injection
of RBCs (7% hematocrit) under standard conditions resulted
in 210 ± 11 nM ATP (n = 3) being detected. It should be
noted that values reported in this article are averages and
standard deviations, with variance coming from the different
injections.
It is well-documented that RBCs release ATP in response to

exposure to reduced O2 tension.44,54,69−71 In work presented
here, RBCs were also incubated with oxyrase to lower the O2
concentration, and the RBC suspension was injected into the
device.55 It was found that these RBCs released more ATP
(612 ± 64 nM, Figure 4E), and these values are consistent
with those reported by Hayter et al.29 Considering these
values, the hematocrit and injection volumes, the difference
between the amount of ATP released from RBCs under
standard conditions and the amount released under reduced
O2 tension results in ∼31,000 molecules of ATP per cell, which
agrees well with the BRET measurements in the above
(∼36,000 ATP molecules/cell released in response to the same
reduced O2 tension conditions). Additionally, the near similar
ATP releases observed by using the two experimental
approaches, one using unlabeled RBCs and the other
employing labeled RBCs, indicated that the RBC labeling we
describe here does not significantly perturb RBC physiology.
2.3. Application of ExtraCal Sensor to Measure
ATP-Induced Ca2+ Influx in HeLa Cells and Primary DRG
Neurons

HeLa cells and dorsal root ganglion cells (DRG cells) express
transcripts for most P2X and P2Y purinergic receptors.72,73

Our in-house RNaseq data also further validate the presence of
P2X1, P2X4, P2X5, P2Y1, P2Y2, P2Y6, and P2Y11 in HeLa
cells (Figure S7C,D). Upon ATP addition, ATP-gated P2X
channels open, and Ca2+ moves into the cells from the
extracellular medium.74 ATP also activates Gq-coupled P2Y
receptors and hydrolyzes inner membrane phospholipid,
phosphatidylinositol 4,5-bisphosphate (PIP2) into two im-
portant second messengers: diacylglycerol (DAG) and inositol
1,4,5-triphosphate (IP3).75 IP3 then induces the mobilization
of intracellular Ca2+. The resulting influx and mobilization of
Ca2+ employ a wide array of physiological effects.76 Therefore,
to examine the endogenous P2X activation in HeLa cells, we
first stained cells with 1 μM Rhod-2 AM for 15 min at 37 °C as
previously shown46 and then labeled with ExtraCal according
to the previously described Condition 3 protocol. Then, 1 mL
of HBSS-With-Ca2+ was added to the cell culture dishes, and
subsequently, the labeled HeLa cells were pretreated with 500
nM YM-254890, a GαqGTP inhibitor.77,78 Then, the cells
were treated with 10 mM Mg2+ to prevent the Ca2+ chelation
by ATP. Finally, P2X channels were activated using 10 μM
ATP. Our goal here was to inhibit P2Y receptor activation-
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induced heterotrimer activation and PIP2 hydrolysis while only
activating P2X channels. Interestingly, upon ATP addition, we
observed the ExtraCal fluorescence reduction on HeLa cell
membranes and Rhod-2 AM fluorescence increase in the
cytosol (Figure 5A). This clearly indicated the ATP-induced
P2X channel activation and the Ca2+ influx, which resulted in a
Ca2+ concentration reduction in the extracellular media and an
increase inside the cells. In a negative control experiment, we
treated cells with the vehicle solvent (PBS), and the cells did
not exhibit detectable fluorescence changes in ExtraCal or
Rhod-2 AM (Figure 5B). In a positive control, we transiently
transfected HeLa cells with GCaMP6s-GPI, allowing cells to
present extracellularly GPI-anchored GCaMP6s at the cell
surface, mimicking ExtraCal-labeled cells. We also stained
these cells with Rhod 2-AM. Upon 10 μM ATP addition,

similar to ExtraCal-labeled cells, cells showed GCaMP6s
fluorescence loss and Rhod-2 AM fluorescence gain. This
suggested that the recombinantly made ExtraCal retains a
similar Ca2+ sensing ability (Figure S7E). We also performed a
similar experiment in Rhod-2 AM stained and ExtraCal labeled
mouse DRG neuron cells and observed similar responses
indicating the endogenous P2X receptor activation in mouse
neuron cells (Figure 5C).

3. CONCLUSION
In this study, we developed a labeling method to incorporate
protein-based sensors at the cell surface in genetically intact
cells. This approach utilized an engineered extracellular
GCaMP6s Ca2+ sensor to detect Ca2+ dynamics at the cell
surfaces, as well as a BRET sensor to detect the reduced O2

Figure 5. (A) HeLa cells labeled with ExtraCal and stained with Rhod-2 AM exhibited detectable ExtraCal fluorescence loss and Rhod-2 AM
fluorescence intensity gain upon 10 μM ATP addition (n = 20 cells from 4 repeats). The plot represents fluorescence intensity changes of Rhod-2
AM and ExtraCal in response to ATP. (B) HeLa cells labeled with ExtraCal and stained with Rhod-2 AM did not show detectable ExtraCal or
Rhod-2 AM fluorescence intensity changes upon PBS addition (n = 18 cells from 3 repeats). The plot shows no detectable fluorescence change
with PBS. (C) Mouse dorsal root ganglion neuron cells (DRGs) labeled with ExtraCal and stained with Rhod-2 AM exhibited detectable ExtraCal
fluorescence loss and Rhod-2 AM fluorescence intensity gain upon 10 μM ATP addition (n = 10 cells from 3 repeats). The plot represents the
dynamic behavior of Rhod2-AM and ExtraCal in a DRG cell. Scale bar = 5 μm.
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tension induced-ATP release from RBCs. We have successfully
demonstrated the use of an improved sortase A (5M) enzyme,
which efficiently labels the cell surfaces of various cell types
(including primary cells) with high stability. This approach
allows real-time monitoring of extracellular Ca2+ fluctuations,
providing valuable insights into cellular signaling processes,
such as P2X channel-mediated Ca2+ influx and autocrine ATP
release in RBCs. Additionally, using our novel ExtraCal sensor,
we have shown its ability to sense dynamic changes in
extracellular Ca2+ under different experimental conditions. This
includes exposure to EDTA, Ca2+ supplementation, ATP
addition, and exposure to low O2 tension. Furthermore, our
application of the ExtraCal sensor in RBCs, coupled with
advanced imaging techniques like TIRF microscopy, has
enabled us to examine the effects of ATP on dynamic changes
in extracellular and intracellular Ca2+ levels. This has provided
a new perspective on ATP-induced Ca2+ signaling and its
implications for cellular physiology.
The development of cell surface-localized fluorescence and

BRET sensors demonstrates that these tools are versatile and
effective for investigating the interplay between extracellular
Ca2+ and ATP dynamics. Our labeling method’s broad
applicability across various cell types, including primary cells
and RBCs, paves the way for future research into probing the
dynamics and direct and indirect interactions between cell
surface signaling molecules and their roles in both physio-
logical and pathological processes.

4. MATERIALS AND METHODS

4.1. Reagents
EDTA Disodium salt dihydrate (Fisher Scientific), HBSS-With-Ca2+
(Gibco), Ca2+ free HBSS (Gibco), ATP (Chem-Impex International,
Inc.)), Rhod-2 AM (Cayman Chemical), YM-254890 (Cayman
Chemical), oxyrase (Oxyrase, Inc.), MgCl2 hexahydrate (Sigma-
Aldrich), PMSF (Research Products International), Lysozyme (Gold
Biotechnology), Luciferin (Gold Biotechnology), and EZ-Run
Prestained Rec Protein Ladder (Fisher Scientific). According to the
manufacturer’s instructions, all the reagents were dissolved in
appropriate solvents and diluted in 1% Hank’s balanced salt solution
supplemented with NaHCO3, or a regular cell culture medium, before
adding to cells.

All amino acids and resins used for solid phase peptide synthesis
were purchased from Chem-Impex International, Inc., as well as
HOBt and piperidine. DOPE-PEG-Mal was obtained from Nanosoft
Polymers. All other fine chemicals came from one of the following
suppliers: Across Organics, Alpha Aesar, Ambeed, Fisher Scientific or
Sigma-Aldrich. HPLC purification was achieved on a LC-20AP
preparative liquid chromatograph (Shimadzu, USA) equipped with a
semipreparative Viva C4 column 5 μm 150 × 10.0 mm (Restek), or
on a LC-20AT analytical liquid chromatograph (Shimadzu, USA)
equipped with an analytical ROC C8 5 μm 150 × 4.6 mm (Restek).
MALDI-TOF data were acquired on Brüker UltrafleXtreme. MALDI
samples were prepared using Super-DHB (20 mg/mL) and desalted
lipopeptide solutions (1 mg/mL).

4.2. Growth and Purification of Recombinant Proteins
All expressed and purified proteins (GCaMP6-LPDTG and 5 M
sortase A) were cloned into the pET32 bacterial expression vector.
These constructs have Carboxy terminal His6 tag. Sequence-verified
clones were transformed into BL21(DE3) Escherichia coli cells. Then
the cells were cultured at 37 °C overnight in 5 mL of Luria Broth
(LB) media supplemented with 34 μg/mL kanamycin. This was used
to inoculate 500 mL of LB media supplemented with 34 μg/mL
kanamycin and cultured at 37 °C until OD600 ∼ 0.6, at which point 1
mM isopropylthio-β-galactopyranoside (IPTG) was added and
cultures induced overnight at 18 °C. Cells were harvested by

centrifugation (4,000 rpm, 30 min, 4 °C) and the resulting pellet was
resuspended in 5 mL of lysis buffer (50 mM HEPES, 300 mM NaCl,
5 mM imidazole, 10% glycerol at pH 7.2) and lysed by sonication in
the presence of 100 μM PMSF and 100 μg/mL Lysozyme. To harvest
the soluble fraction, the lysate was again centrifuged (11,000 rpm, 60
min, 4 °C) and the resulting supernatant was collected. Proteins of
interest were isolated via Ni2+ affinity chromatography using HisTrap
HP columns (GE) and eluted with elution buffer (50 mM HEPES,
300 mM NaCl, 250 mM imidazole, 10% glycerol at pH 7.2) using GE
AKTA FPLC purifier. Protein purity was analyzed by SDS-PAGE
using a 4−20% polyacrylamide gel. The protein concentration was
calculated using A280 absorbance on a NanoDrop (Thermo).
4.3. SDS-PAGE Analysis and Protein Concentration
Determination
Self-made polyacrylamide gels were used with self-prepared sample
buffer and running buffer and stained with Coomassie Blue as
described earlier.79 Fisher BioReagents EZ-Run Prestained Rec
Protein Ladder was used as the standard marker to determine the
protein sizes. The protein concentrations were calculated using A280
absorbance on a NanoDrop.
4.4. Synthesis of Compounds 1 and 2
Two GPI anchor mimics were synthesized with a Gly-Gly (GG) tag at
their N-terminus for sortase A coupling. Compound 1 was
synthesized using the Fmoc strategy. Side chain modifications were
achieved by using pseudo-orthogonal protecting group ivDde and
alloc, allowing for the introduction of two palmitoyl chains, allowing
the final lipopeptide to anchor in the outer leaflet of the plasma
membrane, and a PEG polymer, increasing the overall solubility of the
lipopeptide. Synthesis of compound 2 was achieved by mixed phase
synthesis: GGGYC peptide was synthesized using Fmoc strategy then
purified by HPLC before undergoing thiol-maleimide coupling with
commercially available DOPE-PEG-Maleimide. Detailed syntheses
and purifications of compounds 1 and 2 are available in the
Supporting Information.
4.5. ExtraCal Labeling Protocol for Adherent Cells
The protocol is explained here for HeLa cells. However, the same
method was used for other adherent cells by changing the respective
cell culture media in place of HeLa cell culture media. In all three
experimental conditions, the imaging glass-bottomed dishes with
HeLa cells were first washed with 1% PBS twice and incubated with 5
μL of 10 mg/mL H2N-GGGYC-Maleimide-PEG-DOPE (GPI anchor
mimic) dissolved in 1% PBS for 10 min at 37 °C, 5% CO2 in 200 μL of
1% PBS. Then the cells were washed twice with 1% PBS to remove
excess unbound H2N-GGGYC-Maleimide-PEG-DOPE.
Condition 1. After washing excess H2N-GGGYC-Maleimide-

PEG-DOPE, 100 μL of HeLa media (MEM/10% DFBS and 1%
penicillin-streptomycin), 100 μL of sortase reaction buffer (500 mM
Tris-HCl (pH 7.5), 1.5 M NaCl, and 100 mM CaCl2), 100 μL of 2
mg/mL ExtraCal and 100 μL of 5 mg/mL sortase A (both ExtraCal
and sortase A were dialyzed into 1% PBS) were mixed and added into
the cell culture dish. After 10 min of incubation at 37 °C, 5% CO2, the
cell culture dishes were washed with 1% PBS twice, and 1 mL of HeLa
cell culture media was added.
Condition 2. Same amounts of ExtraCal and sortase A that were

dialyzed into 1% PBS were mixed with 100 μL of sortase reaction and
100 μL of 1% PBS in the cell culture dishes, in the place of HeLa cell
culture media. After 10 min of incubation at 37 °C, 5% CO2, the cell
culture dishes were washed with 1% PBS twice, and 1 mL of HeLa cell
culture media was added.
Condition 3. After washing excess H2N-GGGYC-Maleimide-

PEG-DOPE, 100 μL of HeLa media (MEM/10% DFBS and 1%
penicillin−streptomycin), 100 μL of sortase reaction buffer, 100 μL of
2 mg/mL ExtraCal and 100 μL of 5 mg/mL sortase A (but in the
elution buffer containing 300 mM NaCl, 50 mM HEPES, 10%
glycerol and 250 mM imidazole) were mixed and added into the cell
culture dish. After 10 min of incubation at 37 °C, 5% CO2, the cell
culture dishes were washed with 1% PBS twice, and 1 mL of HeLa cell
culture media was added.
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4.6. Red Blood Cell Studies
The blood drawing followed a protocol approved by the Institutional
Review Board of Saint Louis University. Whole blood (40 mL) was
collected via venipuncture from healthy human volunteers into
heparinized syringes and centrifuged at 500g and 4 °C for 10 min.
The plasma and buffy coat were removed by aspiration. The
remaining RBCs were washed three times with a physiological salt
solution (PSS) containing 21.0 mM tris(hydroxymethyl)-
aminomethane, 4.7 mM KCl, 2.0 mM CaCl2, 140.5 mM NaCl, 1.2
mM MgSO4, 5.5 mM glucose, and 0.5% (w/v) bovine serum albumin,
at pH 7.4. RBCs were used for analysis within 2 days of drawing.
When stored overnight, the RBCs were stored in PSS and washed
three times the day of use. RBCs were diluted with HBSS so that the
final hematocrit of the cell suspension injected into the device was 7%.

4.7. RBC Labeling Protocol
RBCs were incubated with 5 μM of H2N-GGGYC-Maleimide-PEG-
DOPE for 10 min in the incubator at 37 °C, 5% CO2 in a closed 1.5
mL centrifuge tube. Next, the cells were centrifuged at 500g at 4 °C
for 2 min and resuspended in 1 mL of 1% PBS. The cells were spun
again (500g at 4 °C for 2 min) and the supernatant was removed to
get rid of unbound excess H2N-GGGYC-Maleimide-PEG-DOPE.
RBCs were then resuspended in 100 μL of 1% PBS and 100 μL of
sortase reaction buffer (500 mM Tris-HCl (pH 7.5), 1.5 M NaCl and
100 mM CaCl2), 100 μL of 2 mg/mL ExtraCal or mCherry-FLuc-
LPDTG and 100 μL of 5 mg/mL sortase A were added. The cells
were then incubated with this mixture for 10 min in the cell culture
incubator under the previously described conditions in a closed 1.5
mL centrifuge tube and followed by two washing steps with 1 mL of
1% PBS.

4.8. Cell Culture
RAW264.7 and HeLa cells were purchased from ATCC, USA.
Recommended cell culture media; (RAW264.7 (RPMI/10% DFBS/
1% PS), and HeLa (MEM/10% DFBS/1% PS) were used to
subculture cells on 29 mm, 60 mm, or 100 mm cell culture dishes. For
live-cell imaging experiments, cells were seeded on 29 mm glass-
bottomed dishes at a density of 1 × 105 cells/well.
4.8.1. Cell Culture and Maintenance of C2C12 and 3T3L-1

Cells. The C2C12 murine myoblasts were cultured in Dulbecco’s
modified Eagle growth medium (DMEM; Gibco, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin−
streptomycin, PS (Gibco, USA). Differentiation of C2C12 cells is
achieved by replacing growth media with differentiation media, DM
with DMEM (Gibco), 2% horse serum (Gibco), and 1% PS (Gibco)
for 7 days. The differentiation media was changed every day. The
mouse 3T3-L1 preadipocytes were cultured in growth media
containing 10% NB calf serum and 1% PS. When cells reached 80%
confluency, the differentiation was induced by DM media with
DMEM, 10% FBS, 1% PS, 500 mM IBMX,10 mM dexamethasone,
and insulin (10 mg/mL) for 2 days. It was changed into DM media 2
containing DMEM, 10% FBS, 1% PS, and insulin (10 mg/mL)
(Sigma-Aldrich) for the next 2 days. After 4 days of the differentiation
process cells were maintained for 5 more days in standard growth
media before cells were used for the experiment.
4.8.2. DRG Extraction. Matrigel was thawed on ice and diluted

with cold Neurobasal medium in a ratio of 50 μL Matrigel to 1.5 mL
Neurobasal. 200 μL of this mixture was added to each well of a 6-well
plate with glass bottoms and incubated for 1−2 h. The mixture was
gently aspirated, and the wells were allowed to dry in a hood for 3
min. Each well was washed with 500 μL Neurobasal medium and
dried again in the hood. Dorsal root ganglia (DRG) were isolated
from 6−8-week-old C57BL mice by anesthetizing the mice with a few
drops of isoflurane in a glass container, placing the mice inside. The
mice were Decapitated using large scissors, the fur was sprayed with
70% ethanol, and the dorsal skin was cut along the spinal column with
medium scissors. Cuts along the sides of the spinal column were made
as close to the vertebrae as possible by cutting through the arms, ribs,
and hip bones while leaving some rib protrusions for orientation. The
spine was placed in a large Petri dish with cold HBSSH (HBSS

+HEPES) and transferred to the tissue culture room. With the help of
a dissecting scope, the tissue in solution was cleaned by removing
connective tissue to expose the vertebrae using small scissors. For
lumbar ganglia, the last rib was cut, and then the tissue was transferred
to a clean 35 mm dish with cold HBSSH. A longitudinal cut was made
from the rostral to the caudal along the dorsal spinal cord using small
spring scissors, and the cut was done through the bone to expose the
spinal column. Using this opening as a guide, an incision was made
through the ventral column with a scalpel blade, ensuring that the cut
was even. From each half, the piece of spinal cord was removed
carefully, avoiding pulling out the DRGs. The DRGs were plucked by
inserting forceps under the DRG body to grab the distal root within
the intervertebral space.

Once collected, the processes on both sides were cut with small
spring scissors or a scalpel, and the DRGs samples in HBSS with 10
mM HEPES were placed on ice. The ganglia were digested in 45U
papain (Worthington Biochemical) in HBSS+H for 20 min at 37 °C.
After washing, the tissue was digested in collagenase (1.5 mg/mL;
Sigma) for an additional 20 min at 37 °C. Following another wash,
the cells were dissociated in Neurobasal A medium (Gibco)
containing 5% FBS (Life Technologies), 1× B27 supplement
(Gibco), 2 mM GlutaMAX (Life Technologies), and 100 U/mL
penicillin/streptomycin (Life Technologies). The tissue suspension
was filtered using a 40 μm nylon cell strainer and centrifuged at 1000g
for 3 min. The cells were then resuspended, triturated, and
centrifuged again at 1000g. Finally, the neurons were resuspended
in DRG media, plated onto coverslips coated with collagen and poly-
D-lysine (Sigma), and cultured for 3−4 days before proceeding with
labeling and imaging experiments.
4.8.3. White Preadipose Tissue Extraction. To collect and

digest adipose depots, a 1.5 mL tube for each pup was prepared, and
250 μL of phosphate-buffered saline (PBS) and 200 μL of 2×
isolation buffer were added while keeping the tube with solution
sterile and on ice. The P5 pups were placed into small chambers on
ice until they became hypothermic, making sure that there was no
direct contact with the ice. Pups were then euthanized by
decapitation. For subcutaneous white adipose tissue (WAT), the
pups’s sides were cut and pulled down gently, and the fat depot, which
appeared clear or white, was collected. For subcutaneous white
adipose tissue (WAT), the pup’s abdominal skin was cut and gently
pulled down, and the fat depots were collected, which appeared as
clear or white elongated tissue. The fat depot was rinsed in PBS and
placed in a tube with PBS and isolation buffer on ice. Each depot in
the tube was directly minced with small scissors. A 50 μL solution of
15 mg/mL collagenase type I in 2× isolation buffer was prepared,
added to each tube and resuspended the minced tissue samples by
inverting the tubes and incubating at 37 °C on a shaker for 30 min.
After digestion, the tissue pieces were strained through a 100 μm cell
strainer into new 50 mL tubes. These WAT suspensions were diluted
enough to plate ∼4−6 wells per sample, aiming for a final volume of 2
mL per well. After 1−1.5 h, the supernatant media was aspirated,
washed with 2 mL of DMEM without serum, and gently agitated to
detach blood cells. After three washes, 2 mL of fresh isolation medium
was added and incubated at 37 °C with 5% CO2. The isolated WAT
was maintained according to Galmozzi et al.80 The WAT cells were
also differentiated according to the 3.7.2 protocol. After 48 h (day 2 of
differentiation), the medium was refreshed with a maintenance
medium consisting of 10% FBS in DMEM, 1%PS, and 170 nM
insulin.

4.9. Live Cell Imaging, Image Analysis, and Data
Processing
The methods, protocols, and parameters for live cell imaging are
adapted from previously published work.81−83 Briefly, live cell imaging
experiments were performed using a spinning disk confocal imaging
system (Andor Technology) with a 60×, 1.4 NA oil objective, and
iXon ULTRA 897BVback-illuminated deep-cooled EMCCD camera.
The time-lapse images were analyzed using Andor iQ 3.2 software by
acquiring the mean pixel fluorescence intensity changes of the entire
cell or selected area/regions of interest (ROIs). Briefly, the
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background intensity of images was subtracted from the intensities of
the ROIs assigned to the desired areas of cells (plasma membrane,
and cytosol) before intensity data collection from the time-lapse
images. The intensity data from multiple cells were opened in Excel
(Microsoft office) and normalized to the baseline by dividing the
whole data set by the average initial stable baseline value. Data were
processed further using Origin-pro data analysis software (Origin-
Lab).
4.10. Experimental Rigor and Statistical Analysis
All experiments were repeated multiple times to test the
reproducibility of the results. Results are analyzed from multiple
cells and represented as mean ± SD. The exact number of repeats
used in the analysis is given in respective figure legends. Digital image
analysis was performed using Andor iQ 3.1 software, and fluorescence
intensity obtained from regions of interest was normalized to initial
values (baseline). Data plot generation and statistical analysis were
done using OriginPro software (OriginLab).
4.11. Cytosolic Ca2+ Measurements
Cells were cultured on cell culture dishes at 37 °C with 5% CO2 for
intracellular Ca2+ measurements. Experiments were performed 12−24
h after plating. Cells were rinsed two times with HBSS-With-Ca2+, pH
7.2 and loaded with a mixture of 1 μM Rhod-2 AM (Cayman
chemicals), a fluorescent probe specific for mitochondrial Ca2+, with
01% Pluronic acid for 15 min at 37 °C as described previously. HBSS
was removed, replaced with dye-free HeLa cell culture medium, and
incubated for an additional 15 min at 37 °C. The fluorescence
intensity of Rhod-2 AM was continuously imaged at 1s intervals using
594 nm excitation and 620 nm emission with confocal microscopy.
Rhod-2 AM fluorescence intensities obtained from regions of interest
were normalized to initial values.
4.12. Microfluidic Device
The 3D-printed device used in this study for detection of ATP from
RBCs was based upon a previous design, optimized for NO and ATP
detection from flowing RBCs. The device was designed in Autodesk
Inventor Professional and printed on a Stratasys J750 PolyJet printer
with Vero UltraClear model material. The device was manually
cleaned of support material and rinsed with isopropanol and water,
with small ridges that formed a carpet layer on the bottom of the
device from the support material removed by wet polishing until the
device was smooth and transparent. This device had some slight
modifications for these studies that just focused on ATP detection.29

All channels were designed with a 500 × 500 μm cross-section, and
fluidic connections were made with printed threads design to
accommodate commercial fittings (Idex P-202, IDEX Health &
Science, Oak Harbor, WA) and tubing (508 mm i.d. Tygon tubing,
06419-01, Cole-Parmer) (see Figure S7B for all dimensions). The
previously described device had ports for the introduction of
electrodes that were not used in this study. These ports were blocked
by threading various prefabricated and commercially available
electrodes into the device to complete the device and possibly
prevent it from leaking before ATP detection. The chemiluminescent
part of the device is a significant component of this study. It consists
of two inlets for introducing the luciferin/luciferase solution, followed
by a straight reaction channel. The optimized design resulted in
reagent streams that converge with the sample channel to form a
double mixing T, and the light-producing reaction occurs as the
solutions mix via diffusion in the ATP detection channel.

In this study, HBSS was used as the carrier buffer and pumped
through the device at 15 μL/min from a syringe pump. Injections
were made using a 4-port injector fitted with a 1 μL volume rotor
(Valco Instruments, Houston, TX). The ATP/luciferin/luciferase
reaction channel was placed over a PMT (Hamamatsu Photonics) in
a light-excluding black box.84 The luciferin/luciferase solution
contained 10 mg/mL crude firefly lanterns (Sigma-Aldrich, St.
Louis, MO), and 1 mg/mL luciferin (Gold Biotechnology, St.
Louis, MO) in HBSS. The solution was sterile filtered, loaded into
two syringes, and continuously pumped into the device at 2.5 μL/min.
For analysis, 1 μL plugs of the standard addition samples were

injected into the device. Flow injection analysis of injected RBC
samples yielded peaks for chemiluminescent signal. Peak heights from
ATP-spiked samples, injected in triplicate, were used to determine the
concentrations of ATP in the various blood samples (standard
condition vs reduced O2 tension) via standard addition. In the range
of 550−570 nm, which is the maximum emission wavelengths of the
luciferin/luciferase reaction, deoxygenated hemoglobin absorbs more
light than oxygenated hemoglobin.29 Therefore, the chemilumines-
cent signal of ATP in reduced O2 tension samples is attenuated
relative to that in standard condition samples.29 For this reason,
separate standard curves were performed to quantitate the amount of
ATP in standard conditions versus reduced O2 tension samples. The
method of standard addition was used to quantitate the ATP for all
the RBC studies in order to account for any matrix effects.

All solutions were made fresh on the day of the experiment.
Standard addition curves were created using 1 mL of RBCs and 0−
250 μL of ATP stock solution. An ATP stock solution of 25 μM was
made in HBSS. The red blood cell samples were diluted with HBSS to
a final volume of 1.25 mL and a final hematocrit of 7%. RBC samples
were spiked with analytes immediately before being injected into the
device. Standard conditions RBCs were diluted in HBSS, whereas low
O2 conditions were achieved using oxyrase.25,29 Reduced O2 tension
samples were diluted in HBSS with 10% oxyrase broth and incubated
at room temperature for 30 min. All data, for analysis and
presentation purposes, was smoothed in PeakFit (San Jose, CA)
with a Savitzky−Golay filter (0.5% window) to filter the noise.
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