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Personalized medicine offers great potential benefits for disease
management but requires continuous monitoring of drugs and
drug targets. For instance, the therapeutic window for lithium ther-
apy of bipolar disorder is very narrow, andmore frequentmonitoring
of sodium levels could avoid toxicity. In this work, we developed and
validated a platform for long-term, continuous monitoring of sys-
temic analyte concentrations in vivo. First, we developed sodium
microsensors that circulate directly in the bloodstream. We used
“red blood cell mimicry” to achieve long sensor circulation times
of up to 2 wk, while being stable, reversible, and sensitive to so-
dium over physiologically relevant concentration ranges. Second,
we developed an external optical reader to detect and quantify
the fluorescence activity of the sensors directly in circulation with-
out having to draw blood samples and correlate the measurement
with a phantom calibration curve to measure in vivo sodium. The
reader design is inherently scalable to larger limbs, species, and
potentially even humans. In combination, this platform represents
a paradigm for in vivo drug monitoring that we anticipate will have
many applications in the future.

microsensors | erythrocytes | sodium monitoring | diffuse in vivo flow
cytometry

Personalized medicine is an emerging concept in healthcare,
where drug dosing is tailored to patients to improve treat-

ment response and minimize adverse side effects (1–3). Current
dosing regimens typically treat patient populations based on
simple metrics such as age, weight, and gender. However, it is
well understood that genetic makeup, nutrition, health status,
and drug resistance affect drug efficacy and toxicology (4, 5), so
that individualized indicators of response are greatly needed (6).
For instance, lithium is still one of the most effective treatments

for bipolar disorder (7). However, lithium has a very narrow
therapeutic window (8–10), since the therapeutic range (0.6 to
1.2 mM) is close to the minimal levels at which toxicity occurs
(1.5 mM) (11). Lithium toxicity can cause acute and chronic side
effects to the central nervous and renal systems (9, 12), including
decreased sodium reabsorption and sodium depletion in the blood
(hyponatremia), ultimately resulting in seizures and even death. As
such, continuous and accurate monitoring of systemic sodium
levels is critical (13). Currently, most patients receiving lithium
treatment undergo periodic blood draws to test sodium levels using
blood analyzers (14). However, this is done infrequently (once per
week or less), and as such changes in sodium levels that occur
over hours and days are not detected (15, 16). Therefore, there is a
persistent need for better methods for monitoring of lithium and
downstream targets (17) as well as for many other drugs.
One emerging approach is the use optical (fluorescence)-

based chemical sensors, which could allow continuous monitor-
ing in vivo over time (18). Previous work by our team and others
have shown that optical sensors exhibit long-term stability, re-
versibility, specificity, sensitivity, and reproducibility (19–22). We

previously developed optical sensors that were implanted as
“tattoos” in the dermis or subcutaneous tissue to monitor
changes in sodium concentration in the interstitial fluid (ISF)
(23, 24). This was still problematic, since analyte concentrations
in the ISF are not equal to systemic concentrations (25), and in
particular usually lag and are higher in the ISF than that in the
blood (26). Moreover, the free ion activities in the ISF differ
from those of the plasma (27), and the sensors were observed to
be cleared out of the skin by macrophages (28), thus restricting
sensor lifetime to hours (29).
Motivated by this, in this work, we developed a fluorescent

sensor that circulates directly in the bloodstream. Such a sensor
would ideally circulate for long periods of time, with clearance
half-life of weeks or months. Other groups have studied the
circulation kinetics of therapeutic nanoparticles and microparticles
and have shown that this is modulated by particle size (30), shape
(31), and surface functionality (32) due to multiple clearance
mechanisms in the body (33–35). Notably, surface encapsulation of
hydrophobic sensing components by PEGylation (36) mitigates
particle aggregation, opsonization, and phagocytosis. For example,
Huang and coworkers (37) reported that PEGylation resulted in
clearance half-life of liposomes of about 5 h. Zhang and coworkers
(38) used erythrocyte membranes to camouflage poly(lactic-
coglycolic acid) nanoparticles and showed a clearance half-life of
39.6 h. DeSimone and coworkers (39) reported that mimicking red
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blood cell (RBC) size, shape, and rigidity dramatically increased
elimination half-life of hydrogel microparticles as have others
(40, 41).
Herein, we extended the concept of RBC mimicry to circu-

lating sodium sensors. We used RBC-cloaked, micrometer-sized
particles with polymer-free fluorescence sensing cores (“fRBC
sensors”). In our fRBC design, we employed and optimized
many elements of RBC mimicry simultaneously: RBC membrane
exterior, micrometer-sized mimicking of RBC size, and polymer-free
interiors. As we show, our fRBC sodium sensors are reversible,
stable, and have robust response toward sodium.
Second, we developed a method for externally measuring the

fluorescence signals from fRBCs while circulating in the blood-
stream, thereby avoiding the need to draw blood samples to
“read” sensor activity. We applied a technique that we recently
developed—“diffuse in vivo flow cytometry” (DiFC)—which uses
highly scattered diffuse light in the near-infrared range to detect
and quantify extremely rare, circulating fluorescently labeled cells
in the bloodstream (42–45). DiFC is well suited to this application,
since it can be applied to large limbs, species, and potentially even
humans. The fRBC sensors are designed to be optically compat-
ible with DiFC, so that they can be detected while in circulation at
concentrations as low as 1 cell per mL. We used DiFC to track
individual fRBCs in mice in vivo and showed that the sensors were
detectable for up to 14 d after their injection into the bloodstream,
which was 6.5 times longer than more conventionally designed
PEGylated sensors. Finally, we measured in vivo sodium con-
centration in mice using DiFC readout of circulating fRBC sen-
sors and compared our results to a commercial blood analyzer
(iSTAT). Fitting the iSTAT and in vivo DiFC measurements to
the calibration data obtained from the phantom flow experiment,
we measured intensities that indicate Na+ concentrations lower
than 150 mM. The accuracy and variability in our measurements
may be further improved upon in the future, but this is outside the
scope of the current study. Moreover, we anticipate that our fRBC
sensor and optical reader platform could be extended for use with
other drugs and drug targets in the future.

Results and Discussion
Sensor Design: Overview. The sensor mechanism for sodium de-
tection is based on the well-developed optode design, validated
previously for detection of ions and small molecules (Fig. 1) (19,
22, 46–49). The sensor is composed of a lipophilic polymer-free
plasticizer matrix wherein the sensing components are dissolved,
encapsulated into particle form with an amphiphilic lipid mono-
layer (PEG-lipid or RBC membrane) through an oil-in-water
emulsion process. The sensing core is composed of a pH-sensitive
chromoionophore, an ion-selective but optically inactive sodium

ionophore, a reference fluorophore, and a hydrophobic ionic
additive to balance the charge within the sensor matrix. Sodium
ions in the external aqueous solution are extracted by the sodium
ionophore into the hydrophobic sensor core, resulting in the
deprotonation of the chromoionophore to maintain charge
neutrality within the sensor particle. The change in protonation
state of the chromoionophore consequently changes the optical
properties of the fluorophore. This ion exchange process is in
equilibrium between the sensor and surrounding environment,
enabling continuous measurements of sodium fluctuations. A
reference fluorophore is added as an internal standard to nor-
malize the response and prevent variability due to sensor con-
centration or distance from the optical detector. Ratiometric
measurements are preferred in sensor design since they facilitate
more accurate quantification (49–51). In this design scheme, we
used Rhodamine 18 (R18) as the reference fluorophore. R18 is
also a pH-sensitive fluorophore but has an inverse response trend
compared to chromoionophore III as the pH changes. Thus, using
the ratiometric response between these two fluorophores increases
the steepness of the slope for the response curves and further in-
creases the sensitivity of the sensor (19, 52–54).

Size and Zeta Potential Characterization. Images of RBC, fRBC,
and PEGylated sensors were taken using bright-field optical
microscopy (Fig. 2 A–C). Sensor particles were spherical with
minimal aggregation, indicating a stable suspension of the hy-
drophobic sensing core in the aqueous environment. This result
suggests successful encapsulation of the hydrophobic sensor core
with the amphiphilic membrane coating, preventing oil droplet
coalescence and particle aggregation into larger irregular struc-
tures. ImageJ was used to analyze the bright-field microscopy
images of RBC, fRBC, and PEGylated sensors to measure the
particle sizes (n = 100) (histograms in SI Appendix, Fig. S1). The
sizes of the sensors are summarized in Fig. 2D, with RBCs,
fRBC, and PEGylated sensors measuring 6.23 ± 0.66 μm (poly-
dispersity index [PdI] = 0.106), 5.78 ± 1.64 μm (PdI = 0.284), and
6.69 ± 1.97 μm (PdI = 0.294) in diameter, respectively. The
fRBC sensors were visualized using transmission electron mi-
croscopy (TEM), with size measured (6.19 ± 1.45 μm) that is in
good agreement with the measurements obtained using bright-
field optical microscopy (SI Appendix, Fig. S2).
Using dynamic light scattering, a bimodal population was

observed for the fabricated sensors. A mixture of micrometer-
sized (5.7 ± 2.2 μm) and nanometer-sized (606.1 ± 360.8 nm) for
both fRBC and PEGylated sensors was produced. This is
expected since relatively mild conditions (i.e., vortex, stirring)
were used in the fabrication process and no harsh treatments
(i.e., sonication, extrusion) were used, as severe conditions can
break down micrometer-sized architectures into nanometer-sized
particles. Producing a monodisperse population of micrometer-
sized sensors would be ideal. Nanometer-sized particles pro-
duced as a by-product of the fabrication process will be easily
cleared from circulation due to size-dependent susceptibility to
phagocytosis and endocytosis. Compared to optical nanosensors
previously developed in our laboratory, the micrometer-sized
sensors are more advantageous for applications cited here, mim-
icking the size of RBCs. Currently, the fabrication process still
needs optimization to better control production of micrometer-
sized fRBC sensors with a homogenous size distribution; however,
this is beyond the scope of this study.
To further validate successful encapsulation of the sensor core

with the RBC membrane, the sensors were also characterized
using zeta potential, fluorescence microscopy, and SDS/PAGE.
As shown in Fig. 2D, the zeta potential was −22.7 ± 3.0 mV for
fRBC sensor and −13.2 ± 3.0 mV for PEGylated counterparts.
Uncharged PEG chains shield the surface of the particle, thus
reducing the available sites for ionization and decreasing the
magnitude of the zeta potential measured for PEGylated sensors

Fig. 1. Schematic of the fRBC sensor mechanism and fabrication process.
Optode-based sodium sensor is based on ion extraction mechanism. The
sodium optode and the RBC membrane solution were vortexed vigorously
and then stirred overnight to homogenize the emulsion and evaporate the
organic solvent. C, chromoionophore III; D, reference fluorophore R18; L,
sodium ionophore X; R-, ion exchanger NaTFPB.
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compared to fRBC sensors (P = 0.02). RBC membranes contain
a variety of proteins and lipids that impart a negative surface
charge under physiological pH. As measured, the zeta potential
of RBCs was −17.2 ± 3.5 mV, similar to that of fRBC sensors
(P = 0.11), confirming the encapsulation with the RBC mem-
brane. The RBC-mimicking properties of fRBC sensors (i.e.,
microscale sizing and strong negatively charged surface) should
protect the fRBC sensors from being recognized by the re-
ticuloendothelial system (RES) and prevent uptake by tissue.
This camouflaging is expected to increase the circulation lifetime
of the fRBC sensors compared to PEGylated sensors (55, 56).
Using Alexa Fluor 488-labeled anti-CD47 antibody, the

membrane coating of the fRBC sensors was visualized (SI
Appendix, Fig. S3). After antibody incubation, native CD47
proteins present on the RBC membrane were labeled by the
fluorescent antibody, distinguishing the membrane shell from
the optode core, thus further corroborating an association of
the sensors with the RBC membrane. Furthermore, the protein
content of fRBC sensors was also examined using SDS/PAGE
analysis (SI Appendix, Fig. S4) to determine membrane com-
positional integrity. The gel image shows that the fRBC sensors
have similar protein composition as RBC ghosts, further vali-
dating membrane encapsulation of the optode. Maintaining
compositional integrity of the membrane is important as the
lipids and proteins in the membrane help camouflage the
fRBC sensors against biological immune response and prolong
the circulation time of the sensors (57–59). It is also known
that cell membranes can undergo degradation under long-term
storage (60). To investigate the stability of the membrane
coating, fRBC sensors were aged and the proteins were ana-
lyzed again using SDS/PAGE (SI Appendix, Fig. S5). The
composition of the RBC membrane changed over time, sug-
gesting that the membrane coating of the fRBC sensors de-
grades over time. This has functional implications to the fRBC
sensors as discussed later when circulation lifetimes of the
sensors were characterized.

Response Characterization. The responses of the fRBC and the
PEGylated sensors were assessed to determine whether changing
the surface coating of the sensors would impact its sensing ca-
pability. As sodium concentration increases, the chromoiono-
phore gets increasingly deprotonated, causing the fluorescence
intensity of the chromoionophore (680 nm) to decrease. R18 (585
nm), acting as a reference fluorophore, is also pH-responsive and
increases in fluorescence intensity with sodium concentration (Fig.
3A). The ratiometric measurement reduces the errors associated
with sensor concentration. In addition, the incorporation of two
pH-sensitive fluorophores with opposite response trends enhances
the sensitivity of the sensor, as shown in previous work (19). Using
the sigmoidal fit of the calibration curve, the fRBC sensor has a
sensitivity of 41% per log unit evaluated at the physiological
concentration of sodium (140 mM). The lower limit of detection
(LLOD) was 17.9 mM, and the center of the dynamic range was
228 mM. In comparison, the control using PEGylated sensors with
equivalent formulation of sodium sensor showed that the re-
sponses were comparable. The sensitivity of the PEGylated sensor
was 42% per log unit at physiological concentration with a LLOD
of 14.9 mM. The center of the dynamic range was 165 mM. The
comparison study suggests that the sensor response primarily de-
pends on the formulation of the sensing components and that the
biological membrane does not significantly change the sensor re-
sponse. Although the center of the dynamic range is right-shifted
for the fRBC sensor, the response still covers the physiological
concentration of sodium.
Reversibility of the sensor response is necessary to track so-

dium fluctuations continuously, but ion flux could be restricted
with a membrane coating lacking functional ion channel dy-
namics. To investigate response reversibility, the fRBC sensors
were placed in dialysis tubing and incubated in alternating so-
lutions of 50 and 150 mM NaCl for 20 min, then measured for
fluorescence intensity. In Fig. 3B, the sensor response was found
to recover up to 90.3% when cycled three times. This recovery
confirms that the RBC membrane coating on the fRBC sensor

Fig. 2. Morphology, size, and zeta potential of RBCs, fRBC sensors, and PEGylated sensors for comparison. (A) Bright-field microscopy image of RBCs with
average size of 6.23 ± 0.66 μm (n = 100). (B) Bright-field microscopy image of fRBC sensors with average size of 5.78 ± 1.64 μm (n = 100). (C) Bright-field image
of PEGylated sensors with average size of 6.69 ± 1.97 μm (n = 100). (Scale bar, 5 μm.) (D) Size and surface zeta-potential characterization of RBCs, fRBC sensors,
and PEGylated sensors. Size distribution histograms are shown in SI Appendix, Fig. S1.
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does not affect reversibility of the sensing core’s response.
Moreover, particle-based optode sensors have been used in the
past for continuous measurements, demonstrating reversibility
over numerous cycles (18, 21). The fRBC sensors are expected to
behave similarly to previously developed particle-based optode
sensors, considering that RBC surface coatings are leaky and
permeable to small cations even without ion channel function
(61). From this, we can extrapolate that fRBC sensors should
offer limitless reversibility in response, with photobleaching be-
ing the eventual limitation.
We previously estimated that the response time of PEGylated

particle-based optode sensors is on the order of milliseconds to
seconds (6–8), which is easily sufficient for the intended appli-
cation of monitoring sodium imbalance since the current stan-
dard of practice is on hour/day timescales (9–11). The surface
coating could potentially affect the response time of the sensors
if 1) the membrane coating has a tight seal and relied on ion
channels for transport, or 2) the membrane was positively charged,
thus causing electrostatic repulsion of sodium ions. Neither condi-
tion is applicable here, since both PEGylated and RBC surface
coatings are permeable (61, 62), which should preclude any adverse
effects to the sensor response time. Moreover, zeta potential
measurements of our fRBC sensors indicate that the membrane
coating is negatively charged (−22.7 ± 3.0 mV) and thus would
not repel sodium ions.
Finally, we assessed the stability of the fRBC sensor response

in physiological conditions, namely serum and temperature. Pro-
teins in serum have been known to cause biofouling in particle-
based optical sensors, affecting the response of sensors (63), and
there is potential for rapid degradation at 37 °C. To assess the
stability of the particles, we stored a solution in 10% FBS Hepes
buffer at 37 °C and calibrated the sensors every day for 7 d. The
calibration curves generated on each day overlay and indicate
minimal degradation in signal (Fig. 3C), with the center of the
dynamic range changing minimally at 0.2 mM/day over 7 d based

on a linear trendline fitting (Fig. 3D). Compared to buffer solution,
smaller change was observed over 7 d (19). Although the change in
serum is more significant than that in buffer solution, the actual
change of dynamic range is small and still encompasses the range of
blood sodium levels under normal (135 to 145 mM) or hypona-
tremic conditions (115 mM) (64, 65). Thus, the result demonstrated
that the fRBC sensor response in serum is stable up to 7 d.

DiFC Measurements of fRBCs in Phantoms. Another major issue was
characterization of the fluorescence readout of the fRBC sensors
in vivo using DiFC. Our team recently developed DiFC (Fig. 4)—
a technique for optical detection of fluorescently labeled cir-
culating cells (42–45) in the bloodstream. DiFC was used for
continuous detection of fRBC sensors under flow through an
in vitro optical flow-phantom model to mimic in vivo optical
properties and blood flow conditions of a large blood vessel in a
limb. The fRBC sensors were incubated at varying concentra-
tions of sodium (0, 150, and 300 mM), and the resulting fluo-
rescence intensities were measured with DiFC (n = 4). The
distribution of detected peaks from one trial is shown in Fig. 5A
for each condition as an example and was compared to corre-
sponding measurements obtained using a flow cytometer (FC)
(Fig. 5B). The mean fRBC fluorescence intensity over four trials
(marked with vertical lines in Fig. 5A) decreased by 5.2 ± 12.4%
and 30.0 ± 21.3% (Fig. 5C) versus baseline, when the sodium
concentration increased from 0 to 150 and 300 mM, respectively.
These were in good agreement with measurements obtained by
FC, 23.8 ± 24.8% and 39.2 ± 12.2% reduction for increases to
150 and 300 mM (Fig. 5C), respectively. The differences here
correspond to the slightly different optical excitation and de-
tection configurations (lasers and filters) of the two systems, and
because DiFC measurements are biased toward the more
brightly labeled fRBCs, which are externally detectable. These
data illustrate that the fluorescence emission of fRBC is quan-
tifiable on a particle-by-particle basis using DiFC.

In Vivo Measurement of fRBC Sensors. DiFC was then utilized to
noninvasively study the in vivo circulation kinetics of fRBC sen-
sors in nude mice. The sensors were introduced into mice using
retroorbital injection, and the number of fRBCs in circulation

Fig. 3. The fRBC and PEGylated sensor response to sodium, reversibility, and
stability. (A) Response of the fRBC and PEGylated sensors to sodium in dif-
ferent concentrations. The normalized ratio “α” is derived from the fluo-
rescence emission ratio of CHIII to R18 (680 nm/580 nm). The end points of
10−5 and 105 represent the fully protonated and deprotonated states, re-
spectively. (B) Reversibility experiment was performed with the fRBC sensors
loaded in dialysis tubing. The NaCl solutions with alternating concentrations
of 150 and 50 mM were washed through for three cycles. (C) Response
stability of the fRBC sensors in 10 mM Hepes buffer (pH 7.4) with 10% FBS at
37 °C for 7 d. (D) The change in the calculated center of dynamic range of
fRBC sensors over 7 d with fitted linear trendline.

Fig. 4. DiFC system. (A) DiFC instrument schematic. (B) DiFC system photo-
graph. (BP, bandpass filter; BS, beam splitter; DAQ, data acquisition board; F
1,2, fiber bundle 1 and 2; FC, fiber coupler; M, mirror; ND, neutral density
filter; PA, preamplifier; PC, personal computer; PMT, photomultiplier tube.
Subscripts: m, emission; x, excitation.) (C) Example of a peak that corre-
sponds to a “detected” cell on DiFC. Fiber probes were placed in firm contact
with the surface of either a phantom (D) or a mouse tail (E) during the
measurements.
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were measured regularly using DiFC for up to 2 wk. Despite
confirming the stability of the sensor response over 7-d storage,
cell membranes degrade over time as seen in literature (60) and
from gel results obtained prior. Membrane proteins are integral
in inducing/preventing biological immune response (58). As
such, two different sets of fRBC sensors were prepared, cate-
gorized as follows: 1) sensors made from RBC stored for less
than 1 wk (“fresh” fRBC sensor), and 2) from RBCs stored for
over 1 wk (“old” fRBC sensor). As control, PEGylated sensors
were also prepared for performance comparison.
Example 30-s sequences of DiFC data are shown in Fig. 6A,

where data acquired from injected PEGylated sensors and fresh
fRBC sensors at 4, 24, and 72 h after injection are shown. As
individual fluorescent sensor passed through the DiFC field of
view, fluorescence emission of the individual sensors is detected,
producing peaks (as indicated with green markers) on the
current-time trace from the DiFC. In all cases, the experiment
was terminated when the count rate was below 0.2% of the initial
count rate (at t = 1 h after injection), or after 14 d, whichever
came first. The normalized DiFC data for fresh and old fRBCs
and PEGylated control sensors for all mice studies are summa-
rized in Fig. 6B.
In the PEGylated sensor group, the count rate decreased to

0.2% after 72 h, indicating that almost all of the PEGylated
sensors were cleared from circulation. Similarly, with the old
fRBC sensor group, most of the sensors were cleared from cir-
culation after 72 h. However, for the fresh fRBC sensor group,
count rates only decreased to below 0.2% at 336 h (14 d) after
injection. While the count rate for all of the sensors tested de-
creased significantly over the 72-h period, the fresh fRBC sen-
sors stayed in circulation significantly longer than the PEGylated
and the old fRBC sensors. Clearance profiles of sensors in in-
dividual animals are shown in SI Appendix, Fig. S6.
We applied a two-compartment pharmacokinetic model that

best fits the datasets acquired to calculate for the elimination
half-life of each group of sensors. The half-lives were calculated
to be 5.6 ± 1.7, 10.3 ± 3.1, and 36.3 ± 20.4 h for the PEGylated
sensors, old fRBC sensors, and fresh fRBC sensors, respectively
(Fig. 6C). The increased circulation half-life of old fRBC sensors
is not significant when compared to PEGylated sensors (P =
0.056). Notably, the fresh fRBC sensors have significantly longer
half-life compared to both the PEGylated (P = 0.024) and the
old fRBC sensors (P = 0.016). Using SDS/PAGE analysis (SI

Appendix, Fig. S5), we observed that protein degradation on the
surface of RBCs occurred when the blood was stored over the
course of weeks. Components in the membrane such as mem-
brane proteins (e.g., CD47) play a key role in cellular signaling,
preventing phagocytosis or immune response (66–69). Age-based
degradation of these components could lead to loss in sensor
cloaking and correlate with the observed decrease in circulation
lifetime and half-life of the old fRBC sensors compared to the
fresh fRBC sensors.
In addition to confirming the long-term circulation of fRBC

sensors in the bloodstream, we also used fresh fRBC sensors in
conjunction with particle-by-particle DiFC measurements to es-
timate the in vivo sodium concentrations in mice (n = 3). We first
performed calibration of in vivo DiFC data by measuring fRBC
intensities in a reference flow phantom at Na+ concentrations of
0, 150, and 300 mM. For comparison, we also measured the
Na+ concentration in mouse blood drawn immediately following
the DiFC measurements using a commercial blood analyzer
(iSTAT; CHEM8+ cartridge; Abbott). When the particle-by-
particle in vivo DiFC measurements were plotted against the
phantom calibration data (Fig. 6D), the normalized mean in-
tensity indicated that the in vivo Na+ concentration was slightly
below 150 mM, according to the calibration fitted with a sig-
moidal curve. This was in good general agreement with the in-
dependent in vivo Na+ measurements made using the iSTAT
system. We note that the relatively high interexperimental vari-
ability observed in these measurements may be attributed to
variability associated with probe alignment, tissue depth, and
sensor batch-to-batch intensity differences. We plan to upgrade
the DiFC reader (in progress) to enable ratiometric measure-
ments that we anticipate will reduce variability from the factors
above. Furthermore, improvements in the fabrication of the
sensors may be explored to decrease interbatch variations in size
and brightness. However, overall, these data provide clear proof-
of-concept for measuring systemic Na+ in vivo using the current
sensor and detection system.
Although sensor response stability has been established in

previous experiments, there are additional challenges that can
affect accurate detection of fRBC sensors (i.e., photobleaching,
biofouling, etc.). Given that the mean detected signal-to-noise
ratio (SNR) in mice in vivo was 26 dB, and assuming a minimum
detectable SNR of 15 dB, using our current design individual
sensors could lose on average up to 72% brightness and still be

Fig. 5. In vitro response of fRBC sensors to sodium concentrations. Histograms of an example trial of fRBC sensors intensity detected on (A) DiFC and (B) FC
with sodium concentrations of 0, 150, and 300 mM. (C) Normalized mean intensity of fRBC sensors over four trials on DiFC or FC with sodium concentrations at
0, 150, and 300 mM.
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detectable. We also note that photobleaching is expected to be
minimal since individual fRBCs dwell in the DiFC field of view
for less than a second, on average once every 10 min (44).

Elimination of Sensors from the Bloodstream. Finally, we in-
vestigated the biodistribution of old and fresh fRBC sensors and
PEGylated sensors in mice. Organs were harvested at the end of
the elimination phase. This was defined as the time point when
the measured fRBC count rate (using DiFC) dropped below
0.2% of the initial value. After the sensors were eliminated from
the bloodstream, the organs (i.e., brains, hearts, lungs, livers,
kidneys, and spleens) were harvested, washed, and imaged using
IVIS Lumia II. Fig. 6E exhibits the fluorescence signal per gram
of organ. After taking the organ mass into account, it was dis-
covered that the primary elimination pathway of the sensors is
through the liver, with significant difference compared to the
saline-injected groups (P = 0.04). The liver had the highest
fluorescence intensity, indicating that the sensing components
from the sensors have accumulated in this organ. The lungs and
spleen also had some fluorescence signals but not significantly
different from the control group (saline). This result suggests
that the sensors were ultimately taken up by the RES after
elimination from the bloodstream, regardless of which sensor
group. Observing that the major elimination pathway of the
fRBC sensor group goes through the liver is coherent with pre-
vious work reporting that RBC-derived vesicles (∼85%) were
removed from plasma to the liver, primarily through Kupffer
cells and other macrophages of the mononuclear-phagocyte

system (70–72). Thus, the liver, especially Kupffer cells, play
vital roles in the elimination of the fRBC sensors, although
fractionation studies are needed for validation. Despite the dif-
ference in pharmacokinetic profiles for the different sensor
groups, the ultimate elimination pathways are similar. The fresh
fRBC surface membrane coating is beneficial as it extends the
circulation time of the sensors in the bloodstream while retaining
its sensing and elimination pathway.
This type of sensor has been used previously, and no apparent

toxicity was noted (73). However, it is conceivable that there may
be specific organ toxicity that would arise from a systemic in-
jection and subsequent collection in the liver. The plasticizer
dioctylsebacate (DOS) used in the current formulation is widely
used and relatively nontoxic (74). Recent work by Crespo and
coworkers (73) studied the cytotoxicity of various ionophore-
based membranes, showing little or no cytotoxic effects in cell
culture. Although this sensor composition is promising in early
studies, chronic exposure, specific organ toxicity, and metabolic
effects are key areas that need further investigation.

Conclusions
In summary, we have successfully developed a fluorescence-
based sensor platform for direct measurement of systemic so-
dium levels. The fRBC sensors were responsive to sodium ions
with a dynamic range of 46.1 to 918.4 mM. The sensitivity is 41%
change per log unit in the physiological range of sodium in vitro.
The response was reversible between alternating concentrations
of sodium from 50 to 150 mM for over three cycles with 90.3%

Fig. 6. The in vivo circulation time and half-life of the fRBC and PEGylated sensors and its biodistribution. (A) Examples of detected sensors measured with
DiFC. Example data were taken from two mice, either from a mouse injected with PEGylated sensors (Left) or a mouse injected with fresh fRBC sensors (Right),
at time points 4, 24, and 72 h. (B) The sensor signals were detected by DiFC in nude mice at 635-nm excitation at 1, 4, 8, 24, 28, 48, and 72 h or later at 96, 120,
168, 240, 288, and 336 h (14 d) (n = 3, 5, and 9 for PEGylated, old fRBC sensor, and fresh fRBC sensor, respectively). (C) Half-life comparison study according to
a two-compartment pharmacokinetic model. The line in each group represents the mean value. (D) In vivo Na+ measurements on live mice (n = 3) as measured
by DiFC scanning of fresh fRBC sensors fitted against phantom calibration curve. (E) The fluorescence intensities of PEGylated, old and fresh fRBC sensors
localized in the organs were quantified using the in vivo imaging system (IVIS).
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recovery to the baseline. Moreover, the sensor response was
stable in 10% FBS as evaluated for 7 d with the center of dy-
namic range changing minimally at 0.2 mM/day. In addition to
the analytical performances mentioned, a sensor for continuous
in vivo monitoring must be translatable from in vitro to in vivo,
overcoming challenges of tissue scattering, stability in biological
environment, reversibility, and/or limits of detection (75).
In this paper, we overcame the limitation of “reading” our

sensor directly into the bloodstream by using a specialized op-
tical instrument (DiFC) to externally detect and quantify fRBC
sensor activity. We showed that the sensors were still detectable
14 d after injection. Using the RBC membrane as coating
strategy gives the fRBC sensor significantly longer circulation
time compared to its PEGylated counterparts. Our use of the
erythrocyte coating increased the sensor circulation half-life by a
factor of 6.5. Furthermore, we were able to measure in vivo
sodium concentrations using our fRBC sensors with DiFC opti-
cal readout, with a calibration fitting that was in good general
agreement with expected trend with observed interexperimental
variability.
Our results also illustrate the importance of using fresh blood

(RBCs) for coating of the particles to avoid degradation of key
molecules and/or proteins in the membrane that help increase
the sensor circulation time. We anticipate that with the re-
finement of our fabrication method, we can further extend the
circulation lifetime of the sensors. Future studies will involve
identification of the proteins in the SDS/PAGE bands to better
understand how to control sensor circulation time and adding
the key elements to prevent them from degrading.
In the future, we also plan to incorporate ratiometric fluo-

rescence measurements into the DiFC reader to better quantify
the particle-by-particle fluorescence intensity. Ratiometric mea-
surements will provide a reference measurement to better account
for tissue optical properties and particle-to-particle variation in
sensor intensity [similar to our previous work in skin tattoos (19)],
to enable better quantification of sodium levels in vivo and reduce
variability in measurements. We also plan to improve the de-
tection sensitivity of DiFC for fRBCs by increasing numerical
aperture and employing lock-in detection techniques. In addition
to sodium, we expect that our fRBC platform could be extended
to monitoring a wide range of drug and drug targets including
lithium and glucose.

Materials and Methods
Data Availability. Data have beenmade available on Blackfynn Discover (https://
discover.blackfynn.com/) and are filed under the title of the manuscript.

Materials. Rat RBCs were obtained from Innovative Research. Optode mixture
components were as follows: chromoionophore III (Sigma-Aldrich), bis(2-ethylhexyl)
sebacate (DOS) (Sigma-Aldrich), sodium tetrakis[3,5-bis(trifluoromethyl)
phenyl]borate (NaTFPB) (Sigma-Aldrich), sodium ionophore X (Sigma-Aldrich),
octadecyl rhodamine B chloride (R18) (Thermo Fisher Scientific), and dichloro-
methane (DCM) (anhydrous; ≥99.8%; Sigma-Aldrich). The pH 7.4, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) (BioPerformance
Certified; ≥99.5% [titration]; cell culture tested; from Sigma-Aldrich) buffer
was prepared in distilled water. All other reagents used were purchased as
follows: hydrochloric acid AR (35 to 37%) (Sigma-Aldrich), Trizma base (≥99.0%
[T]; Sigma-Aldrich), sodium chloride (BioXtra; ≥99.5% [AT]; Sigma-Aldrich), and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-550] (ammonium salt) (PEG-Lipid; Avanti Lipids).

Methods.
Preparation of RBC membrane. RBC membranes are prepared based on pub-
lished protocol (38). Four milliliters of fresh rat RBCs were washed for three
times in 1× PBS by centrifugation at 600 × g for 10 min at 4 °C. Then, the
washed RBCs were suspended in 0.25× PBS in an ice bath for 20 min. After
the hypotonic treatment, the supernatant organelles and hemoglobin were
removed by centrifugation at 10,000 × g for 20 min at 4 °C. The pink pellet
RBC membranes were prepared by rinsing with cold 1× PBS solution for

three times. Finally, 4 mL of 10 mM Hepes buffer solution was added to RBC
membrane solution in a 2-tri glass vial for further use.
Optode preparation. The optodemixturewasprepared in a 2-mLglass vial. 1.5mg
of sodium ionophore X, 0.5 mg of chromoionophore III, 2.0 mg of NaTFPB,
0.1 mg of R18, and 200 μL of plasticizer DOS were added into the glass vial
with 500 μL of DCM. For each batch of sodium sensor particles, we used 100
μL of optode mixture solution.
Preparation of RBC membrane-coated particles. Ten micrograms of PEG-lipid and
the RBC membrane in 10 mM Hepes solution were vortexed for 30 s. One
hundred microliters of sodium optode mixture was added to 400 μL of DCM.
Afterward, the hydrophobic phase solution was added to the RBC mem-
brane solution while being vortexed vigorously for 5 min. Then, the mixed
emulsion solution was stirred on a magnetic stir plate with the lid off
overnight to evaporate the organic solvent DCM. After the stirring, the
emulsion solution was washed twice with 10 mM Hepes buffer to remove all
of the free RBC membrane and free optode solution. After the washing step,
the fRBC sensor solution was centrifuged at 300 × g to remove any bulk
particles.
Characterization of size, zeta potential, and encapsulation. The zeta-potential
measurements were performed using 90Plus Particle Size Analyzer (Broo-
khaven Instrument Corporation) in 10mMHepes (pH 7.4) buffer solution. The
particle size was estimated using images captured with bright-field optical
microscopy (Olympus fluorescence microscope) and analyzed using ImageJ
(n = 100 particles). To characterize the morphology and membrane encap-
sulation, fRBC sensors were negatively stained with NanoW and then visu-
alized using the FEI Tecnai F20 Cryo-Bio 200-kV FEG TEM (Center of
Nanoscale of System at Harvard University). Grids were glow discharged for
30 s with a HDT-400 hydrophilic treatment device (Jeol Datum). The sensor
sample was prepared with single-droplet method on carbon-coated, 300
mesh copper TEM grids and imaged at 200 eV. TEM image was adjusted for
contrast with Gatan Microscopy Suite 3 software (Gatan). In addition, a
fluorophore-free version (chromoionophore III and R18 not added in mix-
ture) of the fRBC sensor was prepared, then incubated with Alexa Fluor 488-
labeled anti-CD47 (Santa Cruz Biotechnology) (5 μg/mL) overnight under
4 °C. After antibody labeling, the sensors were then imaged using confocal
microscopy (Zeiss LSM880 in the Institute for Chemical Imaging of Living
Systems at Northeastern University). SDS/PAGE analysis was also performed
to investigate membrane composition of the fRBC sensors. RBC membrane
and the fRBC sensors were prepared and dispersed in SDS sample buffer
(Invitrogen). The samples were run on a NuPAGE Novex 4 to 12% Bis-Tris gel,
1.0 mm × 12-well with Mini Gel Tank in MES running buffer using PowerEase
90-W Electrophoresis power System (Invitrogen). The samples were run at
150 V for 1 h, and the resulting polyacrylamide gel was stained in SimplyBlue
(Invitrogen) for 1 h and washed for visualization (Bio-Rad ChemiDoc Imaging
System).
Response calibration, reversibility, and stability. Freshly fabricated fRBC sensors
were calibrated toward sodium in 10 mM Hepes buffer solution (pH 7.4) with
fluorescence measurements taken using Spectramax M3 plate reader (Mo-
lecular Device) in bottom read mode. One hundred microliters of fRBC sensor
solution was added to each well and mixed with 100 μL of NaCl solution with
different concentrations ranging from 0 to 2,000 mM (pH 7.4) in a clear-
bottom 96-well plate. The final concentration in each well is one-half the
NaCl stock solutions. Five hundred millimolar NaOH and HCl were used to
represent the fully deprotonated and protonated states, respectively. The
fluorescence intensities for CHIII (ex: 639 nm; em: 680 nm) and R18 (ex:
555 nm; em: 580 nm) were measured. The fluorescence ratio for CHIII:R18
was calculated as follows:

R=
CHIII
R18

The ratio of CHIII and R18 was further normalized by computing α:

α=
Rp−Ri
Rp−Rd

where Ri is the ratio at each NaCl solution. Rp represents the ratio when the
sensors were fully protonated, and Rd is the ratio when they were fully
deprotonated. α is defined as the degree of protonation. The calibration
curve was plotted in log scale of NaCl concentration to α. The 10−5 and
105 represent the α values of HCl and NaOH, respectively. We set the num-
bers to best fit the sigmoidal curve. Finally, the dynamic range and Kd were
calculated based on the dose–response equation using Origin software.

For reversibility experiments, the dialysis tubing with the fRBC sensors was
sealed on both ends with curing epoxy and placed on a Petri dish with water-
curing epoxy. The dialysis tubes were incubated with solutions of 50 and
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150 mM NaCl for 20 min, performed in three cycles. The fluorescence images
of the fRBC sensors in the tubing were acquired using the in vivo imaging
system (IVIS). Imageswere analyzedwith the region of interest (ROI) using the
IVIS system software, and the ROI definitions for both CHIII and R18 channels
were the same. The ratio of CHIII to R18 was finally calculated as the
ratiometric measurement.

To characterize the stability of fRBC sensors, we evaluated the responses of
the sensor in 10% FBS over 7 d. The fRBC sensors were stored in 10 mMHepes
buffer solution (pH 7.4) with 10% FBS at 37 °C. For the calibration of response,
fluorescence intensities of CHIII and R18 were measured with a plate reader.
DiFC. Design and validation of the DiFC instrument and signal processing
algorithms were described in detail previously (44, 45). DiFC is designed to
detect very rare, fluorescently labeled cells moving in circulation in highly
scattering biological tissue (42–45). Briefly, DiFC (Fig. 4 A and B) uses a pair of
optical fiber bundles that are placed in direct contact with the skin (or op-
tical phantom) surface. The fibers bundle consists of a central “source” fiber
and eight fluorescence collection fibers, as well as integrated optical filters
and collection lens. As each fluorescently labeled fRBC sensor passes through
the field of view of the probe, a transient fluorescence pulse is generated
and detected (Fig. 4C). Signal processing algorithms remove the background
and distinguish moving peaks from motion artifacts. The peak amplitude
(height) reflects the measured fluorescence intensity (in units of current of
PMT output [nanoamperes]), which is linearly related to the brightness of
individual fRBC sensors. After data collection, we analyzed DiFC data to
report the count rate (counts per minute) and average peak amplitude
(nanoamperes) during scanning.
Experiments in phantoms in vitro. The fluorescence intensity (brightness) of fRBC
sensors in the presence of different concentrations of sodium (NaCl) was first
studied in a phantom model (Fig. 4D) using our DiFC instrument and a
commercial FC (Attune NxT, Thermo Fisher Scientific). A 635-nm excitation
laser and a 695/40-nm bandpass emission filter were used on the FC, to
match the optics settings on DiFC. A block of high-density polyethylene, with
dimensions 5 × 2 × 1 cm3, was used to mimic mouse tissue. We previously
measured the optical properties of this block as μ`s = 9.95 cm−1, μa =
0.036 cm−1, at 690 nm, which is close to the reported values for biological
tissue. A strand of Tygon tubing (TGY-010-C; Small Parts, Inc.) embedded
inside a fine hole drilled inside the phantom 0.75 mm from the surface was
used to mimic a blood vessel. The inner diameter of the tubing is 250 μm,
and the outer diameter is 750 μm. Samples were placed in a 1-mL syringe
attached to the Tygon tubing, and then pumped with a microsyringe pump
(70-2209; Harvard Apparatus) to produce a flow at a controlled linear speed
of 39 mm/s. fRBC sensors were suspended at concentrations of 500 to 800
per mL in 10 mM Hepes solution (pH 7.4) and coincubated with different
concentrations of NaCl (0, 150, and 300 mM). The fRBC sensors were counted
with DiFC, and the peak intensity (brightness) of the detected fRBC sensors
was calculated for each concentration with a minimum threshold of 250 nA
and a maximum threshold of 10,000 nA. The minimum threshold was used
to define detectable signals, and the maximum threshold was used to
eliminate possible cells clumping. Solutions of fRBC sensors with the same
sodium concentration were then run through FC to validate the intensity
variations. Fluorescent microspheres Flash Red, brightness level 4 (FR4; Bangs
Laboratory, Inc.) were also run on both DiFC and FC as reference beads
to estimate the thresholds applied on both systems. The corresponding
minimum threshold applied on FC was 1,500 arbitrary units. One thousand
to 2,000 fRBCs were counted on DiFC, while 20,000 to 200,000 fRBC sensors
were counted on FC for each concentration.

In vivo measurement of fRBC sensors using DiFC. All mice were handled in ac-
cordance with Northeastern University’s Institutional Animal Care and Use
Committee (IACUC) policies on animal care. Animal experiments were car-
ried out under Northeastern University IACUC protocol no. 17-1141R-A3. All
experiments and methods were performed with approval from and in ac-
cordance with relevant guidelines and regulations of Northeastern Univer-
sity IACUC. We performed DiFC measurements in three groups of mice to
investigate the circulation lifetime of the fRBC sensors in the bloodstream. A
total number of 20 female athymic NCr-nu/nu nude mice aged 10 to 11 wk
(Charles River Labs) were used in this study.

Each mouse was injected with 105 sensors suspended in 100 μL of 10 mM
Hepes solution (pH 7.4) via retroorbital injection. Mice were scanned by DiFC
system at multiple time points after the injection as below. During each scan,
the injected mouse was kept under isoflurane, and the tail was secured with
a custom-made holder. The DiFC probe was placed on the ventral surface of
the tail about 3 cm from the mouse body, approximately above the artery.
The DiFC probe was placed in firm contact with the skin, to prevent motion
artifacts during scanning (Fig. 4E). A heating pad was also placed over the
exposed area of the mouse tail during the scanning to maintain blood flow
in the tail.

For investigating sensor clearance, mice were divided into three groups as
follows: 1) group 1, PEGylated sensor (n = 3); mice were injected with
PEGylated sensors as a control; mice were scanned for 30 min, at time points
starting 1, 4, 8, 24, 28, 48, and 72 h after injection; 2) group 2, old fRBC
sensor (n = 5); mice were injected with fRBC sensors fabricated from blood
stored over 1 wk; mice were scanned for 30 min, at time points starting 1, 4,
8, 24, 28, 48, and 72 h after injection; and 3) group 3, fresh fRBC sensor (n =
9); mice were injected with fRBC sensors fabricated from blood stored less
than 1 wk; mice were scanned for 30 min at time points 1, 4, 8, 24, 28, 48, 72,
96, 120, 168, 240, 288, and 336 h after injection.

All mice were then euthanized immediately after experiments. Mice were
dissected and organs including liver, lungs, spleen, kidney, heart, and brain
were collected for the assessment of biodistribution of the PEGylated, old and
fresh fRBC sensors. Saline group represents animal that was injected with
saline solution only as a negative control (n = 1).
For measuring in vivo Na+ using DiFC. Fresh fRBC sensors were prepared as
previously described andmeasured using the DiFC under the phantommodel,
calibrating intensities against 0, 150, and 300 mM NaCl solutions in 10 mM
Hepes solution (pH 7.4). After fRBC sensor calibration, mice (n = 3) were
anesthetized under isoflurane, and blood was subsequently extracted using
submandibular blood draw technique. One hundred microliters of the blood
was loaded into a CHEM8+ cartridge and analyzed using the iSTAT (Abbot)
blood analyzer to measure blood sodium concentration. Mice were injected
with fRBC sensors fabricated from blood stored less than 1 wk and scanned
for 1 h after injection, as previously described. Normalized intensities (nor-
malized to the brightness of the sensors in the absence of NaCl) measured
from the animal scanning were then fitted to the calibration curve gener-
ated from the phantom model, fitted using a sigmoidal curve. All mice were
then euthanized immediately after experiments.
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