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Abstract
Red blood cells (RBCs) attract significant interest as carriers of biomolecules, drugs and
nanoparticles. In this regard, versatile technologies to attach molecules and ligands to the RBC
surface are of great importance. Reported here is a fast and efficient surface painting strategy to
attach ligands to the surface of RBCs, and the factors that control the stability and circulation
properties of the modified RBCs in vivo. Distearoyl phosphatidylethanolamine anchor-conjugated
immunoglobulin (IgG) efficiently incorporates in the RBC membrane following 15–30 min
incubation. The optimized RBCs show prolonged circulation in vivo (70% of the injected dose
after 48h) and efficient retention of IgG in the membrane with terminal half-life of 73 hours. The
IgG construct is gradually lost from the RBCs mainly due to the transfer to plasma components,
liver endothelial cells and Kupffer cells. The ligand retention efficiency is partially dictated by
ligand type, anchor type, and ligand concentration in the membrane, while RBC half-life is
determined by initial concentration of the ligand in the membrane and presence of PEG linker
between the ligand and the anchor. This work provides important guidance for non-covalent
surface painting of RBCs as well as other types of blood borne cells for in vivo therapeutic and
targeting applications.
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1. Introduction
Red blood cells (RBCs) have been historically used for blood transfusion in emergency
medicine. Due to long-circulating properties and biocompatibility, RBCs are now actively
being explored for delivery of genes, chemotherapy, contrast agents and enzymes. [1, 2]

Recently, RGD (Arg-Gly-Asp) peptide-modified RBCs [3] and sickle cells [4] have been
shown to bind and obstruct tumor blood vessels, causing infarction and tumor shrinkage.
Many of the therapeutic applications of RBCs require surface attachment of therapeutic
enzymes (e.g., tissue plasminogen activator) or targeting ligands (antibodies, aptamers,
peptides). Such attachment have been accomplished either through binding to defined
membrane proteins, e.g., via anti-complement receptor CR1 antibody [5] or anti-glycophorin
A antibody, [2] or through non-specific chemical conjugation to membrane proteins using
biotin-avidin [2] and heterobifunctional chemistry. [3] Some of these modifications are
difficult to scale up and control, and could result in the damage to integral membrane
proteins. Damaged RBCs are rapidly sequestered by the immune system, mostly Kupffer
macrophages and marginal zone macrophages in the spleen. [6]

Membrane painting is a simple and practical method for incorporation of biomolecules on
the cell surface, mimicking the natural mechanism of anchorage of proteins to plasma
membrane via palmitoyl, myristoyl or glycosylphosphatidylinositol (GPI) anchors. [7] In the
cell painting approach, a lipophilic derivative of a molecule of interest is extraneously added
to cells and quickly becomes anchored in the cell membrane. GPI anchors are the most
extensively tested approach for cell painting and have been successfully utilized for
reconstituting functional receptors on the cells surface. [8, 9] Unfortunately, GPI anchored
proteins, when inserted into the RBC membrane, showed rapid transfer to other lipophilic
structures, including RBCs, [10] endothelial cells, [8] parasites [11] and lipoproteins. [12]

Triton extraction experiments suggested that extraneously added GPI anchored proteins do
not incorporate into lipid rafts of cells. [13] This instability makes this approach problematic
for in vivo therapeutic applications, wherein cells are supposed to circulate for prolonged
periods of time and to retain therapeutic/targeting molecules on the surface. In addition,
genetically engineered GPI-anchored proteins are difficult to manufacture and purify. [9] As
an alternative to GPI anchors, constructs utilizing lipoprotein fragment [14] and dioleoyl
phosphatidylethanolamine [15] have been tested. These extraneously added anchors have
been able to add functional molecules to the cell surface, [14] but were also shed from cells
within few hours of incubation in cell medium.

For the purpose of development of surface-painted RBCs for in vivo therapeutic applications
(for example antibody-targeted RBCs), we set out to optimize surface painting of RBCs for
membrane retention and long-circulating properties in vivo. Classical liposomal studies
suggest that distearoyl (C18) based lipids show optimal retention in liposomes in vivo, [16]

while other studies suggested that lipid transfer between liposomes and erythrocytes is
dramatically reduced with the increase in lipid chain length. [17] As model ligands, we used
full immunoglobulin (IgG) and fluorescein (FITC). The advantage of the selected molecules
is that they both could be quantified with flow cytometry. In addition, the data regarding IgG
and FITC could be extrapolated to other ligands. Our data suggest that DSPE-PEG3400-
conjugated IgG is well retained in the RBC membrane in vitro and in vivo with terminal
half-life of over 3 days. The loss of the anchor in vivo occurs primarily due to the lipid
transfer to blood components, liver endothelial cells and Kupffer cells. The data provide
strategies for the design of long-circulating, ligand-modified RBCs and other cells as
carriers for targeted therapeutics.
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2. Results
2.1. Lipid-antibody construct synthesis and RBC painting

We set out to optimize ligand retention and circulation properties of surface-painted RBCs
in vivo. As a starting approach, we decided to use distearoyl phosphatidylethanolamine,
since (a) in previous studies using liposomes, distearoyl phosphatidylethanolamine showed
the lowest level of exchange, [16] and (b) RBC membrane lipids consist of predominantly
C18 acyl chains. [18] Mouse whole IgG molecules were modified with 1–2 thiol groups
using Traut’s reagent, and the thiolated IgG was clicked to DSPE-PEG3400-maleimide via
Michael addition. MALTI-TOF analysis showed the mass around 154,000 Da of the
conjugate (Supplemental Figure S1), suggesting that each IgG contained on average one
DSPE-PEG3400 anchor. Washed mouse RBCs were incubated for 15–30 min at 37°C with
DSPE-PEG-IgG (Figure 1A). The incubation resulted in the efficient incorporation of IgG
molecules in the membrane (as detected by secondary Alexa 488-labeled antibody (Figure
1B). Most of RBCs were either echinocytes or spherocytes (Figure 1B), but were restored to
normocytes after incubation in mouse plasma (not shown). Despite the fact that RBCs have
low-affinity receptors for IgG [19], no significant binding of non-lipid IgG to RBCs was
observed (not shown). Interestingly, the staining of the membrane was punctuated, possibly
due to the lateral diffusion and segregation of IgG molecules. DSPE-PEG-IgG incorporation
efficiency was analyzed with immunoblotting using standard dilutions of IgG (Figure 1C
and Supplemental Figure S2). For example, at 0.1 and 0.25mg IgG/ml concentrations during
the incubation, 8,500 and 16,000 IgG molecules became attached to each RBC, respectively.
Flow cytometry analysis of IgG painted RBCs showed correlation between IgG density and
FL-1 fluorescence (Figure 1D). For subsequent experiments, we used FL-1 fluorescence
(that was calibrated before each experiment to verify consistency) to estimate IgG levels on
RBCs. IgG Incorporation efficiency was around 2% at 0.1 mg/ml IgG and somewhat
decreased with higher incubation concentrations (Figure 1E).

2.2. In vivo retention and biodistribution of DSPE-PEG-IgG
In order to test the stability and circulation properties of DSPE-PEG-IgG painted RBCs, we
painted RBCs with lipophilic cyanine dye DiI and with approximately 10,000 IgG/RBC.
This double painting allowed monitoring of RBCs independently of the IgG label. Blood
samples were collected at various times and stained with secondary antibody to detect IgG
on the cell surface. Painted RBCs could be distinguished from non-labeled RBCs as a
distinct double-labeled population in the upper right quadrant (Figure 2A). There was a
decrease in the level of IgG fluorescence over 48 h, judging by the shift in the FL-1
histogram (Figure 2B, dot-plot data in Supplemental Figure S3). At the same time, DiI did
not show any decrease in levels on RBCs over 48h (Figure 2C). The microscopy images of
RBCs in peripheral blood showed presence of both IgG and DiI at 24 h, albeit IgG
fluorescence was somewhat decreased in the 24 h sample (Figure 2D). We tested the effect
of IgG initial level on the retention and RBC circulation. It is challenging to prepare RBCs
with known absolute IgG content, therefore we used FL-1 fluorescence before injection as
an relative parameter to compare IgG content. Two groups of RBC fluorescence were used:
with average FL-1 of 294±109 (n=4), and average FL-1 of 1111±208 (n=4). These levels of
fluorescence approximately correspond to 8,000 IgG/RBC and 30,000 IgG/RBC,
respectively. According to Figure 2E, the stability of the ligand in the membrane was
dependent on the initial IgG level. At 48 h post-injection, “low IgG” RBCs contained 38%
IgG, whereas “high IgG” RBCs contained only 14% IgG. The levels of IgG were fit into bi-
exponential decay curve. For “low IgG” RBCs, the terminal half-life of IgG in the
membrane was 74.4 h, for “high IgG” the terminal half-life was 10.4 h. DiI was much more
stable, with over 80% of the ligand in the RBC membrane at 48 h post-injection (Figure 2F).
RBC circulating levels also significantly depended on the initial IgG concentration. For “low
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IgG” painted RBCs the level at 48h was 69%, whereas for “high IgG” painted RBCs, the
level at 48h was 11%.

2.3. Mechanisms of removal of DSPE-PEG-IgG
The data above suggest that surface-painted RBCs undergo several (independent) processes
in vivo: (a) loss of DSPE-PEG-IgG; (b) loss (minimal) of DiI; (c) clearance of RBCs from
circulation. We questioned the mechanisms of loss of DSPE-PEG-IgG from the RBC
membrane [12]. In order to understand the contribution of lipid transfer to blood components
in the IgG removal, we performed incubation studies in vitro. RBCs painted with DiI and
with DSPE-PEG-IgG (FL-1=600, or approximately 18,000 IgG/RBC) were incubated under
mixing in 10% FBS supplemented RPMI medium or in whole mouse blood at 37°C. The
ligand retention over time was measured with flow cytometry as described for in vivo
studies (flow cytometry data in Supplemental Figure S4). According to Figure 3A, IgG level
did not change significantly in FBS/RPMI medium over 24h. However, when RBCs were
incubated in blood, there was significant decrease in the IgG level (Figure 3A, black trace).
DiI fluorescence was stable during the incubation in both medium and blood (Figure 3B).
The fluorescence changes of a triplicate experiment at 24 h are summarized in Figure 3C.
Comparison of levels of IgG in vitro (Figure 3C) showed that IgG levels were significant
lower in blood than in RPMI (66% vs. 104%, n=3, p-value <0.001), suggesting that around
37% of the construct could be lost due to the transfer to other blood cells or to plasma
components. However, the levels of IgG dropped more significantly after injection than after
incubation in blood (18% vs. 66%, n=3, p-value <0.001), suggesting that non-specific lipid
transfer to blood cells or plasma factors only partially explains IgG removal in vivo. Of note,
DiI showed no significant loss from RBC membrane in vitro and in vivo (Figure 3C, red
bars).

Previously, transfer of GPI anchored proteins from RBCs to other RBCs via microvesicles
was observed. [10] We analyzed flow cytometry histograms of IgG levels at 5 min and 24h
post-injection (Figure 3D). There was very little transfer of IgG to general population of
blood cells in vitro and in vivo, suggesting that DSPE-PEG-IgG does not readily migrate to
other blood cells. The fact that DiI was very stable in vitro and in vivo suggests that the
DSPE-PEG-IgG loss is not through non-specific membrane microvesicles, but rather
through lipid transfer. Previously, it was shown that GPI anchored proteins migrate from
RBCs to endothelial cells in the heart, kidney, spleen and liver. [8] In order to determine
whether DSPE-PEG-IgG also ends up on endothelial cells, we injected mice with RBCs
painted with DSPE-PEG-IgG (rat antibody) and stained the tissue sections with Alexa 488-
goat ant-rat antibody. Microscopic examination of the tissues revealed that rat IgG was
abundantly and exclusively present on sinusoidal (endothelial) cells and on Kupffer cells in
the liver (Figure 4A). Other organs, including spleen, lung, heart and kidney did not reveal
significant deposition of DSPE-PEG-IgG (not shown). Next, we determined the fate of the
injected RBCs. We collected main organs 24 h post-injection and studied DiI fluorescence
in non-fixed tissue sections (DiI is a non-fixable dye and is lost from sections after fixation).
According to Figure 4B, DiI stained RBCs were sequestered in the liver and spleen, with
only minimal accumulation in the lungs and kidneys.

2.4. Role of IgG and PEG in ligand retention in vivo and RBC circulation
We questioned whether construct chemistry affects the circulation and retention properties
described above. In particular, we sought to better understand the contribution of the
tethered ligand in the retention in the RBC membrane. For comparison with DSPE-PEG-IgG
(Figure 5, compound 1), we prepared DSPE-PEG-FITC (compound 2). To compare the
effect of PEG linker, we prepared DSPE-FITC (compound 3). DiI is also shown (compound
4). Mass spectrometry analysis of the compounds is provided in Supplemental Fig. S5.
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RBCs were painted with DiI alone or in combination with each of the constructs in Fig. 5.
The level of FITC fluorescence was amplified with secondary Alexa 488-anti-FITC
antibody (Supplemental Fig. S6). Before injection, FL-1 fluorescence of DSPE-PEG-FITC
RBCs was 915, and that of DSPE-FITC RBCs was 723, which should roughly correspond to
“low IgG” levels in regards to the number of construct copies per RBC. The ligand and RBC
levels following tail vein injection are shown at three time points: 2 h, 24 h and 48 h post-
injection (we used 5 min time point as 100%). DSPE-PEG-IgG “low IgG” data from Figure
2E,G are also included. According to Figure 6A, the retention of DSPE-PEG-FITC at 24 h
was significantly better than DSPE-PEG-IgG or DSPE-FITC (p-value 0.034 and 0.043,
respectively). However, at 48 h the levels of DSPE-PEG-FITC dropped dramatically and
were not statistically different from DSPE-PEG-IgG and DSPE-FITC. The conclusion from
these data is that both DSPE-PEG-FITC and DSPE-PEG-IgG are prone to removal from the
membrane, albeit DSPE-PEG-FITC was more stable at 24 h. Also, DSPE-PEG-FITC
retention at 24 h was significantly better than that of DSPE-FITC, but at 48 h the trend was
reversed. In contrast, DiI was significantly more stable than all other constructs at all time
points (Figure 6A). RBC levels (Figure 6B) showed that all formulations except DSPE-
PEG-FITC circulated for prolonged periods of time. At 48h, the levels were significantly
higher for DSPE-FITC RBCs and DSPE-PEG-IgG than for DSPE-PEG-FITC RBCs (p-
value=0.006). The reason for this drop at 48h is not clear, but could be related to delayed
activation of immune mechanisms that recognize DSPE-PEG-FITC.

3. Discussion
The purpose of the study was: (a) to develop a strategy for stable painting of RBC surface
with ligands for in vivo targeting and therapeutic applications; (b) to study the factors
controlling in vivo stability of surface-painted RBCs. Previous studies reported efficient cell
painting with GPI anchors, [13] phospholipid derivatives [15] and lipoproteins, [14] but there
were no reports that addressed the stability of extraneously added lipid anchors and the
stability of the painted cells in vivo. Our data show an excellent stability of DSPE-PEG-IgG
in vitro and prolonged stability and circulation properties of DSPE-PEG-IgG-painted RBCs
in vivo. Previous study demonstrated the transfer of GPI-anchored CD55 and CD59 from
normal RBCs to the deficient RBCs in vivo [10] via microvesicles. However, our in vitro
incubation experiments suggest that microvesiculation is not the main mechanisms for IgG
removal from RBC surface, since DiI and DSPE-PEG-IgG showed very different rates of
removal. Based on our data (Fig. 3C–D and Fig. 4) we conclude that DSPE-PEG-IgG
construct removal in vitro occurs due to the transfer to plasma components, such as
lipoproteins, whereas in vivo there is an additional mechanism of transfer to liver endothelial
membranes. Both modes of lipid transfer have been demonstrated before. [8, 12, 20]

IgG removal from the membrane could be specifically mediated by low- and high-affinity
immunoglobulin receptors present on many cell types, including endothelia and
macrophages. [21] IgG Fc portion could also be responsible for extraction of RBCs from the
circulation by liver and spleen macrophages. The important observation of our work is that
ligand removal and RBC clearance are only partially due to the presence of IgG, since
FITC-painted RBCs were also prone to ligand removal and clearance. Moreover, IgG-
painted RBCs can be designed to exhibit long-circulating properties by adjusting the ligand
concentration in the membrane. On the other hand, PEG linker promoted clearance of
DSPE-PEG-FITC RBCs at 24h. Modification with PEG has been shown to protect RBCs
against immune recognition, [22] and we observed that incorporation of DSPE-PEG5000 in
RBCs does not affect the clearance (not shown here). It is possible that PEG linker increased
the distance between FITC and RBC membrane and thus facilitated the immune recognition
of FITC coated RBCs by liver and spleen macrophages. The remarkable stability of DiI
stood out from the DSPE-based constructs. DiI is incorporated deep in the bilayer
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structure [23], which could explain the excellent retention and long circulating properties of
DiI-painted RBCs. Understanding the mechanisms of stability and retention of DiI could be
instrumental in designing ultra-stable lipid constructs for membrane painting.

Based on the data, we would like to summarize the most important parameters that could be
varied to increase the stability of the ligand and the circulation properties of RBCs: (a)
Concentration of the ligand (IgG) in the membrane should be kept around 8,000–15,000
molecules/RBC for prolonged circulation and optimal retention; (b) Ligand size (IgG vs.
FITC) has some effect on the retention in the membrane in vivo, therefore it would be
beneficial to use Fab fragment, single chain antibody or small peptide as a targeting ligand;
(c) PEG linker between the ligand and the anchor negatively affects circulation half-life of
RBCs, therefore shorter linkers could be beneficial for RBC circulation; (d) Lipid anchor
chemistry appears to determine the retention of the ligand in the membrane, therefore
alternative non-DSPE anchors could be tested to improve ligand retention.

In conclusion, our data are the important contribution to the design of surface-painted RBCs
as therapeutic/diagnostics carriers, and provide clues for surface painting of other types of
cells (e.g., stem cells, immune cells) for in vivo applications.

4. Experimental Section
Reagents

1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG2000-amine) were purchased from Avanti Polar Lipids (Alabaster, AL, USA), 2-
distearoyl-sn-glycero-3-phospho-ethanolamine-N-[maleimide(polyethylene glycol)-3400]
(DSPE-PEG3400-Malemide) was purchased from Laysan Bio, Inc. (Arab, AL, USA). All the
lipids were stored as chloroform solution under argon at −20°C. Traut’s reagent (2-
iminothiolane) was purchased from Thermo Fisher Scientific (Rockford, IL, USA). The
reagent was dissolved in double-distilled water at 5 mg/ml and stored in aliquots at −20°C.
Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic acid) was purchased from Thermo Fisher
Scientific and stored as a dry powder at −4°C prior to use. ChromPure mouse and rat IgG
whole molecule were purchased from Jackson ImmunoResearch (West Grove, PA, USA).
Fluorescein isothiocyanate (FITC) 5’-isomer and triethanolamine (TEA) were from Sigma.
1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate (DiI) was from Biotium
(Hayward, CA). Alexa Fluor® 488-labeled goat anti-mouse, goat anti-rat and anti-
fluorescein IgG (H+L) (2 mg/ml) were from Invitrogen.

Synthesis of lipid anchor
Traut’s reagent was used to generate sulfhydryl groups on IgG molecules. Traut’s reagent
solution (5 mg/ml in phosphate-buffered saline (PBS), 5.5 µl) and EDTA buffer (50 mM in
PBS, 12 µl) were placed to 120 µl of mouse IgG solution (5 mg/ml in PBS). The mixture
was incubated for 1h at room temperature (RT) on a shaker and washed through a spin
desalting column (Zeba, MWCO 7K, Thermo Scientific) following the manufacturer’s
instructions to remove the unreacted Traut’s reagent. The generation of sulfhydryl groups on
the modified IgG was quantified using Ellman’s Reagent (Pierce) based on the
manufacturer’s protocol. Generally, 40-fold of Traut’s reagent (molar equivalent to IgG)
resulted in 1–2 sulfhydryl groups per each IgG as quantified with Ellman reagent. DSPE-
PEG-mal (1 mM in PBS, 4 µl, molar ratio DSPE-PEG3400-maleimide:IgG = 1:1) were added
to the desalted IgG solution and incubated at RT on a shaker. After 1h, the sample solution
was filtered using a centrifugal filter device (Microcon YM-50, 50K, Millipore Co.) at
14000 g for 15 min at 4°C to remove the small molecules and suspended in 600 µl PBS (1
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mg/ml IgG). The purified DSPE-PEG-IgG was analyzed by matrix-assisted laser desorption/
ionization-time-of-flight mass spectrometry (MALDI-TOF MS). Desalted unmodified IgG
or desalted lipid-IgG (1 mg/ml in water) were mixed with sinapinic acid matrix solution (10
mg/mL, 30:70 ACN : H2O, v/v, containing 2% TFA) at 1:1 ratio. One microliter of the
prepared samples were then spotted onto MALDI stainless steel plate and air dried before
analysis. The samples were analyzed with Voyager DE-STR in positive ion mode
(ABSCIEX, Framingham, MA).

Lipid-FITC anchor was synthesized by reacting lipid (DSPE, or DSPE-PEG2000-amine) with
FITC under catalysis by TEA. For example, DSPE (7.5 mg) and FITC (7.8 mg) were
dissolved into 1.5 ml chloroform and 1.4 µl TEA (molar ratio DSPE:FITC:TEA = 1:2:1),
and mixed at 1000 rpm at RT for 2 hours in a dark environment. The reaction mixture was
purified by thin layer chromatography (TLC) with an mobile phase of methanol and
chloroform (volume ratio methanol: chloroform = 1:3) on a aluminum silica gel plate (pore
size 60Å, Z193275, Sigma-Aldrich). The product mass was verified with electrospray mass
spectrometry in a negative ion mode.

RBC painting
BALB/c mouse blood was used to prepare modified RBCs. Generally, 200 µl of whole
blood was suspended in 1000 µl PBS and spun at 1500 g for 30 sec, repeated 4 times.
Finally, the RBCs were suspended in 800 µl PBS. The conjugation of RBC/DSPE-PEG-IgG
was prepared by mixing the above RBCs suspensions and various amounts of DSPE-PEG-
IgG solution (1 mg IgG/ml) followed by incubation for 15–30 min at 37°C. The mixture was
kept for 5 min at room temperature, then washed 3 times in PBS and resuspended to a final
RBC concentration of 5×108/ml. An automated cell counter (Countess, Invitrogen) was used
to measure the cell concentration. To prepare DiI-painted RBCs, the PBS-washed RBC
suspension with or without IgG painting (5×108/ml in PBS, 500 µl) was incubated with the
same volume of DiI solution (10 µM in DBPS diluted from 2 mM DiI in ethanol) for 20 min
at room temperature under 100 rpm. The mixture was washed with PBS for 3 times and
resuspended in 500 µl PBS.

Quantification of IgG incorporation and stability
In order to visualize the incorporated IgG in the RBC membrane, Alexa Fluor® 488 goat
anti-mouse IgG (2 mg/ml, 2 µl) was diluted in 200 µl PBS and incubated with the same
volume of RBCs (5×108/ml in PBS) for 20 min at RT under 100 rpm followed by washing
and suspending in 200 µl PBS. The stained RBCs were visualized by fluorescent microscope
(Nikon Eclipse) on a glass slide.

The amount of IgG conjugated to RBCs was quantified with western blot. RBC samples
were dissolved in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA). IgG samples at a
series of known concentrations were subsequently loaded on the gel and separated with
SDS-PAGE. For quantification of the band intensities, the IgG standard curve was prepared
and run in parallel with the samples. After transfer to nitrocellulose membrane, the bands
were probed with IRDye 800CW goat anti-mouse antibody (Li-COR, Lincoln, NE). The
membrane was scanned on a Li-COR Odyssey scanner and the intensity of the antibody
bands was quantified using ImageJ software. The density of 50 kDa bands (heavy IgG
chain) was used for plotting the calibration curve and for sample concentration calculations.

For flow cytometry analysis, RBCs (5.0×108/ml in PBS, 10 µl) were stained with secondary
fluorescent antibody as described above, added to 1 ml of ice cold 0.5% BSA in PBS and
analyzed with FACS Calibur (BD Biosciences, San Jose, CA). FlowJo software was used to
process all the flow cytometry data. Several groups of RBCs suspensions were used as
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controls, including single painted RBCs by DiI or fluorescent 2nd Ab, RBC painting only
(without labeling), RBC suspension stained by 2nd Ab only (without 1st Ab), and PBS-
washed RBC suspension (directly from washed mouse blood). Standard beads (Linear
Flow™ Green Flow Cytometry Intensity Calibration Kit, Invitrogen) were used to calibrate
the green fluorescence intensity between the measurements.

In vitro stability test of RBC conjugation
The in vitro stability of RBC painting was tested in two media: 10% fetal bovine serum
(FBS) supplemented RPMI medium and whole blood. The double-painted RBCs (5×109/ml,
50 µl) were incubated in 500 µl of complete RPMI or whole blood at 37°C under shaking
(Thermomixer, Eppendorf) at 500 rpm. The sampling was performed at different time
points, up to 24h. The samples were analyzed by fluorescent microscopy and quantified by
flow cytometry as described in the previous section.

In vivo injections
All of the animal work described here was reviewed and approved by the UCSD Institute’s
Animal Research Committee. For studies involving RBC clearance, BALB/c eight- to
twelve-week-old female mice were used. Modified RBCs (equivalent to 20–50 µl blood)
were injected into the tail vein in a total volume of up to 100 µl. Blood was collected at
different time points starting at 5 min post-injection from the periorbital vein by heparinized
capillaries (25 µl volume each time). Ten microliters of blood was washed in PBS 3 times
and stained with the fluorescent secondary antibody for flow cytometry analysis. The
percentage of the remaining ligand and RBCs was determined using 5 min time point as
100%. Elimination curve of IgG was plotted using Prism (GraphPad) software, fitted
whenever possible with bi-exponential decay equation and the ligand half-life was
determined.

For histological analysis of RBC uptake, animals were injected with Cy5-dextran (40kDa) as
tissue counterstain and sacrificed 24h post-injection. Organs were dissected, placed under
cover glass and studied for DiI and Cy5 fluorescence using Olympus IV1000 microscope. In
order to study the fate of DSPE-PEG-IgG (rat), organs were fixed, cryosectioned and stained
with Alexa 488 goat-anti-rat antibody.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Surface painting and characterization of red blood cells
A, DSPE-PEG-IgG was synthesized as described in Methods. The construct was incubated
with washed mouse RBCs in order to be incorporated into the RBC membrane; B, The
incorporated IgG was detected with Alexa 488 labeled anti-mouse IgG. The antibody forms
punctuate label on the RBC surface; C, DSPE-PEG-IgG was quantified with western
blotting. Purified mouse IgG was used for calibration curve. Painted RBCs were lysed and
loaded on the gel. RBC lysate shows incorporation of the construct. Note that IgG construct
shows a retardation in the gel as compared to native IgG heavy chain (50 kDa); D, Amount
of incorporated IgG vs. FL-1 fluorescence by flow cytometry; E, Incorporation efficiency as
a function of IgG concentration. Note a decrease in the percentage of incorporated IgG with
the increase in DSPE-PEG-IgG concentration during incubation.
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Fig. 2. In vivo stability of surface painted RBCs
RBCs were painted with DiI and DSPE-PEG-IgG. Presence of DiI enabled to monitor RBCs
independently of IgG. DSPE-PEG-IgG/DiI painted RBCs were injected into mice and the
presence of the ligand was analyzed in blood samples taken at different times post-injection
(after detecting IgG on RBCs with secondary antibody). A, Flow cytometry dot-plot of the
injected RBCs. Double painted RBCs were easily distinguishable from majority of
unlabeled cells; B, IgG FL-1 channel histogram shows significant shift at 24 h and 48h,
suggesting gradual loss of IgG from the membrane; C, DiI fluorescence appears to be stable
over the same time period; D, examples of individual double painted stained RBCs in the
blood smear 5 min and 24 h post-injection. Contrast and brightness of all images were
adjusted to the same degree; E, RBCs were prepared with different levels of DSPE-PEG-
IgG painting (dotted trace–“low IgG”; solid trace–“high IgG”, see Result section). The
clearance curve was fitted into bi-exponential decay with Prism software. There was
significantly more retained IgG in case of “low IgG” painted RBCs (p-value 0.03, n=4, two-
sided t-test). Low-IgG had a terminal half-life in the membrane of 74h; F, DiI on the same
RBCs shows remarkable stability over time. DiI clearance could not be fitted into the
exponential curve therefore connecting line is shown instead; G, RBC clearance is much

Shi et al. Page 11

Adv Healthc Mater. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lower for “low IgG” painted RBCs (dotted trace) than for “high IgG” painted RBCs (solid
trace) (p-value 0.006, n=4, two-sided t-test).
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Fig. 3. In vitro vs. in vivo stability of surface painted RBCs
RBCs were double painted as in Fig. 2 (“high IgG” painting) and stability of DSPE-PEG-
IgG/DiI was monitored with flow cytometry (Supplemental Fig. S4). A, Stability of IgG and
after incubation in full medium (dotted trace) and whole blood (solid trace). IgG levels are
stable in medium, but less stable in whole blood over 24h incubation period; B, Stability DiI
after incubation in medium (dotted trace) and full mouse blood (solid trace); C, Summary of
IgG fluorescence and DiI fluorescence loss at 24h. Some IgG is lost in vitro due to exchange
with blood components judging by the significant difference between ROMI and blood
incubation levels (p-value<0.001, n=3, two-sided t-test). In vivo specific loss contributes
significantly since there is a difference between IgG levels in blood in vitro and in vivo (p-
value<0.001, n=3, two-sided t-test); D, Flow cytometry histograms of DSPE-PEG-IgG
levels on RBCs in blood in vitro (left) and in vivo (right). Red trace is 5 min post-incubation
(injection), blue trace is 24h post-incubation (injection). The histogram shows that there is
no transfer of fluorescence from painted RBCs (arrow) to normal RBCs (major population)
both in vitro and in vivo.
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Fig. 4. Fate of surface IgG and painted RBCs in vivo
A, Mice were injected with DSPE-PEG-IgG (rat) and the tissues were stained with Alexa
488 goat-anti-rat IgG. Liver tissue showed presence of DSPE-PEG-IgG stain. Left image is
low magnification; center and right images are high magnification of the liver tissue. Red
arrows point to depositions of rat IgG in Kupffer cells and white arrows point to rat IgG on
endothelial (sinusoidal) cells; B, Mice were injected with DSPE-PEG-IgG/DiI painted
RBCs. Low-magnification images of non-fixed tissue sections of mouse organs were taken
24h post-injection. Majority of DiI accumulated in the liver and spleen and trace amounts
were found in lungs and kidneys.
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Fig. 5. Constructs tested for membrane retention and RBC half-life
From left to right: DSPE-PEG-IgG, DSPE-PEG-FITC, DSPE-FITC, DiI. Dotted line shows
approximate position at the water-lipid interface.
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Fig. 6. Stability of lipid constructs and RBC clearance in vivo
RBCs were painted with DiI alone or with DiI and FITC constructs described in Fig. 5.
Results are compared with DSPE-PEG-IgG (low IgG)/DiI-painted RBCs. Ligand levels on
the RBC surface (A) and RBC levels in blood (B) were independently monitored by flow
cytometry as described in Fig. 2. DSPE-PEG-FITC showed somewhat better retention than
DSPE-PEG-IgG at 24h but there was no significant difference at 48h. Conversely, both
DSPE-PEG-IgG RBCs and DSPE-FITC RBCs showed better circulation properties than
DSPE-PEG-IgG at 48h. All data were in triplicates and analyzed with two-sided t-test.
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