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able to fully satisfy clinical expectations 
because of their lack of biocompatibility 
or unsatisfi ed pharmacokinetic param-
eters. Recently, cell-based drug delivery 
systems, along with various kinds of bio-
inspired, bioengineered, and biomimetic 
drug delivery carriers, have received great 
attention for a dream that DDSs could be 
designed to be as smart as live cells while 
behaving in a controllable manner. [ 4,7,8 ]  

 Red blood cells (RBCs), the “innate 
carriers” in our blood vessels for oxygen 
transportation, have a long history of 
being investigated for drug delivery. [ 9–11 ]  
As “innate carriers,” they are endowed 
with many unique characteristics: 
(1) perfect biocompatibility, (2) long cir-
culating half-life (≈120 days in humans), 
(3) membrane fl exibility and stability, 
(4) the absence of nucleus, organelles, and 
DNA (without tumorigenicity), (5) high 

surface to volume ratio (benefi cial for surface modifi cation). 
Many pioneering explorations in this fi eld have been reported 
starting from 1970s. [ 7,12–15 ]  In the past two years, the develop-
ment of RBC-based DDSs has regained increasingly high inter-
ests, [ 16–22 ]  particularly in combination with newly developed 
nanotechnology and nanomedicine. [ 17,19,22,23 ]  For examples, 
Anselmo et al. reported that noncovalently attaching nanopar-
ticles to the surface of RBCs could allow transient accumula-
tion of nanoparticles in the lung, while reducing their uptake 
by liver and spleen. [ 17 ]  In our recent work, RBCs are attached 
with magnetic nanoparticles and loaded with two types of 
therapeutic agents for magnetic fi eld enhanced in vivo combi-
nation therapy of cancer. [ 19 ]  However, there are still a number 
of limitations when RBC-based delivery of chemotherapeutics 
are used in cancer treatment: (1) Considering the microm-
eter sizes of RBCs, those carriers could hardly penetrate blood 
vessels and reach tumor cells, even if tumor vasculatures are 
rather leaky. (2) Since intact RBC membrane is impermeable 
to many drug molecules, the drug release from RBCs is usually 
via slow diffusion through the RBC plasma membrane and/or 
the graduate degradation of RBCs. [ 4,12 ]  Therefore, an alternative 
approach may be designing a smart RBC carrier which binds to 
tumor blood vessels, and then releases drug molecules specifi -
cally inside the tumor upon certain stimulations. 

 In recent years, smart DDSs which are responsive to external 
stimuli such as light, magnetic fi eld, electric fi eld, and ultra-
sound, have received signifi cant attention, as these systems 
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  1.     Introduction 

 Addressing the pharmacokinetic limitations, improving thera-
peutic effi ciency and reducing side effects of drugs during 
clinical pharmacotherapy is a long-standing challenge in drug 
development. [ 1–3 ]  With the improvement of drug delivery sys-
tems (DDSs), signifi cant progresses have been made in recent 
years. Generally, the following important aspects should be 
considered in the development of DDSs. [ 4 ]  First, the carriers 
should have good biocompatibility. Second, they could circu-
late for a long time in the bloodstream with favorable phar-
macokinetic index after systemic administration. Third, they 
should be able to specifi cally target the lesion to improve 
drug effi cacy and reduce side effects. Fourth, the controllable 
release at the desired time and location should be realized. 
DDSs currently available or under investigations are mostly 
synthetic carriers, [ 2,5,6 ]  many of which, however, may not be 
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can increase drug release at targeted lesions through a more 
specifi c manner, decrease systemic toxicity, and potentially 
avoid under- or overdosing. [ 24–26 ]  Among various stimuli, near-
infrared (NIR) light (700–900 nm) is regarded as an attractive 
one because of its noninvasiveness, the ability to penetrate rea-
sonably deep tissues, and easy of manipulation to irradiate a 
focused, selected lesion region. [ 27–29 ]  Inspired by NIR-induced 
photothermal destruction of tumor cells, [ 30–34 ]  we thus wonder 
whether drug-loaded RBC carriers can be disrupted by heating 
under laser irradiation to realize controlled release in the tumor 
site if photothermal agents are coencapsulated into RBCs 
together with chemotherapeutics. Therefore, in this article, 
we design a NIR light stimulus–response RBC carrier with 
tumor angiogenesis targeting ability. As shown in  Figure   1 A, 
our RBCs are fi rst modifi ed with RGD (Arg–Gly–Asp) peptide, 
which targets the hallmark of tumor angiogenic endothelium 
α v β 3 -integrin. Then a model drug, doxorubicin (DOX), and a 

photothermal agent, indocyanine green–bovine serum albumin 
nanocomplex (ICG–BSA), are coencapsulated into engineered 
RBCs (IB&D@RBC–RGD). Under NIR irradiation, those RBCs 
could be heated up, resulting in a controlled burst drug release 
(≈80% of release within 5 min). As a proof-of-principle, RBC-
based targeted drug delivery and remotely controlled drug 
release is demonstrated in vitro using a α v β 3 -integrin positive 
U87MG cell line, achieving a marked synergistic therapeutic 
effi cacy through combined photothermal–chemotherapy. 

    2.     Results and Discussion 

 Hypotonic dialysis, a most commonly used method to load 
drug molecules or other theranostic agents inside RBCs, [ 35 ]  was 
employed in our experiments. In brief, a suspension of fresh 
RBCs was mixed with molecular payloads and dialyzed against 
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 Figure 1.    Preparation and characterization of multifunctional RBC carriers. A) Schematic illustration to show the fabrication of tumor angiogenesis-
targeting RBC–RGD, the subsequent loading with drug and photothermal agents, and the remotely controlled drug release under NIR laser. B) UV–
vis–NIR absorbance spectra of RBC, ICG–BSA, IB@RBC, and IB&D@RBC. The peak at ≈800 nm evidenced the successful loading of ICG–BSA into 
RBCs. C) Confocal images of IB-Cy5.5&D@RBC–RGD. Fluorescence of DOX and IB-Cy5.5 showed obvious colocalization inside RBCs. The scale bar 
is 5 µm. Flow cytometry data of D) native RBC and E) IB-Cy5.5&D@RBC–RGD. Flow cytometry data proved that most RBCs were successfully loaded 
with DOX and IB-Cy5.5. F) Release of DOX and ICG–BSA from IB&D@RBCs over time. Both DOX and ICG–BSA showed slow and steady release 
from RBCs. Error bars were based on standard deviation (SD) of triplicate samples. Note that Cy5.5 was introduced for BSA labeling only to facilitate 
confocal imaging (C) and fl ow cytometry measurement (D,E), but not used in other parts of this work. 
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a hypotonic buffer at 4 °C. After that, the swollen RBCs con-
taining desired payloads were transferred to a hypertonic buffer 
and dialyzed at 37 °C to reconstitute osmotic pressure and 
reseal those molecules inside RBCs. Adenosine triphosphate 
(ATP), glutathione (GSH), and some metabolic intermediates 
were added to help maintaining the structure of RBCs and pro-
tecting them from oxidative damage. 

 As shown in Figure  1 A, to realize NIR laser-induced release, 
a NIR photothermal agent should be encapsulated inside 
RBCs. ICG, a FDA-approved small molecular dye with strong 
NIR absorbance, [ 36–38 ]  was initially chosen in our experiment. 
However, during the experiment of encapsulating ICG into 
RBCs, we found that ICG molecules could be adsorbed on 
the membrane of RBCs and then were easily washed away by 
serum-supplemented medium. Such rapid release of ICG from 
RBCs was not ideal for further applications. It has been found 
that albumin proteins could form nanocomplexes with many 
organic dye molecules [ 39,40 ]  including ICG (Figure S1, Sup-
porting Information). We thus wondered whether the complex 
of ICG with BSA could be loaded into RBCs with better sta-
bility. Therefore, ICG–BSA (IB) was loaded into RBCs by the 
hypotonic dialysis method. The UV–vis–NIR absorption spec-
trum was examined for the obtained ICG–BSA loaded RBCs 
(IB@RBCs), which showed a strong ICG absorption peak at 
≈800 nm (Figure  1 B). Compared to RBCs loaded with free ICG, 
ICG in the IB@RBC sample was much more stable and showed 
a rather slow release (Figure S1E, Supporting Information). 

 Based on that, a model drug, DOX, was coencapsulated into 
RBCs together with ICG–BSA via the same hypotonic dialysis 
method. The characteristic ICG absorbance peak was again 
observed for RBCs loaded with dual types of agents (IB&D@
RBCs) (Figure  1 B). As no suitable laser was available to excite 
ICG–BSA in our confocal fl uorescence microscope and fl ow 
cytometry instrument, BSA was covalently labeled with a red 
fl uorescent dye Cy5.5 to allow tracking of BSA inside RBCs. 
As shown in Figure  1 C, obvious colocalization of Cy5.5 and 
DOX fl uorescence was observed in confocal images of RBCs 
loaded with both Cy5.5-labeled IB and DOX, suggesting suc-
cessful coencapsulation of these two agents inside RBCs. Flow 
cytometry data  ( Figure  1 D,E )  further confi rmed that most of 
RBCs after such hypotonic dialysis treatment were coloaded 
with both DOX and ICG-BSA. As quantifi ed by UV–vis–NIR 
absorbance (ICG–BSA absorption peak) and fl uorescence emis-
sion spectra (DOX fl uorescence), it was estimate that ≈1.8×10 7  
ICG and ≈6.6×10 7  DOX molecules were loaded inside each 
RBC (Figure S2, Supporting Information). Given all the results 
described above, the ICG–BSA and DOX coencapsulated RBCs 
were successfully fabricated. 

 We then carefully examined the properties of our engineered 
RBCs. Suspensions of native RBCs, DOX-loaded RBCs (D@
RBC), IB@RBC, and IB&D@RBC all showed favorable disper-
sity while the color of IB@RBC and IB&D@RBC turned into 
slightly darker owing to the existence of encapsulated ICG–
BSA in those samples (Figure S3, Supporting Information). 
It is well-established that phosphatidylserine (PS) exposure is 
involved in recognition and removal of damaged and senescent 
RBCs by the reticuloendothelial system (RES). [ 41,42 ]  Therefore, 
we evaluated PS exposure of our RBC carriers by Annexin 
V binding assay (Figure S4, Supporting Information). To 

eliminate interference of DOX fl uorescence to FITC–Annexin 
V analysis, here we used the RBC carrier experienced the same 
encapsulating procedure without drugs to evaluate the damage 
to RBCs caused by our loading conditions. In the fl ow cytom-
etry data, PS exposure ratio of RBC carriers was 1.8%, much 
lower than that of RBC ghost (78%), indicating that the encap-
sulation procedures in our experiments did not cause signifi -
cant damages to the membrane structure of RBCs. As for the 
release behaviors, we found that both DOX and ICG–BSA 
exhibited slow release kinetics within seven days (Figure  1 G). 
Since ICG complexed with BSA had a larger size compared to 
small DOX molecules, the release of ICG from RBCs appeared 
to be much slower than that of DOX. Notably, the morphology 
of our engineered IB&D@RBC carriers remained largely intact 
even after being stored for seven days (Figure S3, Supporting 
Information). 

 ICG with strong NIR absorbance has been demonstrated to 
be an effective photothermal agent. We next wondered whether 
NIR laser-induced photothermal effect would be able to trigger 
drug release from our engineered RBC carriers. Both native 
RBCs and IB&D@RBC at the same cell concentration were 
exposed to an 808-nm NIR laser under different power densi-
ties. An infrared (IR) thermal camera was used to record the 
temperature change during laser irradiation. ( Figure   2 A) As 
shown in Figure  2 B, with the increase of laser power density 
from 0.1 to 0.5 W cm −2 , the fi nal temperature of IB&D@RBC 
suspensions after 5 min laser irradiation increased from ≈34 
to ≈50 °C. In contrast, the fi nal temperature of native RBC 
suspension was only ≈32 °C even after laser irradiation at 
0.5 W cm −2  for 5 min. 

  Confocal microscope images were then taken for those engi-
neered RBCs after photothermal heating (Figure  2 C). Without 
laser irradiation (0 W cm −2 ), the fl uorescence of DOX was 
confi ned inside RBCs. As the increase of laser power density 
(from 0.1 to 0.5 W cm −2 ), RBCs gradually lost their regular 
morphologies after NIR-induced photothermal heating, which 
in the meanwhile triggered obvious drug release from RBCs 
as revealed by the appearance of strong DOX fl uorescence out-
side cells. Note that signifi cant self-quenching of DOX fl uores-
cence was observed when those molecules were encapsulated 
inside RBCs (Figure S5, Supporting Information). After laser 
irradiation under 0.5 W cm −2  for 5 min, RBCs were completed 
destructed while DOX release was the most obvious. The exact 
ratio of light-triggered drug release was then determined by 
measuring DOX fl uorescence in the supernatant of irradiated 
samples. Consistent to confocal data, increased DOX release 
was observed from IB&D@RBC as the rise of laser power densi-
ties (Figure  2 D). As much as ≈80% of DOX was released after 
the IB&D@RBC sample was exposed to the 808-nm laser at 
0.5 W cm −2  for 10 min (Figure  2 D,E). In marked contrast, less 
than 10% of DOX release was observed for D@RBC under 
the same laser irradiation condition (Figure  2 E), owing to the 
absence of signifi cant photothermal effect in this sample without 
ICG. Therefore, NIR laser could be utilized as an external stim-
ulus to effectively and precisely control the drug release from 
our RBC-based DDS at the desired time and localization. 

 Considering their micrometer sizes which limit the extravas-
cular diffusion of RBCs, engineering tumor vasculature targeted 
RBCs may be a realistic approach to develop cancer-targeted 
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DDSs based on RBCs. Therefore, RGD (Arg–Gly–Asp) pep-
tide, which could bind with α v β 3 -integrin overexpressed on 
angiogenic tumor vasculature endothelium cells, was gifted on 
the RBC surface to impart them cancer targeting ability. Here, 
we used a gentle and effi cient surface engineering strategy 
to attach ligands to the surface of RBCs. In our experiments, 
RBCs were mixed with biotin conjugated poly(ethylene glycol)–
distearoyl phosphatidylethanolamine (DSPE–PEG–biotin), 
whose lipid chains could be inserted into the lipid bilayer of 
RBC membrane to allow stable anchoring of biotin on RBCs. It 
was estimated that each RBC was conjugated with ≈6.30 × 10 4  
biotin molecules after such treatment (Figure S6, Supporting 
Information). Those biotinylated RBCs were modifi ed with 
avidin, a specifi c biotin-binding protein with four binding sites 
on each protein. The leftover binding sites on avidin were then 

conjugated with biotinylated RGD, forming RGD-modifi ed 
RBCs (RBC–RGD). 

 In this system, the fl exible PEG spacer could allow more 
effi cient interaction of RGD and the α v β 3 -integrin receptors on 
tumor cells, while the multivalent avidin–(biotin–RGD) 3  struc-
ture may be favorable to achieve high binding affi nity. Such 
method without touching proteins on RBC plasma membrane 
appeared to be a gentle method that induced no appreciable 
damage to RBCs. After the surface engineering, we incubated 
the engineered RBCs in the autologous serum. As shown in 
Figure S7, Supporting Information, the engineered RBCs show 
no obvious hemolysis in fresh autologous serum, indicating 
no harmful effect during our RGD conjugation steps to com-
plement-controlling proteins on the membrane (decay accel-
erating factor, DAF, and CD59). [ 43 ]  Besides, we also evaluated 
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 Figure 2.    Photothermal properties and NIR light-triggered drug release of IB&D@RBC. A) IR thermal images and B) heating curves of IB&D@RBC 
suspension under NIR laser irradiation with different power densities. C) Confocal images of IB&D@RBC after laser irradiation at different power 
densities for 10 min. The scale bars are 20 µm. D) Quantitative detection of NIR-triggered release of DOX from IB&D@RBC carriers (samples in (C)). 
Error bars are based on triplicate measurements. With the increase of laser power density, more RBCs were destroyed, resulting in enhanced DOX 
release. E) Kinetics of NIR-triggered release. The samples were irradiated with NIR laser at the power density of 0.5 W cm −2 . Error bars are based on 
triplicate measurements.
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PS exposure of our engineered RBCs by Annexin-V binding 
assay, and found that the PS exposure ratio of our RBC–RGD 
was rather low (Figure S4, Supporting Information). Prelimi-
nary in vivo results indicated that those RGD-modifi ed RBCs 
after intravenous injection into mice showed rather long blood 
circulation time, further confi rming that surface modifi cation 
of RBCs by our method would not signifi cantly alter the physi-
ological stability of RBCs (Figure S8, Supporting Information). 

 Afterward, the specifi c α v β 3 -integrin binding ability of our 
RGD-modifi ed RBCs was tested in vitro by incubating RBC–
RGD with two types of cancer cells, U87MG (α v β 3 -integrin 
positive) and 4T1 (α v β 3 -integrin negative) cells. Native RBCs 
without RGD modifi cation were used as the control. Unbound 
RBCs were removed by washing after 30 min of incubation. 
Remarkably, U87MG cells with upregulated α v β 3 -integrin 
expression were fully covered by numerous RGD-modifi ed 
RBCs, while very few native RBCs were attached to U87MG 
cells. In contrast, 4T1 cells which were negative in α v β 3 -integrin 
expression could not be recognized by RBC–RGD ( Figure    3  ). 
Blocking experiment by pretreating U87MG cells with excess 
free RGD could inhibit the binding of RBC–RGD on U87MG 
cells, further confi rming the specifi c tumor cell recognition 
ability of our engineered RBCs (Figure  3 c). Therefore, RBCs 
after RGD modifi cation via our method, on one hand showed 
intact membrane structure, on the other hand could specifi cally 
target α v β 3 -integrin overexpressed on tumor vasculatures as 
well as several types of cancer cells. 

  To mimic the desired in vivo procedure in which circu-
lating RBC carriers selectively accumulate in the tumor site 
and release their payload under NIR irradiation, we designed a 
proof-of-principle in vitro experiment to demonstrate this con-
cept. In our experiment, two types of cancer cells (U87MG and 
4T1) were incubated with IB&D@RBC–RGD or IB&D@RBC 
without RGD modifi cation for 30 min. After removal of unat-
tached RBCs, those cancer cells were exposed to the 808-nm 

laser at 0.5 W cm −2  for 10 min ( Figure   4 A). Several other con-
trols including U87MG cells incubated with IB&D@RBC–RGD 
but without laser exposure, U87MG cells incubated with free 
DOX at the equivalent concentration, as well as RGD-blocked 
U87MG cells incubated with IB&D@RBC–RGD and with laser 
treatment, were also included in our experiments. Confocal fl u-
orescence imaging and fl ow cytometry analysis were carried out 
2 h later after removing RBCs by a red blood cell lysis solution. 
As expected, strong DOX fl uorescence was observed inside 
U87MG cells treated with IB&D@RBC–RGD and after laser 
exposure, while cells in the other groups showed much weaker 
DOX uptake as revealed by both confocal imaging results and 
fl ow cytometry data. Our results demonstrated that the molec-
ular targeting in combination with NIR-triggered drug release 
could greatly facilitate drug uptake by cancer cells. 

  Finally, a targeted photothermal–chemotherapy was demon-
strated. U87MG cells were incubated with IB&D@RBC without 
RGD modifi cation, IB@RBC–RGD without DOX loading, as 
well as IB&D@RBC–RGD, for 30 min. After removal of unat-
tached RBCs, the cells were exposed to NIR laser irradiation 
(808 nm, 0.3 W cm −2 , 20 min) and then further incubated for 
another 24 h. Calcein–AM/propidium iodide (PI) costaining 
( Figure    5  A) and standard cell viability assay (Figure  5 B) were 
carried out afterward to evaluate the cancer cell killing effi -
cacy. Compared to cells treated with IB&D@RBC + laser, a 
signifi cantly improved therapeutic effect was observed for cells 
treated with IB&D@RBC–RGD + laser, owing to the specifi c 
binding of RGD-modifi ed RBCs on U87MG cells. On the other 
side, comparing the groups of IB@RBC–RGD + laser, IB&D@
RBC–RGD without laser, and IB&D@RBC–RGD + laser, an 
obvious synergetic cancer cell killing effect was achieved with 
the combined photothermal and chemotherapy in the last 
group, in which the majority of cancer cells were destructed 
after incubation with IB&D@RBC–RGD and exposure to NIR 
laser. Such synergetic cancer killing resulted from not only the 

laser-induced hyperthermia effect, but also 
the NIR laser-triggered DOX release. Note 
that free DOX as the same concentration 
and experimental condition was not as effec-
tive to kill those cells (Figure  5 B). All those 
results collectively suggest that our engi-
neered RBCs (IB&D@RBC–RGD) after spe-
cifi c binding to α v β 3 -integrin positive cancer 
cells could release DOX upon NIR laser irra-
diation and then induce effective cancer cell 
killing. 

    3.     Conclusion 

 In summary, we have successfully fabricated 
a smart RBC carrier suitable for targeted 
drug delivery and light-controlled release 
for cancer therapy. In our system, various 
functioning components were incorpo-
rated within RBCs, including the function 
of NIR laser triggering release from ICG–
BSA, the targeting function from RGD, and 
the therapy function from the model drug 
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 Figure 3.    Specifi c cancer cell targeting of the engineered RBC carriers. Confocal images of 
U87MG cells incubated with a) RBC–RGD, b) native RBCs, c) RGD blocked U87MG cells incu-
bated with RBC–RGD, and 4T1 cells incubated with d) RBC–RGD, and e) native RBCs. All the 
groups experienced 30 min of incubation and washing to remove unbound RBCs. As shown 
in the images, α v β 3 -integrin positive U87MG cells were fully covered by RGD conjugated RBCs 
but not native RBCs or RGD-blocked U87MG cells. Such effect was also not noted for α v β 3 -
integrin negative 4T1 cells. In the blocking group, the morphology of U87MG cells changed 
after blocking of αvβ3-integrin by RGD (20 µg mL −1  for 30 min).
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DOX. With intact RBC membrane and being stable in dark, 
those engineered RBCs when under NIR laser irradiation 
could be disrupted and then release their encapsulated drug 

molecules. After modifying RBCs with RGD peptide, specifi c 
binding of RBCs to α v β 3 -integrin overexpressing cancer cells 
is then observed. Afterward, in vitro targeted drug delivery 
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 Figure 4.    In vitro targeted drug delivery and light-triggered release. A) Schematic illustration of in vitro targeted drug delivery and photothermally 
triggered drug release. B) Confocal fl uorescence images of U87MG cells incubated with IB&D@RBC–RGD, IB&D@RBC, or free DOX for 30 min, fol-
lowed by removing unattached RBC, being exposed to NIR laser irradiation (808 nm, 0.5 W cm −2 , 10 min) or without laser irradiation, and then further 
incubation for 2 h. RGD-blocked U87MG cells were involved as the control. Red and blue colors in those images represent DOX fl uorescence and 
40-6-diamidino-2-phenylindole (DAPI)-stained nuclear fl uorescence, respectively. The scale bars are 35 µm in all confocal images. C,D) Flow cytometry 
data of cellular DOX fl uorescence for samples in (B). Cells were treated with red blood cell lysis solution to remove RBCs attached on the U87MG cell 
surface before imaging and analysis.
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and photothermal–chemotherapy are further conducted, dem-
onstrating a remarkable synergistic therapeutic effect after the 
targeted combination therapy delivered by RBCs. For further 
in vivo studies and future potential clinical translation, α v β 3 -
integrin targeting RBCs may specifi cally bind to tumor vas-
culature endothelia, and then release chemotherapeutic agent 
under external NIR laser irradiation to destruct cancer vascu-
lature as well as tumor cells. Animal studies in mouse tumor 
models are still ongoing in our laboratory. Noteworthily, all the 
agents used here to engineer our RBC platform are either FDA-
approved or highly biocompatible. Although the limited light 
penetration depth would be a shortcoming of this approach, it 
is hoped that such light-responsive DDSs may become clinical 
applicable with the aid of intervention techniques (e.g., use 
implantable optical fi bers). Moreover, the similar strategy may 
be further extended to the development of other types of stim-
ulus–response RBC-based DDSs suitable for the treatment of 
extravascular diseases in addition to cancer.  

  4.     Experimental Section 
  Preparation of IB&D@RBC : IB&D@RBC was prepared based on 

an optimized “hypotonic dialysis” method. [ 35,44 ]  Essential steps of 
the process involved collection and washing of erythrocytes, dialysis 
of erythrocytes against a hypotonic buffer, resealing drug insides 

erythrocytes, and removing unencapsulated drug. Briefl y, whole 
blood was collected from the orbital sinus of Babl/c mice. RBCs were 
separated from whole blood by centrifugation (400 g, 10 min), washed 
thrice with cold PBS (300 mOsm, pH 7.4), and then resuspended in PBS 
buffer at a 70% hematocrit. 200 µL suspension of RBCs was then placed 
inside a dialysis bag with a 3.5 kDa molecular weight cut-off (MWCO) 
together with 1 mL mixture of DOX and ICG–BSA containing 1 mg mL −1  
DOX and 60 mg mL −1  ICG–BSA (with 1 mg mL −1  of ICG). The dialysis 
medium was 100 mL hypotonic buffer (pH 7.4) containing 10 × 10 −3   M  
NaHCO 3 , 10 × 10 −3   M  NaH 2 PO 4 , 20 × 10 −3   M  glucose, 4 × 10 −3   M  MgCl 2 , 
2 × 10 −3   M  ATP, and 3 × 10 −3   M  reduced glutathione (GSH). Hypotonic 
dialysis was carried out at a temperature of 4 °C for 30 min. Resealing 
of RBCs was obtained by dialyzing RBCs in a hypertonic solution 
containing 10% PIGPA–NaCl (a specialized buffer, including 100 × 10 −3   M  
Natrium pyruvat, 100 × 10 −3   M  Inosin, 100 × 10 −3   M  Glucose, 35 × 10 −3   M  
NaH 2 PO 4 , 5 × 10 −3   M  Adenin, and 12% (w/v) NaCl), 2 × 10 −3   M  ATP, and 
3 × 10 −3   M  GSH at 37 °C for 30 min. The resealed cells were recovered 
by centrifugation at 400 g and washed four times with ice-cold PBS to 
remove unentrapped drugs. 

  Surface Modifi cation of RBC : RBC surface modifi cation is realized by 
the surface painting method. [ 20 ]  DSPE–PEG–biotin was synthesized by 
mixing 35 mg DSPE–PEG–NH 2  (3400 D) and 7 mg NHS–biotin (341 D, 
2 eq) within 5 mL methanol and reacting for 2 h, followed by blowing 
dry by N 2 , dialyzing against DI water using 3500 D MWCO membranes, 
and freeze-drying. To prepare biotin anchored RBCs, 500 µL packed 
RBCs were resuspended in 4 mL PBS (pH 7.4) and incubated with 
0.5 mg DSPE–PEG–biotin (3700 D,100 µg mL −1 ) for 30 min at 37 °C 
under continuous stirring. The obtained RBC–biotin were washed twice 
(PBS, pH 7.4, 400 g, 5 min) and then resuspended in 4 mL PBS (pH 7.4). 
Under continuous stirring, 1 mg avidin solution (6.30 × 10 4  molecules/
RBC) was added and reacted for 60 min at 4 °C. Afterward, the RBC–
biotin–avidin were washed twice (PBS, pH 7.4, 400 g, 5 min) to remove 
unbound avidin. Finally, washed RBC–biotin–avidin was mixed with 
biotinylated RGD (resulted from the reaction of RGD and sulfo–NHS–
LC–biotin) for 60 min at 4 °C under continuous stirring, washed twice 
with PBS, and then stored under 4 °C for further use.   The number of 
biotin anchored on each RBC was quantifi ed by fi tting an avidin binding 
curve on biotinylated RBCs. In briefl y, avidin was labeled with NHS–FITC 
in advance. Under continuous vibration, samples of biotinylated RBCs 
with a fi xed cell number were added with varied amounts of avidin–
FITC and incubated for 60 min under 4 °C. After removal of unattached 
avidin–FITC, the relative levels of avidin binding on RBCs in those 
samples were determined by fl ow cytometry. Based on the fl uorescence 
of RBCs and avidin/RBC number ratios, an avidin binding plot was 
drawn. After fi tting the curve, we could get the saturated avidin binding 
number for each RBC at the turning point. The number of biotin copies 
attached per RBC could thus be inferred from this saturated avidin 
binding number. 

  Characterization of Loaded RBCs : Confocal fl uorescence images of 
cells were taken by a Lecia SP5 laser scanning confocal microscope. For 
fl ow cytometry measurement, RBCs were washed with PBS twice and 
then analyzed using a Calibur fl ow cytometer (BD Biosciences, USA).   To 
determine the DOX loading, which could not be accurately estimated by 
the UV–vis spectrum due to the interference of hemoglobin absorption, 
a quantitative DOX cell uptake assay was thus conducted by solubilizing 
engineered RBCs using a lysis buffer and then extracting free DOX 
from the cell lyate by an HCl/isopropanol solvent. The fl uorescence 
of DOX was then used to determine DOX loading inside RBCs. Plain 
RBCs without DOX loading or IB-loaded RBCs were treated by the same 
method and used as the baseline control during DOX measurement 
(Figure S2, Supporting Information).   The amount of ICG–BSA loading 
on RBCs was measured by the characteristic ICG–BSA absorbance at 
802 nm in the engineered RBC sample, after subtracting the inherent 
RBC absorbance at that wavelength.   Carrier-RBC membrane damage 
(PS exposure) was quantifi ed using FITC–Annexin V assay according to 
the manufacturer’s instructions (FITC–Annexin V Apoptosis Detection 
Kit, Sigma-Aldrich). The results were analyzed by fl ow cytometry (BD 
Biosciences, USA). To evaluate hemolysis by complement, engineered 

 Figure 5.    In vitro combined photothermal–chemotherapy. A) Confocal 
images of U87MG cells treated with laser only, IB&D@RBC + laser, IB@
RBC–RGD+ laser, IB&D@RBC–RGD, and IB&D@RBC–RGD+ laser. 
Laser treatment was conducted by an 808 nm laser at 0.3 W cm −2  for 
20 min. U87MG cells were incubated with RBCs for 30 min followed 
by removing unattached RBC, being exposed to NIR laser irradiation 
(808 nm, 0.3 W cm −2 , 20 min) and then incubating for another 20 h. The 
scale bars are 100 µm in all confocal images. B) Relative viabilities of 
U87MG cells in (A). The data are shown as mean ± SD. Error bars are 
based on at least quadruplicate measurements.  p  values: *** p  < 0.001, 
** p  < 0.01, or * p  < 0.05.
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RBCs were incubated in fresh serum for 1 h at 37 °C. The degree 
of hemolysis was judged by observation and spectrophotometrical 
determination of released hemoglobin at 405 nm.   To determine drug 
releasing from engineered RBCs, DOX and ICG–BSA released from 
IB&D@RBC–RGD were collected by centrifugation at 1000 rpm for 
10 min. The amounts of released DOX and ICG–BSA in the supernatant 
solutions were measured by fl uorescence and absorbance spectra, 
respectively. The DOX samples were extracted by an HCl/isopropanol 
solvent, while the ICG–BSA samples were solubilized by a lysis buffer. 

  Photothermal Release Experiments : To study the photothermal property 
of IB&D@RBC, suspensions of 10% hematocrit RBCs and IB&D@RBC 
were irradiated under an 808-nm laser at 0.1, 0.3, and 0.5 W cm −2  for 
5 min with an IR thermal camera used to monitor their temperature 
changes during laser irradiation. NIR laser-induced photothermal release 
was conducted at different power densities of NIR laser irradiation. 
Confocal fl uorescence images of irradiated cells were taken by a Lecia 
SP5 laser scanning confocal microscope. The excitation wavelength was 
488 nm for DOX. 

  Cell Culture Experiments : Human glioblastoma U87MG cells were 
cultured in DMEM low glucose medium containing 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin at 37 °C under 5% CO 2 . 
Murine breast 4T1 cancer cells were cultured in RPMI-1640 medium 
containing 10% FBS and 1% penicillin/streptomycin at 37 °C under 5% 
CO 2 .   For targeted therapy, 50 µL of 30% hematocrit IB&D@RBC-RGD 
(≈1 × 10 8 ) added with 1% penicillin/streptomycin was mixed with 
U87MG cells or 4T1 cells cultured in 35 mm dishes. After 30 min of 
incubation, RBCs were removed by washing twice with fresh culture 
medium. Afterward, those samples were placed under the 808 nm laser 
irradiation at 0.5 W cm −2  for 10 min. After additional incubation for 
2 h, the samples were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
and examined by the Lecia SP5 confocal fl uorescence microscope or the 
Calibur fl ow cytometer. RBCs attached on cancer cells were fully lyzed by 
treating with RBC lysis solution (NH 4 Cl) twice (2 min each time) before 
examination. The control groups were treated with parallel operations. 

  In Vitro Photothermal–Chemotherapy : Five groups were designed in 
our experiments: (1) U87MG + laser, (2) U87MG + IB&D@RBC+ laser, 
(3) U87MG + IB@RBC–RGD+ laser, (4) U87MG + IB&D@RBC–RGD, 
(5) U87MG + IB&D@RBC–RGD+ laser. For groups (2)–(5), 50 µL of 30% 
hematocrit RBCs containing 1% penicillin/streptomycin was added into 
each 35 mm culture dish with U87MG cells. After 30 min of incubation, 
the free engineered RBCs were removed by washing twice with fresh 
culture medium. Afterward, those samples were exposed to the 808-nm 
laser at 0.3 W cm −2  for 20 min and then further incubated for additional 
24 h. In the control groups, parallel operations were conducted. For 
confocal fl uorescence investigation, dead and live cells were stained 
with propidium iodide (PI, 5 × 10 −3   M ) and calcein AM (2 × 10 −3   M ), 
respectively. The in vitro therapeutic effect was also determined using a 
standard methyl thiazolyl tetrazolium (MTT, Sigma Aldrich) assay for cell 
viability measurement. Briefl y, U87MG cells were seeded into 96-well cell 
culture plate at 1 × 10 4  per well until adherent and then incubated with 
5 µL 30% hematocrit of RBCs (1 × 10 7 ) or 0.6 µg free DOX. All the other 
operations were the same as described before. Error bars were based on 
standard deviations of at least quadruplicate measurements.  
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