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a b s t r a c t

Red blood cells (RBCs) are an excellent choice for cell preparation research because of their biocom-
patibility, high drug loading, and long half-life. In this study, doxorubicin (DOX) was encapsulated with
RBCs as the carrier. The biotin-avidin system binding principle was used to modify biotinylated cyclic
arginine-glycine-aspartic acid (cRGD) onto RBC surfaces for accurate targeting, high drug loading, and
sustained drug release. The RBC drug delivery system (DDS) was characterized, and the concentration of
surface sulfur in the energy spectrumwas 6.330%. The physical and chemical properties of RBC DDS were
as follows: drug content, 0.857 mg/mL; particle size, 3339 nm; potential value, �12.5 mV; and cumu-
lative release rate, 81.35%. There was no significant change in RBC morphology for up to seven days. The
results of the targeting and cytotoxicity studies of RBC DDS showed that many RBCs covered the surfaces
of U251 cells, and the fluorescence intensity was higher than that of MCF-7 cells. The IC50 value of un-
modified drug-loaded RBCs was 2.5 times higher than that of targeted modified drug-loaded RBCs,
indicating that the targeting of cancer cells produced satisfactory inhibition. This study confirms that the
RBC DDS has the characteristics of accurate targeting, high drug loading, and slow drug release, which
increases its likelihood of becoming a clinical cancer treatment in the future.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Drug delivery systems (DDSs) have always been the focus of
pharmaceutical development [1e3]. Research on DDSs mainly fo-
cuses on carriers, construction, and effect evaluation [4e6]. In recent
years, continuous progress has been made in cell-based therapeutic
reagents, and this method of loading drugs enhances drug targeting
and stability. Cell-based DDSs have the potential to revolutionize
drug delivery [7,8]. Many common cell carriers, such as red blood
cells (RBCs), immune cells, and stem cells, have been studied.

In recent years, RBC-based DDSs have attracted the most
attention because they have the following advantages [9e11]. 1)
The drug loading amount could meet the clinical dose, and due to
the absence of nuclei and organelles, the RBC intracellular space is
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sufficient to hold various types of drugs, including large peptides
and protein biomolecule drugs [12,13]. 2) The half-life of drugs is
prolonged [14,15]. The survival time of normal RBCs in the body is
long and can effectively prolong the circulation time of drugs
carried by RBCs. Studies have shown that the attachment of
polymer nanoparticles to the surfaces of RBCs may significantly
improve their circulation life in vivo. As long as these particles
remain attached to RBCs, they continue to circulate in the blood.
Due to the interaction between cells, the particles are eventually
separated from RBCs and then cleared by the liver and spleen. 3)
The internal environment of RBCs is relatively stable, which can be
regarded as an isolation space for drugs. It can increase drug sta-
bility by preventing interactions with endogenous substances,
resulting in the loss or change of drug effects. Zhang et al. [16]
encapsulated betamethasone phosphate (BSP) into RBCs. The cir-
culation time of BSP in plasma was more than 9 days. 4) RBCs have
good biocompatibility [17,18]. As a natural part of the circulatory
system, RBCs have incomparable biocompatibility compared with
synthetic drug carriers, which may effectively reduce immune
responses to drugs.
University. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. Schematic illustration of the red blood cell (RBC)-based drug delivery system. cRGD: cyclic arginine-glycine-aspartic acid; DOX: doxorubicin.
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RBCs can be used to transport small molecular drugs, proteins,
nucleic acids, and other macromolecules [19e22]. There are two
main loading methods: intracellular entrapment and extracellular
connection. Under hypotonic conditions, small molecular drugs can
enter cells through the membrane pore and then encapsulate RBCs
under hyperosmotic conditions, using the characteristics of the RBC
membrane to control drug release [23e25]. Some drugs may also
be encapsulated in proteins or nanoparticles and then loaded into
RBCs. Magnani and Rossi [26] reported that RBCs could contain
enzymes and enzyme activity.

Drugs that cannot pass through the RBC membrane are often
connected to the surface of the RBC membrane. In the past few
decades, biotin-avidin has been widely used in biotechnology
[27e30]. Zaltzman et al. [31] designed a reasonable drug delivery
strategy using RBCs as a large carrier by studying the mechanism of
biotin-avidin induction. This method is widely used in the study of
extracellular ligation of drug molecules on RBCs.

The DDS carrier can increase active targeting bymodifications of
target molecules on carrier surfaces. The RBC DDS can also increase
its targeting by modifications of the surface of RBCs [32e34].
Among the many targeted molecules, arginine-glycine-aspartic
acid (RGD) is widely used in active targeted DDSs. RGD is the
recognition site of integrin aVb3 receptor binding to ligands, which
plays an important role in cell-to-cell adhesion and transmission
[35e37]. In tumor therapy, RGD is often used as a tumor cell target
for the high expression of integrin aVb3. By modifying RGD, the
drug's efficacy can be increased by targeting the drug preparation
at the tumor site.

In this study, RBCs loaded with the anticancer drug doxorubicin
(DOX) were used as the DDS, and RBCs were modified with cyclic
RGD (cRGD) to increase their active targeting. The DDS's physical
and chemical properties, drug loading characteristics, drug release
characteristics, and cytotoxicity were investigated. This study
provides a new approach for the research and development of a
new targeted DDS.
Fig. 2. Energy dispersive spectroscopy analyses of (A) RBC, (B) biotin modified RBC (b-
RBC), and (C) cRGD modified RBC (R-RBC).
2. Materials and methods

2.1. Reagents and materials

Cyclo [RGDfK] (Biotin; 95%) was purchased from China Peptides
Pty Ltd. (Shanghai, China). DOX (98%) was purchased from Dalian
Meilun Biotechnology Co., Ltd. (Dalian, China); avidin and DSPE-
PEG3400-biotin were purchased from Xi'an Ruixi Biological Tech-
nology Co., Ltd. (Xi'an, China); U251 glioma cells and MCF-7 breast
cancer cells were obtained from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. (Shanghai, China).
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2.2. Synthesis of the RBC-based DDS

2.2.1. Isolation and collection of RBCs
Whole blood (0.5 mL) from Balb/c mice was collected in an

anticoagulant test tube. Phosphate buffer saline (PBS, 5 mL) was
added, and the mixture was shaken to mix well. After centrifuga-
tion at 1,300 r/min for 5 min (4 �C), the supernatant was removed,
and the precipitate was pure RBCs, which were then resuspended
in PBS.
2.2.2. Preparation of cRGD-modified RBCs (R-RBC)
A coating strategy based on biotin-avidin interactions was used

to modify the surfaces of RBCs [38]. To obtain surface-modified



Fig. 3. The size distribution of (A) doxorubicin-loaded RBC (RBC#DOX) and (B) cRGD modified and DOX-loaded RBC (R-RBC#DOX); the zeta potential of (C) RBC#DOX and (D) R-
RBC#DOX.
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biotin RBCs (b-RBC), 1 mL of DPSE-PEG3400-biotin (0.1 mg/mL) and
1mL of RBCs were suspended in 8mL of PBS and shaken for 60min.
After centrifugation at 1,300 r/min for 5 min, the precipitate (b-
RBC) and 1mL of avidin (0.1mg/mL) were suspended in 9mL of PBS
and shaken for 60 min to link avidin to biotin on RBC surfaces (A-b-
RBC). According to the above method, cyclo (RGDfK (biotin)) was
added to obtain RBCs with surface modification of cRGD (R-RBC).

2.2.3. Preparation of DOX-loaded R-RBC (R-RBC#DOX)
In this experiment, the drug was loaded using the hypotonic

dilution-isotonic resealing method, according to a previous report
[39]. The main steps were as follows: 1 mg of DOX was mixed with
an RBC suspension (0.5 mL) and dialyzed in 4 �C hypotonic buffer
(molecular weight cut-off ¼ 3500) for 30 min. The RBCs
Fig. 4. Scanning electron microscopy (SEM) images of RBCs (A) before a
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encapsulating DOX were transferred to a 37 �C hyperosmotic buffer
for 30 min, and then the unencapsulated DOX was removed by
centrifugation. The drug was encapsulated in RBCs by the “opening
and closing” of the RBC membrane.

The changes in the concentrations of C, N, O, S, and Fe on the
surfaces of RBCs were analyzed using an energy spectrometer to
characterize the surface modification of drug-loaded RBCs. The
main steps were as follows: RBCs were suspended in PBS con-
taining 2.5% glutaraldehyde, stirred evenly for 2min, and then fixed
at 4 �C for 12 h to obtain fixed RBCs. The sample was obtained by
gradient elutionwith 20%, 30%, 50%, 90%, and 100% ethanol solution
for 10 min, and finally freeze-dried. The freeze-dried RBC DDS was
placed on the sample table, and the surface was sprayed with gold
using an ion sputtering instrument for scanning electron
nd (B) after drug loading, and (C) R-RBC#DOX 7 days after loading.
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microscope (SEM) observation. A laser particle size analyzer was
used on the dispersed RBC DDS to detect any changes in particle
size and zeta potential.

2.3. In vitro evaluation of R-RBC#DOX

2.3.1. Measurement of DOX
Drug loading was expressed as the amount of DOX in 1 mL of

RBCs. The DOX content was determined by ultra-high-performance
liquid chromatography (ACQUITY UPLC; Waters, Milford, MA, USA).
The mobile phase consisted of acidified water (0.04% trifluoroacetic
acid, pH 2.5)-acetonitrile-tetrahydrofuran (75:24.2:0.8, V/V/V), the
flow rate was 0.4 mL/min, the injection volume was 10 mL, and the
detector was a fluorescence detector (Ex: 480 nm/Em: 550 nm).

Sample preparation: DOX-loaded RBCs (1 mL) were added to
ultra-pure water and ultrasonicated for 15min. After centrifugation
at 8,000 r/min for 5 min, the supernatant was extracted. DOX was
extracted by adding a mixture of chloroform and methanol (4:1, V/
V). The trichloromethane layer was dried with nitrogen and diluted
50 times with ultrapure water.

2.3.2. Release test
The RBC DDS was dispersed in 2.5 mL of PBS with a dialysis bag

(3500D). The dialysis bag was placed in a beaker (Hanson Elite 8)
with 50 mL of PBS and stirred at 37 �C. Then, 2.5 mL of samples
were collected at 1, 4, 8, 12, 16, 20, 24, 36, 48, 72, 96, and 120 h,
respectively. The samples were diluted 20 times to determine the
DOX concentration. Simultaneously, blank PBS (2.5 mL) was added
to the beaker. The concentration of DOX was determined using the
method described in Section 2.3.1.

2.3.3. Cytotoxicity of R-RBC#DOX
The R-RBC#DOX system was developed for the follow-up real-

ization of brain-targeted therapy. Therefore, we chose glioma U251
as the cell model. The experiment was divided into four groups, i.e.,
DOX group, R-RBC group, RBC#DOX group, and R-RBC#DOX group.
The OD value of each group after incubation with U251 cells was
Fig. 5. (A) The release profiles of DOX and hemoglobin from R-RBC#DOX in PBS solution. (
resents P<0.001, compared with the RBC#DOX group (t-test). - Represents P<0.001 compa
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measured using the CCK-8 method. The inhibitory effects of each
group on cell proliferation were also compared. The tested samples
were added to a 96-well culture plate containing U251 cells at
different concentrations. After 72 h, CCK-8 solution was added to
the 96-well culture plate and incubated in the incubator for 4 h. The
absorbance was measured at 450 nm, and the cell inhibition rate
was calculated.
2.3.4. Study of cell localization and targeting
The purpose of cRGD modification of RBCs is to increase the

active targeting of the DDS. Confocal microscopy was used to
qualitatively describe the changes in targeting before and after
cRGD modification. DOX can excite fluorescence at a certain
wavelength of the excitation light. The fluorescence intensity of
DOX can be used to determine the target strength indirectly. The
steps were as follows: U251 and MCF-7 cells were inoculated into
confocal dishes. Hoechst 33342 staining solution was added and
incubated at 25 �C for 20 min. Then, 50 mL of RBC#DOX or R-
RBC#DOX was added to the culture medium and incubated for
30 min. Using confocal microscopy, the distribution of DOX in
cancer cells was analyzed as indicated by the fluorescence of the
Hoechst reagent. The fluorescence intensity of DOX in cancer cells
in each group was compared, and the targeted drug delivery per-
formance of the RBC DDS was analyzed.
3. Results and discussion

3.1. Characterization of R-RBC#DOX

The synthesis of DDS based on RBC is shown in Fig. 1. The re-
agents DPSE-PEG3400-biotin and cRGD-biotin, used in the process of
surface modification, contained sulfur. An energy spectrometer can
be used to determine the sulfur content on the RBC surface at
different stages of modification, which could verify whether the the
cell surface is modified with cRGD. The results of the energy
dispersive spectroscopy analyses are shown in Tables S1eS3. As
shown in Fig. 2, the proportion of sulfur in b-RBC was higher than
B) Cytotoxicity of R-RBC, DOX, RBC#DOX and R-RBC#DOX against U251 cells.
:

Rep-
red with the R-RBC group (t-test).



Fig. 6. Cellular uptake of U251 cells and MCF-7 cells after treatment with RBC#DOX and R-RBC#DOX.
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that in RBC, which indicated that DSPE-PEG3400-biotin successfully
modified the RBC surfaces. After the modification of cRGD, the
concentration of sulfur in R-RBC reached 6.330%. Because there is
no sulfur in avidin, the added sulfur is derived from cRGD, indi-
cating that the RBC surface has been successfully modified with
cRGD.

Avidin is tetravalent for biotin and binds to two biotinylated
macromolecules or biotinylated cells. In other words, excluding the
amount of sulfur in DSPE-PEG3400-biotin, the amount of sulfur in R-
RBC#DOX should be increased three-fold. The test results showed
that sulfur content did not increase three-fold. This result might be
due to the addition of avidin to the surface of RBCs after the cRGD
modification. However, the amount of C, N, O, and other elements
in avidin molecules increased the total amount of surface elements
on RBCs, resulting in a three-fold increase in the total amount of
sulfur.

The results of the particle size and potential analyses are shown
in Fig. 3 and Table S4. The particle size of the unmodified DOX-
loaded RBCs was 3245 nm, and the dispersion index was 0.167.
The average particle size of cRGD modified DOX-loaded RBCs was
3339 nm, and the dispersion index was 0.305. There were no
changes in the sizes of the two groups. The particle size was
consistent with the results of confocal microscopy and scanning
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electron microscopy. The results showed that the preparation did
not affect RBC size. The dispersion index test results were satis-
factory, indicating that the modified drug-loaded RBCs still had
good dispersion characteristics with no RBC adhesion. The zeta
potential of unmodified and modified RBCs were �12.0 mV
and �12.5 mV.

The results of scanning electron microscopy are shown in Fig. 4.
There was no significant change in RBC morphology before or after
drug loading, as shown in Figs. 4A and B. The results showed that
drug loading did not affect RBCs. There are fine white spots visible
on the surfaces of some RBCs in Figs. 4A and B, whichmay be due to
the modification of cRGD on the red blood cell surfaces. This also
confirmed the side evidence of cRGD characterization, which
proved that cRGD was successfully modified on RBC surfaces. The
morphological diagram of R-RBC#DOX 7 days after loading is
shown in Fig. 4C. This finding shows that the stability of R-
RBC#DOX samples was good, andmost of the RBCs remained intact.

Coupling avidin to biotinylated RBC (b-RBC) is known to
sensitize biotinylated RBC to complement [40e43], and this un-
intended effect can be modulated by specific approaches to
anchoring biotinylated cargoes to b-RBC via avidin [44e46]. Avidin
is also known to cause aggregation of b-RBC [47]. Therefore,
agglutination activity was measured. The agglutination activity
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assay was performed in V-shaped agglutination plates, as
described previously [40]. As a result, agglutination titer for sam-
ples of cRGD-modified avidin-biotinylated DOX-loaded RBCs (R-A-
b-RBC#DOX), DOX-loaded RBCs (RBC#DOX), biotinylated DOX-
loaded RBCs (b-RBC#DOX) and avidin-biotinylated DOX-loaded
RBCs (A-b-RBC#DOX) were 20, 24, 12, and 5 mg/mL, respectively.
The agglutination activity of R-A-b-RBC#DOX decreased signifi-
cantly. This result may be because both cRGD and avidin are
positively charged, which increases the possibility of mutual
exclusion and reduces condensation [42].
3.2. Drug release

The release curves for DOX and hemoglobin are shown in
Fig. 5A. These results showed that DOX in RBCs was released slowly
over time. On the fifth day, the cumulative release of DOX reached
81.35%. The release curve of hemoglobin is the same as that of DOX,
most likely due to the release of DOX and hemoglobin caused by the
change in RBC membrane permeability. This result was similar to
that reported for RBCs [39].
3.3. In vitro test

The inhibition rate of U251 cells is shown in Fig. 5B. The IC50
values of the R-RBC#DOX group and the RBC#DOX group were
155.85 ± 2.77 mg/mL and 214.34 ± 2.91 mg/mL, respectively. The cell
inhibition rate of the former was higher than that of the latter. This
Fig. 7. (A and B) High-content cellomics analysis of R-RBC#DOX (A) and RBC#DOX (B). (C) Th
Confocal microscopy field photographs of U251 cells after treatment with R-RBC#DOX (D)
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result was probably due to the active targeting effect of cRGD. In
contrast, R-RBC showed almost no cytotoxicity. According to the
drug release test results, R-RBC#DOX is a slow-release DDS.
Therefore, in the cytotoxicity test, R-RBC#DOX should be incubated
with U251 and given sufficient time to reflect the cytotoxicity
objectively.

To better explain the experimental results of R-RBC#DOX
in vitro, hemolysis was tested. The hemolytic assay was performed
using microtitration plates, as described previously [40]. As shown
in Fig. S1, hemolysis decreased after avidin treatment combined
with biotin-DSPE. This finding may be because if a similar avidin
surface density is achieved by attachment of avidin through biotin-
DSPE, this does not result in cell lysis by complement [45]. When
cRGD was added, hemolysis decreased. This result may be due to
the increased steric hindrance caused by incorporating cRGD cyclic
peptides and reducing the lysis effect [45].
3.4. Targeting ability of R-RBC#DOX

In the process of exploring the DDS in vitro, MCF-7 cells with
low expression of integrin aVb3 were compared. As shown in Fig. 6,
the fluorescence intensity was weak in both the R-RBC#DOX group
and the RBC#DOX group for MCF-7 cells. This finding shows that
cRGD-modified RBCs had no targeting effect on MCF-7 cells. These
results also confirmed that cRGD could not affect cancer cells with
low expression of integrin aVb3. However, there are different results
for U251 glioma cells with high expression of integrin aVb3. R-
e mean fluorescence intensity of different samples determined in U251 cells. (D and E)
and RBC#DOX (E). (F) Confocal microscopy photographs of RBC after DOX loading.
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RBC#DOX showed strong fluorescence. This finding indicates that
U251 cells have a stronger uptake of drug-loaded RBCs with
surface-modified cRGD. The results showed that the modified DOX-
loaded RBCs effectively targeted U251 cells with high integrin aVb3
expression.

cRGD-modified RBCs actively target cancer cells, as shown by
our high-content cellomics analysis. As shown in Figs. 7A and B, red
represents DOX fluorescence. The red color of RBCs modified by
cRGD was quite apparent. The qualitative analysis of fluorescence
intensity provided by the high-content cellomics analysis reader is
shown in Fig. 7C. Based on the above data, it can be concluded that
RBCs modified by cRGD are more likely to target cancer cells
actively than unmodified RBCs.

The relationship between the RBC DDS and cancer cells is shown
in Figs. 7D and E. Many RBCs were gathered at the site of the cancer
cells in the R-RBC#DOX group. There was no apparent coverage in
the RBC#DOX group. This shows that the RBC drug carrier modified
by cRGD has a strong ability to target cancer cells with a high
expression of integrin aVb3 and can gather at the site of cancer cells.
This coverage is more conducive to the subsequent release of DOX
into cancer cells. Fig. 7F shows the confocal microscopy photo-
graphs of drug-loaded RBCs, showing that DOX was successfully
loaded into RBCs.
4. Conclusions

In this study, we successfully prepared a DDS based on RBCs. The
surface of RBCs wasmodified, and DOXwas encapsulated in RBCs to
confer the characteristics of slow-release, high drug loading, and
accurate targeting. The DDS's physical and chemical properties,
targeting characteristics, and tumor cell inhibition were verified.
cRGD was successfully modified on RBC surfaces using the biotin-
avidin reaction. There were no significant changes in the struc-
ture, size, and potential characteristics of RBCs before or after drug
loading. The RBC DDS also showed the characteristics of sustained-
release and good stability for 7 days and proved to have good tar-
geting characteristics of integrin aVb3 and inhibition of cell prolif-
eration. In summary, this study provides a basis for developing
follow-up targeted agents and a new strategy for clinical cancer
treatment.
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