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Abstract

The therapeutic efficacy of fluorescence image-guided tumor surgery and photodynamic therapy (PDT) is impaired by

the penetration depth limitation, low signal-to-noise ratio of traditional first near-infrared window

(NIR 1)

fluorescence and the hypoxic tumor microenvironment. Here, a “red blood cell-based multimodal probe” was
proposed to achieve enhanced tumor targeting and retention of fluorescent probes after an intravenous injection, so
that second near-infrared window (NIR Il) fluorescence bioimaging-guided complete tumor resection and

high-efficiency photodynamic therapy could then be realized.

Methods: The hexanoic acid ester-modified rose bengal (RB-HA), RGD (Arginine-Glycine-Aspartic) peptide and

avidin were covalently coupled onto amine-modified upconversion nanoparticles (UCNPs) via EDC/NHS

reaction

(UCNPs@RB@RGD@avidin). Afterwards, the complex of ICG with bovine serum albumin (BSA) was loaded into
RBCs through hypotonic dialysis (RBC@ICG). Then, the membrane proteins of RBC@ICG were biotinylated by
biotin-modified phospholipids (RBC@ICG@biotin). Finally, the RBCp (Red Blood Cell based probe) was obtained by
crosslinking UCNPs@RB@RGD@avidin to RBC@ICG@biotin through the interaction of avidin and biotin. The
obtained multimodal RBCp was extensively characterized, both in vitro and in vivo, including analysis of chemical,
physical and fluorescent features, O delivery ability, tumor accumulation, NIR Il fluorescence bioimaging ability,

photodynamic therapeutic efficiency, and biosafety.

Results: The RBCp experienced efficient tumor targeting and long tumor retention for almost 4 h after intravenous
injection, and the superior signal-to-noise ratio at the optimal time window can be used for guiding precise tumor
resection under an 808-nm laser irradiation to facilitate lymph popliteal metastasis surgical delineation. Meanwhile,
the RBCp can provide laser-responsive O; release to enhance the PDT efficiency of popliteal lymph node metastasis
under NIR |l fluorescence bioimaging guidance. These excellent performances obviously lead to remarkably enhanced

synergistic therapeutic effects of tumor surgery and metastatic inhibition.

Conclusion: The proposed strategy will develop a new platform to increase surgical resection completeness and
improve PDT efficiency, resulting in the successful and complete inhibition of tumor and metastasis, which could offer

a promising approach for the clinical translation of malignant tumor treatment.

Key words: second near-infrared window fluorescence, indocyanine green, tumor surgery, oxygen delivery,

photodynamic therapy

Introduction

For most liver malignancies, the ideal first-line  tive imaging is the most favorable method that is

treatment is complete surgical resection. Intraopera-

capable of a precise visualization of tumor margins
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and observation of other ultra-small metastases [1-5].
Fluorescence imaging offers the promise of safe,
noninvasive detection along with other advantages,
including ultrahigh resolution, real-time observation,
and superior specificity for ultra-small tumors during
diagnostic and intraoperative surgical procedures
[6-9]. Compared with visible wavelengths (400 - 650
nm), the fluorescence imaging capabilities of the first
near-infrared window (NIR I, 650 - 900 nm) conven-
tional contrast agents, such as the FDA-approved
indocyanine green (ICG) and methylene blue (MB),
have been demonstrated to be far superior [10].
However, these contrast agents are usually limited by
shallow tissue penetration (~1 mm) and low
signal-to-noise ratio resulting from photon tissue
scattering and tissue autofluorescence [11-13]. Owing
to the reduced photon scattering, deeper tissue
penetration (~10 mm), and lower autofluorescence,
contrast agents in the second near-infrared window
(NIR II, 1000 - 1700 nm) represent promising
candidates for both preoperative imaging and
intraoperative guidance; fluorescence imaging in this
region is more favorable than that within the visible
and traditional NIR I regions [14-20]. Therefore, the
exploration of clinically approved NIR II probes may
give rise to the next generation of in vivo fluorescence
bioimaging contrast agents for tumor surgery
guidance.

As another favorable noninvasive treatment for
tumors, photodynamic therapy (PDT) can convert O,
into massive concentrations of reactive oxygen species
(ROS) in order to efficiently kill tumor cells upon laser
irradiation [21-26]. Several studies have unequivocally
demonstrated that the hypoxic tumor microenviron-
ment has an obviously adverse effect on PDT
efficiency [27-29]. Meanwhile, PDT itself could further
strengthen the hypoxic condition after O, consump-
tion following tumor vessel shutdown effects [30,31].
These facts emphasize the importance of O, supply in
PDT and the significance of simultaneous codelivery
of both O, and photosensitizers in this treatment
[32-35]. Over the past years, numerous anti-hypoxia
strategies have been developed to overcome tumor
hypoxia, such as perfluorocarbon nanoparticles for O
and photosensitizer codelivery [36,37], hyaluronidase
for oxygenation enhancement [38], and MnO;
nanoparticles for oxygenation with cytoplasmic H.O»
catalysis [39-41]. However, these methods fail to
match the sophistication of hindering innate
biological entities [42]. To this point, there are no
studies focused on the aforementioned directions of
accomplishing codelivery of NIR II probes, O, and
photosensitizers with specialized entities to realize
NIR II fluorescence bioimaging-guided tumor surgery
and controllable O, delivery to hypoxic tumors for

PDT enhancement.

Commercially available NIR I dyes, such as the
FDA-approved agent ICG, are also suitable for in vivo
NIR II fluorescence imaging because the absorbance
bands extend into the NIR II region beyond 1500 nm;
this particular dye also exhibits a relatively higher
quantum yield than some existing commercially
available NIR II fluorophores [43,44], even though its
emission peak is not centered in the NIR II region.
Meanwhile, as the “innate transporters” in our blood
circulatory system for O delivery, red blood cells
(RBCs) have long been studied for drug delivery
[45,46]. Inspired by the aforementioned studies, in this
work, we fabricated RBCp for NIR II fluorescence
bioimaging-guided tumor surgery and light-triggered
O, release to enhance PDT efficiency. The
photosensitizer (rose bengal, RB) and the RGD
peptide (for a,Ps-integrin targeting) functionalized
UCNPs were installed onto the surface of ICG-loaded
RBCs to fabricate RBCp. The herein reported RBCp
exhibits the abilities of both efficient tumor targeting
and tumor retention. Under an 808-nm laser
irradiation, the intratumoral RBCp could absorb heat
and swell, resulting in ICG burst and O release. Then,
the tumor can be successfully resected with the NIR II
fluorescence bioimaging navigation. Furthermore, the
PDT efficiency for metastatic tumors, which could be
greatly enhanced because of the increased O»
concentration inside tumors, can also be monitored by
NIR 1II fluorescence bioimaging. Taken together, this
novel RBC-based multimodal theranostic probe for
tumor surgical resection and site-specific PDT of
metastatic tumors under NIR II fluorescence
bioimaging guidance might represent a promising
approach for the efficient treatment of different
malignant tumors.

Results and Discussion

RBCp fabrication

Figure 1 shows a schematic illustration of the
RBCp fabrication. ROS can be produced through
photosensitizers which can be activated by visible
light generated from UCNPs, wherein the UCNPs
play a vital role as an energy transducer under NIR
light [48]. Here, as the 980-nm laser triggered
component of the PDT platform, the lanthanide
doped NaGdFsYb,Er@NaGdF; nanocrystals with
core-shell nanostructure were synthesized according
to the previously reported successive layer-by-layer
strategy with a quantum yield of 0.51+0.06 % (Figure
1 and Figure 2A-B) [49]. These nanoprobes have
uniform particle sizes of approximately 40 nm and a
highly efficient 550 nm upconverting luminescence
under 980 nm laser irradiation to trigger photosensi-
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tization for 'O, generation (Figure 2E). To facilitate
biological applications, the hydrophobic UCNPs with
an oleic acid capping were transferred to the
hydrophilic phase after adding amine-phospholipids
(DSPE-PEGa000-NHz) via van der Waals interactions
[50]. The amine-phospholipid-modified UCNPs were
very stable in both in vitro and in vivo conditions
(Figures S1-S2). Then, the hexanoic acid ester-
modified rose bengal (RB-HA), the RGD peptide as
tumor targeting motif and avidin (specific biotin-
binding protein) were covalently coupled onto
amine-modified UCNPs via EDC/NHS reaction
(UCNPs@RB@RGD®@avidin) (Figure 1). Furthermore,
the NIR II fluorescence signal of the clinically used
NIR I probe ICG was investigated. Recording the
emission spectra on a system sensitive to both NIR I
and NIR II fluorescence, such as an InGaAs
detector-based system (100 ms exposure time and
1000 nm long-pass filter), shows that ICG emission
extends well into the NIR II region (Figure 2F). To
obtain RBC-based multimodal theranostic probes, the
RBCs were first obtained from healthy female nude
mice. Second, the complexes of ICG with bovine
serum albumin (BSA) were loaded into RBCs through
the strategy of hypotonic dialysis (RBC@ICG) to avoid
destructing the RBC membranes [47,51]. Third, to link
the avidin-modified nanoprobes, the membrane
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proteins of RBC@ICG were biotinylated by
biotin-modified phospholipids (DSPE-PEGapo-biotin)
(RBC@ICG®@biotin) [47]. Finally, according to the
bio-interaction of avidin and Dbiotin, the
UCNPs@RB@RGD@avidin were then crosslinked
with RBC@ICG@biotin (Figure 1). The loading
capacities of RGD, RB, and UCNPs on RBCs were
evaluated, showing saturated RGD, RB, and UCNP
loading ratios of approximately 12% (w/w), 27%
(w/w), and 40% (w/w) at the fixed feeding
concentrations of UCNPs, RGD and RB, respectively.
Moreover, the absorbance of total hemoglobin (Figure
S3), the change of dissolved O concentration (A
dissolved O, Figure S4) and zeta-potential of RBCs
(Figure S5) were carefully studied during the
stepwise functionalization process; the results showed
that all of these key characteristic features were only
minimally changed during the functionalization
process, as compared with the natural unmodified
RBCs, demonstrating little effects of the modification
process on the O» carrying characteristics and surface
charge. Moreover, the RBCp were also very stable
both in PBS and serum buffer conditions (Figure S6).
Furthermore, scanning electron microscope (SEM)
and transmission electron microscope (TEM) images
demonstrated that the UCNPs were successfully
anchored onto the membranes of RBCs, which did not
show any alteration of the cell
morphology after modification so
that the normal biconcave shape of
RBCp was maintained (Figure 2C-D
and Figure S7). Meanwhile, both the
morphology and size of RBCs (~7
pm) were maintained after cross-
linking the UCNPs@RB@RGD@avi-
din, further demonstrating that the
[ : total amount of Oz in the RBCp had
k—a\ y not leaked (Figure 2C-D). Before the
- in vivo application of RBCp, the
cellular uptake of our RBCp was

evaluated through CLSM imaging.
As shown in Figure S8, our RBCp
was efficiently taken up by HepG2
cells, demonstrating the effective
tumor cell targeting ability of RGD
modification. After a 24 h
incubation, the cell counting Kkit-8
assay was then used to evaluate the
relative cell viabilities. The results
indicated that the HepG2 cells
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possessed more than 90% viability

{UCNPS = Upconversion nanoparticles; OA = Oleic Acid; RB = Rose Bengal;, RGD = Arg-GIy-Asp}

Figure 1. A schematic illustration of RBCp fabrication. With an 808-nm laser irradiation, RBCp can
continuously release ICG and O, which can be applied for NIR Il fluorescence bioimaging-guided tumor
surgery as well as to enhance NIR Il fluorescent bioimaging-guided photodynamic therapy.

when incubated with 250 pg/mL
RBCp, suggesting the low
cytotoxicity of the RBC-based
multimodal probes (Figure S9).
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ICG and O; release of RBCp

Inspired by the successful RBCp fabrication, we
then carefully studied the properties of the fabricated
RBCp. First, in order to estimate the advantages of the
NIR II fluorescence of ICG, the penetration depths of
both NIR I and NIR II fluorescence were studied. The
results show that the penetration depth of
fluorescence in NIR II (~8 mm) was almost two-fold
higher than that of NIR I (~4 mm) (Figure 3A); the
signal-to-noise ratio of ICG in the NIR II (~7.8) was
also three-fold higher than that in the NIR I (~2.1) at 4
mm depth (Figure 3B-C), further indicating that the
commercially available, FDA-approved NIR I dye
ICG can be applied for in vivo NIR II fluorescence
imaging. Afterwards, we examined whether the
fabricated RBCp can realize site-specific O, release
with a laser activation at 808 nm and 0.5 W/cm?
therefore, the dissolved O in aqueous solution was

evaluated by a dissolved oxygen detector following
the laser irradiation at 808 nm. As shown in Figure
3D, the Adissolved O concentration of RBCp was
continuously increased as a function of irradiation
time. Conversely, only a trace amount of O; release
was observed in the control group of RBCp without
808-nm laser irradiation, and almost no O, release was
detected in response to 808-nm laser irradiation alone
or from pure RBCs with 808-nm laser irradiation. This
is mainly owing to the high temperature-induced
oxygenated hemoglobin (HbO») release from RBCp as
well as the high temperature-induced O, dissociation
from the HbO,. These in vitro dissolved O results
demonstrate that O, release from RBCp can be
precisely activated by an 808-nm laser irradiation.
Moreover, to directly observe O, generation in the
cytoplasm, a confocal laser scanning microscope
(CLSM) experiment was subsequently carried out.
After RBCp incubation with HepG2 cells,
the fluorescence signals of a commercially
available O, dye, tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium (II) dichloride
(Ru(dpp)s?*), were significantly quenched
by an intracellular O, release after
irradiation with an 808-nm laser (0.5
W/cm?) for various minutes (0 ~ 10 min)
(Figure 3E), further demonstrating that a
significant amount of intracellular O, can
be precisely activated and continuously
released. Meanwhile, the RBCp structures
were completely destroyed and O, release
was most obvious with a laser exposure
duration of 10 min (Figure S10). Moreover,
we also observed that the ICG in a medium
with serum was very stable upon an
808-nm laser irradiation, but that it was
relatively unstable in PBS buffer upon laser
irradiation, as demonstrated by its
fluorescence intensity change (Figure S11).
Meanwhile, ICG could also be readily
released from the RBCp upon an 808-nm
laser irradiation with similar kinetics as O
release (Figure S12). These results
demonstrated that both ICG and O could
be successfully released after laser
irradiation. Based on the aforementioned
results, we also studied the intratumor O,
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Figure 2. Characterization of RBCp. TEM images of core nanocrystals of NaGdF4:Yb,Er (A)
and NaGdF4Yb,Er@NaGdFs with the core-shell nanostructure (B). (C) SEM images of
RBC-based multimodal probes and (D) the enlarged image with higher magnification of two
RBC-based multimodal probes attached with UCNPs; insert: RBCs without UCNPs modification.
(E) The emission spectrum of UCNPs under a 980-nm laser irradiation and the absorption
spectrum of RB. (F) The emission spectrum of aqueous ICG solution under an 808-nm laser
irradiation; insert: NIR Il fluorescence image of ICG observed by InGaAs camera (100 ms

exposure time, 1000 nm long-pass filter).
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release via photoacoustic (PA) imaging.
The blood O, saturation in the HepG2
tumor vasculature was evaluated by
measuring oxyhemoglobin. There is a
significant oxyhemoglobin signal increase
after an intravenous injection of RBCp in
the tail vein under an 808-nm laser
irradiation, resulting in the enhancement of
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intratumor blood O; saturation from 13% to 30% after = hemoglobin signal was observed, the aforementioned
a 10-min laser irradiation (Figure 3F and Figure S13).  results indicate that in vivo O, and ICG can only be
Compared with the bare RBCp without laser released in response to an 808-nm laser irradiation.
irradiation, for which no obvious oxygenated
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Figure 3. NIR Il fluorescence imaging and laser activated Oz release of RBCp. (A) NIR | and NIR Il fluorescent images of ICG show complete attenuation
of NIR | light within 4 mm, while the NIR Il light is able to be detected through 8 mm of phantom tissues. The corresponding fluorescence intensities (B) and
signal-to-background ratios (C) of both NIR I and NIR Il fluorescence as a function of tissue phantom depth. (D) In vitro O generation of RBCp with and without an
808-nm laser irradiation; pure RBCs with an 808-nm laser irradiation were set as a control group. (E) Oz release of RBCp in hypoxic HepG2 cells with and without
exposure to an 808-nm laser for 10 min. All of the images were obtained by a confocal laser scanning microscope. (F) 2D photoacoustic images of epidermal liver
tumors with RBCp and RBC injection to detect the blood O3 saturation in the vasculature, by an 808-nm laser irradiation for 0, 5 and 10 min. Representative images
are from n = 4. Error bars indicate SD (n = 4).
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In addition, after intracellular O; release under
an 808-nm laser exposure, the ROS generation of
RBCp upon a 980-nm laser irradiation was tested.
Here, the ROS generation was studied by a hydro-
philic ROS indicator, 9,10-anthracenediyl-bis(methyl-
ene)dimalonic acid (ABDA), for which the absorption
intensity at 400 nm would decrease after reacting with
the generated '0,. As shown in Figure S14, the
absorption intensity of ABDA in the group of RBCp
with a dual 808 nm and 980 nm laser irradiation was
significantly decreased compared with the pure
ABDA without RBCp but with the same laser
irradiation, or with RBCp irradiated only by a 980-nm
laser, demonstrating a massive 'O, generation due to
O, release from RBCp under an 808-nm laser
exposure. Based on the efficient ROS generation in
aqueous solution, the generation of ROS in hypoxic
HepG2 cells was assessed after incubating with RBCp
followed by alternating irradiation by 808 nm and 980
nm lasers. The ROS generation efficiency of RBCp in
HepG2 cells under hypoxic conditions (i.e., incubator
set at 5% CO, 93% Nz and 2% O) was estimated by a
fluorescent marker, dichlorofluorescein diacetate.
Upon extending the 808-nm laser exposure time for
intracellular O, release (from 1 to 10 min), stronger
signals of the 'O, marker were also significantly
increased under a simultaneous 980-nm irradiation
(Figure S15). However, no obvious 'O, generation in
the control group was observed (without 808-nm laser
irradiation), resulting from a lack of O: release in the
hypoxic cytoplasm (Figure S15), which further
confirmed that the RBCp can be applied for hypoxic
tumor-specific PDT. Furthermore, the loaded ICG in
RBCp alone could not generate enough 'O, for
efficient cancer cell killing only with 808 nm laser
irradiation (Figures S16-S17). The aforementioned
results demonstrated that the RB on RBCp could be
triggered for ROS generation within the hypoxic
cytoplasm on account of the site-specific O, release
from RBCs, thereby representing an ideal PDT
platform for hypoxic tumor inhibition. The most
significant cytotoxicity on hypoxic HepG2 cells was
obtained with RBCp incubation followed by
alternately irradiating with 808 nm and 980 nm lasers
(50% cell viability in hypoxic conditions and 19% cell
viability in normoxic conditions, Figure S18), further
suggesting that excellent PDT efficiency could be
realized due to the massive intracellular O, release.

NIR Il fluorescence bioimaging-guided liver
tumor surgery

Although no FDA-approved contrast agents
with a peak emission in the NIR II region yet exist,
observing the nonpeak fluorescence of clinically
accessible NIR dyes in the NIR II region, such as ICG,

has been proven to possess the potential for rapid
translation of NIR II fluorescence bioimaging to
clinical applications [43]. Here, the NIR II fluorescence
imaging system for tumor surgical guidance with a
~30 cm working distance and 40 mW /cm? fluence rate
was used for an in wvivo NIR II fluorescence
investigation (Figure S19) [52,53]. Unfortunately, we
found that after the tail vein injection of ICG, the
reagent strongly accumulated within the liver and
then gradually entered into the intestinal system.
However, no NIR II fluorescence signals were
observed in the tumor, suggesting that ICG might not
be directly applicable for clinical image-guided tumor
surgery (Figure S20). Based on the aforementioned
results, in order to further study whether RBCp could
alter the tumor retention kinetics of NIR II
nanoprobes in a favorable manner, in vivo experim-
entation was then carried out in subcutaneous human
liver adenocarcinoma-bearing mice under an 808-nm
laser irradiation. As expected, the circulation time of
RBCp was similar to that of the unmodified RBCs,
demonstrating the advantages of the RBC-based drug
delivery system (Figure S21). After a tail vein
intravenous injection of RBCp (10 mg/kg), the NIR II
fluorescence signals in liver could be clearly observed
at 2 h P, then showed a minimum signal in the liver at
approximately at 10 h PI (Figure 4A). Furthermore,
the NIR II fluorescent signals can be observed within
the tumor at 4 h PL; they attain maximum values at 10
h PI and remain essentially unchanged from this time
until 13 h PI. Then, the fluorescence of the tumor site
gradually faded from 14 h PI onward, and almost no
signal was observed after 30 h PI (Figure 4A). The
process from the beginning of accumulation to the
end of complete metabolism of our RBCp at tumor
sites could be monitored by NIR II fluorescence
bioimaging. The UCNPs were still linked to the
membrane of RBCs even after delivery into tumors
(Figure S22); therefore, the quantitative analysis of
RBCp biodistribution in liver and tumors could be
further analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) according to Gd** concentr-
ations from UCNDPs. The results showed that the liver
accumulation of RBCp was enriched intensely at 2 h
PI (56.2% ID/g) and then drastically decreased
according to the liver accumulation half-life of ~10 h.
After 13 h PI, there was only minimal residual RBCp
within the liver (13.1% ID/g), demonstrating the
rapid clearance ability of the liver for our RBCp.
Meanwhile, the tumor accumulation was gradually
increased from 2 h PI, and the maximum tumor
retention of our probes was observed at 10 h PI (11.5%
ID/¢g), then maintained from 10 h PI to 13 h PI. These
findings are in agreement with the results of NIR II
fluorescence bioimaging, revealing a stable tumor
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retention period from 10 h to 13 h Pl (Figure 4B).
Subsequently, tumor retention  continuously
decreased to below 4.9% ID/g after 24 h PI,
demonstrating that the RBCp are typically cleared
from the tumor (Figure 4B). The aforementioned liver
and tumor accumulation results demonstrated that
the RBCp can be rapidly cleared with low amounts in
the liver while displaying a stable and efficient tumor
retention from 10 to 13 h PI. These results inspire us to
investigate the tumor-to-liver ratio (T/L) after the
intravenous injection of RBCp. There was a nearly 4 h
stable tumor retention time during which T/L
remained at a constant value ~11.5 from 10 h to 13 h PI
(Figure 4C). To realize precise image-guided tumor
resection, it is crucial to ensure that the full outlines of
tumors with various sizes can be visualized during
surgery. Based on this expectation, the stable T/L
from 10 to 13 h PI allows for an accurate
image-guided tumor-removal surgery within this
“surgical window” (Figure 4C). Furthermore, the T/L
ratios of RBCp are similar to those of RBCp without
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UCNPs yet significantly higher than those of RBCp
without RGD, suggesting that the UCNPs anchor has
no effect on either the targeting efficiency or the
excellent tumor accumulation ability conferred by the
RGD modification (Figure 4D and Figures S23-524).
Based on the aforementioned results, tumors were
resected in this surgical window (Video S1) and then
estimated by the pathological analysis of hematoxylin
and eosin (H&E) staining. The remarkable boundary
line between tumor and normal tissues revealed the
superior tumor margin delineation ability of RBCp in
the surgical window (Figure 4E). Meanwhile, the
resected tumor at 14 h PI exhibits no borderline
between the tumor and normal tissues in comparison
to those operated during 10 to 13 h PI (Figure 4E),
further suggesting that the tumors can only be
detected and completely resected in this surgical time
window. The orthotopic model also demonstrated the
same body clearance kinetics as the subcutaneous
model [15], suggesting that our RBCp can be further
applied for actual applications.
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Figure 4. Optimal NIR Il fluorescence imaging time window for surgery. (A) NIR Il fluorescence bioimaging (100 ms exposure time, 1000 nm long-pass
filter) of a subcutaneous tumor-bearing nude mouse with a single tail vein RBCp injection under an 808-nm excitation (0.2 W/cm?). (B) Liver distribution and tumor
targeting efficiency of RBCp. (C) Tumor-to-liver ratio after an intravenous injection of RBCp. (D) Tumor-to-liver ratio of RBCp, RBCp without UCNPs modification
and RBCp without RGD moitif targeting. (E) H & E staining results of the tumors removed from 10 - 14 h post injection (Pl) under the guidance of NIR Il fluorescence
bioimaging. Representative images are from n = 4. Error bars indicate SD (n = 4).
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Figure 5. NIR Il fluorescence imaging guided tumor surgery. NIR |l fluorescence bioimaging results (12 h Pl) of epidermal tumors with sizes of 7 mm3 (A) and
3 mm3 (C) and NIR Il fluorescence bioimaging results after the surgical resection of tumors. (B, D) H&E staining results of the tumor and normal tissue boundary in
Aand C, respectively. (E) The NIR Il bioimaging results (12 h Pl) of popliteal lymph node metastasis. (F) H & E staining results of popliteal lymph node metastasis. The

metastasis was resected under the navigation of NIR Il fluorescence bioimaging.

The full outline of tumors with ~7 mm? and ~3
mm? can be visualized by NIR II bioimaging in this
superior time window (Figure 5A, C). H&E staining
was investigated after all tumors were resected under
the guidance of NIR II fluorescence bioimaging,
demonstrating the precise identification of tumor
margins with different volumes (Figure 5B, D). To
investigate whether RBCp can be applied to other
metastasis models, we finally investigated the
potential application of the RBCp for intraoperative
imaging in a liver popliteal lymph node metastases
model (Figures $25-526). Significantly, the metastatic
lesion can be successfully identified by NIR II
fluorescence bioimaging in the optimal surgical
window (Figure 5E). H&E staining results displayed
that the metastasis was completely removed, further
confirming that the long tumor retention period (~4 h)
of RBCp was sufficient for correctly identifying lymph
node metastases (Figure 5F).

NIR Il fluorescence bioimaging-guided PDT
after O, release for metastases

Encouraged by the advantages of the O, delivery
and NIR II fluorescence bioimaging properties of

RBCp, the PDT efficiency of RBCp was eventually
evaluated. The 'O, can be generated from RB for
efficiently killing tumor cells with 540 nm upconver-
sion fluorescence from UCNPs under a 980-nm laser
excitation [54]. Additionally, NIR II fluorescence
imaging can be applied to PDT guidance for the
treatment of popliteal lymph node metastasis-bearing
mice after a tail vein injection of RBCp. As shown in
Figure 6A-B, a significantly enhanced therapeutic
efficiency was obtained in RBCp-treated mice with an
808-nm laser irradiation for O, release and a
subsequent 980-nm laser exposure for 'O, generation.
The tumor inhibition results of this treatment further
proved the tumor oxygenation property of RBCp,
resulting in the highest anti-tumor efficacy by
remarkably inhibiting tumor volumes (Figure 6A-B,
D and Figures S27-528). The in vivo toxicity of RBCp
was further analyzed by conventional H&E staining
(Figure S29). Compared with the control groups,
almost no obvious tissue damage or any other side
effects were observed in spleen, lung, liver, heart, and
kidney, indicating that no obvious side effects occur
in the body after RBCp-facilitated PDT. Moreover,
there was no unexpected skin damage caused by NIR
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laser irradiation during in vivo experiments (Figure
$30). Simultaneously, no weight fluctuations were
observed and no interferon-a (IFN-a) level increase in
blood samples was monitored, further indicating
good biocompatibility and the ability of avoiding
immune response of RBCp (Figure 6C and Figure
S31).

Conclusion

In conclusion, we have designed RBC-based
multimodal theranostic probes for simultaneous
bioimaging and PDT enhancement. RBCp experien-
ced efficient tumor targeting and long tumor retention
after an intravenous injection. The NIR II fluorescence
of ICG is first reported for bioimaging-guided tumor
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Methods

Preparation of RBC-based multimodal
theranostic probes

Coating of compact DSPE-PEG200-NH> onto the
surface of UCNPs. Five mL of 0.1 mmol oleic acid-
modified UCNPs in chloroform was mixed with 1 mL
of 25 mg DSPE-PEGao0-NH: chloroform solution in a
round-bottom flask. Then, the chloroform was
gradually evaporated under stirring for 2 days at
room temperature. Finally, the above-prepared
sample was hydrated with 5 mL of DI water, and then
the obtained amino phospholipid-modified UCNPs
(hydrophilic) were dispersed after vigorous sonica-
tion. Excess amino phospholipids were further
purified from the hydrophilic UCNPs more than 3
times by centrifugation at 17,500 rpm for 30 min. To
remove large aggregates, the washed sample was
finally filtered by 0.22-pm filters.

RB, avidin and RGD-functionalized UCNPs
were prepared as follows. The hexanoic acid ester-
modified RB was first acquired by reacting RB with
hexanoic acid, and then adopted for modification. To
covalently bind RB, avidin and RGD onto UCNPs,
dimethyl formamide (5 mL) solution containing 10
mg hexanoic acid ester-modified rose bengal, 4 mg
avidin and 4 mg RGD, 15 mg EDC, and 15 mg of NHS
were mixed together and incubated for 2 h at room
temperature. Then, 0.1 mmol of DSPE-PEGa0-NHo-
modified UCNPs was slowly added into the afore-
mentioned mixture and vigorously stirred for 2 days.
UCNPs@RB@RGD®@avidin complexes were then
washed by water to get rid of excess RB, avidin, and
RGD. Compared with the singlet oxygen quantum
yield of free RB (@ = 0.14), the UCNPs@RB@RGD@
avidin complexes have a comparable singlet oxygen
quantum yield (®» = 0.12), which could guarantee a
high ROS generation efficiency for our RBCp.

Surface modification of RBC membranes was
conducted as follows. RBC surface functionalization is
obtained by following a previously reported method
[47]. To prepare biotin-modified membranes of RBCs,
400 pL concentrated RBCs were redispersed in PBS (4
mL, 1 X, pH 7.4). Then, 0.5 mg DSPE-PEGaoo-biotin
was added and incubated for half an hour at 37 °C
with constant stirring. Meanwhile, 0.1 mg DSPE-
PEGo2o0-RGD was also anchored onto RBC
membranes for the in vivo bioimaging investigation,
following the same strategy. These biotin/RGD-
modified RBCs were washed twice with PBS at 400 xg
for 5 min and finally redispersed in PBS (1 X, pH 7.4).

ICG loading onto RBCs was achieved as follows.
One hundred pL of the aforementioned RBCs-biotin
was added into a dialysis bag (3.5 kD molecular
weight), mixing together with 1 mL of 30 mg mL"!

ICG-BSA. A 50-mL dialysis medium was prepared as
follows: 5 x 10-* M NaHCO3, 5 x 10 M NaH,PO,, 10 x
10 M glucose, 2 x 103 M MgCl, 1 x 103 M ATP, and
1.5 x 10* M reduced GSH. This dialysis process was
allowed to occur over 20 min at 4 °C. RBCs resealing
was achieved by dialyzing RBCs in the medium
containing PIGPA-NaCl (10%) for half an hour at 37
°C. The resealed RBCs were further washed with ice
cold PBS (1 X, pH 7.4) and centrifuged 4 times at 400
xg to remove excess BSA-ICG. Meanwhile, the
RBC-ICG-RGD-biotin multimode probes were also
obtained by the same procedure as that of the
RBC-RGD-biotin molecules and were used instead of
RBC-biotin.

Preparation of RBC based multimodal probes.
RBC@ICG@biotin and UCNPs@RB@RGD@avidin
were mixed together for 1 h at 4 °C under stirring, and
then the sample was washed twice with PBS. Finally,
RBCp or RBCp without RGD modification were
stored at 4 °C for further usage.

Scanning Electron Microscopy (SEM). The RBCp
was first fixed with 2.5% glutaraldehyde by dropwise
adding over 40 min in a 4°C refrigerator. Then, the
RBCp was washed twice with DI water. Afterwards,
the above-washed RBCp was dehydrated by ethanol
with concentrations of 50, 60, 70, 80, 90, and 100% for
15 min. The RBCp suspensions were finally dropped
onto the surface of glass coverslips; after drying at
room temperature, they were coated onto Au
nanoparticles before an observation under the
scanning electron microscope.

NIR Il fluorescence bioimaging-guided tumor
surgery

The popliteal lymph node metastasis model was
obtained as follows. All animal experiments were
approved by the Animal Ethics Committee of the
Chinese Academy of Sciences. The left hind paws of
five-week-old mice were inoculated with HepG2 cells
(5 x 108 cells/mouse). At 21 days after the intradermal
injection, these tumor cells spontaneously formed
lymph node metastases in the popliteal lymph nodes.

NIR II fluorescence bioimaging was conducted
as follows. When the tumor volume reached 0.4 - 0.7
cm? (10 - 11 days after tumor tissue implantation), the
subcutaneous tumor-bearing mice were used for
bioimaging investigation. Then, the mice with
epidermal tumors were intravenously injected with
RBCp, RBCp without UCNPs and RBCp without RGD
in physiological saline (10 mg/kg). In vivo bioimaging
experiments were performed by an NIR InGaAs CCD
camera equipped with an adjustable 808-nm laser (0.2
W/cm?, 30 cm working distance) as the excitation
source. The optical whole body bioimages of
tumor-bearing mice were recorded by the NIRvana
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InGaAs CCD camera at 0 - 30 h PL. For ex vivo tumor
retention and liver localization analysis, mice were
sacrificed at different hours PI. Livers and tumors
were then collected, measured and weighed. RBCp
biodistribution was determined by an ICP-MS
analysis.

The orthotopic tumors can be successfully
detected under NIR II fluorescence bioimaging within
the optimal surgical window (10 - 13 h PI). Tumors
were resected 10 h, 11 h, 12 h and 13 h PI under the
guidance of NIR II fluorescence bioimaging.
Meanwhile, tumors were also removed after the
optimal surgical time window (14 h PI). All tumors
were further verified by H&E staining analysis. The
eye-invisible ultra-small popliteal lymph node
metastases were resected under the NIR InGaAs CCD
camera at 12 h PL. All collected tumor tissues were
finally verified by H&E staining,.

NIR Il bioimaging-guided PDT of popliteal
lymph node metastasis

The popliteal lymph node metastasis-bearing
mice were divided into 4 groups including 4 mice of
each: PBS, RBCp, RBCp + 980-nm laser irradiation and
RBCp + 808 nm laser irradiation + 980 nm laser
irradiation (808-nm laser = 0.5 W/cm?, time = 10 min;
980-nm laser = 1.5 W/cm?, time = 15 min; 5-min laser
exposure with 5-min intervals). After 18 days of
different treatments, an 808-nm NIR laser irradiation
was carried out 12 h after injection. Body weight and
DCL (downconversion luminescence) images were
obtained the day after the 808-nm laser irradiation.
The tumors were removed 3 days after the different
treatments and then fixed by 10% formaldehyde. All
tumors were analyzed by H&E and TUNEL staining
for tumor cell apoptosis analysis. All of the resected
organs, including liver, spleen, lung, heart and
kidney, were further analyzed by H&E staining after
18 days of treatment.
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