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Abstract

Development of liposomal nanomedicine with robust stability, high drug loading and synergistic
efficacy is a promising strategy for effective cancer therapy. Here, we present an iron-crosslinked
rosmarinic liposome (Rososome) which can load high contents of drugs (including 25.8%
rosmarinic acid and 9.04% doxorubicin), keep stable in a high concentration of anionic detergent
and exhibit synergistic anti-cancer efficacy. The Rososomes were constructed by rosmarinic acid-
lipid conjugates which not only work synergistically with doxorubicin by producing reactive
oxygen species but also provide catechol moieties for the iron cross-linkages. The cross-linkages
can lock the payloads tightly, endowing the crosslinked Rososome with better stability and
pharmacokinetics than its non-crosslinked counterpart. On the syngeneic mouse model of breast
cancer, the iron-crosslinked Rososomes exhibit better anticancer efficacy than free rosmarinic
acid, doxorubicin, non-crosslinked Rososome and commercial liposomal formulation of
doxorubicin (DOXIL). This study introduces a novel strategy for the development of liposomes
with robust stability, high drug loading and synergistic anti-cancer efficacy.
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1. Introduction

Chemotherapy employs cytotoxic agents for cancer treatment and has been widely utilized
in the clinic.[1, 2] Despite the clinical effectiveness of slowing down cancer development,
chemotherapy inevitably induces severe side effects, due to its non-selective damages to
both cancerous and normal cells.[3, 4] Moreover, single model chemotherapy only
contributes to marginal anticancer efficacy, if the cancers are highly malignant or drug-
resistant. A combination of chemotherapy with other therapeutic modalities may trigger a
synergistic effect which leads to better outcomes than the single model therapy.[5-7]
However, simply co-administration of multiple drugs may compromise the synergistic effect,
due to the disparities in terms of pharmacokinetics, biodistribution and tissue uptake.
Nanomedicine sheds new light on the cancer chemotherapy by virtue of its myriad
advantages in the field of drug delivery.[8-11] Unlike conventional chemotherapy,
nanomedicines selectively deliver the chemotherapeutics to the solid tumor by taking
advantage of enhanced permeability and retention (EPR) effect [12] or transcytosis through
tumor endothelial cells[13], thus extensively alleviate the side effects and improve the
efficacy. Moreover, multiple drugs can be concomitantly loaded in one single nanoparticle,
so that their disparities in pharmacokinetics, biodistributions and tissue uptake can be
unified.

Excessive reactive oxygen species (ROS) disequilibrate the cellular redox homeostasis to
damage the DNA and cell membranes, and consequently cause cell apoptosis.[14-16] It has
been reported that cytotoxic ROS works together with chemotherapy and exhibits excellent
synergistic efficacy.[17-19] ROS can be produced either by photosensitizer[20-23] or
molecular drugs[24—28]. The photosensitizer absorbs light power to drive the ROS
production, e.g. photodynamic therapy.[29, 30] However, the limited tissue penetration of
light hinders the application of photodynamic therapy. Comparatively, molecular drugs don’t
need extracorporeal stimulation for ROS generation, making them more feasible for in vivo
applications. Intracellular redox homeostasis, such as high glutathione (GSH) level in the
cytoplasm, can rapidly scavenge ROS to ameliorate the cell apoptosis.[31, 32] Therefore, the
intracellular ROS production needs to be excessive to the GSH level to realize the cell-
killing effect. In other words, the treating concentration of molecular drugs should be
sufficient enough to induce cytotoxicity. However, the drug loading capacities of the
commonly used nanocarriers, such as liposomes, micelles and polymeric nanoparticles, are
generally not exceeding 15%.[33-35] The low loading capacity makes conventional
nanocarrier incompetent to deliver high content of molecular drugs and chemotherapeutics
concomitantly. To achieve a synergistic effect between chemotherapy and ROS-therapy,
nanomedicine with a high loading capacity of ROS-producer are desirable to be developed.

Liposome is one of the most successful nanomedicines for drug delivery, plenty of liposomal
formulations of chemotherapeutic drugs were listed in the market, such as DOXIL,
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Lipoplatin, Myocet and Depocyt, etc. Although promising, conventional liposomes still
suffer from some shortcomings. The liposomal structure is constructed by amphiphilic lipids
which self-assembled by the force of hydrophobic interaction. This weak interaction may
not constrain the payloads tightly in the liposome, and thereby, lead to poor stability and
drug leak. Moreover, the drug loading of the conventional liposomes is generally low, due to
the presence of a large proportion of lipid carrier. The poor stability and undesirable drug
loading make the conventional liposomes exhibit unsatisfactory efficacy. Rosmarinic acid
(RA) is a metabolite found in plants such as rosemary and salvia.[36, 37] RA not only shows
excellent antimicrobial, anti-viral activities, but also induces cell death or apoptosis by
elevating intracellular ROS level.[38, 39] Another key thing is, RA contains an active
carboxylic acid (Figure S1) which can react with the building blocks and make RA become
part of the nanocarrier, and therefore, largely improve the drug loading. To this end, RA was
covalently conjugated to an amphiphilic lipid (1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine) by reacting with the hydroxyl group and yielded a rosmarinic-lipid (Figure
S1). As shown in Scheme 1, the amphiphilic rosmarinic-lipids can readily co-assemble with
DSPE-mPEG>qqq (1,2-distearoyl-sn-glycero-3-phosphoethanolamine with conjugated
methoxy| polyethylene glycol) and soy PC (L-a-phosphatidylcholine) to form rosmarinic
liposome (termed as Rososome). Rososome was composed of rosmarinic-lipids which
contained equivalent amounts of RA and lipid. This particular chemical composition makes
the RA content in Rososome reach 25.8% (precluded DSPE-mPEG,qqg and PC). Such high
drug loading guarantees the ROS-producing power of Rososome. As a kind of liposome,
Rososome is supposed to have a high potential for the encapsulation of hydrophilic drugs.
To combine ROS-therapy with chemotherapy in Rososome, hydrophilic doxorubicin
hydrochloride (DOX) was encapsulated to form Rososome@DOX (R@DOX). Similar to the
liposome, Rososome may also face the obstacles of low stability which can lead to drug leak
and undesirable pharmacokinetics. We found that RA has two catechol moieties that can
coordinate with ferric iron[40-43] and form iron-catechol crosslinkages to bridge the
rosmarinic-lipids. These crosslinkages can tightly constrain the liposomal structure and form
crosslinked R@DOX (X-R@DOX). The crosslinking strategy was supposed to render the
Rososomes with robust stability which is beneficial to pharmacokinetics and in vivo
performance. Once the Rososome delivered DOX into cancer cells, RA can produce ROS
and work with DOX synergistically to achieve better anticancer efficacy.

Materials and methods

Materials and instruments

Rosmarinic acid, dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP),
organic solvents, such as chloroform, dichloromethane, acetic acid and methanol, were
purchased from Sigma-Aldrich Inc (MO, USA). 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine and phosphatidylcholine (PC) were bought from Avanti Polar Lipids Inc
(AL, USA). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine with conjugated methoxyl
poly (ethylene glycol) (DSPE-mPEGyqq0) was bought from Laysan Bio Inc (AL, USA).
DOXIL was purchased from Janssen Pharmaceutica (NV, USA). LysoTracker Deep Red and
Hoechst 33342 were purchased from Thermo Fisher Scientific Inc (MA, USA). The
rosmarinic-lipids were characterized by matrix-assisted laser desorption/ionization-time of
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flight mass spectrometry (Bruker UltraFlextreme) and nuclear magnetic resonance
spectrometer (600 MHz Bruker Avance I11). The cell uptake, ROS production and apoptosis
were carried on by 20-color flow cytometry (Fortessa, BD). The cellular distribution was
conducted by a confocal laser scanning microscope (LSM810, Carl Zeiss). The animal
imaging studies were investigated by ChemiDoc Imaging Systems (ChemiDoc XRS+, Bio-
Rad). The UV-vis absorption of doxorubicin was measured by a UV-vis spectrometer
(UV-1800, Shimadzu) and the fluorescence was tested by a fluorophotometer (RF-6000,
Shimadzu).

2.2. Synthesis and purification of rosmarinic-lipid

288 mg rosmarinic acid (0.8 mmol), 328 mg dicyclohexylcarbodiimide (DCC, 1.6 mmol)
and 48 mg 4-Dimethylaminopyridine (DMAP, 0.4 mmol) were dissolved in 100 mL
chloroform and vigorously stirred in an ice bath for 30 min. Then, 200 mg lipid (1-
palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine, 0.4 mmol) was added to the reaction
system and stirred for another 48 h in ambient temperature. The reaction system was filtered
to remove the sediments, then applied to column chromatography with eluents of a
dichloromethane/methanol/acetic acid/water mixture (60:30:8:2, volume ratio). The resultant
rosmarinic-lipid was characterized by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry and nuclear magnetic resonance (NMR).

2.3. Preparation of the Rososomes

The Rososomes were prepared by the classic film hydration method. 6 mg rosmarinic-lipid,
3 mg phosphatidylcholine (PC) and 1 mg 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
with conjugated methoxyl poly (ethylene glycol) (DSPE-mPEGyqqg) were dissolved in
chloroform/methanol mixture (3:1, volume ration) in a round bottom flask. The solvent was
evaporated to allow lipids to form a film in the flask. Then, PBS or doxorubicin PBS
solution (1 mg) was added to rehydrate the film followed by 3 min sonication to yield
Rososome or Rososome@DOX (R@DOX).

2.4/ Fabrication of cross-linked Rososomes

The cross-linked Rososomes followed the same procedure that we made Rososome and
R@DOX. Briefly, 6 mg rosmarinic-lipid, 3 mg PC and 1 mg DSPE-mPEG»q Were
dissolved in chloroform/methanol mixture (3:1, v/v) in a round bottom flask, then 1 mg
FeCl36H,0 was added into the solution followed with 60 min incubation. After that, the
same procedure of the film hydration method was applied to form cross-linked Rososome
and Rososome@DOX (X-R@DOX).

2.5. Characterization of Rososomes.

The size distribution and polydispersity index (PDI) of Rososomes were measured by
dynamic light scattering (ZS-nano, Malvern, UK). Their morphology was observed by
transmission electron microscopy (TEM, Talos L120C, FEI) with 80 kV acceleration
voltage.
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2.6. Encapsulation efficiency measurements

2.7.

2 mg/mL R@DOX or X-R@DOX were loaded in a centrifugal dialysis tube (MWCO is
7,000 Da) and applied to centrifugation (5000 rpm for 6 min). The unloaded DOX was spun
down to the bottom tube and collected for UV-vis analysis. The concentrations of the
unloaded DOX was quantified by a standard curve of DOX based on UV-vis absorbance.
The encapsulation efficiency (EE%) of DOX was calculated by following the formula: EE%
= [(Drug added - Free “unloaded drug”)/Drug added] *100. The drug loading (DL%) of
DOX in Rososomes are calculated by DL% = [(Drug added - Free “unloaded drug”) / (Drug
added + carrier)] *100. By calculation, the EE% of R@DOX is 98.7% and X-R@DOX is
99.3%. The DL% of R@DOX is 8.98% and X-R@DOX is 9.04%.

Investigation of the stability braced by iron (lll) crosslinkers

2 mg/mL R@DOX and X-R@DOX were respectively incubated with or without 2 mM
detergent (sodium dodecyl sulfate, SDS) for 12 h under room temperature. Then, the
Rososomes were tested by dynamic light scattering. The changes in size distribution and
polydispersity index were employed to demonstrate the advantages of crosslinkers in
Rososomes.

2.8. Drug releasing pattern of Rososomes

DOX-loaded Rososomes, including R@DOX and X-R@DOX, were prepared to determine
the drug-releasing profile. Aliquots of R@DOX or X-R@DOX were loaded in a dialysis
tube with a 3,500 Da MWCO. The Rososomes were dialyzed against PBS buffer (pH 7.4) or
acetate buffer (pH 5.0) at room temperature. The concentration of DOX remaining in the
dialysis tube at different time points was measured by the fluorescence spectrometer. The
concentrations of DOX was calculated by a fluorescence-based standard curve. Values were
reported as the means for each duplicate sample.

2.9. Hemolysis test of Rososomes

Fresh blood was donated by healthy volunteers. First, 1 mL blood was diluted with 9 mL of
PBS. The red blood cells (RBCs) were obtained by centrifugation of the blood suspension at
1000 g for 10 min. The RBCs were washed with 10 mL of PBS for 3 times and resuspended
in 10 mL PBS for further use. 100 pL of diluted RBC was treated with R@DOX or X-
R@DOX at different concentrations (1, 10, 100, 1000 pg/mL) by gently vortex and
incubated at 37 °C for 4 h. The RBCs were centrifuged at 1000 g for 5 min, and 100 pL of
the supernatant was transferred to a 96-well plate. Free hemoglobin in the supernatant was
measured by the absorbance at 540 nm using a microplate reader (SpectraMax M2,
Molecular Devices, USA). RBCs incubation with detergent (Triton-X 100) as a positive
control and isosmotic solution (PBS) as a negative control. The percentage of hemolysis was
calculated with the formula: RBCs hemolysis = (ODsample = ODnegative control) /

(ODpositive control = ODnegative control) X 100%. All the samples were run in triplicates.
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2.10. Stability of the X-R@DOX in serum

R@DOX or X-R@DOX was incubated with 10% fetal bovine serum (FBS) at room
temperature. The size distribution and polydisperse index were continuously monitored by
dynamic light scattering in different days. All the samples were run in triplicates.

2.11. Cell culture

4T1 mouse breast cancer cells were seeded in tissue culture dishes with DMEM/F-12
medium supplemented with 10 pg/mL insulin. All cell cultural medium was supplemented
with 10% FBS and 1% penicillin and streptomycin.

2.12. Cell viability analysis

4T1 cells were seeded in a 96-well plate for 24 h until they are fully attached. The cells were
treated with Rososomes and the control materials, including free rosmarinic acid (RA), free
doxorubicin (DOX), an FDA-approved liposomal formulation of doxorubicin (DOXIL®)
and Rososomes (Rososomes, X-Rososome, R@DOX and X-R@DOX). Untreated 4T1 cells
were used as control. The MTT assay was performed at a series of concentrations, including
0.1, 0.5, 1, 5, 10 and 50 pM, based on the molar concentrations of DOX.

2.13. Cell uptake evaluated by flow cytometry

Since DOX shows intrinsic fluorescence, the cell uptake of Rososomes was quantified by
flow cytometry. The materials contained DOX, such as DOX, DOXIL, R@DOX and X-
R@DOX were incubated with 4T1 cells for 24 h and collected for flow cytometry (BD
FACSCanto) analysis. The concentration of all materials was calculated according to the
equivalent concentration of DOX (1 uM).

2.14. Cell distribution measured by confocal laser scanning microscopy

4T1 cells were seeded in a glass-bottom Petri dish for 24 h until the cells were fully
attached. The cells were treated with the materials contained 1 uM DOX; including DOX,
DOXIL, R@DOX or X-R@DOX, for 24 hours. The PBS-treated cells were set as a negative
control. Lysosomes were stained with a commercial LysoTracker Deep Red and the nucleus
was stained by Hoechst 33342. The treated cells were washed twice with PBS and observed
under a confocal laser scanning microscope (Zeiss LSM 800). For DOX observation, FITC
channel was used; Cy5 channel was employed for observation of lysosomes. DAPI channel
was for Hoechst 33342,

2.15. Pharmacokinetics Study

9 mice (FVB, female 6-week old) were randomly assigned to 3 groups (n=3). 8 mg/kg of
DOX, R@DOX or X-R@DOX was i.v. administrated to the mice in these groups,
respectively. The blood was collected at different times from the tail vein. 10 uL blood was
collected each time and dissolved in 90 uL DMSO. The concentrations of DOX were
quantified by a fluorescence spectrometer based on a standard curve of DOX. All animal
experiments were strictly in compliance with the guidelines of Animal Use and Care
Administrative Advisory Committee of the University of California, Davis.
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2.16. Biodistributions of Rososomes

The biodistribution of Rososomes was evaluated by near-infrared fluorescence imaging
(NIRFI) on 4T1 tumor-bearing mice. DOX is not suitable for /7 vivo imaging due to the
limited penetration of its short-wavelength fluorescence. To facilitate the biodistribution
imaging, the DOX in Rososomes was replaced by a hydrophilic near-infrared dye,
indocyanine green (ICG), as a surrogate. 10 mg Rososomes or X-Rososomes encapsulated
0.5 mg ICG to form the Rososomes with near-infrared fluorescence (R@ICG or X-R@ICG)
Then, 2 mg/kg R@ICG or X-R@ICG were i.v. injected into 4T1 tumor-bearing mice. The
fluorescence of ICG was monitored at different time points. The mice were sacrificed at 72 h
of /in vivoimaging, their organs were collected for ex vivo imaging. The Rososomes
distributed in the heart, liver, spleen, lung, kidney, intestine, muscle and tumor were
indicated by ICG.

2.17. Invivo efficacy of Rososomes on orthotopic 4T1 breast cancer-bearing mice

To establish orthotopic 4T1 breast cancer-bearing mice, 1x10° 4T1 cells were inoculated to
the mammary fat pad of the BALB/c mice (female, 8-week old). Once the tumors reached
the volume of 100 to 125 mm3, the mice were randomly distributed into 8 groups (n=6) for
the treatments. 8 mg/kg of the Rososomes and their controls, including PBS, RA, DOX,
DOXIL, Rososome, X-Rososome, R@DOX or X-R@DOX were i.v. injected into 4T1
tumor-bearing mice every 3 days for two consecutive weeks. The dose of the administrated
materials was calculated based on the equivalent concentration of DOX. The tumor volumes
and body weight were monitored every 3 days. The organs of the mice (lung, liver, spleen,
kidney and heart) were collected for histopathologic analysis.

2.18. Statistical analysis

Data statistics were analyzed by calculating the f-fest between two groups, and one-way
ANOVA analysis of variations for multiple groups. Unless otherwise noted, all results were
expressed as the mean + SD. A value of p<0.05 was considered statistically significant.

3. Results and discussion

3.1. Synthesis of Rosmarinic-lipid

Rosmarinic-lipid was synthesized by directly conjugating a rosmarinic acid with an
amphiphilic lipid through esterification (Figure S1). The spectrum of mass spectrometry
showed that the main M+[H]+ peak of m/zat 838.4 Da matched the theoretical mass (837.4
Da) of rosmarinic-lipid (Figure S2). The nuclear magnetic resonance (NMR) also fit the
chemical-shift of the rosmarinic-lipid (Figure S3). Both spectra of MS and NMR supported
that the rosmarinic-lipid was successfully synthesized. The purity of the resultant
rosmarinic-lipid was characterized by thin-layer chromatography (TLC). As shown in Figure
S4a, the rosmarinic-lipid displayed a single dot with different retention factor (Rf)
comparing to the reactants (lipid and rosmarinic acid), indicating that the rosmarinic-lipid
was successfully purified with high purity. The ester bond that attached rosmarinic acid and
lipid is supposed to be very stable at neutral pH. Hence, we incubated rosmarinic-lipid with
water at room temperature for 3 days and applied to TLC analysis. In parallel with fresh-
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made rosmarinic-lipid, they both displayed a single dot with the same Rf on the TLC plate
and showed no print at the Rf of RA (Figure S4b), demonstrating that the rosmarinic-lipid
didn’t suffer from spontaneous reduction.

3.2. Characterization of Rososomes

The rosmarinic-lipid can co-assemble with DSPE-mPEGygq and PC to form Rososome. As
shown in Figure S5, Rososome exhibited liposomal structure with a broader and darker
bilayer ring. The hydrodynamic diameter of Rososome was measured as 198.9 nm by
dynamic light scattering (DLS) with a polydispersity index (PDI) of 0.194. To stabilize the
liposomal structure, we added ferric iron to crosslink the Rososome. The iron-catechol
coordination can bridge the rosmarinic lipids to form crosslinked Rososome (X-Rososome).
X-Rososome showed a hydrodynamic diameter of 134.8 nm with a PDI of 0.139. The
morphology of X-Rososome was similar to the Rososome, except that the bilayer ring
became even thicker, which can be ascribed to the presence of iron-catechol crosslinkages
(Figure S6). The size of X-Rososome is relatively smaller than Rososome, we speculated
that the iron crosslinkages may compress the nanostructure. Rososomes harbor water affinity
core which can encapsulate hydrophilic drugs as liposome does. Therefore, we loaded DOX
into Rososome and X-Rososome to form Rososome@DOX (R@DOX) and X-
Rososome@DOX (X-R@DOX), respectively. Figure 1a showed that the hydrodynamic
diameter of R@DOX was 186.6 nm with a PDI of 0.136, indicating the R@DOX was
homogeneous. The morphology of R@DOX was liposomal structure with a broader bilayer
which can be observed without negative stain (Figure 1b). In comparison, X-R@DOX didn’t
show big changes in terms of size (180.1 nm) and PDI (0.156), but the bilayer ring became
thicker and darker (Figure 1c and 1d), which may also be attributed to the iron-catechol
crosslinkages. Such structural change is consistent with what is observed on Rososome and
X-Rososome. After loading the DOX, the size of X-R@DOX became much larger than X-
Rososome. We posit that the encapsulated DOX occupies the space in the core of X-
Rososomes, and makes the size larger than the empty X-Rososomes. We also tested the
surface charge of Rososomes before and after iron crosslink. The DOX-loaded Rososomes
(R@DOX) showed a slightly negative charge (-5.86 mV) due to their PEG surface (Figure
S7). After crosslinked by iron, the surface charge of Rososome (X-R@DOX) slightly
changed to —2.88 mV (Figure S8). The slight changes upon the iron addition demonstrated
that the iron crosslinkages didn’t obviously alter the surface charge of Rososome.

3.3. Superior stabilities of iron crosslinked Rososomes

Crosslinking strategy is supposed to render Rososomes with robust stability, as these
intricate iron-catechol bridges tightly constrain the liposomal structure. To validate the
benefits of iron-catechol crosslinkages to the Rososomes, we incubated R@DOX or X-
R@DOX with sodium dodecy! sulfate (SDS, an anionic detergent that can readily break
down liposome) and monitored the changes in size and PDI. After incubation with SDS, the
R@DOX changed from a single size distribution of 186.6 nm to two peaks (54 nm and 284
nm) and the PDI increased from 0.136 to 0.623 (Figure 1e), indicating that R@DOX can be
easily broken down by SDS. In contrast, X-R@DOX remained the same size distribution
around 180 nm. The PDI only exhibited a slight increase from 0.156 to 0.234 (Figure 1f).
The stability studies with SDS demonstrated that the crosslinking strategy can profoundly
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improve the stability of Rososomes, which would bring benefits to pharmacokinetics and 7n
vivo efficacy. The time-dependent stability of R@DOX and X-R@DOX were also
investigated in the presence of serum. The non-crosslinked R@DOX gradually increase the
size from 200 nm to 330 nm while the PDI fluctuated within a narrow range (Figure S9),
demonstrating that R@DOX was not stable and the liposomal structure tended to grow big
in serum. The size and PDI of X-R@DOX fluctuated within a reasonable range (190~200
nm) for at least 10 days (Figure 1g). Comparatively, the iron-catechol crosslinking strategy
can profoundly improve the stability of the Rososome.

3.4. Drug releasing behaviors of Rososomes

For controllable drug delivery, ideal nanomedicines are designed as stable nanostructure in
the physiological conditions, and responsively release the drug at targeting locale by certain
stimuli. Our Rososome has been proved with robust stability in the physiological condition
(e.g. in serum). Then, we investigated whether the Rososomes are controllable for DOX
release (Figure 1h). In physiological pH (7.4), R@DOX and X-R@DOX bhoth released a
little amount of DOX at the first few hours. After that, the R@DOX continuously released
more doxorubicin. In comparison, the X-R@DOX reached a plateau and could prevent
doxorubicin from being further releasing, demonstrating that our crosslinking strategy is an
efficient way to improve the drug delivery capability of the lipososmes. Considering that
metal chelation can be broken down by acidic pH,[44-46] R@DOX and X-R@DOX were
respectively incubated in acetate buffer (pH 5.0) to monitor the pH-responsive drug-
releasing profile. As shown in Figure 1h, R@DOX and X-R@DOX both exhibited burst
releasing patterns in the first few hours, then reached a plateau. In comparison, R@DOX
released more drugs (~80%) than X-R@DOX did (~70%). The releasing patterns
demonstrated that the Rososomes were stable in the physiological condition but can
responsively release the payloads by a specific stimulation, such as acidic pH.

3.5. Hemolysis of Rososomes

To evaluate the safety in the biosystem, we also tested the hemolysis of R@DOX and X-
R@DOX (Figure li and Figure S10). Both Rososomes showed imperceptible hemolysis at
different concentrations, compared to an isosmotic solution (PBS) and nonionic surfactant
(Triton X-100). The hemolysis results indicated that Rososomes are suitable for biological
use.

3.6. ROS producing capability of Rososomes

RA can boost the oxidative stress in cells by producing ROS which may work synergistically
with DOX for better anti-cancer efficacy. Hence, we evaluated the ROS production in breast
cancer cells (4T1) by treating with different RA-related formulations, including free RA,
Rososome and X-Rososome. The PBS-treated cells were employed as a control. DCF-DA
was employed to indicate the ROS production in cells. As shown in the flow cytometry
results (Figure 2a), RA, Rososome and X-Rososome all can produce abundant ROS which
was much higher than PBS control did.
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3.7. Cell viability and synergistic efficacy of Rososomes

The high ROS production may exhibit a synergistic effect when combining with DOX. To
evaluate the synergistic effect, we conducted cell viability experiments on 4T1 cells. The
cells were incubated with different formulations, including free RA, free DOX,
nanoformulation of RA (Rososome and X-Rososome), nanoformulation of DOX (DOXIL)
and nanoformulation of RA/DOX combos (R@DOX and X-R@DOX). As shown in Figure
2b, the RA contained formulations, including free RA, Rososome and X-Rososome,
exhibited some extent of anti-cancer efficacy which can be attributed to high oxidative stress
caused by ROS. DOXIL, a liposomal formulation of DOX showed a modest therapeutic
effect on 4T1 cells. In contrast, free DOX, R@DOX and X-R@DOX showed better efficacy
compared to DOXIL. Free DOX was very effective /n vitro because it can enter the cell
nuclear directly without experiencing the drug-releasing process.[47] The R@DOX and X-
R@DOX showed better efficacy than DOXIL, which may be led by a synergistic effect
between the DOX and RA. The R@DOX exhibited slightly better efficacy compared to X-
R@DOX due to its fast drug-releasing kinetics (Figure 1h). To investigate the synergistic
effect between RA and DOX in Rososome, we calculated the combination index (Cl1)[48,
49] of the R@DOX and X-R@DOX, parallelly compared with DOXIL and Rososome & X-
Rososome. As shown in Figure 2c, the CI of both R@DOX and X-R@DOX stayed lower
than 1 at different concentrations, indicating that the RA and DOX can work synergistically
in Rososomes, and the rososomal formulation exhibit better efficacy than single model
therapy, such as Rososome/X-Rososome and DOXIL. Free DOX and RA are not comparable
with R@DOX or X-R@DOX for the synergistic analysis because they didn’t experience the
drug-releasing process.

3.8. Cell apoptosis by the treatments of Rososomes

Then, we evaluated the cell apoptosis of 4T1 cells by treating them with the same
formulations as the cell viability experiments. To avoid killing all the cells, we set the
concentration of the treating materials at 5 uM (based on the equivalent concentration of
DOX) for apoptosis evaluation. As shown in the flow cytometry results (Figure 2d), free RA,
Rososome and X-Rososome only cause slight apoptosis, the percentages of the apoptotic
cells (in Q2 area) are 0.62%, 1.10% and 0.75%, respectively. The low apoptosis can be
ascribed to the relatively safe concentration of rosmarinic acid. DOXIL contributed more
apoptotic cells (3.96% in Q2) due to the high potential of DOX. The free DOX, R@DOX
and X-R@DOX induced competitive apoptosis on 4T1 breast cancer cells, which led 5.81%,
9.24% and 8.73% of 4T1 cells become apoptosis, respectively. The apoptotic results were
highly consistent with the cell viability results. The better effect of R@DOX and X-
R@DOX can be attributed to the synergistic effect between rosmarinic acid and DOX.

3.9. Cell uptake of Rososomes evaluated by flow cytometry

To investigate the cell uptake of Rososomes, we incubated free DOX, DOXIL, R@DOX and
X-R@DOX with 4T1 cells and applied to flow cytometry analysis by tracking the intrinsic
fluorescence of DOX. The concentrations of these materials were calculated by the
equivalent molar concentration of DOX. The PBS-treated cells were set as control. As
shown in Figurer 3a, free DOX, R@DOX and X-R@DOX all showed higher cell uptake
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compared to the PBS control. Interestingly, DOXIL showed fewer cellular ingestions
compared to the other three experimental groups (DOX, R@DOX and X-R@DOX).
Although the Rososomes and DOXIL both are liposomes with PEG surface, DOXIL showed
lower cell uptake. We speculated that the lower uptake of DOXIL to R@DOX or X-
R@DOX may be ascribed to their disparity in surface charge. At in vitro level, the surface
charge of the nanoparticle plays a key role in the aspect of cell uptake. Generally, the
positively charged nanoparticles tend to absorb on the negatively charged surface of cells by
electrostatic interaction, thus promote the cell uptake.[19, 50-52] To investigate the
difference between Rososomes and DOXIL, the surface charge of DOXIL was measured
(Figure S12). In comparison, the surface charge of DOXIL (-18.1 mV) was much more
negative than both R@DOX (-5.86 mV) and X-R@DOX (-2.88 mV). The near-neutral
surface charge makes Rososomes are relatively more favorable to the cell uptake than
DOXIL.

3.10. Subcellular distributions of Rososomes

3.11.

The subcellular distributions of the Rososomes were observed by co-localizing the
fluorescence of DOX with lysosomes and nucleus (Figure 3b). The Rososomes were
indicated by the fluorescence of DOX (green color), LysoTracker Deep Red was employed
to stain lysosomes (red color) and the blue color of Hoechst 33342 indicated cell nucleus. In
free DOX-treated cells, the green color of DOX largely colocalized with the blue color of the
nucleus, indicating that free DOX mostly entered into the nucleus. Also, sporadic green
fluorescence distributed outside of the nucleus (blue), and partially colocalized with the
lysosomes (red). These co-localization details demonstrated that free DOX can be ingested
by cells and accumulated in the cell nucleus and lysosomes. In the DOXIL-treated group,
imperceptible green fluorescence co-localized with the blue fluorescence, indicating that less
DOXIL entered the nucleus. Part of DOXIL co-localized with lysosomes (red). In the
Rososome-treated cells, R@DOX and X-R@DOX both displayed strong green fluorescence
in cells and colocalized with nuclear (blue), lysosomes (red). The lysosome retainment
indicated that Rososomes may take advantage of the intracellular acidic pH to release the
DOX. Comparatively, the crosslinked Rososomes (green) showed relatively low distributions
in the nucleus (blue), which was consistent with the drug-releasing pattern in Figure 1h and
may explain why the X-R@DOX exhibited less /n vitro efficacy than R@DOX. The CLSM
results are consistent with the flow cytometry data, which demonstrated that the free drug
can be readily ingested into cells and enter the cell nucleus, while the liposomal
formulations of DOX, including DOXIL, R@DOX and X-R@DOX, showed less nuclear
accumulation because they need to go through the drug release process. The cellular uptake
and distribution data in Figure 3 can also explain the reason why DOXIL exhibited less
efficacy at the in vitro level.

Pharmacokinetics of Rososomes

The Rososomes were further moved to the /7 vivo evaluations. We claimed that the iron-
crosslinking strategy can stabilize the rososomal structure and improve the pharmacokinetics
(PK). Therefore, DOX, R@DOX and X-R@DOX were i.v. injected into mice, the DOX
concentrations in blood were tested at different timepoints. As shown in Figure 4a and 4b,
R@DOX and X-R@DOX both showed a better area under curve (AUC) and circulation time
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(T-half) than free DOX. Even the non-crosslinked Rososome showed 5 times longer T-half
than free DOX indicating that Rososomes were able to protect the DOX from being
prematurely eliminated and improve the PK profile. X-R@DOX showed much higher AUC
(629.4) and longer T-half (16.1 h) than R@DOX (AUC is 405.8 and T-half is 6.9 h). The
crosslinking strategy can improve the AUC and T-half of Rososomes for more than 1.6 and
2.3 times, respectively. As a commercial liposomal formulation of DOX, the PK of DOXIL
has been extensively investigated. Based on the published data[53-56], the T-half of DOXIL
is longer than 19 h on mice, which is better than the crosslinked Rososomes. The better PK
of DOXIL may be ascribed to its more negative surface charge which can largely reduce the
opsonization.[57, 58] Although DOXIL showed better PK, we postulated that Rososome
will show better efficacy to DOXIL, due to the synergistic therapeutic effect of doxorubicin
and rosmarinic acid.

3.12. Biodistributions of Rososomes

3.13.

The biodistributions of Rososomes were investigated on subcutaneous 4T1 tumor-bearing
mice. The fluorescence of DOX was not accessible to /7 vivoimaging due to the limited
penetration. To make Rososomes visible with near-infrared fluorescence, we encapsulated a
hydrophilic dye (indocyanine green, ICG) as a drug surrogate and obtained two Rososomes
(R@ICG and X-R@ICG). The R@ICG and X-R@ICG were i.v. administrated into 4T1
tumor-bearing mice, respectively. As shown in Figure S12 and Figure 5a, both R@1CG and
X-R@ICG accumulated and remained in tumor site for 72 h. To evaluate the biodistribution
of Rososomes, the mice were sacrificed, and their tumors and main organs were harvested
for ex vivoimaging. As shown in Figure 5b, both Rososomes showed the highest
accumulation in tumor tissue, indicating that Rososomes preferentially delivered the
payloads to tumor site. We also found that livers trapped certain amounts of Rososomes, as
nanoparticles intend to accumulate in the reticuloendothelial system.[58-60] Comparatively,
the accumulation of X-Rososome in tumor was significantly higher than Rososome (Figure
5c¢), which further supported the advantages of our crosslinking strategy.

In vivo anti-tumor efficacy of Rososomes on orthotopic breast cancer

The Rososomes were applied to tumor-bearing mice to evaluate the synergistic anti-cancer
efficacy /n vivo. 4T1 tumor-bearing mice were randomly distributed into 7 cohorts (n=6),
including the groups treated with PBS, free DOX, DOXIL, Rososome, X-Rososome,
R@DOX and X-R@DOX. The mice were i.v. injected with these materials every three days
for two consecutive weeks. The dose of the formulations was calculated corresponding to
the equivalent concentration of DOX (8 mg/kg). As shown in Figure 5d, 4T1 breast cancer is
highly aggressive, free DOX only showed slight efficacy. In comparison, both empty
Rososomes exhibited better efficacy than free DOX on slowing down the tumor progression,
demonstrating the ROS-therapy also contributed some extent of anti-cancer efficacy. The
R@DOX exhibited an effective tumor-suppression effect which is similar to DOXIL. The X-
R@DOX showed the best anti-cancer efficacy which can effectively suppress tumor growth.
The efficacy of X-R@DOX was significantly better than other groups, including the DOXIL
and R@DOX, which can be attributed to the synergistic efficacy of RA and DOX, and the
better PK contributed by our crosslinking strategy. The /n vivo anti-cancer effect
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demonstrated that our iron crosslinked Rososomes showed great potential for synergistic
cancer therapy.

3.14. Biocompatibility of Rososomes

The bodyweight of mice didn’t show obvious changes during the treatment, indicating good
biocompatibility of Rososomes (Figure 5e). To study the systemic toxicity, X-R@DOX
treated mice were sacrificed, and the organs were collected for hematoxylin and eosin
(H&E) stain. As shown in Figure 5f, the main organs, including heart, liver, spleen, lung and
kidney, didn’t show any abnormality, indicating that the doxorubicin encapsulated,
crosslinked Rososome is safe for biological use.

4. Conclusions

In this work, we developed a novel crosslinking strategy for the construction of liposomes
with robust stability, high drug loading and synergistic anti-cancer efficacy. We encapsulated
25.8% ROS producer (RA) and 9.04% chemotherapeutic drug (DOX) in the newly
developed Rososome, in which RA can effectively level up the oxidative stress in cells and
work synergistically with DOX. The crosslinking strategy can extensively stabilize the
liposomal structure of Rososomes and improve the pharmacokinetic profile. The synergistic
efficacy and better pharmacokinetics led to better anti-cancer efficacy on the syngeneic
breast cancer mouse model, comparing to the corresponding single model therapy and a
commercial liposomal formulation of DOX (DOXIL). This work provides a valuable
crosslinking strategy to develop robust liposomal formulation with robust stability, high drug
loading and synergistic anti-cancer efficacy.
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Figure 1. Characterization of Rososomes.
a) The size distribution of R@DOX measured by DLS. b) The morphology of R@DOX

observed by TEM. The scale bar is 100 nm. c) The size distribution of X-R@DOX measured
by DLS. d) The morphology of X-R@DOX observed by TEM. The scale bar is 100 nm.
Stability investigation of ) R@DOX and f) X-R@DOX to prove the benefits of iron-
catechol crosslinking strategy. The Rososomes were incubated with 2 mM SDS for 12 h, the
changes in size and PDI were monitored by DLS. g) Serum stability of X-R@DOX
monitored by DLS. The size increases of R@DOX and X-R@DOX at Day 1 were attributed
to the protein binding and the formation of protein corona, as the Rososomes were incubated
with fetal bovine serum for the stability tests. h) Accumulative drug release of R@DOX and
X-R@DOX by the stimulation of acidic pH (5.0). i) Hemolysis of Rososomes. PBS and
Triton X-100 were employed as negative and positive control, respectively.
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Figure 2. In vitro anticancer efficiency of Rososomes on 4T1 breast cancer cells.

a) The ROS production at the cellular level. 4T1 cells were treated with RA, Rososome and
X-Rososome for 12 h and stained with a ROS probe (DCF-DA) for flow cytometry analysis.
b) Cell viability of 4T1 cells that treated with different materials. ¢) The combination index
of RA and DOX in R@DOX and X-R@DOX. The plot of Cl versus drug concentrations was
generated by CompuSyn software, based on the cell viability results. d) Cell apoptosis
evaluation of Rososomes and their controls. The 4T1 cells were incubated with different
materials for 24 h and stained by Annexin V and 7-Aminoactinomycin D (7-AAD) for flow
cytometry analysis. The concentrations of these materials were calculated by the equivalent
molar concentration of DOX (5 uM).
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Figure 3. Cell uptake and intracellular distributions of Rososomes in 4T1 breast cancer cells.
a) The quantitative cellular uptake of DOX, DOXIL, R@DOX and X-R@DOX measured by

flow cytometry. b) Subcellular distributions of DOX, DOXIL, R@DOX and X-R@DOX on
4T1 breast cancer cells. LysoTracker Deep Red is employed to stain lysosomes and Hoechst
33342 is for the nucleus. The scale bar is 20 um. The doses were calculated based on the
equivalent molar concentration of DOX.
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Figure 4.

Pharmacokinetics of Rososomes. a) Pharmacokinetics of free DOX, R@DOX and X-

R@DOX on mice (n=3). b) The area under curve (AUC) and T-half of free DOX, R@DOX
and X-R@DOX, calculated by Kinetica 5.0. The treating doses were calculated based on the

equivalent molar concentration of DOX.

J Control Release. Author manuscript; available in PMC 2022 January 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xue et al. Page 22
a
(O]
Q
®
@
x
C e
e W R@ICG __ |+ PBS— DOX- RA %
. NE -+ DOXIL-- Rososom
5 15,000+ M X-R@ICG £ 6004 X-Rososome C
N -+ R@DOX < 20-
e -« X-R@DOX ] 5
= 4001 g
e 4 -+ PBS-= RA + DOX
S T 10{ + DOXIL = Rososome
E 2001 m = X-Rososome
k= ? -+ R@DOX -+ X-R@DOX
0 T T T T 0 T T T T
O x 2 O o O © X © 0 ©
Days Days

PBS

X-R@DOX

Figure 5. In vivo performance of Rososomes on orthotopic 4T1 breast cancer-bearing mice.
a) /n vivo near-infrared fluorescence imaging of X-R@ICG treated 4T1 tumor-bearing mice.

The red circles point out tumor locations. The high signal on the chest is the reflection from
fur. b) Ex vivodistribution of R@ICG and X-R@ICG. H, heart; Lu, lung; Li, liver; K,
kidney; Sp, spleen; SI, small intestine; M, muscle; T, tumor. ¢) Quantitative analysis of the
biodistributions of Rososomes (n=3) based on b). The concentration of R@ICG and X-
R@ICG are calculated based on the equivalent concentration of ICG. d) /n vivo anti-cancer
efficiency of Rososomes on orthotopic 4T1 tumor-bearing mice. f) Bodyweight changes of
the mice treated with Rososomes and their controls. f) H&E stain evaluation of systemic
toxicity of X-R@DOX. Scale bar is 50 pm. n.s. not significantly; *, p<0.05; **, p<0.01; ***,
p<0.001.
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Scheme 1.

Self-assembly of iron cross-linked Rososome encapsulated doxorubicin (X-R@DOX).
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