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ARTICLE INFO ABSTRACT

Keywords: Combined administration of drugs can improve efficacy and reduce toxicity; therefore, this combination
EPI approach has become a routine method in cancer therapy. The main combination regimens are sequential, mixed
ZOL

(also termed “cocktail™), and co-loaded; however, other combinations, such as administration of synergistic drugs
and the use of formulations with different mechanisms of action, may exert better therapeutic effects. Tumor-
associated macrophages (TAMs) play functional roles throughout tumor progression and exhibit characteristic
phenotypic plasticity. Sialic acid (SA)-modified epirubicin liposomes (S-E-L) and SA-modified zoledronate li-
posomes (S-Z-L) administered separately kill TAMs, reverse their phenotype, and achieve antitumor effects. In
this study, we examined the effects of a two-treatment combination for drug delivery, using sequential, mixed,
and co-loaded drug delivery. We found that therapeutic effects differed between administration methods: mixed
administration of S-E-L and S-Z-L, co-loaded administration of SA-modified liposomes (S-ZE-C), and sequential
administration of S-E-L injected 24 h after S-Z-L did not inhibit tumor growth; however, sequential adminis-
tration of S-Z-L injected 24 h after S-E-L resulted in no tumor growth, no toxicity to noncancerous tissue, and no
death of mice, and exhibited 25% tumor shedding. Thus, our results thus encourage the further development of
combined therapies for nanomedicines based on the mechanisms investigated here.

Liposomes

Sequential administration
Combined administration
Co-loaded administration

drug dosage (Benyettou et al. 2017, Ottewell et al. 2010). Furthermore,
injection with nanoparticles in batches may decrease off-target injury
and multidrug resistance and may prolong the survival of patients; thus,
sequential administration of drug combinations is preferred in clinical
practice (Weber et al. 2016, (EBCTCG) (2019)). Co-loaded nanoparticles
have been frequently used in preclinical studies for combined adminis-
tration methods (Sun et al. 2015). Drugs with synergistic effects can be
encapsulated in nanoparticles through interactions between the drug
and the carrier (Liu et al. 2020, Kopecka and Lusa, 2016, Wei et al.
2016a), which facilitates decrease in the frequency of administration,
lowers carrier-induced immune stimulation, and elicits alterations to the
physical and chemical properties of the drugs through drug-drug in-
teractions, potentially achieving the “3A” standard, i.e., “accurate pro-
portions, accurate timing, and accurate places” (Wu et al. 2020, Liu et al.
2020). On August 3, 2017, the U.S. Food and Drug Administration
granted regulatory approval to the first liposome-encapsulated combi-
nation of daunorubicin and cytarabine (VYXEOS; Jazz Pharmaceuticals,

1. Introduction

Administration of drug combinations in cancer therapy has gained
importance as a strategy to overcome the limitations of single mecha-
nisms of action of traditional chemotherapy drugs (Vinciguerra et al.
2019), and this approach produces better overall therapeutic effects (Wu
et al. 2020, Liu et al. 2020). However, mixed drug administration
(termed cocktail) frequently fails to achieve the “right dose, right time,
and right place” concept which is also termed the “3R principle” (Chou
2010, Hu et al. 2016). Therefore, developing novel combined-
administration methods has become an important research objective;
however, current efforts are mainly focused on sequential and co-loaded
administration methods (Yang et al. 2019, Aryal, Hu and Zhang 2011).

Sequential administration can be adjusted according to individual-
ized therapeutic regimens and can result in enhanced effects by
improving the timing and by optimizing the nanoparticle carrier and
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Abbreviations

Full name Abbreviation

zoledronate ZOL

epirubicin EPI

Sialic acid SA

Sialic acid-modified zoledronate liposomes S-Z-L

Sialic acid-modified epirubicin liposomes S-E-L

Sialic acid-modified zoledronate and epirubicin liposomes S-ZE-L
Sequential administration of S-Z-Linjected 24 hafter S-E-L.  S-EZ-S
Sequential administration of S-E-Linjected 24 h after S-Z-L. S-ZE-S
Co-loaded administration of SA-modified liposomes S-ZE-C
Mixed administration of SA-modified liposomes S-ZE-M
Tumor-associated macrophages TAM

SA-modified DIR and EPI liposomes S-DE-L

SA-modified DIR and EPI liposomes S-DZ-L

SA-modified DIR, ZOL, and EPI liposomes S-DZE-L

Inc.) for treating adult patients recently diagnosed with therapy-related
acute myeloid leukemia or acute myeloid leukemia with
myelodysplasia-related changes, which are variants of acute myeloid
leukemia with poor prognosis.

Recent research focused on tumor microenvironments (Rodell et al.
2018). Tumor-associated macrophages (TAMs) account for a large pro-
portion of tumor tissues (50%) and are present throughout tumor
initiation and progression; therefore, they have attracted increasing
research interest (R.H.Miiller 1993). At present, there are mainly two
TAM phenotypes: M1-like TAMs (classically activated macrophages)
and M2-like TAMs (which replace activated macrophages). M1-like
TAMs show higher levels of antigen presentation and induced immune
responses; however, M2-like TAMs promote tumor growth and immu-
nosuppression in most tumors. Therefore, the therapeutic objectives for
TAMs may be summarized using the following four categories: 1.
recruitment of monocytes is inhibited in the tumor microenvironment;
2. differentiation of TAMs is hindered; 3. colonized TAMs are killed; and
4. the phenotype of M2-like TAMs is reversed. To exploit the substantial
expression of sialic acid (SA) receptors on the surface of TAMs, we
synthesized SA octadecylamine (SA-ODA) conjugates and prepared SA-
modified epirubicin (EPI) liposomes (S-E-L) designed to kill TAMs and
SA-modified zoledronate (ZOL) liposomes (S-Z-L) designed to reverse
the TAM phenotype. These two characteristics result in improved overall
results in tumor treatment (Zhennan She et al. 2014, Zheng et al. 2019,
Zhang et al. 2014, Ma et al. 2013). We investigated two aspects: 1) as
these drugs can affect tumors through different mechanisms, we tested
whether combined delivery would result in synergistically increased
treatment effects, and 2) we examined whether sequential treatment, co-
loading, or cocktail administration would be the optimal mode of drug
delivery (Xia et al. (2018), Ovais, Guo and Chen 2019, Tang et al. 2020,
Giarra et al. 2018).

To explore the efficacy of various combined administration regimens
of EPI and ZOL in early tumor treatment, the co-loaded administration
group (S-ZE-C) of SA-modified co-loaded liposomes (S-ZE-L), mixed
administration group (S-ZE-M) of S-Z-L and S-E-L, sequential adminis-
tration group (S-ZE-S) of S-E-L 24 h after S-Z-L, and sequential admin-
istration group injection (S-EZ-S) of S-Z-L 24 h after S-E-L injection were
evaluated. S-Z-L was prepared using the passive loading method,
whereas S-E-L and S-ZE-L. were prepared using the ammonia ion
gradient loading method (Gilad Haran et al., 1993). Therapeutic effects
of the combined administration regimens were comprehensively
analyzed based on in vitro and in vivo experiments. Our findings indi-
cated that treatment with S-EZ-S resulted in no tumor growth, no
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injuries of noncancerous tissue, and no death in mice. Moreover, a 25%
tumor shedding was observed.

2. Materials and methods
2.1. Materials

The following reagents were used: EPI-HCl (Olympic Star Pharma-
ceutical, Shenzhen, China), ZOL (Nanjing Jingrui Jiuan Biological,
Nanjing, China), hydrogenated soy phosphatidylcholine ([HSPC]; A.V.
T. Pharmaceutical, Shanghai, China), 1,1’-dioctadecyl-3,3,3',3'-tetra-
methylindotricarbocyanine iodide ([DIR]; Molecular Probes, Eugene,
OR, USA), SA (Changxing Pharmaceutical, Huzhou, China), octadecyl-
amine ([ODA]; China National Medicines, Shenyang, China), N-
hydroxysuccinimide ([NHS]; China National Medicines), cholesterol
([CH]; China National Medicines), and N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide HCl ([EDC-HCl]; China National Medicines). All
other chemicals used in this study were of analytical or HPLC grade.

2.2. Cells and animals

RAW264.7 mouse macrophages and S180 sarcoma cells were ob-
tained from the Cell Bank of the Chinese Academy of Sciences, Shanghai,
China. Cells were cultured in RPMI 1640 medium supplemented with
10% Gemini Foundation fetal bovine serum (Meilun Biotechnology,
Dalian, China).

Male Kunming mice were obtained from the Experimental Animal
Center of the Shenyang Pharmaceutical University, Shenyang, China. All
animal experiments were conducted in adherence to the relevant laws
and institutional guidelines for the care and use of research animals of
the Shenyang Pharmaceutical University Animal Studies Committee.
The tumor-bearing mouse model was established by injecting 1 x 10°
S180 cells in the left armpit of Kunming mice.

2.3. Synthesis and characterization of SA-ODA

EDC-HCI and NHS were used to couple SA and ODA. SA (2.3 g) was
dissolved in 20 mL DMF at 70 °C. After cooling the solution to 25 °C,
1.75 g NHS and 2.85 g EDC-HCl were added, and the mixture was placed
in an ice-water bath for 1 h. ODA (0.7 g) and 2.1 mL of triethylamine
(TEA) were added and the reaction was incubated for 12 h in a water
bath maintained at 60 °C. The crude product was dialyzed using a 1-kDa
dialysis bag to remove impurities and was then lyophilized to yield SA-
ODA (Zhennan She et al. 2014). The structure of SA-ODA was confirmed
based on 'H NMR using a Bruker spectrometer (Bruker 600-MHz,
Bruker, Billercia, MA, USA) and mass spectrometry (MS; Agilent 1100,
Agilent, Santa Clara, CA, USA).

2.4. Molecular docking

Specific recognition of SA-ODA by the receptor Siglec-1 was deter-
mined using molecular docking. Briefly, Siglec-1 (PDB: 1URL) was
downloaded from the Protein Data Bank (http://www.rcsb.org/). Using
PyMOL 2.0 software, Arg97, Argl05, and Leul07 were selected for
cavity positioning. The structure of SD-ODA was visualized using
ChemDraw 19.0 and docked to the selected 1URL cavity in a semi-
flexible fashion using AutoDock 1.5.6 (Wei, Shimizu and Kanai 2016b).

2.5. Preparation of SA-modified liposomes

Liposomes were produced using modified ethanol injection (Ovais
et al. 2019, Zhennan She et al. 2014, Miquel Pons and Estelrich, 1993).
The membrane materials for producing S-Z-L, S-E-L, and S-ZE-L are
listed in Table 1. Membrane materials were dissolved in absolute
ethanol and were homogenized. Ethanol was evaporated at 60 °C to
produce a phospholipid membrane, after which, a hydrating medium
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Table 1

Liposome formulations (S-Z-L: the hydrating medium contained 0.18 mol/mL
ammonium sulfate, 0.04 mol/mL NH3-H,0 and 0.02 mol/mL ZOL, pH = 4.9; S-
E-L: the hydrating medium contains only 0.2 mol/mL ammonium sulfate, pH =
4.9; S-ZE-L: the hydrating medium contains 0.18 mol/mL ammonium sulfate,
0.04 mol/mL NH3-H50 and 0.02 mol/mL ZOL, pH = 4.9).

Experiment  Drug Loading Drug/Lipid Liposome composition
method (mg/mg) (n/n/n)

S-Z-L ZOL Passive 2:25 HSPC/CH/SA-ODA
loading (55/45/5)

S-E-L EPI Active 1:18 HSPC/CH/SA-ODA
loading (55/45/5)

S-ZE-L ZOL. Both 2:25, 1:18 HSPC/CH/SA-ODA

EPI (55/45/5)

(Table 1) was added. The reaction mixture was incubated for 20 min. An
ultrasonic cell pulverizer (JY92-IIDN; Ningbo Scientz Biotechnology,
Ningbo, China) was used to sonicate the hydrated phospholipid at 180 W
for 2 min and at 360 W for 6 min. Liposomes were sterilized by passing
through a 0.22-pym microporous membrane. The liposome suspension
(100 pL) was added to a Sephadex G-150 column and centrifuged at
2,000 rpm for 4 min. Then, it was washed twice using 50 pL distilled
water and centrifuged at 2,000 rpm for 4 min to produce SA-modified
ZOL liposomes (S-Z-L) and SA-modified blank liposomes (Tang et al.
2020).

To synthesize S-E-L and S-ZE-L, blank liposomes (1 mL) and S-Z-L (1
mL) with an ammonium ion gradient were incubated separately with
2.5 mg/mL EPI for 20 min, and free EPI was subsequently removed using
a Sephadex G-150 column (Gilad Haran et al., 1993). Fluorescently
labeled S-Z-L, S-E-L, and S-ZE-L liposomes were prepared (Ding et al.
2019) for determining in vitro uptake and in vivo distribution. S-Z-L, S-E-
L, and S-ZE-L (2 mL each) were incubated with 20 pL of an absolute
ethanol solution of DIR (10 mg/mL) for 20 min to prepare SA (0.2 mg/
mL)-modified DIR and EPI liposomes (S-DE-L), SA (0.2 mg/mL)-modi-
fied DIR and ZOL liposomes (S-DZ-L), and SA (0.2 mg/mL or 0.4 mg/
mL)-modified DIR, ZOL, and EPI liposomes (S-DZE-L).

2.6. Liposome characterization

The particle size and zeta potential of the S-Z-L, S-E-L, and S-ZE-L
were determined using a NICOMP 380 HPL submicron particle analyzer
(Particle Sizing Systems, Santa Barbara, CA, USA), and morphology of S-
Z-L, S-E-L, and S-ZE-L was determined using transmission electron mi-
croscopy (JEM-2100, JEOL, Tokyo, Japan). S-Z-L, S-E-L, and S-ZE-L
were diluted 100-fold and 10 pL of the diluted solutions was placed on a
200-mesh copper net and negatively stained using 1% phosphotungstic
acid for 1 min, after which it was observed using transmission electron
microscopy.

Encapsulation efficiency (EE) of the liposomes was determined as
follows: S-E-L, S-Z-L, and S-ZE-L (100 pL, each) with unbound drug
compounds were added to a Sephadex G-150 column and washed twice
using 50 pL distilled water to remove the unbound drug compounds
(200 pL =100 pL + 50 pL + 50 pL, each). For EPI measurement, 100 pL
liposomes before column processing and 200 pL liposomes after column
processing were pipetted and demulsified in a 10-mL volumetric flask at
constant volume (90% isopropyl alcohol containing 1.0 M HCI).
Absorbance was measured before (Ap) and after column (A,) separation
using a UV-1801 UV/VIS Spectrophotometer (Beijing Rayleigh Analyt-
ical Instruments, Beijing, China) at 480 nm (Ding et al. 2019). For ZOL
measurements, liposomes were lysed in a 20% Triton solution in a 2-mL
volumetric flask, and absorbances at A, and at A, were determined using
high-performance liquid chromatography (HPLC; Infinity system, Agi-
lent). The chromatographic conditions for HPLC were as follows: Dia-
mond C18 column (5 pm; 250 x 4.6 mm; Dalian Elite Analysis
Instruments, Liaoning, China); A = 224 nm; the mobile phase was
acetonitrile/phosphate  buffer (6/100, v/v), 20 mM tetra-n-
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butylammonium bromide, and 8 mM sodium pyrophosphate tetrabasic;
pH 6.8 (Tang et al. 2020). EE was calculated using the following
equation:

EE% = A, /A, x 100%

2.7. Invitro drug release from liposomes

The cumulative rate of drug release from liposomes was calculated
from the dialysis data. S-E-L, S-ZE-L (4 mL, each), and EPI solutions ([E-
S1; 4 mL; 1.25 mg/mL) were filled in separate 10-kDa dialysis bags and
placed in 100 mL of release medium (V, = 100 mL; 2 M ammonium
chloride, 0.2 M histidine; pH = 6.5). Similarly, S-Z-L, S-ZE-L, and ZOL
solutions ([Z-S]; 0.1 mg/mL; 4 mL, each) were each filled in 10-kDa
dialysis bags and placed in 50 mL PBS at 37 °C and agitated at a con-
stant speed. Aliquots were collected (V = 4 mL) and added to an equal
volume of fresh release medium, and the drug concentrations (C,) were
quantified spectrophotometrically at 480 nm (Ding et al. 2019, Cui et al.
2007). ZOL was quantified using HPLC.

The cumulative release rate, Ry, was calculated using the following
equation:

R, = <C”VD + Z c,,1v> /M, x 100%

n—1

where M is the total amount of the drug in the dialysis bag.

2.8. Invitro cytotoxicity of RAW264.7 and S180 cells

RAW264.7 cells (1 x 10° cells/well) were inoculated in the upper
chamber of a 0.4-pum Transwell six-well plate (Corning, Shanghai,
China), and S180 cells were placed in the lower chamber at a 1:1 ratio of
RAW264.7 to S180 cells (Cao et al. 2016). After 48 h of co-culturing,
RAW264.7 cells were induced into M2-like TAMs (Fig. 4A) and were
incubated with antibodies against Siglec-1, CD206, and F4-80 to
determine the proportions of M2-like TAMs.

To determine whether toxicity to S180 and polarized RAW264.7 cells
differed between methods of combined administration, 1 x 10° S180
cells/well and 1 x 10° polarized RAW264.7 cells/well were added to a
96-well plate. Cells were incubated for 12 h, after which, 10 pL of S-E-L,
S-Z-L, or S-ZE-L (final concentration of EPI: 0.1 mg/mL, 0.05 mg/mL,
0.01 mg/mL, 0.001 mg/mL, 0.0001 mg/mL and final concentration of
ZOL: 0.008 mg/mL, 0.004 mg/mL, 0.0008 mg/mL, 0.00008 mg/mL,
0.000008 mg/mL) were added; S-Z-L and S-E-L were mixed at equal
proportions and added to S-ZE-M. The medium was replaced by drug-
free medium after 24 h, and S-E-L and S-Z-L were added only in the
sequential treatment group (Fig. 3A); MTT (5 mg/mL) was added after
24 h. A Model 680 Microplate Reader (Bio-Rad, Hercules, CA, USA) was
used to measure ODsy( values. The inhibition rate was calculated using
the following equation:

InhibitionRate=1—(ODvalueof preparationtreatment

—ODvalueof preparationzerotreatment) | (ODvalue of controls

—ODvalueof blanks)

Combination indices (CI) were calculated using the following equa-
tion:

Cl = [CA}so/[A]so + [CB]SO/[B]SW

where [Calso and [Cglsg represent the ICsg values of A and B in different
combined administration methods, respectively, and the denominators
represent the ICsg values of single drugs A and B. Lower CI values
indicate better combined effects of the drugs, and CI > 1 indicates that
there are no synergistic effects (Chou 2010).
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2.9. M2-like Tams liposome uptake and phenotype reversal in vitro

DIR was inserted in the phospholipid bilayer of liposomes to produce
liposomes with ZOL for uptake (Ex/Em = 748/780; DIR had strong anti-
interference and was easy to detect). Polarized RAW264.7 cells were
seeded in a six-well plate and cultured at 37 °C and 5% CO» for 12 h. S-
DE-L, S-DZ-L, and S-DZE-L (DIR: 0.2 mg/mL) were added, and the me-
dium was exchanged after 2 h (S-DE-L and S-DZ-L were added only in the
sequential treatment; Fig. 3A). After 2 h, the cells were fixed using 4%
paraformaldehyde, and 4,6-diamidino-2-phenylindole (50 pg/mL) was
added. Cells were incubated for 20 min in the dark and visualized using
confocal laser scanning microscopy (Carl Zeiss, Jena, Germany). Fluo-
rescence intensities of EPI and DIR were detected using flow cytometry
(Beckman Coulter, Fullerton, CA, USA). Data were analyzed using
FlowJo 7.6.1.

To determine changes in receptor expression and proportions of M2-
like TAMs, polarized RAW264.7 cells were seeded into a six-well plate
and left undisturbed for 12 h. Cells were then incubated with S-Z-L, S-E-
L, or S-ZE-L for 24 h (Fig. 3A) and harvested. Cell density was adjusted to
1 x 10° cells/mL and the cell suspension (100 pL) was incubated with 2
pL of anti-mouse F4-80 and 2 pL of anti-mouse CD206 primary anti-
bodies at 4 °C for 30 min, followed by flow cytometry. One hundred
microliters of cell suspension was incubated with 8 pL of PI (Meilun
Biotechnology) at 25 °C for 15 min. After adding 400 pL binding buffer,
the samples were analyzed using flow cytometry.

2.10. .Compound distribution in tissue in vivo

To examine tissue distribution of DIR-modified S-DZ-L (0.2 mg/mL
DIR), S-DE-L (0.2 mg/mL DIR), and S-DZE-L (0.4 mg/mL DIR) lipo-
somes, 72 tumor-bearing mice were randomly assigned to six groups (n
= 12, each). The following treatments were used: S-DZ-L injection (S-Z-
L), S-DE-L injection (S-E-L), S-DZ-L followed by S-DE-L after 24 h (S-ZE-
S), S-DE-L followed by S-DZ-L after 24 h (S-EZ-S), S-DZE-L injection (S-
ZE-C), and a mixture of S-DZ-L and S-DE-L (S-ZE-M). The dosage of DIR
was 0.8 mg/kg in the S-ZE-C, S-ZE-M, S-ZE-S, and S-EZ-S treatments, and
0.4 mg/kg in the S-Z-L and S-E-L treatments. Two mice in each group
were sacrificed 2, 12, 24, 26, 36, and 48 h post-treatment, and fluo-
rescence images were obtained using an FX Pro In Vivo Imaging System
(Carestream Molecular Imaging, Woodbridge, CT, USA) (Eisenblatter
et al. 2009). Tumors, hearts, livers, spleens, lungs, and kidneys were
collected for fluorescence imaging, and DIR was quantified in the liver
and tumor tissues.

2.11. Pharmacodynamics

The left forearms of 48 Kunming mice were inoculated with 200 pL of
suspended S180 cells (5 x 108 cells/mL), and the mice were randomly
assigned to one of the following six treatment groups (n = 8, each):
controls (5% glucose), S-E-L treatment, treatment with S-Z-L followed by
S-E-L after 24 h (S-ZE-S), treatment with S-E-L followed by S-Z-L after 24
h (S-EZ-S), S-ZE-L injection (S-ZE-C), and treatment with a mixture of S-
Z-L and S-E-L (S-ZE-M). Each treatment was administered every three
days (ZOL dosage was 0.2 mg/kg and that of EPI was 2.5 mg/kg). Sur-
vival, body weight, and tumor volume were recorded daily; tumor vol-
ume was calculated by measuring the long (a) and short (b) diameters of
the tumor and using the equation

tumor volume = 0.5 x a x b’ (Liu et al. 2018).

The survival index (SI) used to evaluate toxicity and therapeutic
effect outcomes was calculated according to the following equation:

SI = sum of body weights/sum of tumor weights of surviving mice) | (n

— n&)
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where n is the total number of mice per group and ng is the number of
tumor-shedding mice in each group. Weight loss, tumor growth, and
death decrease the SI; therefore, lower SI indicate lower quality of life
and less efficient tumor treatment.

2.12. Tissue section staining

To observe damage to noncancerous and tumor cells in mice, tissue
sections were prepared and immunofluorescence was measured. The
hearts, livers, lungs, kidneys, and tumors of mice were fixed using 4%
paraformaldehyde and were embedded in paraffin blocks. Embedded
specimens were randomly sliced into 5-pm sections using an ultra-thin
microtome, and paraffin was removed by heating to 70 °C. The sam-
ples were stained using hematoxylin and eosin, TUNEL reagent (Roche,
Basel, Switzerland), anti-mouse CD68, and anti-mouse CD206 (CD68
and CD206 are markers of TAMs and M2-like TAMs, respectively), and
observed using an inverted microscope.

To determine the ratio of M1-like and M2-like TAMs in tumors, an
enzyme-linked immunosorbent assay kit (Elabscience Biotechnology,
Houston, TX, USA) was used to quantify nitric oxide synthase 2 (iNOS/
NOS2) and IL-10 in tumors (P Allavena and Mantovani 2012).

2.13. Statistical analyses

Data were analyzed using a two-tailed Student’s t-test using SPSS
version 23 (IBM Corp., Armonk, NY, USA). GraphPad Prism version 6
software (GraphPad, San Diego, California USA) was used to calculate
ICsp values and to generate plots. Image-pro Plus version 6.0 (Media
Cybernetics, Rockville, MD, USA) was used to assess fluorescence in-
tensity. Data are presented as means =+ standard deviation and statistical
significance is reported at P < 0.05.

3. Results
3.1. Molecular docking, synthesis, and characterization of SA-ODA

We first examined whether SA-ODA, a derivative of SA, retained the
ability to target Siglec-1. AutoDock 1.5.6 software was used to simulate
the interaction of SA-ODA with the Siglec-1 receptor. We observed that
Arg97 and ArglO05 in the Siglec-1 receptor interacted with SA-ODA
interacted via hydrogen bonding (Fig. 1A). The binding energy value
was — 0.72, the KI was 512.16 mM, and the unbound extended energy
was — 5.82 (Table 2). As binding energy was < 0, SA-ODA can appar-
ently spontaneously bind to Siglec-1.

3.2. Preparation and characterization of liposomes

Zeta potential, particle size, EE%, cumulative release rate, and
morphology are important parameters for liposome characterization
(Makwana et al. 2021). The zeta potentials of S-Z-L, S-E-L, and S-ZE-L
ranged from — 10 to — 20 mV, particle sizes were 105-115 nm,
encapsulation rate was approximately 5% for ZOL and over 95% for EPI
(Table 3). The release rates of EPI and ZOL from liposomes differed
significantly between EPI and ZOL drug solutions. The cumulative
release rate of ZOL from S-Z-L was 1.5 x -fold higher than that of ZOL
from S-ZE-L at 48 h (Fig. 2C). Occurrence of “coffee bean” particles with
particle sizes of 100-120 nm in S-E-L and S-ZE-L is shown in Fig. 2B.

3.3. Cytotoxicity and uptake in polarized RAW264.7 cells in vitro

The extent and time of liposome uptake by cells differed between
treatments and directly affected interactions between liposomes and
cells. S-EZ-S and S-ZE-S showed that uptake of the first dose was the
same as that in S-E-L and S-Z-L; however, a slight, albeit not statistically
significant, decrease in the intake of liposomes of the second dose was
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Fig. 1. Validation of receptor targeting by and characterization of SA-ODA. (A) Molecular docking of SA-ODA into the Siglec-1 SA-binding cavity (PDB: 1URL). (B)

MS and (C) 'H NMR spectrum of SA-ODA.

Table 2
Parameters and the docking site of Siglec-1 and SA-ODA.

Parameter Value Docking site

Binding Energy -0.72 Siglec-1 SA-ODA

KI 296.58 mM Siglec-1:A:ARG97:HH21:SAODA::1:0
Intermolecular Energy —8.77 Siglec-1:A:ARG97:HH21:SAODA::1:0
Internal Energy —5.82 Siglec-1:A:ARG97:HH21:SAODA::1:H
Torsional Energy 8.05 Siglec-1:A:ARG105:HN:SAODA::1:0

Unbound Extended Energy —5.82 Siglec-1:A:ARG105:0:SAODA::1:H

Table 3
Characterization of liposomes (n = 3).
Liposome Zeta Partical PDI EE (%) DL (g/
potential size (nm) g)
(mV)
ZOL —10.0 + 106 + 0.124 5.86 + 1.05 0.003
liposome 1.98 1.11 +0.011 + 0.001
EPI —12.0 + 108 + 0.111 92.3 £1.23 0.030
liposome 2.19 1.02 +0.010 =+ 0.002
Co-loaded —11.0 + 112 + 0.122 EPL:91.2 + 0.032
liposome 2.08 0.89 + 0.010 1.23 ZOL:5.04 + 0.003
+ 1.34

*DL (Drug loading) = EE(%) X (Waqurg / Wiip+cr+sa-0pA)-

observed (Fig. 3B and C). The overall uptake in the mixed administration
treatment (S-ZE-M) was significantly lower than that in the other
treatments (Fig. 3B and C). ICso was significantly lower in S-EZ-S than in
S-ZE-M (Table 4), and the CI was < 1. Apoptosis rates in cells of the S-EZ-
S treatment were significantly higher than those in the other treatments
with 0.025 mg/mL EPI and 0.002 mg/mL ZOL (concentrations of the
drug in liposomes at the time of injection). These findings indicate that
S-EZ-S treatments may elicit synergistic effects. In S180 and RAW264.7
cells, ZOL concentrations at the time of injection were lower than the
ICsp value of ZOL in the S-Z-L treatment, and EPI concentrations at the
time of injection were higher than the ICsy value of EPI in the S-E-L
treatment with different combinations.

3.4. Phenotypic reversal of M2-like TAMs in vitro and in vivo

The concentration of ZOL in peripheral blood of mice was below the
ICsq value of the S-Z-L treatment; thus, ZOL did not kill M2-like TAMs,
rather reversed their phenotype in different combination treatments.
The in vitro experiment showed that co-culturing S180 and RAW264.7
cells could induce polarization of over 90% of the RAW264.7 cells
(Fig. 4A); however, cytotoxicity and phenotypic reversal effects on M2-
like TAMs differed between the combination treatments (Fig. 4B and C).
Fluorescence intensity of CD206 was significantly lower after the S-EZ-S
treatment than after the S-ZE-S, S-ZE-C, and S-ZE-M treatments (P <
0.001), and fluorescence intensity of PI was significantly higher than
that in the S-ZE-S, S-ZE-C, and S-ZE-M treatments (P < 0.01). In vivo, the
S-EZ-S treatment showed lower fluorescence intensities of CD68 and
CD206 and lower cell densities compared to the S-ZE-S, S-ZE-C, and S-
ZE-M treatments (Fig. 5). After S-EZ-S treatment, IL-10 release by M2-
like TAMs was significantly reduced (P < 0.01), whereas no signifi-
cant effect on the release of iNOS/NOS2 was observed (Fig. 8D). Results
from in vitro and in vivo experiments indicated higher TAMs killing and
phenotypic reversal ability of S-EZ-S treatment compared to the other
treatments.

3.5. Compound distribution in tissues in vivo

The use of DIR - liposomes facilitated monitoring liposome tissue
distribution which demonstrated differences between combined
administration methods (Fig. 6A and B). DIR accumulation in the liver
from O to 48 h did not differ significantly between S-ZE-S and S-EZ-S
treatments, and DIR fluorescence intensity was significantly higher than
that in tumors after the S-ZE-C treatment for 48 h (P < 0.001). DIR
accumulation achieved a maximum value in the co-loaded S-ZE-C and
mixed S-ZE-M treatments, and DIR fluorescence intensity was signifi-
cantly higher than that in the liver after the S-EZ-S treatment for 2 h (P
< 0.001). DIR accumulation was significantly lower in tumors after 24 h
and after the S-ZE-C treatment, compared to the S-EZ-S treatment (P <
0.05; Fig. 6B). However, only small amounts of DIR had accumulated in
the heart, spleen, lung, and kidneys from O to 48 h in all combined
administration treatments.
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Table 4
ICs values and Combination Indices (CI) of different combined administration methods (n = 3).
Cells Parameter S-Z-L S-E-L S-ZE-S S-EZ-S S-ZE-C S-EZ-M
$180 Cells ICs0 (x100 mg/L) 0.181 + 0.015 0.158 + 0.012 0.156 + 0.011 0.157 + 0.009 0.159 + 0.011 0.175 + 0.014
CI - - 0.978 £ 0.11 0.988 + 0.10 1.00 + 0.09 1.10 + 0.08
Inhibition Rate of 0.025 mg/mL EPI and 0.002 mg/mL ZOL 72.2%+0.01 85.1%+0.03 63.2%+0.01 60.2%+0.02
RAW264.7 Cells 1Cs0 (x100 mg/L) 0.1087 + 0.007 0.171 + 0.018 0.162 + 0.014 0.150 + 0.012 0.164 + 0.017 0.174 + 0.020
CI - 0.989 + 0.09 0.916 + 0.06 0.999 + 0.07 1.06 + 0.10

Inhibition Rate of 0.025 m

g/mL EPI and 0.002 mg/mL ZOL

58.2%0.02

71.2%+0.02

60.1%+0.03

55.4%+0.03
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to 8). (P**** < 0.0001).

3.6. Pharmacodynamics and pathology of different combined
administration methods

Differences in therapeutic and toxicity effects of combined admin-
istration methods were observed in a 20-day pharmacodynamics
experiment. Tumor growth rates were significantly lower in the S-EZ-S
than in the S-ZE-S treatment (P < 0.001). The S-EZ-S treatment showed
no increase in tumor volume and 25% tumor shedding (Fig. 7A and C).
Moreover, the number of tumor cells in the S-EZ-S treatment was
significantly lower than that in the S-ZE-S and S-ZE-C treatments (P <
0.001; Fig. 8B and C), and apoptosis rates in the S-EZ-S treatment were

significantly higher than those in treatment S-ZE-S (P < 0.001; Fig. 8C);
however, tumor growth rates did not differ significantly between S-ZE-M
and S-ZE-C treatments (Fig. 7C). In treatment with S-EZ-S, the increase
in tumor-free weight was significantly higher than that in treatments
with S-ZE-C and S-ZE-M (P < 0.001). Survival rates after treatment with
S-EZ-S, after single administration of S-E-L, and the controls were 100%,
and no indication of drug toxicity was observed in the heart, liver, lung,
and kidney sections after treatment with S-EZ-S (Fig. 8A). The survival
rates in treatments with S-ZE-S, S-ZE-M, and S-ZE-C were 87.5%, 75%,
and 62.5%, respectively. Cardiomyocytes of S-ZE-M mice showed slight
myocardial ruptures. Small extent of inflammatory cell infiltration in the
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hepatic portal vein, slightly dilated renal capsules, and slightly enlarged
glomeruli were observed (Fig. 8A). The most severe damage was
observed in treatment with S-ZE-C, showing severe myocardial ruptures,
blurred edges of myocardial cell structures, and severe inflammatory
cell infiltration. The structure of liver lobules was compromised, the
structure of liver cells was incomplete, the boundaries were not clear,
the arrangement was chaotic, and a large number of inflammatory cells
had infiltrated the hepatic portal vein. The renal capsule was severely
dilated and the glomeruli were enlarged. The SI of S-ZE-S was signifi-
cantly higher than that of the other treatments (P < 0.001; Fig. 7C),
demonstrating that treatment with S-EZ-S resulted in improved efficacy
and reduced toxicity compared to other treatments.

4. Discussion
4.1. Molecular docking, synthesis, and characterization of SA-ODA

As deduced from the MS data, the main molecular ions were
observed at 583.4 Da [SA-ODA + Na]™ and 595.4 Da [SA-ODA + CII°
(Fig. 1B). 'H NMR (CD30D, ppm) showed 0.8 (t, 3H, H-11), 1.19 (s,
30H, alkyl), 1.22 (m, 2H, H-2), 1.43 (m, 1H, H-3), 1.92 (s, 3H, H-10),
2.19 (m, 1H, H-30), 3.10 (t, 2H, H-1), 3.93 (d, 1H, H-7), 3.57 (m, 2H, H-
90, H-8), 3.71 (m, 2H, H-9, H-5), and 3.91 (m, 2H, H-6, H-4). Regarding
ODA, the characteristic peaks at 0.8, 1.43, and 3.10 remained, and the
peaks of -NH; did not; the characteristic SA peaks at 1.19, 1.22, 1.92,
2.19, 3.93, 3.57, 3.71, and 3.91 remained, whereas those of -COOH did
not (Zhennan She et al. 2014, Tang et al. 2020). Thus, SA-ODA was
successfully synthesized and retained the ability to target Siglec-1.

4.2. Preparation and characterization of liposomes

Interaction with the primary amino group of EPI and the phospho-
nate group of ZOL may increase the probability of intermolecular con-
tact in a mixed solution containing ZOL and EPI (ZE-S) through
electrostatic attractions to form ionic and/or hydrogen bonds and low-
solubility aggregates (Fig. 2A). When liposomes containing ZOL were
loaded with EPI, the encapsulation rates of ZOL and EPI remained un-
changed (Table 3). “Coffee-bean” particles were formed due to low-
solubility of EPI and ZOL aggregates, EPI, and sulfate radicals. In in

vitro release experiments, EPI formed low-solubility aggregates in S-E-L
and S-ZE-L, and the release rate of EPI was unchanged; however, ZOL
formed low-solubility aggregates in S-ZE-L. Thus, the release rate of ZOL
was different.

4.3. Cytotoxicity and uptake in polarized RAW264.7 cells in vitro

The characteristics and structures of liposomes were the same; thus,
the number of liposomes taken up by cells was assumed to be equal. In
the S-EZ-S and S-ZE-S treatments, the number of nanoparticles taken up
was the same after the first administration as that in the S-ZE-C, S-Z-L,
and S-E-L treatments. This was likely due to only a portion of the cells
taking up liposomes after the first administration, which limited the
overall uptake. Regarding S-ZE-M, the number of nanoparticles excee-
ded the uptake capacity per time unit. In the S-ZE-C treatment, when the
same number of liposomes was taken up by cells, intracellular accu-
mulation of drugs increased because both drugs were encapsulated in
each liposome. In the cytotoxicity experiment with the S-EZ-S treatment,
killing of colony-forming TAMs and highly differentiated M2-like TAMs
reduced cell densities and resulted in phenotype reversal of newly pro-
duced M2-like TAMs. Compared with S-ZE-S, S-EZ-S increased the effect
of ZOL; however, in S-ZE-C with both EPI and ZOL taken up by each cell
at the same time, the cytotoxic effect was stronger than the effect of
phenotypic reversal; therefore, the effect of ZOL was obscured.
Regarding S-ZE-M, the two types of liposomes were taken up randomly,
causing inconsistency of therapeutic effects. In summary, for the
different combined administration regimens of EPI and ZOL, owing to
the different mechanisms of action of EPI and ZOL, there was a non-
linear relationship between uptake by liposomes and cytotoxicity.

4.4. Phenotypic reversal of M2-like TAMs in vitro and in vivo

Our findings demonstrated that cytotoxic effects and phenotypic
reversal differed between administration regimens. Phenotype reversal
was indicated by decreased fluorescence intensity of CD206, reduced
secretion of IL-10, and lower numbers of M2-like TAMs. Decrease in
fluorescence intensity of CD68 and increase in fluorescence intensity of
PI indicated lower total number of TAMs. iNOS/NOS2 secretion
remained unchanged, indicating that the number of M1-like TAMs was
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not affected. Moreover, the proportion of M2-like TAMs had decreased
more than overall TAM numbers, suggesting that some M2-like TAMs
had transformed into M1-like TAMs. Treatment with S-EZ-S showed
better therapeutic effects than that with S-ZE-S, because treatment with
the latter resulted in reduced cell densities, elimination of highly
differentiated M2-like TAMs, and phenotype reversal of newly produced
M2-like TAMs in tumors. In treatment with S-ZE-C, EPI and ZOL were
taken up synchronously by the cells, which would imply that cytotoxic
and phenotypic reversal effects occurred simultaneously; thus, the effect
of ZOL was masked by that of EPL In treatment with S-ZE-M, either one
or both drugs were taken up by cells, causing erratic effects.

4.5. Compound distribution in tissues in vivo

Because of the focused targeting of TAMs by SA-modified liposomes,
DIR did not accumulate in the heart, spleen, lungs, and kidneys. A sig-
nificant difference in DIR accumulation occurred between liver and
tumor tissue in the combined administration regime. In treatments with
S-EZ-S and S-ZE-S, the number of particles in the liver was lower owing
to reduced dosages administered with a single injection, and DIR
accumulation within tumors was increased owing to higher numbers of
injections. Regarding S-ZE-M, the ability of tumor cells to take up the
compounds was limited because large numbers of liposomes were
trapped in the liver. Regarding treatment with S-ZE-C, as DIR in a single
liposome was double that of the other groups, DIR levels was increased
in the liver after 2 h. When the number of particles and the amount of
drug exceed the range of the targeting ability, the non-linearity of dose
response and off-target damage increase (Chou 2010, Ottewell et al.
2010, (EBCTCG) (2019)).

4.6. Pharmacodynamics and pathology of different combined
administration methods

In combined administration treatments, therapeutic effects and
toxicity of different combined administration methods were closely
associated with the mechanisms of action of EPI and ZOL and with their
dosages. The SI suggested that the treatment effect of S-EZ-S was
significantly stronger than that of the other treatments; however, there
was no significant difference in the unilateral analysis of tumors, weight,
survival ratio, and other parameters, suggesting limitations of this type
of analysis. Therefore, even though tumor growth rates in the S-ZE-C and
S-ZE-M treatments did not differ from those in the S-EZ-S treatment,
deaths as well as severe pathological damage and weight loss were
observed in mice in the S-ZE-C and S-ZE-M groups. S-EZ-S treatment
showed no mortality and exhibited 25% tumor shedding due to sepa-
rated administration of EPI and ZOL. Even though a certain therapeutic
effect was observed, physiological damage was severe; the survival rates
in the S-E-L, control, and S-EZ-S groups were 100%; however, tumor
growth rates in the S-E-L and control groups were not effectively
reduced. S-EZ-S effectively inhibited tumor growth with 100% survival
and achieved 25% tumor shedding owing to sequential drug adminis-
tration, which is not merely the cumulative effect of each of the two
drugs, but results from a complementary mechanism of action of the two
compounds: the first injection with S-E-L killed TAMs and reduced
highly differentiated M2-like TAMs in proximity of the tumor, and
subsequent administration of S-Z-L reversed the phenotype of newly
produced M2-like TAMs, resulting in cytotoxicity. However, S-E-L and
control treatments showed tumor-free weight reduction due to reduced
dosages without producing other therapeutic effects (such as those
offered by sequential administration due to presence of highly differ-
entiated M2-like TAMs in the periphery and near high-density tumor
cells), and the therapeutic effect of S-Z-L decreased.
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4.7. Comprehensive analysis of different combined administration
methods

Compared to S-ZE-C and S-ZE-M treatments, in treatment S-EZ-S, the
single drug doses were reduced (injection of S-E-L or S-Z-L in batches),
and the injections were more frequent; moreover, DIR was reduced in
the liver after 2 h and drug accumulation in the liver and spleen was
increased after 48 h (Fig. 6A, B). Following S-EZ-S treatment, the heart,
liver, kidneys, and lungs showed no obvious damage, and the number of
apoptotic tumor cell was significantly increased (Fig. 8A, B) with 100%
survival (Fig. 7). Compared to S-ZE-S, S-EZ-S treatment significantly
reduced the number of cells in tumors by killing highly differentiated
M2-like TAMs and reducing cell densities and then reversing new M2-
like TAMs. Tumor cell growth was effectively inhibited (Fig. 8B), and
the number of reversed M2-like TAMs was increased.

5. Conclusions

Or results demonstrate that different methods of combined admin-
istration of EPI and ZOL exert different therapeutic effects. S-EZ-S
treatment resulted in accumulation of the drugs in tumors to a great
extent and low retention by the liver owing to reduced single-injection
dosages and more frequent injections, which helped improve efficacy
and reduce toxicity. Following S-EZ-S treatment, the effect of EPI on
TAM colonies and highly differentiated M2-like TAMs was effectively
combined with the effect of ZOL on phenotype reversal of M2-like TAMs
to achieve a synergistic treatment effect. S-EZ-S treatment resulted in no
tumor growth, no toxicity of noncancerous tissue, and no deaths of mice,
with 25% tumor shedding. Taken together, in combined treatments
targeting TAMs, treatment with S-EZ-S using SA-modified liposomes can
improve the antitumor effects of EPI and ZOL.
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