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Abstract 

Chemotherapy resistance remains a major cause of therapeutic failure in gastric cancer. 
The combination of genetic material such as interference RNAs (iRNAs) to silence 
cancer‑associated genes with chemotherapeutics has become a novel approach for 
cancer treatment. However, finding the right target genes and developing non‑toxic, 
highly selective nanocarrier systems remains a challenge. Here we developed a novel 
sialyl‑Tn‑targeted polylactic acid—didodecyldimethylammonium bromide nanoparti‑
cle (PLA‑DDAB) nanoparticles (NPs) loaded with dsRNA targeting ST6GalNac‑I and/or 
galectin‑3 genes. Using single photon emission computed tomography (SPECT), we 
have demonstrated that 99mtechnetium radiolabeled sialyl‑Tn‑targeted nanoparticles 
can reach the tumor site and downregulate ST6GalNAc‑I and galectin‑3 RNA expres‑
sion levels when injected intravenously. Furthermore, using an in vivo gastric tumor 
model, these nanoparticles increased the effectiveness of 5‑FU in reducing tumor 
growth. Our findings indicate that cancer‑associated glycan‑targeted NPs loaded with 
dsRNA targeting ST6GalNAc‑I and/or galectin‑3 in combination with standard chemo‑
therapy, have the potential to become a novel therapeutic tool for gastric cancer.
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Introduction
Gastric cancer is the fifth most common cancer and the fourth leading cause of cancer 
death worldwide in 2020 (Sung et al. 2020). Because gastric cancer is often diagnosed 
at an advanced stage, systemic chemotherapy is the mainstay of treatment for these 
patients (Hatta et al. 2020; Kim et al. 2019; Katai et al. 2020). 5-fluorouracil (5-FU) cur-
rently remains the most widely accepted first-line chemotherapeutic option for gas-
tric cancer (Smyth et al. 2016; Ajani et al. 2016), but most patients develop intrinsic or 
acquired resistance to 5-FU, which leads to therapeutic failure. In the last few years, 
many efforts have been made to identify more specific therapeutic targets with the aim 
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of reducing the side-effects associated with conventional chemotherapy and also over-
coming cancer treatment resistance frequently developed by tumors.

Aberrant cell surface glycosylation, a known cancer hallmark, is currently known to 
actively drive tumor transformation, metastasis, angiogenesis, immune escape and 
resistance to therapy (Pinho and Reis 2015; Santos et  al. 2016; Schultz et  al. 2012). 
Cancer-associated glycans are often correlated with a worse prognosis and have been 
considered important clinical tumor markers useful for diagnostic and therapeutic pur-
poses (Kim and Varki 1997; Reis et al. 2010). In human cells, these glycans can be found 
covalently attached to asparagines residues in a Asn-X-Ser/Thr motif in N-glycans, or 
to hydroxyl groups of a serine, threonine or hydroxylysine in O-glycans (Moremen et al. 
2012). ST6GalNAc-I is the major sialyltransferase responsible for the synthesis of sia-
lyl-Tn (sTn) antigens, which are shortened or truncated O-glycans associated to tumor 
progression (Marcos et al. 2011). It has been demonstrated that blocking the posterior 
elongation of O-glycans by ST6GalNAc-I can disrupt the binding of glycan-binding pro-
teins (or lectins) such as galectins, which are signaling molecules involved in cell–cell 
communication, adhesion, migration, cancer metastasis and drug resistance (Song et al. 
2014; Takenaka et al. 2004; Ochieng et al. 1998; Dumic et al. 2006).

Galectin-3 (gal-3), a glycan-binding protein, binds to lactosamine sequences 
(Galβ1,4GlcNAc) on both N- and O-glycans via the carbohydrate recognition domain 
(CRD) (Barondes et al. 1994). Galectin-3 can be found in the nucleus, cytoplasm, and 
extracellularly bound to cells or extracellular matrix. Intracellularly, gal-3 has been 
shown to protect breast cancer cells against cisplatin, anthracycline, adriamycin and 
5-FU-induced apoptosis (Takenaka et al. 2004). Both Galectin-3 and ST6GalNAc-I have 
been found to be upregulated in several tumors types such as breast, colon, pancre-
atic, ovary, thyroid and gastric (Cheng et al. 2015; Mayoral et al. 2008; Zaia Povegliano 
et al. 2011; Barut et al. 2010; Xie et al. 2012; Pinho et al. 2007; Xu et al. 2015; Akita et al. 
2012; Julien et al. 2006; Kim et al. 2002) when compared to healthy tissue. In addition, 
Galectin-3 and ST6GalNAc-I overexpression have been widely associated with tumo-
rigenesis and the acquisition of a metastatic phenotype. In a previous study, our group 
demonstrated that overexpression of sTn in gastric cancer cells, induced by ST6GalNAc-
I overexpression, decreased galectin-3 (gal-3) cell surface binding sites, leading to gal-3 
intracellular accumulation, and protecting tumor cells to chemotherapeutics-induced 
cytotoxicity (Santos et al. 2016). The in vitro inhibition of gal-3 or ST6GalNAc-I expres-
sion in sTn-expressing tumor cells, was able to increase sensitivity of cells to chemother-
apeutic drugs such as cisplatin and 5-FU (Santos et al. 2016). All of the above-mentioned 
data highlight the importance of cellular glycosylation machinery in drug resistance, 
which often leads to treatment failures and disease progression.

Since resistance to chemotherapy is a major obstacle to clinical treatment of cancer, 
our hypothesis is that targeting gal-3 and/or ST6GalNAc-I enzyme may be a poten-
tial therapeutic strategy to overcome chemotherapy resistance in gal-3 and/or sTn-
expressing-gastric tumors. As such, the use of interference RNA (RNAi) has become 
an attractive agent for the development of novel specific therapeutics to overcome 
drug resistance. Currently, nanoparticles (NPs) have received considerable attention as 
nanocarriers for RNAi delivery (Dizaj et al. 2014). Indeed, NPs can protect RNAi mol-
ecules from degradation in vivo and can be efficiently decorated with molecules such as 
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antibodies or peptides to target specific tissue. For example, by directing a NP loaded 
with Gli1 siRNA to the CD44 receptor present in gastric cancer stem cells, Yao et  al. 
(2020) demonstrated significant anti-tumor recurrence efficacy in vivo. In another study, 
a NP directed to the CD320 receptor overexpressed in gastric cancer containing miR-
532-3p was found to induce apoptosis and suppress proliferation of gastric cancer cells 
both in vitro and in vivo (Chen et al. 2021). Although several cancer biomarkers have 
been considered for directing NPs to the tumor site and silencing target gene expres-
sion, so far, no NPs have been directed to the cancer-associated glycan sTn, nor aimed at 
silencing gal-3 and ST6GalNAc-I target genes in vivo.

Here, we developed a dsRNA-loaded nanocarrier to knockdown ST6GalNAc-I or 
gal-3 in sTn-expressing tumors in order to reverse the molecular mechanisms underly-
ing chemoresistance. This nanocarrier system is expected to become a novel, potential 
therapeutic strategy for cancers with already known mechanisms of chemoresistance, in 
combination with standard chemotherapy.

Results
Development of sTn‑targeted nanoparticles loaded with dsRNA targeting ST6GalNAc‑I 

or galectin‑3

To further evaluate the interplay between ST6GalNAc-I and galectin-3 in increasing the 
sensitivity of sTn-expressing tumor cells to chemotherapy (Santos et al. 2016), we devel-
oped sTn-targeted nanoparticles for the in vivo delivery of dsRNA against ST6GalNAc-I 
and galectin-3. To this end, poly-lactic acid (PLA)—polyvinyl alcohol (PVA)—didode-
cyldimethylammonium bromide (DDAB) nanoparticles (NPs), containing 1  nmol of 
dsRNA against ST6GalNAc-I, 1 nmol of dsRNA against galectin-3 or 1 nmol of random 
dsRNA were obtained by the double emulsion solvent evaporation method in the pres-
ence or absence of 100 µg of anti-sialyl-Tn antibody (TKH2) (Fig. 1A).

The dsRNAs targeting ST6GalNAc-I (dsRNA-ST6GalNAc-I) or galectin-3 (dsRNA-
galectin-3) were obtained as described previously (Santos et al. 2016) and for subsequent 
experiments dsRNA1 for gal-3 and dsRNA2 for ST6GalNAc-I were chosen because 
they induced significant downregulation of gene expression levels (Additional file 1: Fig-
ure S1A and S1B). DDAB was used in the formulation as a cationic agent to neutralize 
the negative dsRNA charges and stabilize the nanoparticles. The developed NPs were 
spherical, showed a size range of 207.6 to 230.7 nm, which is satisfactory for in vitro and 
in vivo assays (Blanco et al. 2015; Hoshyar et al. 2016), and displayed a low polydispersity 
index (PDI) ranging from 0.060 to 0.109, indicating homogeneous particle-size distribu-
tions (Fig. 1B, C and Additional file 1: Figure S2), which is desirable for pharmaceuticals 
products (da Silva de Barros et al. 2021; Corrêa et al. 2022).

The NPs were subsequently tested for their ability to inhibit gal-3 or ST6Gal-
NAc-I using MKN45-Mock (gastric cancer cell line negative for sTn) and MKN45-
ST6GalNAc-I (gastric cancer cell line, which overexpress ST6GalNAc-I, the enzyme 
responsible for the synthesis of sTn antigen). As shown in Fig. 2A, 10 nM of naked 
dsRNA-galectin-3 or encapsulated in NPs (with or without the anti-sialyl-Tn anti-
body) was able to significantly reduce the mRNA levels of gal-3 in MKN45-Mock 
and MKN45-ST6GalNAc-I cells when compared to dsRNA-random (naked or 
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encapsulated). Similarly, dsRNA-ST6GalNAc-I, both naked and encapsulated, was 
able to significantly reduce ST6GalNAc-I mRNA expression in MKN45-ST6GalNAc-
I cells in comparison to dsRNA-random (Fig.  2B). The specific binding of sTn-tar-
geted NPs to sTn-expressing cells was also confirmed in vitro (Additional file 1: Figure 
S3). These data indicate that sTn-targeted NPs are able to efficiently and specifically 

Fig. 1 Development of sTn‑targeted nanoparticles loaded with dsRNA targeting ST6GalNAc‑I or galectin‑3. A 
Schematic representation of poly‑lactic acid nanoparticles (PLA‑NP) development. PLA‑NP were prepared by 
the double emulsion solvent evaporation method with poly‑lactic acid polymer (PLA), dsRNA (double strand 
RNA against ST6GalNAc‑I, galectin‑3 or random), didodecyldimethylammonium bromide (DDAB) and anti‑sTn 
antibody. B Table shows the mean size and polydispersity index of sTn‑targeted and non‑targeted NPs loaded 
with dsRNA‑galectin‑3, dsRNA‑ST6GalNAc‑I or dsRNA‑random. C Representative images of sTn‑targeted and 
non‑targeted NPs by TEM
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deliver dsRNA to downregulate ST6GalNAc-I and gal-3 mRNA expression in gastric 
tumor cells.

STn‑targeted nanoparticles containing dsRNA‑galectin‑3 and/or dsRNA‑ST6GalNAc‑I 

increase gastric cancer cells susceptibility to 5‑FU in vitro

The sTn-targeted NPs were then evaluated for toxicity by treating tumor cells (MKN45-
Mock and MKN45-ST6GalNAc-I) and non-tumoral HUVEC and CHO cells with 
increasing concentrations of NPs loaded with dsRNA-ST6GalNAc-I or dsRNA-galec-
tin-3 (ranging from 0.3 to 160 nM). After 48 h of treatment no reduction in cell viability 
was observed, suggesting that sTn-targeted NPs were not toxic for both tumor and non-
tumor cells (Fig. 3A–D).

The ability of sTn-targeted NPs to increase MKN45-ST6GalNAc-I cells susceptibility 
to 5-FU chemotherapy was also evaluated in  vitro. To this end, MKN45-ST6GalNAc-
I cells were treated with increasing concentrations of 5-fluorouracil (5-FU), rang-
ing from 0.001 to 2  mM, in the presence of sTn-targeted NPs loaded with 10 nM of 
dsRNA-ST6GalNAc-I, dsRNA-galectin-3, dsRNA-random or a (1:1) combination of 
dsRNA-ST6GalNAc-I and dsRNA-galectin-3. As expected, MKN45-ST6GalNAc-I cells 
incubated with sTn-targeted NPs loaded with dsRNA-ST6GalNAc-I displayed a higher 
susceptibility to the cytotoxic effect of 5-FU when compared to sTn-targeted NPs loaded 
with dsRNA-random (Fig. 3E, F). The downregulation of gal-3 mRNA expression with 
sTn-targeted NPs loaded either with dsRNA-galectin-3 or the (1:1) combination of 
dsRNA-ST6GalNAc-I + dsRNA-galectin-3 further increased MKN45-ST6GalNAc-I 
cells susceptibility to 5-FU, in comparison with sTn-targeted NPs loaded with dsRNA-
ST6GalNAc-I (Fig.  3E, F). Overall, the data indicate that sTn-targeted NPs loaded 

Fig. 2 STn‑targeted nanoparticles inhibit galectin‑3 and ST6GalNAc‑I mRNA expression in vitro. mRNA levels 
of A galectin‑3 or B ST6GalNAc‑I in MKN45‑Mock and MKN45‑ST6GalNAc‑I cells after treatment with naked 
dsRNA‑galectin‑3, dsRNA‑ST6GalNAc‑I, dsRNA‑random or sTn‑targeted NP loaded with dsRNA‑galectin‑3, 
dsRNA‑ST6GalNAc‑I or dsRNA‑random for 48 h. Values were normalized to β‑actin. Data are the mean ± SEM, 
n = 3, **p < 0.01 and ***p < 0.001
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with dsRNA-galectin-3, dsRNA-ST6GalNAc-I or a combination of both can efficiently 
increase the susceptibility of gastric cancer cells to 5-FU treatment.

STn‑targeted nanoparticles reach sTn‑expressing tumors in vivo

We next sought to evaluate whether the sTn-targeted NPs reach sTn-expressing 
tumor microenvironment by using SPECT/CT imaging to visualize the uptake of NPs 
by MKN45-ST6GalNAc-I-derived tumors. To accomplish this, sTn-targeted NPs were 
radiolabeled with 99mTc (99mTc-sTn-targeted NPs) using a direct labeling method, 

Fig. 3 STn‑targeted nanoparticles containing dsRNA against galectin‑3 and/or ST6GalNAc‑I increase 
gastric cancer cells susceptibility to 5‑FU in vitro. SRB assay showing the viability of MKN45‑Mock, 
MKN45‑ST6GalNAc‑I, HUVEC and CHO cells under the treatment with sTn‑targeted NP loaded with 
dsRNA‑galectin‑3 (A, B) or sTn‑targeted NP loaded with dsRNA‑ST6GalNAc‑I (C, D). E SRB assay showing 
the viability of MKN45‑ST6GalNAc‑I cells in the presence of 10 nM of sTn‑targeted NP loaded with 
dsRNA‑galectin‑3, dsRNA‑ST6GalNAc‑I or dsRNA‑random, or a (1:1) combination of dsRNA‑ST6GalNAc‑I 
and dsRNA‑galectin‑3, in the presence of 5‑FU (ranging from 2 to 0.001 mM). Results are presented as a 
percentage of viable cells relative to control (cells with no NPs or 5‑FU treatment). F The average of IC50 
values. Data are the mean ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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achieving a high radiochemical purity (> 98%) (Fig.  4A, B). 99mTc-radiolabeling was 
stable for at least 6  h in both serum and saline (Additional file  1: Figure S4). Radi-
olabeled sTn-targeted NPs (37  MBq) were then injected intravenously in MKN45-
ST6GalNAc-I tumor-bearing mice (Fig.  4C) and SPECT/CT images were acquired 
60 min post-injection. SPECT/CT images revealed that the uptake of 99mTc-sTn-tar-
geted NPs by sTn-expressing tumors was significantly higher than that of non-tar-
geted NPs (99mTc-NP), with an SUV of 0.051 and 0.013, respectively (Fig. 4D).

The uptake of 99mTc-sTn-targeted NPs was also quantified in relevant organs 1-h 
post-intravenous administration through an ex vivo biodistribution study. 99mTc-sTn-
targeted NPs were mostly found in the liver, spleen and blood of MKN45-ST6Gal-
NAc-I tumor-bearing mice, while 99mTc-non-targeted NPs were mainly found in 
the kidneys and liver of mice (Fig.  5A). The increased uptake of sTn-targeted NPs 
(which contain antibodies in their composition) by the liver and spleen in comparison 
with non-targeted NPs is a result of specific uptake by tissue-resident macrophages 
(Foroozandeh and Aziz 2018; Behzadi et al. 2017; Santos et al. 2017).

Fig. 4 STn‑targeted nanoparticles reach sTn‑expressing tumors in vivo. Radio thin‑layer chromatogram 
of A 99mTc‑non‑targeted or B 99mTc‑sTn‑targeted NPs with acetone as mobile phase. The radiochemical 
purity (RCP) > 98%. C Schematic representation of the radiolabeling process followed by tail vein injection 
of NPs in mice. D Representative static small animal SPECT/CT images 1‑h after injection of 37 MBq of 
99mTc‑non‑targeted or 99mTc‑sTn‑targeted NPs in MKN45‑ST6GalNAc‑I tumor‑bearing Balb/c nude mice. 
Images are displayed as representative SPECT/CT images of tumor. Standard uptake values (SUV) for tumors 
are shown. Semiquantitative data are shown as mean ± SEM from 3 individual experiments



Page 8 of 21dos Santos et al. Cancer Nanotechnology           (2023) 14:26 

In agreement with the SPECT/CT imaging studies, sTn-expressing tumors showed 
a statistically significant increase in uptake of 99mTc-sTn-targeted NPs in compari-
son with 99mTc-non-targeted NPs (0.56 ± 0.12% ID/g and 0.206 ± 0.05% ID/g, respec-
tively). The tumor-to-muscle ratio was significantly higher in 99mTc-sTn-targeted 
NPs in comparison with 99mTc-non-targeted NPs (Fig.  5B). Altogether, our data 
demonstrate that sTn-targeted NPs display a specific accumulation in sTn-express-
ing tumors.

STn‑targeted NPs downregulate galectin‑3 and/or ST6GalNAc‑I in tumor cells in vivo

After demonstrating that sTn-targeted NPs reach the tumor site in  vivo, we next 
sought to investigate whether these NPs could efficiently deliver dsRNA-galectin-3 
or dsRNA-ST6GalNAc-I to the tumor microenvironment. To this end, MKN45-
ST6GalNAc-I bearing mice were injected intratumorally or intravenously with 
sTn-targeted NPs loaded with dsRNA-ST6GalNAc-I, dsRNA-galectin-3, dsRNA-
random or a (1:1) combination of dsRNA-ST6GalNAc-I and dsRNA-galectin-3. 
Seventy hours post-injection, tumors were collected to evaluate the mRNA levels 
of gal-3 and ST6GalNAc-I. As expected, intratumoral injection of sTn-targeted NPs 
loaded with either dsRNA-ST6GalNAc-I or dsRNA-galectin-3 led to a significant 
downregulation of ST6GalNAc-I (75%) (Fig.  6A) or gal-3 (77%) mRNA expression 
(Fig.  6B), respectively, in comparison with control NPs (sTn-targeted NPs loaded 
with dsRNA-random). When the NPs were injected intravenously, we could still 
observe a statistically significant downregulation of ST6GalNAc-I (52%) (Fig.  6C) 
and gal-3 (48%) (Fig.  6D) mRNA expression when compared to sTn-targeted NPs 
loaded with dsRNA-random. Overall, we have demonstrated that sTn-targeted NPs 
can reach sTn-expressing tumors and efficiently release their content in the tumor 
microenvironment.

Fig. 5 Biodistribution of 99mTc‑non‑targeted and 99mTc‑sTn‑targeted NPs in MKN45‑ST6GalNAc‑I 
tumor‑bearing mice. A 99mTc‑non‑targeted or 99mTc‑sTn‑targeted NPs (3.7 MBq) were injected intravenously 
in MKN45‑ST6GalNAc‑I tumor‑bearing Balb/c nude mice. One‑hour post‑injection, mice were euthanized, 
organs of interest were collected, weighted and radioactivity in each organ was measured. Data are 
presented as the mean (% ID/g of tissue) ± SD of n = 5. B Tumor‑to‑muscle ratio uptake of 99mTc‑non‑targeted 
and 99mTc‑sTn‑targeted NPs. Data were analyzed by one unpaired t‑test (multiple t tests), *p < 0.05 and 
**p < 0.01
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STn‑targeted NPs containing dsRNA‑galectin‑3 and/or dsRNA‑ST6GalNAc‑I increase 5‑FU 

therapeutic effect in vivo

We finally evaluated whether the downregulation of ST6GalNAc-I and/or gal-3 
expression in the tumor microenvironment could increase the sensitivity of sTn-
expressing tumor cells to 5-FU. Using a mouse model of gastric cancer, we treated 
MKN45-ST6GalNAc-I-derived tumors with sTn-targeted NPs loaded with dsRNA-
ST6GalNAc-I, dsRNA-galectin-3, dsRNA-random or a (1:1) combination of dsRNA-
ST6GalNAc-I and dsRNA-galectin-3. The NPs were injected intravenously (loaded 
with150 nM of dsRNA) in combination with 5-FU (25  mg/Kg; injected intraperito-
neally), three times a week for a total period of 23 days (Fig. 7A). Our results demon-
strated that the treatment with dual combination of sTn-targeted NPs (loaded with 
dsRNA-ST6GalNAc-I) and 5-FU led to a significant decrease (48% reduction at day 
43) in the tumor growth when compared to control sTn-targeted NPs (loaded with 
dsRNA-random) combined with 5-FU treatment (Fig.  7B). Treatment of mice with 
sTn-targeted NPs loaded with dsRNA-galectin-3 further enhance the sensitivity of 
MKN45-ST6GalNAc-I-derived tumors to 5-FU in comparison to control (68% reduc-
tion at day 43) and; the dual treatment with sTn-targeted NPs (loaded with a (1:1) 
combination of dsRNA-ST6GalNAc-I and dsRNA-galectin-3) showed a synergistic 

Fig. 6 STn‑targeted NPs inhibit galectin‑3 or ST6GalNAc‑I in sTn‑expressing tumor cells in vivo. ST6GalNAc‑I 
(A, C) or galectin‑3 (B, D) mRNA expression in MKN45‑ST6GalNAc‑I‑derived tumors after intratumoral (A, B) 
or intravenous (C, D) injection of sTn‑targeted NP (dsRNA‑ST6GalNAc‑I), sTn‑targeted NP (dsRNA‑galectin‑3) 
or sTn‑targeted NP (dsRNA‑random). Values were normalized to β‑actin. Data are the mean ± SEM, n = 3, 
*p < 0.05 and **p < 0.01
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effect with an additional reduction in tumor growth when compared to control 
(reduction of 77%) and to all other treatment groups (Fig. 7B).

At the end of the experiment, tumors were collected and sTn and galectin-3 expression 
were assessed by immunohistochemical staining (Fig. 7C). STn was found to be strongly 
expressed in MKN45-ST6GalNAc-I-derived tumors (control) treated or not with 5-FU 
and sTn-targeted NPs loaded with dsRNA-random and dsRNA-galectin-3. When treated 
with 5-FU + sTn-targeted NPs (dsRNA-ST6GalNAc-I) w/o sTn-targeted NPs loaded 
with dsRNA-galectin-3, we detected lower level of sTn expression in the tumor microen-
vironment, when compared to control group. Similarly, MKN45-ST6GalNAc-I-derived 

Fig. 7 STn‑targeted NPs loaded with dsRNA‑galectin‑3 and/or dsRNA‑ST6GalNAc‑I increase 5‑FU therapeutic 
effect in vivo. A Schematic representation of the in vivo experimental design and treatment schedule. On 
day‑10, mice were brought from the vivarium to the laboratory animal research facility. On day zero, 1 ×  106 
MKN45‑ST6GalNAc‑I cells were injected subcutaneously in the right flank of mice. On day 20, mice were 
treated intravenously with sTn‑targeted NPs and intraperitoneally with 25 mg/Kg of 5‑FU for 3 weeks, 3 times 
a week and; on day 45 mice were euthanized. B Tumor growth of MKN45‑ST6GalNAc‑I‑overexpressing cells in 
Balb/c nude mice treated or not with 5‑FU (25 mg/Kg) plus sTn‑targeted NPs loaded with dsRNA‑galectin‑3, 
dsRNA‑ST6GalNAc‑I, dsRNA‑random or a (1:1) combination of dsRNA‑ST6GalNAc‑I and dsRNA‑galectin‑3. 
C Immunohistochemical staining of sTn and galectin‑3 in MKN45‑ST6GalNAc‑I‑derived tumors treated 
or not with 5‑FU (25 mg/Kg) plus sTn‑targeted NPs loaded with dsRNA‑galectin‑3, dsRNA‑ST6GalNAc‑I, 
dsRNA‑random or a (1:1) combination of dsRNA‑ST6GalNAc‑I and dsRNA‑galectin‑3, bar = 20 μm. Data are 
the mean ± SEM (C) or representative (D) of n = 6, **p < 0.01 and ****p < 0.0001
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tumors from mice treated with sTn-targeted NPs loaded with dsRNA-galectin-3 or a 
(1:1) combination of dsRNA-ST6GalNAc-I and dsRNA-galectin-3 displayed reduced 
protein levels of galectin-3 when compared to the other groups of treatment. Altogether 
our data indicate that the downregulation of ST6GalNAc-I and/or galectin-3 expression 
in MKN45-ST6GalNAc-I-derived tumors lead to enhanced chemosensitivity to 5-FU 
treatment.

Material and methods
dsRNA synthesis

The plasmid pcDNA3.1 containing the full-length human ST6GalNAc-I was used as a 
template for the synthesis of two dsRNA sequences targeting ST6GalNAc-I mRNA using 
specific primers containing the T7 promoter sequences. For dsRNA1: forward primer 
(5’-3’): TAA TAC GAC TCA CTA TAG GGA GAA GGC CGC CAA CTT CAA ATC T, reverse 
primer (5’-3’): TAA TAC GAC TCA CTA TAG GGA GAC TGC TGG GGC ACT GGAG. For 
dsRNA2: forward primer (5’-3’): TAA TAC GAC TCA CTA TAG GGA GAG CAC TGC TTA 
TGA ATC AGA CGG, reverse primer (5’-3’): TAA TAC GAC TCA CTA TAG GGA GAA TCC 
CTT CAT CGT  GTA GCC G.

For the synthesis of two dsRNA sequences targeting galectin-3 mRNA, we used the 
plasmid pET11a containing the full-length human galectin-3 coding sequence. The fol-
lowing specific primers containing the T7 promoter sequences were used. For dsRNA1: 
forward primer (5’-3’): TAA TAC GAC TCA CTA TAG GGA GAA CAA TTC TGG GCA CGG 
TGA A, reverse primer (5’-3’): TAA TAC GAC TCA CTA TAG GGA GAC CTT CCC CAG 
TTA TTA TCC AGC. For dsRNA2: forward primer (5’-3’): TAA TAC GAC TCA CTA TAG 
GGA GAG AAG GGA AGA AAG ACA GTC GGT, reverse primer (5’-3’): TAA TAC GAC 
TCA CTA TAG GGA GAG CAC TGG TGA GGT CTA TGT CA.

The dsRNAs were synthetized by in  vitro transcription using Megascript RNAi kit 
(Ambion) according to the manufacturer’s instructions. The dsRNA-random (non-tar-
geting) sequence was generated by the “Random DNA Sequence Generator” (http:// 
www. facul ty. ucr. edu/ ~mmadu ro/ random. htm). Random sequence (5’-3’): GTA AAA 
CGA CGG CCA GTG ATG AGT CTG GGT GGA GCG CGC CCC ATT TAT ACC GTG AGT 
AGG GTC GAC CAA GAA CCG CAA GAT GCG TCG GTG TAC AAA TAA TTG TCA ACA 
GAC CGT CGT GTT TTG AAA ATG GTA CCA GCA TCT TCG GGC GGT CTC AAT CAA 
GCA TGG ATT ACG GTT GAA CTA ATA CGT ATA CTT TGC ACG GGT TCA CTG CGG 
TCC GTT CAG AGT CGA CCA AGG ACA CAA TCG AGC TCC CAT CTG TAT GCT CGA.

Poly‑lactic acid nanoparticles (PLA‑NP) development

Poly-lactic acid nanoparticles were prepared by the double emulsion solvent evapora-
tion method with the poly-lactic acid polymer via super-sonic agitation. Briefly, 2 mL of 
poly vinyl alcohol (PVA) 1% aqueous solution (Sigma-Aldrich) was dripped in an organic 
solution containing 1 nmol of dsRNA, 490,86 µg of didodecyldimethylammonium bro-
mide (DDAB) (Sigma-Aldrich), 100 µg anti-sTn antibody (TKH2, Creative Biolabs) and 
50 mg of PLA (Sigma) previously solubilized in 3 mL of dichloromethane under ultra-
sonic agitation (UP100H, Hielscher) for 10 min at 55 W. This first emulsion was further 
emulsified with 20 mL of PVA 0.1% solution under ultra-sonic agitation (UP100H, Hiels-
cher) for 5 min at 55 W to produce a W/O/W emulsion. The organic phase was removed 

http://www.faculty.ucr.edu/~mmaduro/random.htm
http://www.faculty.ucr.edu/~mmaduro/random.htm
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by evaporation under reduced pressure for 1.5 h at 25 ºC. The obtained nanoparticles 
were then washed three times with milli-Q water with centrifugation at 10.000g for 
30 min and resuspended in 1 mL of saline (0.9% NaCl). dsRNA incorporation into the 
developed NPs was > 98% (Additional file 1: Figure S5) and remained consistent inside 
the developed NPs (Additional file 1: Figure S6).

The size distribution, mean size and polydispersity index (PDI) of the developed NPs 
were determined by dynamic light scattering (DLS) using the equipment Zetasizer Nano 
ZS (Malvern Instruments, UK). Measurements were performed in triplicate at 25 ºC 
and the laser incidence angle in relation to the sample was 173º using a 12-mm3 quartz 
cuvette. The morphology of the developed nanoparticles was analyzed with a transmis-
sion electron microscopy (TEM).

Cell culture

MKN45-Mock and MKN45-ST6GalNAc-I cells (Marcos et  al. 2004) were cultured 
in RPMI (Gibco, Life technologies, MD, USA) while HUVEC (ATCC: CRL-2922) and 
CHO-K1 (ATCC: CCL-61) cells were cultured in DMEM (Gibco, Life technologies, MD, 
USA). All cells were supplemented with 10% of fetal bovine serum (Gibco, Life tech-
nologies, MD, USA) and 50 μg/mL of gentamicin (Gibco, Life technologies, MD, USA). 
Mycoplasma contamination in cultured cells was excluded by using Lonza Mycoplasma 
Detection Kit.

Cellular viability tests

Cells (2000) were seeded in a 96-well plate for 24 h. Next, cells were incubated with or 
without sTn-targeted NPs loaded with dsRNA (ranging from 0.3 to 160  nM) target-
ing galectin-3 (dsRNA-galectin-3), ST6GalNAc-I (dsRNA-ST6GalNAc-I) or random 
(dsRNA-random) for a total period of 72  h. Additionally, cells were incubated with 
10  nM of sTn-targeted NPs loaded with dsRNA-galectin-3, dsRNA-ST6GalNAc-I, 
dsRNA-random or a (1:1) combination of dsRNA-ST6GalNAc-I and dsRNA-galectin-3 
(5 nM each) for a period of 6 h. Then cells were treated with a serial dilution of 5-FU 
(Sigma) (ranging from 2 to 0.001 mM) for 72 h. Cell mass at the end of the experiment 
was determined based on the SRB cell protein stain (Voigt 2005). After this period, cells 
were fixed with 10% trichloroacetic acid at 4  °C for 1 h. The plates were then washed 
with distilled water and dried. SRB solution (150 μL) at 0.4% (w/v) in 1% acetic acid was 
added and incubated for 30 min at room temperature. The well plates were then washed 
with 1% acetic acid and dried. Tris base (100 μL of a 10 mM solution) was added to the 
wells to solubilize the bound SRB, and absorbance was then read at 515 nm on an auto-
mated microplate reader (VERSAmax, Molecular Devices, Sunnyvale, CA, USA). Data 
were analyzed with GraphPad Prism 6.0 software. The experiments were performed at 
least three times, with each condition plated in triplicate.

Ds‑RNA‑mediated gene silencing assay in vitro

MKN45-Mock or MKN45-ST6GalNAc-I cells were cultured in a 6-well plate and then 
treated with: (1) 10  nM of naked dsRNA against galectin-3, ST6GalNAc-I or random 
using the RNAiMAX reagent (Invitrogen) in Opti-MEM reduced serum medium (Invit-
rogen) or, (2) 10 nM of dsRNA against galectin-3, ST6GalNAc-I or random encapsulated 
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in sTn-targeted NP). Six hours after transfection, medium was replaced with complete 
RPMI medium. Forty-eight hours after treatment, cells were collected for gene expres-
sion analysis.

Gene expression analysis

Total RNA from cell cultures or tumor tissue was isolated with Tri-Reagent (Sigma) 
according to the manufacturer’s instructions. Complementary DNA (cDNA) was syn-
thesized using the High-capacity cDNA RT kit (Applied Biosystems), according to the 
manufacturer’s protocols. Quantitative PCR analysis was performed in triplicate using 
the SYBR Green (Applied Biosystem). Relative quantification was done using the ΔΔCt 
method normalizing to β-actin gene expression. The following primers were used. For-
ward primer human ST6GalNAc-I: TCC AAG GGA ACA CTT GAA CCA; reverse primer 
human ST6GalNAc-I: GCC TCA GGA CCT ACA GCA AT; forward primer human galec-
tin-3: TGT TTG CAA TAC AAA GCT GGA; reverse primer human galectin-3: GCA ACC 
TTG AAG TGG TCA GG; forward primer human β-actin: GCC AGG TCA TCA CCA TTG 
G; reverse primer human β-actin: GGT AGT TTC GTG GAT GCC ACA.

Radiolabeling of nanoparticle radiolabeling with 99mTc

Nanoparticles were radiolabeled with 99mTc by a direct method, as described previ-
ously (Santos et al. 2017). Briefly, 50 µL of sTn-targeted or non-targeted NP loaded with 
dsRNA-random were incubated with a stannous chloride  (SnCl2, Sigma-Aldrich) solu-
tion (30 µg/mL) for 15 min at room temperature. Then 185 MBq of technetium-99 m 
(99mTc) (from IPEN-SP/CNEN, Brazil) was added to the solution for 10 min. The radi-
ochemical purity (RCP) of the radiolabeled NPs was evaluated by radio-iTLC (instant 
thin-layer chromatography—iTLC) using glass microfiber chromatography paper 
impregnated with a silica gel (Agilent) and acetone (Sigma-Aldrich) as mobile phase. 
The radioactivity in the paper was analyzed in a TLC scanner (scan-RAM radio-TLC 
Scanner, LabLogic’s).

Tumor induction in Balb/c nude mice

Balb/c nude mice were bred at the animal facility of IPEN-SP/CNEN and all experiments 
were performed in compliance with the relevant laws and were approved by local animal 
ethics committees (protocol number: 181/17). For tumor induction, Balb/c nude mice 
were subcutaneously injected with 1 ×  106 MKN45-ST6GalNAc-I cells. When tumors 
reached 150–300  mm3 mice were used for imaging, biodistribution, and treatment with 
sTn-targeted NPs for inhibition studies and evaluation of tumor growth.

Imaging and biodistribution studies

The in vivo binding specificity of radiolabeled 99mTc-NPs was evaluated in Balb/c nude 
mice bearing MKN45-ST6GalNAc-I tumors. Briefly, mice were injected intratumor-
ally or intravenously with 37  MBq of 99mTc-sTn-targeted or 99mTc-non-targeted NPs 
(dsRNA-random). Imaging experiments were conducted 1-h post-injection on a Bruker 
Albira microPET/SPECT/CT imaging system (Bruker Biospin Corporation, Wood-
bridge, CT, USA). MicroSPECT/CT images were acquired under general anesthesia 
(1.8% isoflurane/O2) and heating at 37  °C. SPECT data for each mouse were recorded 
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via static scans: SPECT scan—FOV 80 mm, 30 s/projection), followed by a 10 min CT 
scan (FOV 80 mm, 35 kV, 400 μA). The microSPECT/CT scans were reconstructed with 
Albira software (Bruker Biospin Corporation, Woodbridge, CT, USA) with Ordered Sub-
sets Expectation Maximization (OSEM) and Filtered Back Projection (FBP) algorithms, 
for SPECT and CT, respectively, and images were processed with the PMOD software 
(PMOD Technologies, Zurick, CH). An elliptical volume-of-interest that enclosed the 
entire tumor was positioned manually on the SPECT images for the determination of 
the tumor volume. Then, 3-dimensional isocontours were drawn automatically. For each 
VOI, the standard uptake value (SUV) could be calculated directly using the output 
parameters from the μSPECT.

For biodistribution studies, 3.7 MBq/0.1 mL of 99mTc-sTn-targeted or 99mTc-non-tar-
geted NPs (random) were injected in the tail vein of Balb/c nude mice bearing MKN45-
ST6GalNAc-I tumors (5 animals/group). One hour after NPs administration mice were 
euthanized and organs of interest were immediately dissected out and weighed for quan-
titative estimation of gamma counts using a Perkin Elmer (Waltham, MA, USA) Wiz-
ard2 2480 automatic gamma counter to quantify the percent of injected dose per gram 
of tissue (% ID/g).

Intratumoral and intravenous injection of NPs loaded with dsRNA

STn-targeted or non-targeted NPs loaded with dsRNA-galectin-3, dsRNA-ST6GalNAc-
I or dsRNA-random (150 nM) were intratumorally or intravenously injected in Balb/c 
nude mice bearing MKN45-ST6GalNAc-I tumors at day 0 and day 3. On day 6, tumors 
were collected for RNA extraction and quantification of ST6GalNAc-I or galectin-3 
mRNA levels.

Evaluation of tumor growth upon treatment of MKN45‑derived tumor with sTn‑targeted 

NPs loaded with dsRNA plus 5‑FU

For tumor growth evaluation, Balb/c nude mice bearing MKN45-ST6GalNAc-I tumors 
(6 mice per group) were treated 3 times a week (during 25 days) with a dual combination 
of sTn-targeted NPs loaded with dsRNA-galectin-3, dsRNA-ST6GalNAc-I, dsRNA-ran-
dom (150 nM) or a combination 1:1 of dsRNA-galectin-3:dsRNA-ST6GalNAc-I (75 nM 
each) intravenously plus 5-FU (25 mg/kg) intraperitoneally. Tumor growth was assessed 
by caliper measurement.

Immunostaining

Tissue sections were deparaffinized in xylene and rehydrated in serial alcohol dilutions. 
Tissue sections were stained with anti-sialyl-Tn antibody (TKH2, creative biolabs) or 
anti-galectin-3 (M3/38, ATCC TIB166) followed by a secondary anti-mouse or anti-rat 
biotinylated antibodies (DAKO). Then, streptavidin-peroxidase (DAKO) was added, 
and color development was done with DAB (DAKO). Nuclei were counterstained with 
hematoxylin. Tissue samples were washed in PBS and mounted in Vectashield (Vector 
Laboratories, Inc). Representative areas were digitalized by digital camera (axioskop 
Plus, Zeiss, Germany).
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Statistical analysis

Data are expressed as the mean ± SEM of at least three independent experiments. Statis-
tical analysis including t-test, one-way ANOVA and two-way ANOVA were done using 
GraphPad Prism 8.0 software. A p-value < 0.05 was considered statistically significant.

Discussion
In the last two decades, substantial efforts have been directed at identifying specific 
therapeutic targets for cancer aimed at overcoming the chemoresistance mechanisms 
frequently developed by tumors. Indeed, there has been a shift from relatively non-spe-
cific cytotoxic medicines to selective, mechanism-based therapeutics. Additionally, the 
combination of anticancer therapies has become a standard practice in medical oncol-
ogy. For example, the use of conventional chemotherapeutics with immunotherapies 
that boost the immune system to eradicate tumor cells can be an alternative approach 
for cancer treatment (Varayathu et al. 1844). In this direction, the use of nanosystems 
has shown to be an effective and viable alternative for combinatorial therapy. For exam-
ple, nanopolymers can be used to encapsulate and delivery in vivo a variety of therapeu-
tic agents such as nucleic acids, peptides, proteins and small hydrophilic or hydrophobic 
molecules, increasing the therapeutic bioavailability of drugs in the target area, and min-
imizing the toxic effects in healthy cells (Sun et al. 2017). In this study, we developed for 
the first time a nanosystem directed to sTn-expressing tumor cells aimed at delivering 
dsRNAs (targeting ST6GalNAc-I and galectin-3) as a combinatorial strategy to over-
come current resistance to cancer chemotherapy.

Therapeutic agents using RNA, such as messenger RNAs (mRNAs), antisense oligonu-
cleotides (ASOs), small interfering RNAs (siRNAs), microRNA (miRNAs) or aptamers 
have been widely studied over the last decades (Zogg et al. 2022). A few of them have 
already been approved by the U.S. Food and Drug Administration (FDA) such as pati-
siran, givosiran, lumasiran, inclisiran, casimersen and many are still under clinical trials 
(Zogg et  al. 2022). Besides being extremely versatile, therapy using RNA is cost-effec-
tive and easier to develop than traditional small molecule or protein-based therapeutics 
(Winkle et al. 2021). Despite this, the current challenges for RNA therapeutics include 
the systemic delivery of the RNA molecule specifically to the target cell, without off-tar-
get effect, in a carrier stable enough to efficiently reach the target. The use of nanoparti-
cles for this purpose shows great promise as an option for cancer treatment.

A wide variety of nanocarriers have been developed for the delivery of oligonucleo-
tides to the tumor site as an attempt to overcome the in vivo obstacles. Recent literature 
has focused on lipid-based NPs and polymeric-based NPs because of their biocompat-
ibility and low systemic side-effects. Indeed, lipid-based NPs containing RNA-targeted 
therapeutics have been widely found in clinical studies for cancer treatment (Barata 
et al. 2016; Kara et al. 2022) and pre-clinical research. At the time of writing this study, 
over 35 clinical studies were underway. For example, a neutral LNPs-liposomes loaded 
with siRNA against EphA2 is under investigation for the treatment of advanced solid 
tumors (NCT01591356). The drug NBF-006 (NP loaded with siRNA against GSTP) is 
under investigation for the treatment of Non-Small Cell Lung, Pancreatic, or Colorectal 
Cancer (NCT03819387) and the drug STP705 is under investigation for the treatment of 
cutaneous squamous cell carcinoma (in situ) skin cancer using siRNA against TGF-β1 
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and COX-2 (NCT 04,844,983). Regarding pre-clinical studies, for example, Lee and Ahn 
(2018) recently developed a PEGylated DC-Chol/DOPE-siRNA lipoplexes loaded with 
siRNA against kinesin spindle protein (KSP) gene and showed a significant suppression 
of tumor growth. In another example, the systemic administration of the cationic lipo-
some/pVAX-miR-143 complex (CL-pVAX-miR-143) resulted in a remarkable inhibition 
of tumor metastasis in lung cancer metastasis mouse models (Jiang et  al. 2019). Also, 
a cationic self-assembled DOTAP and methoxy poly(ethylene glycol)-poly(e-caprolac-
tone) (MPEG–PCL) hybrid micelles (DMP) containing Bcl-xl-siRNA and Mcl1-siRNA 
was found to suppress the growth of subcutaneous xenograft of colon cancer model (Lu 
et al. 2019). More recently, Lu et al. (2020) designed a Th17 antibody-modified liposome 
polycation–DNA complex (LPD) encapsulated with TSPAN1 small interfering RNA 
(siRNA) (Th17-LPDT) and showed a decreased in the development of a subcutaneous 
xenograft of gastric cancer in mice.

Polymer-based nanoparticles, such as chitosan, proteins, PEI, poly(lactic-co-glycolic 
acid) (PLGA), poly-lactic acid (PLA), and dendrimers, are one of the most extensively 
investigated nanocarriers because of their chemical flexibility of functionalization. In 
this study, we used poly-lactic acid (PLA), a Food and Drug Administration approved 
polymer, as a drug delivery vehicle for dsRNA against ST6GalNAc-I and/or gal-3. PLA 
has been explored for several years in many therapeutic application because of its ver-
satility, biocompatibility and biodegradability (Essa et al. 2013; Legaz et al. 2016; Casa-
lini et  al. 2019; Buhecha et  al. 2019). Yang et  al., for example, showed the fabrication 
assembly of a NP delivery system to encapsulate siRNA composed of a cationic lipid and 
amphiphilic block copolymer of poly(ethylene glycol)-b-poly(d,l-lactide) (mPEG–PLA) 
(Yang et  al. 2011). Besides PLA, we also used the dichain cationic surfactant didode-
cyldimethylammonium bromide (DDAB) in our NP composition, not only to encap-
sulate our dsRNA, as previously reported (Gossmann et al. 2015) but also to facilitate 
the NP–biophysical interaction with membrane lipids of cancer cells, increasing in vivo 
tumor accumulation (Sharma et al. 2013; Peetla and Labhasetwar 2009).

It has long been known that aberrant and de novo sTn expression has been associ-
ated with tumor growth, invasion and metastasis (Julien et al. 2006; Ozaki et al. 2012) 
and lately with chemoresistance to cisplatin and 5-FU (Santos et al. 2016). In fact, we 
have already demonstrated that treatment of sTn-expressing cells in vitro with dsRNA-
ST6GalNAc-I or dsRNA-galectin-3 could restore chemotherapeutic sensitivity (San-
tos et al. 2016). In this study, we have demonstrated that sTn-targeted NPs loaded with 
dsRNA-ST6GalNAc-I and/or dsRNA-galectin-3 is a promising strategy to overcome 
drug resistance in gastric cancer. Indeed, a large number of studies using polymeric 
NPs for the simultaneous delivery of iRNA and chemotherapeutics have been reported. 
For example, Qian et al., used a dendrimer analogs with an amphiphilic star-branched 
copolymers comprising PLA and polydimethylaminoethyl  methacrylate  (PDMAEMA) 
for the co-delivery of the chemotherapeutic doxorubicin and a microRNA for glioma 
therapy (Qian et al. 2014). In a study published by Su et al. (2012), PEI-coated polylac-
tic-co-glycolic acid (PLGA) NPs were used for the simultaneous delivery of paclitaxel 
(chemotherapeutic) and siRNA to Stat3, demonstrating its effectivity in reducing tumor 
growth when compared to either treatment alone. In another study, using a pancreatic 
cancer, Zhao et al. tested a combination of gemcitabine (chemotherapeutic) and siRNA 
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against HIF-1α encapsulated in polymeric PLGA NPs, containing PEG (polyethylene 
glycol) and PEI (Zhao et  al. 2015). This approach also led to a reduction in the target 
gene expression (HIF-1α) and the combinatorial treatment showed a synergistic effect 
in reducing metastasis formation. In a recent study, human serum albumin (HSA) NPs 
modified with cetuximab was selected as the carrier for the multi drug resistance gene 
(MDR) siRNA and doxorubicin chemotherapeutic (DOX). The Cex-HSA/DOX/MDR1 
siRNA NPs reached the tumor microenvironment and inhibited the tumor growth rate 
of MCF7-resistant tumor cells in vivo (Yang et al. 2021). Regarding gastric cancer, it has 
been found that the co-delivery of HIF-1α siRNA and 5-FU chitosan nanoparticles is 
an attractive strategy for overcoming multidrug resistance of gastric cancer (Chen et al. 
2017), and in vitro, silencing CFL1 with magnetite iron oxide NPs containing siRNA in 
AGS gastric cancer cells suppressed migration and induced apoptosis (Daryabari et al. 
2020). More recently, Zhou et  al. (2022) have found the chitosan-gelatin-EGCG NPs 
containing an siRNA for the LncRNA TMEM44-AS1 was able to activate the P53 signal-
ing pathway reversing 5-FU resistance in a gastric cancer mouse model. In a clinical set-
ting, for example, a Phase 2 Study is being conducted with the delivery of siRNA against 
the mutated KRAS oncogene, in combination with systemic chemotherapy in patients 
with locally advanced pancreatic cancer (PROTACT) (NCT01676259). Similar to other 
studies, the nanocarrier developed here showed a great promise as an adjuvant therapy 
to systemic non-encapsulated chemotherapeutic treatment.

Although nanoparticles seem to be of great potential as nanocarriers to deliver 
inhibitory RNA targeting tumors, specific targeting is another important aspect to 
be considered when producing nanopolymers for the simultaneous administration of 
different classes of anti-tumor molecules. In order to direct nanoparticles directly to 
the tumor microenvironment, NPs have been modified with molecules that will spe-
cifically interact with receptors or ligands specifically expressed by tumor cells. Mon-
oclonal antibodies are among the most used molecules for specific targeting (Bazak 
et  al. 2015), because they specifically bind to tumor antigens overexpressed on the 
surface of many types of tumor cells. Yang et  al. (2018), for example, constructed a 
SATB1 siRNA-encapsulated immunoliposomes conjugated with CD44 antibodies 
(CD44-SATB1-ILs) in order to target gastric cancer-initiating cells in in vitro models 
of gastric cancer. Hu et al. (2017), on the other hand, coated a poly(ε-caprolactone) 
(PCL)-poly (ethylene glycol) (PEG) NP, (PEG-PCL NPs) loaded with anti-miRNA-21 
(AMO-21) and 5-FU, with trastuzumab to target gastric cancer with HER2 receptor 
overexpression and found a reduced growth of gastric cancer cell in vitro and in vivo. 
The NP developed here radiolabeled with 99mTc allowed us to visualize in vivo their 
accumulation in the tumor site, besides being able to increase tumor sensitivity to 
5-FU in vitro and in vivo. In fact, radiolabeled NPs have been widely used to study 
NPs biodistribution in small animals through SPECT and PET imaging, reviewed 
recently (Das et al. 2021; Skotland et al. 2022), because of the advantage to obtain a 
quantitative whole-body biodistribution data on NPs. Certainly, the glycan-targeted 
NPs developed here still warrant further exploration and optimization and several 
questions still need to be answered before clinical translation: (1) will the tumor be 
completely eradicated after the combinatorial treatment of sTn-targeted NPs (for 
downregulating gal-3 and ST6GalNAc-I expression) and chemotherapeutic, or will it 
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change its clonal dominance to select for clones that do not express gal-3 nor sTn, 
leading again to drug resistance? Further studies will have to address whether new 
cell surface biomarkers or new target genes will be required for a complete cure from 
cancer. (2) Can we improve tumor targeting by reducing the accumulation of sTn-
targeted NPs in the liver and spleen? Indeed, small immune complexes containing 
antibodies are often eliminated by the classical reticuloendothelial system of liver 
and splenic macrophages because of their interaction with the Fc region of antibod-
ies (Benacerraf et al. 1959; Arend and Sturge 1979; Kurlander et al. 1974; Skogh et al. 
1985). Additional studies using NPs containing anti-sTn antibodies depleted of their 
Fc region (Fab’) might avoid sTn-targeted NPs uptake by the liver and spleen, making 
NPs more available to reach the tumor. Still, an exciting future of opportunities lies 
ahead and technologies that allows assessing and locating tissue-specific accumula-
tion of NPs in  vivo using molecular imaging techniques, such as PET and SPECT, 
are of main interest in the field. This would allow the development of more specific 
delivery systems, minimize the doses to be administered and evaluate the off-target 
effects.

Conclusions
Resistance to chemotherapy is a major obstacle to clinical treatment of cancer and, 
the combination of anticancer therapies is becoming a standard practice in the medi-
cal oncology. Interestingly, the combination of chemotherapeutics with genetic mate-
rial such as dsRNA has proven to have great potential in enhancing cancer treatment 
efficacy by lowering the dose of drugs alleviating chemotherapeutic side-effects, and 
decreasing drug resistance (Kara et al. 2022). Sialyl-Tn is rarely expressed in normal 
tissues, and its de novo expression in cancer tissues makes it the perfect target for the 
delivery of dsRNA to cancer tissues. Moreover, the development of glycan-targeted 
dsRNA-loaded NPs for clinical applications such as SPECT/CT imaging and combi-
natorial therapy has the potential to revolutionize future therapeutic strategies.
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