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Metastatic tumors are the main cause of cancer-related death as the invading cancer cells disrupt normal functions of distant 

organs and are nearly impossible to eradicate by traditional cancer therapeutics. This is of  special concern when the cancer has 

created multiple metastases and extensive surgery would be too dangerous to execute. Therefore, combination chemotherapy is 

often the selected treatment form. However, drug cocktails often have severe adverse effects on  healthy cells, whereby the 

development of targeted drug delivery could minimize side-effects of drugs and increase the efficacy of the combination therapy. 

In this study, we utilized the folate antagonist methotrexate (MTX) as targeting ligand conjugated onto mesoporous silica 

nanoparticles (MSNs) for selective eradication of folate receptor-expressing invasive thyroid cancer cells. The MSNs was 

subsequently loaded with the drug fingolimod (FTY720), which has previously been shown to efficiently inhibit proliferation and 

invasion of aggressive thyroid cancer cells. To assess the efficiency of our carrier system, comprehensive in vitro methods were 

employed; including flow cytometry, confocal microscopy, viability assays, invasion assay, and label -free imaging techniques. 

The in vitro results show that MTX-conjugated and FTY720-loaded MSNs potently attenuated both the proliferation and invasion 

of the cancerous thyroid cells while keeping the off-target effects in normal thyroid cells reasonably low. For a more 

physiologically relevant in vivo approach, we utilized the chick chorioallantoic membrane (CAM) assay  showing decreased 

invasive behavior of the thyroid derived xenografts and an increased necrotic phenotype compared to tumors that received the 

free drug cocktail. Thus, the developed multidrug-loaded MSNs effectively induced apoptosis and immobilization of invasive 

thyroid cancer cells, and could potentially be used as a carrier system for targeted drug delivery for the treatment of diverse forms 

of aggressive cancers that expresses folate receptors. 

 

Keywords: targeted drug delivery, methotrexate, fingolimod, surface functionalization, folate receptor, mesoporous silica nanoparticles, 

combination chemotherapy, thyroid cancer, Chicken chorioallantoic membrane. 

 

Introduction 

 Cancer is one of the main causes of death in the western 

world nowadays. Based on an estimation from 2018, there will 

be over 9 million cancer-related deaths annually and over 18 

million new cancer cases worldwide [1,2]. To be able to target 

cells of interest is one of the key aims in medicine today, as it 

could minimize side effects of drugs and potentially improve the 

success rates of different treatments [3–5]. This is highly 

important in cancer therapeutics, where the treatment can have 

serious side effects on the patient, especially in the case of 

metastatic cancers where the invasion of cancerous cells towards 

healthy organs is the main cause of cancer-related death [6,7]. 

Therefore, efficient targeted therapy is paramount when the 

cancer has created multiple metastases and extensive surgery is 

too dangerous for the patient for being a plausible treatment 

option [8,9]. In the case of multi-organ distant metastases of 

differentiated thyroid cancer the estimated five-year survival rate  

is as low as 15.3% compared to 77.6% in patients with single-

organ metastasis originated from the thyroid gland [10]. 

Conventional chemotherapy that relies on inducing DNA 

damage have diverse side effects ranging from hair loss, weight 

loss, anemia and nausea to organ problems as the drug is 

systematically administered where it affects cells that are under 

constant renewal throughout the whole body [11–13]. Therefore, 

by loading a carrier system capable of targeted drug delivery 

towards multiple metastases using combination 

chemotherapeutic drugs, it could be possible to achieve 

synergistic effects with significantly fewer side effects on 

healthy cells compared to freely administered drug cocktail 

[14,15].  

 To confirm potential enhanced anti-cancerous efficacy of the 

carrier system in a more clinically relevant setting while keeping 

the cost at a reasonable level the chick chorioallantoic membrane 

(CAM) assay was utilized for the in vivo studies [16]. The CAM 

assay has received increased interest in the field of cancer 

http://creativecommons.org/licenses/by-nc-nd/4.0/


research and drug development during the last decades, as the 

tumors are easily accessible for experimental manipulation and 

because the chick embryo is naturally immunodeficient, 

supporting the inoculation of both normal and cancerous cells 

[17]. This makes the CAM assay an exceptionally useful model 

system for investigating cancer cell behavior such as tumor 

growth, invasion, angiogenesis and the remodeling of the 

surrounding tissue [16,18–20]. 

 In the present study, we exploited the tendency of cancer 

cells to overexpress folate receptors (FR) on the cell membrane 

for folate mediated targeted delivery in order to increase the drug 

uptake in the FR-expressing thyroid cancer cells compared to 

normal thyroid cells [14,21–25]. Target selectivity was achieved 

by functionalizing mesoporous silica nanoparticles (MSNs) with 

the folate antagonist named methotrexate (MTX) that have been 

used in decades for chemotherapy. The drug MTX efficacy relies 

on blocking the DNA synthesis of fast-dividing cancer cells 

leading towards cell death [26,27]. In this manner, we created a 

targeted drug delivery system that has an efficacy by itself, 

opening up the possibility to load the carrier particle with a 

second active molecule that would further increase the efficacy 

of the treatment. The MSN were thus loaded with the anti-

proliferating molecule fingolimod (FTY720) that works by 

inhibiting the phosphorylation of sphingosine and thereby blocks 

the production of the bioactive molecule sphingosine 1-

phosphate (S1P), which is an important signaling lipid for cell 

growth, survival, migration, and metastasis [28,29]. By blocking 

the production of S1P by targeted drug delivery, metastatic 

cancer cells would be halted and pushed towards apoptosis [30]. 

Thus, we envisioned that this multidrug-loaded nanoparticle 

could be used for advanced metastatic cancer therapeutics where 

conventional treatments would often be ineffective and could 

potentially have severe consequences for the patient (Scheme 1) 

[1–7,31].  

 MSNs were chosen due to their unique possibility of 

conjugating MTX on the surface of the particle combined with 

high loading capabilities of poorly water-soluble drugs within 

the mesoporous structure, for potentially achieving enhanced and 

selective apoptosis in target cells [32]. In order to prevent 

premature release of drug cargo, hyperbranched poly(ethylene 

imine), PEI, the surface polymer was used as a ‘molecular gate’ 

[33] as well as a linker between the MSNs and the targeting 

ligand MTX (Scheme 2). In summary, our results showed that 

MTX-conjugated and FTY720-loaded MSNs can be used as 

carrier systems for targeted drug delivery enabling selective 

induction of apoptosis, slowing down tumor progression and 

migration of invasive thyroid cancer cells. 

 

Scheme 1. Schematic representation showing the general principle of the 

envisioned effect of the MTX surface-functionalized and FTY720 multidrug-

loaded nanoparticles on folate receptor-expressing metastatic cancer cells. 

Results and discussion 

The synthesis and characterization of mesoporous silica 

nanoparticles 

Folic acid (FA) conjugated, poly(ethylene imine), PEI, functionalized 

mesoporous silica nanoparticles (MSNs) were first synthesized, as 

folate receptor (FR) mediated targeted drug delivery systems have 

previously been proven to deliver hydrophobic cargo to FR positive 

cancer cells with only minimal off-target effects in normal cells 

[14,22,32,34]. Thereafter, we replaced the folic acid functionalization 

with methotrexate (MTX) - a folate antagonist that have an anti-

cancerous effect as well as targeting ligand capabilities (Scheme 2). 

Particle size was determined by scanning electron microscopy (SEM), 

showing particles of uniform size with a diameter of 300 nm, whereas 

the porous structure of the nanoparticles was elucidated by 

transmission electron microscopy (TEM; Fig. 1). The PEI weight 

amount was determined by thermogravimetrical analysis (TGA) and 

was around 34-weight % (Supp. Fig 1). The PEI functionalization was 

further confirmed by measuring the change in zeta potential of MSNs 

from ~8 mV to + 58 mV, and the hydrodynamic diameter of particles 

was determined by dynamic light scattering (DLS) technique 

confirming full dispersibility in aqueous solution (Supp. Fig 1). The 

amount of MTX and FTY720 conjugated onto/loaded into the MSNs 

was deduced from UV/Vis and found to be 1.99% weight percent (wt 

%) for the MSN-PEI-MTXorg and 2.1 wt% for the MSN-PEI-MTXaq. 

The conjugation that gave the highest yield was selected for further 

studies and the FTY720 loading degree was 27.9 wt% in the selected 

MTXaq particles. 

 
Fig. 1. Electron microscopy images of the synthesized MSNs. 

Transmission electron microscopy image (TEM; left) revealing the 

porous structure with radially aligned mesopores; and scanning electron 

microscopy image (SEM; right) with the ruler in green showing the 

particle diameters around 300 nm. Scale bar-100 nm (TEM image). 

 



  

Scheme 2. Schematic representation of the synthesis and functionalization of 

the designed MSNs. 

Cellular uptake of functionalized MSNs in cancerous vs normal 

thyroid cells by flow cytometry and confocal microscopy 

We investigated the uptake rate of FA and MTX conjugated 

MSNs in two different epithelial thyroid cells lines expressing 

FR (Fig 2). The selected cell lines were: ML-1 (follicular thyroid 

carcinoma cells) and Nthy-ori 3-1 (normal human primary 

thyroid follicular epithelial cells) and the uptake efficacy was 

determined by flow cytometry and confocal laser scanning 

microscopy (CLSM) at a concentration of 1.5 µg/ml for 4 hours. 

The flow cytometry results showed that the MSN-PEI-FA were 

internalized at a significantly higher level in the cancerous 

thyroid cells as compared to the normal thyroid cells (Fig. 2c). 

This difference in uptake efficacy could be explained by the 

difference in FR expression between the normal and cancerous 

thyroid cells seen in the western blot results (Fig. 2a&b). To 

confirm the intracellular localization as well as the enhanced 

affinity towards cancerous cells, the cell membrane was stained 

with rhodamine-lectin and imaged by CLSM to determine 

whether the particles were inside or outside the cell membrane. 

The confocal images verified that these FA conjugated 

nanoparticles were internalized in higher quantities by ML-1 

cells than by Nthy-ori 3-1 cells, and that the fluorescence from 

the FITC channel originated from nanoparticles localized inside 

the cell membrane confirming particle internalization (Fig. 

2d&e). 

 

 
Fig. 2. Folic acid conjugated nanoparticle internalized more efficiently in the 

cancerous thyroid cells compared to the normal thyroid cells. a) FR protein 

expression in Nthy-ori 3-1 cells (1,3,5), ML-1 cells (2,4,6), and HeLa cells (7) 
as a FRα positive control. b) Quantification of FRα protein levels in Nthy-ori 

3-1 cells and ML-1 cells. c) Flow cytometry quantification of cellular uptake 

of MSNs shown as % FITC positive cells using 1.5 µg/ml of nanoparticles in 

ML-1 cell compared to Nthy-ori 3-1 cells after 4 hours incubation. Confocal 

microscopy images of MSN-PEI-FR endocytosis in d) ML-1 cells and e) Nthy-

ori 3-1 at 1.5 µg/ml for 4 hours with scale bar of 10µm. Error bars represent ± 

SEM (n≥3). *, P ≤ 0.05, ***, P ≤ 0.001. 

 When investigating the effect of surface functionalization 

between PEI and MTX conjugated particles on the 

internalization efficacy in the selected cell lines, the results show 

that the MSN-PEI-MTX provided higher cellular uptake 

compared to that of MSN-PEI (Fig. 3). Statistical analysis 

revealed that the MSN-PEI-MTX yielded significantly higher 

particle uptake in both the normal (Nthy-ori 3-1) and the 

cancerous thyroid (ML-1) cells compared to MSN-PEI 

demonstrating MTX as a potential active targeting ligand (Fig. 

3). Intriguingly, differences in the particle uptake of the two 

targeting ligands, FA and MTX, could be a result of the drug 

MTX already starting to affect cell homeostasis pushing the cells 

towards apoptosis, thus lowering particle internalization in the 

MSN-PEI-MTX compared to the MSN-PEI-FA (Fig. 2&3). 

Another possible explanation could be due to the targeting ligand 

MTX having slightly lower affinity for the FR than FA and 

would therefore be less efficiently internalized by FR expressing 

cells [35,36]. Even though there are particles being internalized 

in the normal thyroid cells, this would not pose any major 

concern as normal adult post-mitotic cells, in this case thyroid 

cells, do not actively divide and would thus not be effected in the 

same extent than fast dividing cancer cells by the anti-cancerous 

effect of MTX [26,27,37,38]. 

 



 
Fig. 3. Flow cytometry quantification of the cellular uptake of PEI and 

MTX functionalized MSN using 1.5, 3 and 5 µg/ml of nanoparticles in 

cancerous thyroid cells and normal thyroid cells after 4 hours of 
incubation. a) % FITC positive ML-1 cells show highest internalization 

of the MSN-PEI-MTX at 5 µg/ml. b) % FITC positive Nthy-ori 3-1 cells 

gives lower overall internalization of functionalized nanoarticles than the 
cancerous counterparts. Error bars represent ± SEM (n=3). *, P ≤ 0.05. 

 

Cytotoxicity of MTX and FTY720-loaded nanoparticles 

We analyzed the metabolic activity as a viability measurement 

of both thyroid cell lines treated with FTY720 loaded in the 

selected carrier system (MSN-PEI-MTX) compared to free drug 

cocktail. The ML-1 cells treated for 72h with either free drug 

combination or drug-loaded MSNs showed both a concentration-

dependent decrease in cell viability (Fig. 4a). More importantly, 

the drug-loaded MSNs had significantly less toxicity in the 

normal thyroid cells compared to the free drug-treated samples 

(Fig. 4b). Based on the viability measurements, the optimal dose 

resulting in decreased metabolic activity in the cancerous ML-1 

cells without inducing any major toxicity in the normal Nthy-ori 

3-1 cells was around 0.219 µM MTX and 4.05 µM FTY720 (Fig. 

4). This concentrations and incubation time were selected for 

further testing of the anti-cancerous efficacy of the drug 

combination.  

 

 

Fig. 4. Viability measurement using the WST-1 metabolic assay for 

detecting the different treatments efficacy in cancerous thyroid cells and 
normal thyroid cells after 72 hours of incubation. a) The cell viability 

decreases when the drug concentration increases in the ML-1 cells in 

using both the free drug combination and the drug-loaded MSNs. b) The 
Nthy-ori 3-1 cells are sensitive to the free drug cocktail whereas the drug-

loaded MSN shows significantly less off-target effects. Increasing drug 

concentrations of MTX and FTY720 were used and the viability values 
were normalized to control (untreated sample) next to 0.2% weight by 

volume (w/v) DMSO (vehicle control). Error bars represent ± SEM 

(n=3). *, P ≤ 0.05, **, P ≤ 0.01, ****, P ≤ 0.0001. 

 The cytotoxicity assay showed that the multidrug-loaded 

MSN had lower off-target effects in the normal thyroid cells in 

terms of apoptosis compared to free drug and that the drug-

loaded MSN had higher efficacy in ML-1 cells than free drug 

(Fig. 5). Additionally, the drug-loaded MSNs showed an 

enhanced anti-cancerous effect and lower cytotoxicity in normal 

cells validated by cell counting and crystal violet staining (Supp. 

Fig. 2). 

 In order to rule out that the effect was not due to the particles 

themselves, “empty” MSNs (without MTX and FTY720) were 

administered to both cell lines. The result shows that no 

significant toxicity was detectable when using similar particle 

concentrations as in our drug-loaded MSNs experiment (1.5 – 12 

µg/ml). However, when treated high concentrations of non-

loaded particles (60 µg/ml) the cell viability of normal Nthy-ori 

3-1 cells was significantly decreased whereas no significant 

change was detected in the cancerous ML-1 cells (Supp. Fig. 3). 

This difference in viability after administration of “empty” 

MSNs could be a consequence of cancerous cells having a 

different metabolic activity then normal cells affecting the 

outcome of the treatment [39–42]. Taken together, the in vitro 

viability measurements demonstrates an enhancement in drug 

efficacy when loading the drug combination in the designed 

MSNs compered to free drug treatment. 
 



 
Fig. 5. Flow cytometry toxicity measurement of free drug cocktail of 

MTX and FTY720 or MSN loaded with MTX and FTY720 in normal 

versus cancerous thyroid cells. The free drug shows significantly higher 
toxicity in the normal thyroid (Nthy-ori 3-1) cells compared to the 

cancerous (ML-1) cells and the drug-loaded MSN shows higher efficacy 

in the cancerous thyroid cells compared to free drug as well as lower off-
target effect in the normal thyroid cells. Statistics in black indicate 

comparison between free drugs versus drug-loaded MSN. Concentration 

used was 0.219 µM MTX and 4.05 µM FTY720. Statistical significance 
between ML-1 versus Nthy-ori 3-1 cells indicated by red asterisks. Error 

bars represents ±SEM (n=3). **, P ≤ 0.01, ***, P ≤ 0.001, ****, P ≤ 

0.0001. 

Label free imaging techniques validates targeted drug delivery  

In order to validate the enhanced drug efficacy by MTX 

conjugated and FTY720 loaded MSNs, we utilized image 

analysis performed by external experts using label-free imaging 

instrumentation VL21 (Phasefocus Ltd, Sheffield, UK) [43]. The 

acquired images showed that ML-1 cells treated either with free 

drug cocktail or the drug-loaded MSNs at concentrations of 

0.219 µM MTX and 4.05 µM FTY720 both showed a rounded 

up phenotype, whereas control sample cells were elongated and 

spread out (Fig. 6a). Additionally, the image analysis of the cells 

treated with the drug cocktail displayed a significant reduction in 

volume compared to control cells after 4 days of treatment (Fig. 

6b). Indeed, blebbing, which is evident in VL21 images of both 

drug-treated groups from day 3 onwards, is often accompanied 

(and followed by) a reduction in cell volume as cells die [44].  

 Furthermore, the statistical analysis performed on the 

quantified image data verifies that both free drug and drug-

loaded MSNs decreases cell volume after 72 hours of incubation, 

compared to control, and that sphericity was significantly 

decreased in the multidrug-loaded MSNs compared to the free 

drug combination treatment (Fig. 6b&c). The quantification 

together with the reconstructed VL21 images shows that these 

ML-1 cells exhibit a more apoptotic/necrotic phenotype seen as 

blebbing of cells after administration of FTY720- and MTX- 

loaded nanoparticles compared to cells administered the drug 

cocktail (Fig. 6).  

 Taken together, promising in vitro results were obtained 

regarding the potential of this particle system’s selectivity 

towards folate receptor-expressing cancer cells. The in vitro 

results demonstrates that our proposed multidrug-loaded MSN 

could potentially be considered to combat cancer cells originated 

from the thyroid gland. As the poorly water-soluble drugs, MTX 

and FTY720, anti-cancerous efficacy was significantly enhanced 

compared to free drug while keeping the off-target effect on 

normal thyroid cells minimal. 

Fig. 6. Phasefocus measurements of ML-1 cancer cells treated with MTX 

and FTY720 or MSN loaded with a combination of these drugs. a) The 
multidrug-loaded MSN treated cells showed a more condensed and 

rounded up phenotype than the free drug-treated cells after 4 days of 

incubation, scale bar 150 µm. Image quantification showing the b) 
volume and c) sphericity of the cell populations in control, free drug, and 

drug-loaded MSN. The image analysis shows that the ML-1 cells 

administered with drug-loaded MSNs after 4 days of incubation have a 
less spherical phenotype and are smaller in volume compared to cells 

treated with free drugs. Statistics in black indicate comparison between 

control and drug-treated samples. Points of statistical significance 
between control and treated samples or difference between free drug 

samples and drug-loaded MSNs indicated by red asterisks. Drug 
concentration used was 0.219 µM MTX and 4.05 µM FTY720. Number 

of cells analyzed (n=1524). Error bars represent ± SEM. **, P ≤ 0.01, 

***, P ≤ 0.001.  

In vitro invasion assay validates the invasive behavior of ML-1 

cells and the potential inhibitory effect of the drug cocktail 

In order to see if the drug cocktail affects the invasion of ML-1 

cells we have used the Boyden chamber invasion assay [45,46]. 

The ML-1 cells exhibited very high invasion properties, thus the 

optimal time for the assay was set at 7 hours (data not shown). 

The concentration of MTX and FTY720 were as follows: the low 

dosage was 0.13 µM MTX and 2.43 µM FTY720, and the high 

dosage was 0.438 µM MTX and 8.10 µM FTY720. The result 

shows that the high drug dosage (0.438 µM MTX and 8.10 µM 

FTY720) efficiently inhibits the invasion of the ML-1 cells (Fig. 

7). This suggests the potential use of the drug combination in 

blocking invasiveness and thus the metastatic potential of thyroid 

cancer cells.  



 Intriguingly, the lower dosage significantly increases the 

cancer cell invasion functioning as an accelerant. This was seen 

as an increased migration of the ML-1 cells from the upper well 

towards the lower well (Fig. 7). However, such opposite effect 

of the low concentrations drug cocktail would need further study 

in order to validate the underlying mechanism seen in this study. 

Nevertheless, several other studies have shown that a drug can 

exhibit a biphasic effect, where the low dosage has a stimulating 

effect, and the high dose has an inhibitory effect [47].  

 

 
Fig. 7. Invasion assay showing crystal violet-stained ML-1 cells after 7 
hours. a) In the control sample, ML-1 cells are visible on the insert after 

7 hours showing that the cells are highly invasive. b) Low dosage of 

combination treatment (0.13 µM MTX and 2.43 µM FTY720) shows 
slight increase in the invasive potential of the ML-1 cells compared to 

control. c) The high dosage (0.438 µM MTX and 8.10 µM FTY720) 

show less migrating ML-1 cells on the insert and the d) quantification of 
the invasion assay validates that the high combination treatment block 

the invasiveness of these ML-1 cells. Error bars represent ± SEM (n=4). 

**, P ≤ 0.01, ***, P ≤ 0.001. 
 

In vivo drug efficacy studies utilizing Chick chorioallantoic 

membrane assay  

To determine the enhanced anti-migratory and anti-cancerous 

efficacy of our multidrug-loaded nanoparticles in vivo we 

utilized ML-1 derived tumors grown on the Chick 

chorioallantoic membrane (CAM) by measuring tumor weight 

and estimating tumor size by image quantification combined 

with histology for classifying tumor phenotypes [48–51]. The in 

vivo result shows that the untreated xenografts (administered 

0.5% DMSO as control or 1.6 mg/ml of empty MSN) had a 

significant reduction in tumor size and weight from pre-

treatment to post-treatment as a consequence of the invasive 

nature of these ML-1 cells (Fig. 8) [29,52].  

 

Fig. 8. Chick chorioallantoic membrane (CAM) assay for evaluating the 

in vivo drug efficacy in terms of inhibiting invasion of ML-1 derived 

tumors. a) Representative images of xenografts indicated by white dotted 
circles before and after treatment showing tumor phenotype in control 

(0.5% DMSO), particle control (1.6 mg/ml empty MSN) and free drug 

treatment (1 µg MTX and 13 µg FTY720). The drug-loaded MSNs (1 µg 
MTX and 13 µg FTY720) treatment showed clear retention in post-

treatment tumor size as well as yellow and white discolorations as signs 

of inflammation and necrosis. b) Image quantification of mean visible 
tumor size of post-treated tumors normalized to pre-treated tumors size 

shows decreased tumor size on all samples except the drug-loaded MSN 

showing retention of tumor size c) Post tumor weighing (in mg) shows 
significantly larger tumors after the drug-loaded MSN treatment. Error 

bars represent ± SEM (n≥4). **** P ≤ 0.0001. 

 

 The hematoxylin and eosin (H&E) staining of whole tumors 

validated the invasive phenotype observed in vivo. This was seen 

in the non-drug treated samples as the ML-1 cells were migrating 

into the CAM suggesting that the cancer cells ‘escaped’ the 

xenograft and invaded the underlying mesoderm, thus reducing 

the tumor size and weight (Supp. Fig 4). After 3 consecutive days 

of drug administration, both the free drug and drug-loaded MSN 

showed significant retention of tumor size on the CAM as 

compared to the tumors administered free drug cocktail or 

control tumors (Fig. 8b&c). Additionally, we detected a necrotic 

phenotype of the tumors that were administered the drug-loaded 

MSNs. This was visually detectable in the images seen as 

disrupted tumor morphology and discoloration of the tumor mass 

(Fig. 8a) [53]. Indicating that the multidrug-loaded MSNs have 

an enhanced ability to induce apoptosis/necrosis in ML-1 derived 

tumors grown on the CAM compared tumors treated with the 

free drug. 



 Furthermore, tissue analysis using hematoxylin-eosin (H&E) 

staining showed a higher dispersion of cells in control and empty 

particle samples whereas the drug-treated cells seem more 

aggregated and condensed (Fig. 9). The untreated ML-1 

xenografts expressed higher thyroid transcription factor 1 

(TTF1) than both drug-treated samples indicating invasive tumor 

phenotype of these thyroid derived cancer cells [54]. Also, the 

xenografts had some basal cleaved caspase-3 activity in all 

samples (Fig. 9). However, increased cleaved capsase-3 activity 

has been shown to be elevated in metastatic thyroid carcinomas 

compared to normal thyroid tissue [55]. Tumors treatment with 

the drug-loaded MSN showed lower expression of the epithelial-

mesenchymal transition (EMT) marker vimentin (VIM), 

indicating lower invasiveness and metastatic potential of these 

ML-1 xenografts [56]. The H&E staining of the drug-loaded 

MSNs treated tumors showed an increased nuclear condensation 

and cell fragmentation indicating a more necrotic phenotype 

compared to the tumors administered with the free drug cocktail 

(Fig. 8) [44].  

 Taken together, our in vivo results showed that MTX and 

FTY720 loaded MSNs have an advantage in terms of anti-

cancerous activity and inhibition of the invasive phenotype of 

these ML-1 dervided xenografts compared to that of the freely 

administered drug cocktail. Taking into account the significant 

adverse effects related to chemotherapy used for metastatic 

tumors, including aggressive tumors originated from the thyroid 

gland, the use of multidrug-loaded MSNs could clearly be an 

option worth developing further. 

 

 
Fig. 9. Representative images of ML-1 xenografts grown on CAM 
stained by hematoxylin-eosin (H&E), thyroid cancer marker (TTF1), 

cleaved caspase3 and vimentin staining. The black arrow in the H&E 

staining shows necrotic areas induced by drug-loaded MSNs. The black 
arrow in the vimentin staining shows less active epithelial-mesenchymal 

transition (EMT) in the ML-1 derived tumors after drug-loaded MSNs 

treatment. Scale bar 50 µm. 
 

Materials and methods 

Synthesis and modification of mesoporous silica nanoparticles 

A particle system comprising of a MSN core and PEI coating 

with or without FA was synthesized according to our previously 

published protocols [14,57,58]. For the modification of MTX-

functionalized MSNs, two different conjugation protocols were 

used. In the first protocol, the MSN-PEI-MTXaq was synthetized 

by dissolving a 100 μg portion of MTX in ethanol, to which 5 μL 

of EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) 

crosslinker was added to react with the carboxyl groups of MTX. 

To increase the yield of EDC-mediated amine coupling, 250 μL 

of a 1 mg/mL NHS-solution (N-hydroxysuccinimide) was added 

and kept stirring for one hour at room temperature (RT). This 

solution was then mixed with the particle suspension (50 mg in 

MES buffer; 10 mM, pH 5.5) and was agitated for 4 hours at RT. 

Afterwards, the particles were centrifuged, washed and vacuum 

dried to yield MSN-PEI-MTXaq. To obtain MSN-PEI-MTXorg, a 

100 μg portion of MTX was dissolved in dimethyl formamide 

(DMF), to which 250 μL of HATU solution ((O-(7-

azabenzotriazol-1-yl)-N,N,N,N0-tetramethyl-uronium-

hexafluoro-phosphate) 1 mg/ml in DMF) was added to activate 

the carboxylic acid groups of MTX. This solution was then 

mixed with the particle suspension 50 mg/ mL in DMF and was 

agitated for 4 hours at RT. Afterward, the particles were 

centrifuged, washed and vacuum dried to yield MSN-PEI-

MTXorg. To load FTY720 (Sigma-Aldrich, St. Louis, MO, USA) 

into the pores of the mesoporous silica particles, the particles 

were dispersed in cyclohexane to which desired amounts of a 

solution of FTY720 in cyclohexane were added. The resultant 

loading suspension was stirred for 24 hours, followed by 

centrifugation and washing extensively with cyclohexane to 

remove any loosely adsorbed FTY720, obtaining the drug-

loaded MSNs. Scanning and transmission electron microscopy 

were used to confirm the size, monodispersity, morphology and 

non-agglomerated state of the particles. To find out the amount 

of drug loading in the MSNs, samples will be dispersed in 

ethanol for complete drug elution. The concentration of the drug 

was determined by UV/vis spectroscopy measurements at a 

wavelength of 425 nm and from that measurement, the drug 

loading amount can be calculated. 

Cell culture 

Thyroid follicular cancer cells (ML-1) provided by Dr. Johan 

Schönberger (University of Regensburg, Germany) and human 

cervical carcinoma (HeLa) cells obtained from ATCC 

(Manassas, VA, USA) were maintained in DMEM medium 

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% 

fetal bovine serum (FBS; BioClear, Wiltshire, UK), 2 mM L-

glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin at 37°C 

in a 5% CO2/95%O2 and 90% RH humidify atmosphere and 

handled under sterile conditions. Normal thyroid cells (Nthy-ori 

3-1; Culture Collections, Public Health England, Porton Down, 

Salisbury, UK) were cultured in RPMI 1640 (Sigma-Aldrich) 

with 2mM L-glutamine, 10% FBS, 100 U/ml penicillin and 100 

µg/ml streptomycin in similar culture conditions.  

Cellular uptake of MSNS by flow cytometry and confocal 

microscopy 



MSNs were suspended in cell medium at 1.5 µg/ml, sonicated 

for 30 min, then applied on 50-70 % confluent cells and 

incubated for 4 hours at 37°C. The extracellular fluorescence was 

quenched by resuspension in 200 µg/ml trypan blue (Sigma-

Aldrich) for 10 minutes at room temperature. The amount of 

endocytosed particles inside cells was analyzed by BD 

FACSCalibur flow cytometer (FL-I, BD Pharmingen). The data 

was analyzed using BD CellQuest Pro™ software for calculating 

the amount in percentages of MSNs uptake by 10 000 cells. 

 For microscopical studies, cells grown on sterile coverslips 

were incubated with 1.5 µg/ml particles for 4 hours. After 

incubation the extracellular fluorescence were quenched with 

trypan blue (200 µg/ml) for 10 minutes at room temperature. 

Then the cell were washed two times with PBS and labeled with 

rhodamine-lectin (Vector Laboratories, Burlingame, CA, USA) 

for 15 minutes at 37 °C then fixed with 3.7% paraformaldehyde 

containing 0.5% Triton X-100 for 15 minutes at room 

temperature. Coverslips with cells were mounted on slides in 

VECTASHIELD® Mounting Media containing DAPI (Vector 

Laboratories) and particle uptake was analyzed using a Zeiss 

LSM510 META confocal microscope with 63x oil objective. 

Using 488 nm excitation and 500-550 nm emission for detecting 

the FITC channel and 405 nm excitation with 420-480 nm 

emission for detecting the DAPI channel as well as an excitation 

of 543 nm and an emission of 570-600 nm for detecting the 

rhodamine-lectin channel. 

Western blot analysis 

Western blot analysis was utilized in order to estimate the folate 

receptor expression levels in ML-1 and Nthy-ori 3-1 cells. 

Whole-cell extracts were lysed with Laemmli buffer containing 

β-mercaptoethanol and the proteins were denaturated at 95 °C 

for 10 minutes. Proteins were separated by 10% SDS-PAGE and 

transferred to nitrocellulose membranes. Folate receptor alpha 

antibody (FOLR1; Lifespan Biosciences Inc., Seattle, WA, 

USA) was used at 1:1000 dilution and anti-Hsc70 (StressGen 

Biotechnologies Corp., Victoria, Canada) was used at 1:10000 

dilution. Horseradish peroxidase-conjugated secondary 

antibodies (GE healthcare, Buckinghamshire, UK) were detected 

using enhanced chemiluminescence kit (Amersham Biosciences 

Corp., Piscataway, NJ, USA). Densitometric analysis of the 

FOLR1 staining was performed using imageJ and normalized to 

the loading control (Hsc70) [59]. 

In vitro cytotoxicity assay 

ML-1 and Nthy-ori 3-1 cells were seeded on separate 96-well 

plates and allowed to attach overnight. After 24 hours, the 

medium was removed and replaced with 100 μL medium 

containing different concentrations of MSNs (1.5, 3, 5, 8, 10 

μg/mL) equivalent to 0.065 µM, 0.13 µM, 0.219 µM, 0.349 µM, 

0.438 µM free MTX and 1.22 µM, 2.43 µM, 4.05 µM, 6.48 µM, 

8.10 µM free FTY720 and incubated for 72 hours. After the 

incubation period, 5 μL of WST-1 reagent (Roche Applied 

Science, Upper Bavaria, Germany) was added to each well and 

the plate was further incubated for 90 minutes at 37 °C. The 

absorbance of the colored formazan was measured at 430 nm 

using the Varioskan microplate reader (Thermo Scientific, 

Logan UT, USA). 

Cytotoxicity measurement by flow cytometry 

DNA starts to fragment in apoptotic cells that can be measured 

by flow cytometry when using propidium iodide (PI) staining 

which binds to the fragmented DNA allowing selective detection 

of the apoptotic population [60]. The ML-1 and Nthy-ori 3-1 

cells were seeded in a 12-well culture plate and incubated with 

either free MTX and FTY720 or MSN loaded with MTX and 

FTY720 at 0.438 µM MTX and 8.10 µM FTY720 

concentrations. After 72 hours incubation, the cell medium was 

collected and the cells were washed and harvested using trypsin-

EDTA suspension for 5 minutes at 37 °C. Samples were 

centrifuged for 5 minutes, washed with PBS and re-suspended in 

400 µl of lysis buffer (0.3% Triton X-100, 0.05 mg/ml PI, 40mM 

sodium citrate and 1 mg/ml RNase A) for 10 minutes at 37 °C to 

obtain the nuclear fraction of the cells. The samples were 

immediately analyzed by a BD FACSCalibur flow cytometer 

(FL-3, BD Pharmingen, San Diego, California, USA) at 488 nm 

excitation and 670 nm emission with 10000 cells analyzed per 

sample. The percentage of apoptotic cells defined as sub-G1 

phase was analyzed using BD CellQuest Pro™ software (BD 

Pharmingen, San Diego, CA, United States). 

Cell morphology detected by label-free imaging technique 

ML-1 thyroid cancer cells were grown on sterile 6-well plate and 

on the next day the drug cocktail or drug-loaded MSN were 

administered using 0.219 µM MTX and 4.05 µM FTY720 

concentrations. The samples were imaged using the VL21 

instrument (Phasefocus Ltd, Sheffield, UK) with 20x 

magnification using 20 minutes intervals per region of interest 

(ROI) for a duration of 72 hours. The technique uses light for 

reconstructing an image of the samples refractive properties 

without labeling and toxic lasers [43]. The aim of the 

investigation was to identify apoptotic phenotypes in the ML-1 

cells administered either free drug cocktail or drug-loaded MSNs 

using label-free image analysis performed by experts from 

Phasefocus Ltd.  

Boyden invasion assay 

Boyden chamber invasion experiments were conducted with 

Transwell Permeable Support inserts with 6.5 mm diameter and 

8 µm pore size (Corning Inc; Corning, NY, USA) and the inserts 

were coated with 5.0 µg/cm2 human collagen IV (Corning). Then 

100 000 cells were added into the upper well that contained 10% 

FBS cell medium and in the lower well, 20% FBS was added as 

a chemoattractant. The concentration of MTX and FTY720 were 

as follows: the low dosage was 0.13 µM MTX and 2.43 µM 

FTY720, the high dosage was 0.438 µM MTX and 8.10 µM 

FTY720 and the test substances were present in both wells. Cells 

were allowed to invade for 7 hours. Cells from the upper well 



cells were removed with a cotton swab and the transwell insert 

was fixed with 2% paraformaldehyde solution in PBS for 10 

minutes and stained with 0.1% crystal violet solution in 20% 

methanol for 5 minutes. The inserts were then washed twice with 

PBS and once with Milli-Q water and allowed to dry overnight. 

Cells were counted with 40x magnification from eight 

microscopic fields per insert. 

In vivo drug efficacy studies  

Fertilized chicken eggs from White Leghorn chickens (LSK 

Poultry Oy, Laitila, Finland) were sterilized by wiping with 70% 

ethanol, placed into rotation racks and incubated on rotation 

mode at 37°C and 40-50% relative humidity for three days. On 

embryonal developmental day (EDD) 3, a 3mm2 hole was made 

on the apical side of the eggs, allowing the formation of an air 

pocket between the chorioallantoic membrane and the eggshell. 

The holes were sealed using scotch tape and the eggs were 

returned to the incubator. The holes were enlarged on EDD 8; 

thereafter one sterile silicone ring was placed atop a prominent 

superficial blood vessel in every egg. For each egg, one million 

of ML-1 thyroid cancer cells suspended in 10 µl of phosphate-

buffered saline was mixed 1:1 with Matrigel (Corning, Growth 

Factor Reduced Basement Membrane Matrix (REF:356231) and 

seeded onto the CAM. The eggs were sealed with laboratory 

plastic film and the tumors were allowed to develop overnight. 

The tumors were photographed on the next day (EDD 9); 

thereafter the xenografts were topically treated once a day for 

three consecutive days. Stock solutions of drug cocktail (MTX 

and FTY720) were prepared by dissolving in DMSO to the 

concentrations 6.7 mg/ml and 67 mg/ml, to ensure that the final 

concentration of DMSO would not exceed 0.5% (w/v) per egg 

treatment. 

 During the drug efficacy testing the stock solutions in DMSO 

were diluted in HEPES to concentrations ranging from 1-10 µg 

of FTY720 / 30 µl (33.3-333.3 µg/ml) and 0.1-1 µg MTX / 30 µl 

(3.3-33.3 µg/ml) and the treatment volume was 30 µl per egg. 

When comparing the treatment efficacy between combined free 

drugs and nanoparticle-loaded drugs, eggs were treated with 0.1 

µg MTX and 1.3 µg FTY or 1 µg MTX and 13 µg FTY (equal to 

160 µg/ml and 1.6 mg/ml nanoparticles, respectively). Controls 

were treated with 0.5% DMSO in HEPES or equal amounts of 

empty nanoparticles in HEPES in experiments with nanoparticle 

treatments. The tumors were photographed on EDD 9 and EDD 

12 in order to obtain visual observation of pre- and post-treated 

tumors. Image quantification were then performed on the images 

using ImageJ by manually selecting the tumor area of first the 

pre-treated tumors then comparing that area with the post-treated 

tumor area of the same tumors giving the difference in tumor size 

in percentages [29]. The tumors were then excised and weighed 

as an endpoint measurement in order to verify tumor weight (in 

mg) on EDD 12 [48]. Tumors were then fixed in 3 % 

paraformaldehyde solution in PBS (PFA) and dehydrated in a 

rising ethanol series prior to paraffin embedding, for further 

sectioning and histological staining. 

Immunohistochemistry 

Paraffin-embedded tumors grown on CAM from all 

experimental groups (n=4/ group) were cut into 4±1 µm sections 

and immunohistochemically stained with antibodies and 

reagents listed in supplementary Table 1. In brief, antigens were 

retrieved using high-temperature in Tris-EDTA buffer (pH9), 

washed in TBS with 0.1% Tween20 (TBST; #P1379, Sigma-

Aldrich, Saint Louis, MO), blocked in 3% bovine serum albumin 

(BSA; #A9418, Sigma-Aldrich) in TBST for 1 hour at RT, 

incubated overnight with the primary antibody. Next day slides 

were washed 3x with TBST, incubated with secondary antibody 

for 30 min, washed 3x in TBST and visualized using Liquid 

DAB+ Substrate Chromogen System (Dako, Glostrup, 

Denmark). Slides were scanned by Pannoramic 250 Slide 

Scanner (3DHISTECH Ltd., Budapest, Hungary) and images 

were taken using CaseViewer (3DHISTECH). 

Statistical analysis 

Statistical significance (P-value) was determined by One-way or 

Two-way analysis of variance, Student's t-test, Kruskal-Wallis 

test with Dunn’s post hoc test or Sidak's multiple comparisons 

test (GraphPad Prism® 6.0, San Diego, CA, USA). The Error 

bars represent plus-minus the standard error of the mean 

(±SEM). 

Conclusions 

We investigated the potential use of the folate antagonist 

methotrexate (MTX) as an active targeting ligand conjugated 

onto mesoporous silica nanoparticles (MSN) [61] enabling 

effective particle internalization in folate receptor-expressing 

thyroid cancer cells. The active ligand MTX has been used in 

chemotherapy for decades, whereas the anti-cancerous efficacy 

depends on blocking the synthesis of thymine and purine 

nucleotides. This, in turn, leads to replication errors pushing fast-

dividing cancer cells towards apoptosis [26,27]. We conjugated 

MTX on the surface of the nanoparticles enabling the addition of 

the second drug fingolimod (FTY720). This drug FTY720 is a 

sphingosine kinase 1 inhibitor, blocking the production of 

sphingosine 1-phosphate (S1P) and consequently, immobilizes 

invasive cancer cells [28–30]. First, we validated the 

internalization of folic acid (FA) functionalized MSNs in 

cancerous thyroid cells compared to normal thyroid cells. Then, 

we evaluated the uptake efficacy in folate receptor (FR) 

expressing thyroid cells by two different MTX functionalization 

approaches; from which the one that had the highest uptake into 

the thyroid cells was selected for further studies. The chosen 

design (MSN-PEI-MTXaq) was then loaded with the selected 

drug (FTY720) enhancing the apoptotic efficacy compared to the 

free drug cocktail while maintaining lower off-target effects. The 

enhanced drug efficacy of the MSNs was validated by viability 

measurements and label-free microscopy technique, 

demonstrating efficient induction of apoptosis in target thyroid 

cancer cells compared to freely administered drug cocktail. 

Furthermore, by using the chick chorioallantoic membrane 



(CAM) assay [62,63] it was possible to demonstrate in vivo that 

the drug-loaded MSNs efficiently blocked the invasion of 

thyroid cancer cells towards the underlying mesoderm in the 

CAM. This was detected by retention of both tumor size and 

mass on the chorioallantoic membrane combined with histology 

showing lower metastatic potential and a more necrotic 

phenotype in the drug-loaded MSNs treated tumors. Taken 

together, our results suggest that our multidrug-loaded MSNs 

enables targeted induction of cell death and immobilization of 

invasive thyroid cancer cells, and could thus be developed for 

metastatic cancer treatment when conventional drug cocktail 

treatment could evoke serious negative off-target effects in the 

patient. 
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