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The transport of anticancer molecules by nanoparticles has shown great 

promise in terms of bioavailability, concentrating drugs in the tumor area 

and minimizing drug side effects. Here, we report the high efficiency of pH-

operated hybrid silica nanocarriers for colon cancer therapy. These silica 

nanoparticles carry the drugs which are tightly held by cyanuric acid as a 

new type of stopper. The latter can be autonomously removed upon acidic 

medium allowing a direct drug release inside the cancer cells. Importantly, 

the proof of concept was established by ex vivo experiments using primary 

cell cultures from patient biopsies. 

 

The World Health Organization published in GLOBOCAN data that 

colorectal cancer is the third most common cancer in men and the 

second one in women.[1] The first treatment option is the surgical 

resection of the primary tumor. However, there is an important 

mortality rate in older patients, in the post-surgery year (about 

50%).[2] In addition, surgery is often followed by adjuvant 

chemotherapy (oxaliplatin or 5-FU) to eradicate eventual micro-

metastases. Then, in the most advanced cases such as metastatic 

diseases, combination regimen could be used, involving several 

drugs like 5-FU, folic acid and irinotecan (also named camptothecin 

(CPT)). Even if these strategies are significantly efficient to treat 

tumors and metastases, they are often followed by vital organ 

function decline, particularly for older patients.[3] In these 

conditions, we can imagine that a nanosystem allowing the 

confinement and the targeting of the chemotherapy could be of 

particular interest to treat tumors and to decrease the spreading of 

drugs in healthy organs.[4]  

We have previously reported the use of molecular recognition to 

design pH-operated stoppers as autonomous drug delivery 

systems.[5] In one case, a nucleobase (uracyl moieties) bonded to β-

cyclodextrin was used as snap top which were linked via a single 

molecular recognition pattern of three H-bonds to a triazine stalk 

grafted on MCM-41 type mesoporous silica nanoparticles.[6,7] 

Although these nanocarriers proved to be efficient drug delivery 

systems, a major drawback stems from the fact that the stopper 

could only be synthesized in a very low yield after a long reaction 

time (5% in 2 weeks). Our strategy to optimize the use of 

nanocarriers holding molecular recognition sites prompted us to 

take benefit from the commercially available and cheap cyanuric 

acid (CA) which can play the role of the snap top. Indeed, we 

recently showed that CA could form stable complex with triazines in 

bulk hybrid silica materials at neutral pH and can be cleaved under 

slightly acidic pH.[8,9] Thus using CA would then lead to a new 

system avoiding tedious synthetic steps. In addition, it can be 

subject to a complexation by three molecular recognition patterns 

which may allow a more gradual (controlled) release. Moreover, it 

has been demonstrated that the nanopores with a 2 nm diameter 

ordered two-dimensional hexagonal nanoparticles (NPs) could be 

large enough to contain dyes and drugs and small enough to be 

blocked by organic molecules.[10, 11] 

The capping strategy and pH-controlled release of cargo from a 

pore are outlined in Scheme 1. The pores should remain closed at 

blood pH (7.4) and their opening is desired as soon as the 

nanoparticles are endocytosed in the cancer cells under the acidic 

pH of late endosomes and lysosomes (4.5-5). Many groups have 

reported on pH-responsive silica nanoparticles modified with 

various gatekeepers[12] which usually do not comply with zero-

premature drug release. The NPs presented in this work exhibited a 

completely non-premature release. 

In this investigation, NPs were prepared from a modification of the 

Stöber process that we have used previously.[5] Cetyltrimethyl-

ammonium bromide (CTAB) was used as the surfactant to construct 

the hexagonal compact porosity with a N2 adsorption-desorption 

analysis Brunauer, Emmett and Teller (BET) surface area of 1086 

m².g-1. The average pore size was calculated to be around 49 Å.  
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Scheme 1. Functionalization, loading and releasing strategy 

 

These NPs were functionalized with the organosilylated triazine-

derived stalk (Scheme 2) bearing recognition sites and their 

physico-chemical properties were fully characterized as reported in 

a previous study.[5]   

Then, the NPs were loaded either with propidium iodide (PI) as 

fluorescent dye to monitor the release experiments, or with the 

anticancer drug CPT for cancer cell death evaluation. Finally, NPs 

were capped with the commercially available CA. For accurate 

release experiments the nanoparticles were carefully washed to 

ensure the removal of any physisorbed PI or CPT affording 

respectively NPPI and NPCPT.  

 

 

Scheme 2. Stalk and cap molecules 

 

In parallel NPs were prepared without any cargo molecules and 

were used for blank tests. A theoretical proportion, of 3 stalks for 1 

cap, was used to favour a complete complexation of the 3 CO-NH-

CO (ADA) patterns of CA with the NH-CO-NH (DAD) pattern of the 

triazine stalks. The size of CPT loaded and capped nanoparticles 

have been examined by both TEM and DLS in different media and 

monodisperse nanoparticles (100 to 150 nm) were observed (Figure 

1). The concentration of CPT loaded into NPCPT was quantified by 

UV-Vis assay after acidic treatment for a full uncapping and showed 

an amount of 40 µg of drug per mg of NP (Table S1).  

The release of PI was determined in water at pH from 4 to 6 to 

mimic endosomal compartments and pH 3 to evaluate the 

complete release of the dye. This was monitored continuously by 

time-resolved fluorescence spectroscopy. NPPI were placed in the 

corner of a cuvette and the surrounding liquid was stirred gently. A 

probe beam was used to illuminate the liquid above the NPs and to 

follow the release of the PI molecules in the supernatant as they 

escaped the nanoparticles. 

 

 

Figure 1. (Top) TEM microscopy imaging of NPCPT. Scale bars = 100 nm. 

(Bottom) Hydrodynamic size of NPCPT in EtOH and deionised H2O. 

 

To ensure that no PI release occurred at the beginning of the 

experiments, the NPs were left at neutral pH 7 for 1 hour before 

adjusting the solution to the chosen acidic pH. PI was not observed 

in solution during this first hour implying no premature release of 

the cargo molecule and demonstrating that the pores remained 

closed at pH 7 (Figure S1). Additionally, no PI release could be 

observed at pH 6 as demonstrated by the flat line but it occurred 

from pH 5 indicating the potential of these systems as an 

autonomous drug delivery system in cells (Figure 2).  

 

 

Figure 2. Release experiments of CA for various pH. 

 

The delivery rate depends directly on the pH value with higher 

release rates occurring at higher acidity and in each case the 

delivery took place gradually. 

To demonstrate that NPs were taken up by cells, HCT-116 cells were 

incubated 20 h with 40 µg.mL-1 of NPPI and analyzed by confocal 

laser scanning microscopy (Figure 3). Co-staining was performed 

with Hoechst, a blue fluorescent marker of the nucleus, and a green 

fluorescent (Alexa Fluor 488) plasma membrane dye. NPPI red 

fluorescence demonstrated their intracellular localization. However, 

the localization in acidic vesicles as lysosomes is the mandatory 

condition for the opening of the pH-sensitive stoppers and the 

release of drugs. Thus, the lysosomal localization of NPPI was 
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investigated by using a green lysotracker. The merged picture 

shows a high level of yellow points corresponding to the co-

localization of green lysosomes and red NPPI which demonstrates 

that the cellular internalization is by the endolysosomal pathway.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Confocal imaging on living HCT-116 cancer cells incubated 20 h 

with NPPI at 40 µg.mL-1 with (A) plasma membranes staining and (B) 

lysosomes staining. 

 

The next step was to prove that these NPs could be used for drug 

delivery. For this, the cytotoxicity of NPCPT was established on HCT-

116 cells and Figure 4A shows a strong cytotoxic activity of NPCPT on 

these cells with an IC50 close to 1 µg.mL-1. In contrast, 100% of 

normal human fibroblasts survived to the same treatment 

conditions. This suggests that normal cells are much less sensitive 

to the NPCPT than colorectal cancer cells (Figure S2). This difference 

could be due to an increase in the internalization of such 

nanoparticles of about 130 nm diameter, by cells with a high 

capacity of endocytosis (close to phagocytosis) like cancer cells. 

These results demonstrate the CPT efficiency for colorectal cancer 

treatment and the better delivery of this drug in tumorigenic cells 

by using these self-operating nanocarriers.[13-15]   

To confirm the higher accumulation of NPs in cancer cells than in 

normal ones, a quantification of NPPI internalization between non 

tumorigenic (BMEL) and tumorigenic (BMEL-Ras) hepatic 

progenitors was realized by using flow cytometer.[16] Data showed 

that tumorigenic cells internalized 2 fold more NPs that non 

tumorigenic ones (Figure 4B). The fact that this experiment was 

realized on a same cell line with or without tumorigenic properties 

contributes also to demonstrate the higher endocytosis capacity of 

cancer cells than normal ones. A kinetic study was realized and 

confirmed the 2 fold higher internalization of tumorigenic cells after 

short or long incubation time (Figure S3).  

Control experiments were realized to validate the absence of 

toxicity induced by corresponding concentrations of CA and empty 

NPs (Figure S4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (A) Cell viability of HCT-116 colorectal cancer cells and normal 

fibroblasts treated for 72 h with increasing doses of NPCPT (0 to 10 µg.mL-1) 

and submitted to MTT assay as described in Experimental Section. Values 

are mean ± SD of 3 experiments and are expressed as % of control cells 

treated with vehicle alone. (B) Fluorescence quantification by FACSCalibur of 

non tumorigenic (BMEL) and tumorigenic (BMEL-Ras) hepatic progenitors 

incubated 20 h with NPPI (40 µg.mL-1). Results reproduced in 4 independent 

experiments with 3 independent sets of cell lines. 

 

Based on these encouraging results, the therapeutic efficiency of 

these NPs was investigated on human primary cells from clinical 

specimens of colorectal cancers, obtained in accordance with the 

code of ethics of the world medical association. For this, the 

biopsies collected were treated in order to dissociate cells and allow 

their growth in vitro. Even if tumor biopsies contain not only cancer 

cells but also a part of normal cells, we can suppose that cancer 

cells represent a majority of adherent cells to plastic. Indeed, some 

control experiments using colorectal normal tissues were 

attempted but normal cells could not be successfully cultured (data 

not shown). The internalization of NPs in primary cells was analyzed 

by confocal microscopy on living cells and we observed a huge 

internalization of NPPI which were co-localized with lysosomes 

(Figure 5A). 

Then, the cytotoxic effect of NPCPT was studied on primary culture 

cells. During their growing, these cells form colonies.[17,18] We 

measured the number and the size of colonies treated with NPCPT 

during 8 days. The size of colonies treated with 5 or 10 µg.mL-1 

decreased to 50% and 80%, respectively. In contrast, in control 

cultures, colonies treated with the vehicle alone showed a linear 
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increase of about 40% (Figure 5B). This strong effect on the colonies 

size is confirmed by the decrease in colony number by NPCPT 

treatment. Indeed, while control culture presented an increase in 

colony number of 19%, treated cultures with 5 or 10 µg.mL-1 

exhibited a decrease of 62% and 85%, respectively after 8 days of 

treatment (Figure 5C). The dose dependent effect of NPCPT on 

primary cultures established from colorectal tumor samples, is 

illustrated in Figure 5D which also demonstrates the significant 

decrease of the colonies.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (A) Confocal imaging on living primary human colon cancer cells 

incubated 20 h with NPPI at 40 µg.mL-1 (scale bar 15 µm). (B) Ex-vivo human 

colon cancer colonies size treated or not with NPCPT (5 or 10 µg.mL-1) 

following 8 days. (C) Colonies number treated or not with NPCPT (5 or 10 µg 

mL-1) (black bars before treatment, white bars 8 days after treatment. (D) 

Phase contrast imaging (scale bar 100 µm). Control displays a uniform and 

growing cell monolayer whereas colonies treated with NPCPT disappear along 

time. * p<0.01 and ** p<0.001 for treatment with NPCPT compared to control 

using Student's t test. 
 

In this study, we described the synthesis of a new type of silica-

based nanocarriers with a commercially available and cheap 

stopper (CA) and demonstrated the effectiveness of these 

camptothecin-containing NPs, on colorectal cancer cells killing. 

Interestingly, the in vitro experiments on HCT-116 cell line were in 

agreement with ex vivo experiments performed on primary cultures 

from patient tumor samples. We showed the strong internalization 

of these nanocarriers into cancer cells and the pH-stimulation of the 

nanomachines allowing their cargo release. In parallel, we observed 

a lower efficiency on normal fibroblasts. These nanotools may offer 

interesting opportunities in the reduction of side effects of 

chemotherapy by improving first, the tumor accumulation through 

Enhanced Penetration and Retention effect (EPR)[19] and secondly, 

the more efficient internalization in cancer cells than in normal 

ones.  

Our on-going prospects are mainly to design new molecules that 

can be used as cytotoxic agent as well as stopper, and to exploit the 

properties of nanoparticles surface. Indeed, residual silanol 

functions present at the surface of the nanoparticles could be 

grafted with ligands for a better targeting of colorectal cancer cells. 

In conclusion, these results are very promising for the development 

of new targeted and confined chemotherapy and give the 

possibility to load different anticancer drugs in the same nano-

carrier for a multi-therapy of colorectal cancer. 
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