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Abstract: Synthesis, characterization and controlled release 

behavior of a new hybrid material based on silica mesoporous 

nanoparticles caped with a self-immolative gate is reported. 

There is a significant interest in the development of 

methodologies of controlled release for a diverse range of 

applications.[1] For this reason, a large diversity of drug 

nanocarriers having different size, structure and surface 

properties, such as liposomes and polymeric or inorganic 

nanoparticles, have been developed over the last decades.[2] 

Among these, mesoporous silica nanoparticles (MSNs) have 

attracted great attention in recent years due to their unique 

features such as stability, biocompatibility, large load capacity 

and the possibility of easy functionalizing their surface to obtain 

targeting and drug release systems.[3] In this scenario, an 

appealing concept when using MSNs is the possibility to 

functionalize the external surface with gated ensembles. The 

development of gated systems able to retain the payload yet 

releasing it upon the presence of a predefined stimulus has 

been proved to be an excellent approach to develop advanced 

nanodevices for controlled delivery applications.[4] In fact, 

through decoration of the mesoporous material with a wide 

collection of organic and biological entities or inorganic capping 

agents, researchers have prepared recently gated MSNs that 

can be triggered by target chemical (such as selected anions, 

cations neutral molecules, redox-active molecules, pH changes 

and biomolecules), physical (such as light, temperature, 

magnetic fields or ultrasounds) and biochemical (such as 

enzymes, antibodies, or DNA) stimuli.[5] 

From a different point of view, self-immolative molecules are 

covalent aggregates that, upon application of an external trigger, 

initiate a disassembly reaction, through a cascade of electronic 

elimination processes, leading ultimately to the release of its 

building blocks.[6] This chemical phenomenon is usually driven 

by a cooperative increase in entropy coupled with the 

irreversible formation of thermodynamically stable products. 

These molecules have been extensively used in several 

applications including the design of prodrugs,[7] sensors[8] and 

drug delivery systems.[9] Self-immolative processes can 

commonly be found for polysubstituted, electron-rich aromatic 

species containing an electron-donating substituent in 

conjugation (ortho or para) with a suitable leaving group located 

in a benzylic position.[10] In classical self-immolative linkers a 

single activation event leads to the release of a single group. 

This release can be described as non-amplified. In contrast the 

evolution of this technology has resulted in recent years in the 

design of self-immolative systems in which a single activation 

event leads to the delivery of multiple groups. This has been 

described as amplified release.[11] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. (a) Schematic representation of the prepared gated nanoparticles 

S1, (b) synthesis of self-immolative molecular gate 1 and the cascade 

electronic elimination reaction triggered by pH. 

Taking into account our interest in the preparation of capped 

mesoporous materials for applications in controlled release[12] 

and sensing/recognition[13] protocols we describe herein the 

possibility of combining MSNs and self-immolative derivatives in 

order to develop new gated MSNs supports. In this context, and 

as far as we are aware, the use of self-immolative molecules as 

caps in conjunction with mesoporous supports for the 

preparation of gated nanodevices has never been described. 

The design of our system is shown in Scheme 1. MCM-41 

mesoporous silica nanoparticles of ca. 100 nm of diameter were 

selected as inorganic scaffold and were loaded with the dye 

sulforhodamine B. As cap we selected the simple molecule 1 in 

order to demonstrate that it is possible to use self-immolative 

linkers to prepare gated MSNs. 1 is a carbamate derivative that 

can suffer a 1,6 elimination reaction via a quinone-methide 

cascade under basic conditions (see Scheme 1). 
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The self-immolative molecule 1 was prepared by simple reaction 

of (3-isocyanatopropyl)triethoxysilane (2) with 4-

hydroxymethylphenol (3) (see Scheme 1). On the other hand, 

MSNs were prepared following well-known procedures using 

tetraethyl orthosilicate (TEOS), as suitable hydrolysable 

inorganic precursor, and hexadecyltrimethylammonium bromide 

(CTAB) as a structure-directing agent.[14] The preparation of the 

final S1 material was carried out using a two-step procedure. In 

a first step, the pores of the calcined mesoporous scaffold were 

loaded with sulforhodamine B by simply stirring a suspension of 

the nanoparticles in a concentrated acetonitrile solution of the 

dye. In the second step, self-immolative molecule 1 was added 

to the suspension. Using this protocol 1 was expected to be 

preferentially attached onto the external surface of the 

nanoparticles due to the presence of the sulforhodamine B dye 

inside the pores. After the grafting step, the nanoparticles were 

filtered, washed with acetonitrile and dried at 70oC for 12 h. This 

procedure yielded the final S1 material as a red-pink solid. 

The starting mesoporous silica scaffold and the final 

nanoparticles S1 were characterized following standard 

procedures (see Supporting Information for details). Powder X-

ray diffraction (PXRD) and transmission electron microscopy 

(TEM), carried out on the starting nanoparticles showed the 

presence of a mesoporous structure (see Figures 1 and 2). 

Figure 1 shows the PXRD pattern of the as-made mesoporous 

nanoparticles (curve a), the calcined solid (curve b) and the final 

material S1 (curve c). As it could be seen, the (100) reflection 

was present in the three patterns indicating the preservation of 

the mesoporous scaffolds The presence of the mesoporous 

structure on the final functionalized solid S1 was also confirmed 

by TEM. Figure 2 shows the pseudo-spherical morphology of the 

obtained materials and the typical channels of the MCM-41 

matrix visualized as a pseudohexagonal array of pore voids or 

as alternate black and white strips. The prepared final MSNs S1 

have a diameter of 94 ± 5 nm (Figure 2). 

N2 adsorption-desorption isotherms studies of the starting 

calcined nanoparticles and of the final material S1 were also 

performed (see Supporting Information). The curve of calcined 

nanoparticles showed an absorption step at P/P0 values 

between 0.1 and 0.3 (type IV isotherm) which is typical of 

mesoporous solids. This first step is attributed to N2 

condensation inside the mesopores. Application of the BJH 

model on the adsorption curve of the isotherm, pore diameter 

and pore volume were calculated (see Table 1). The absence of 

a hysteresis loop within this range and the low BJH distribution 

suggest a cylindrical uniformity of the mesopores. Applying the 

BET model, a total specific surface area of 895 m2 g-1 was 

calculated. A second characteristic of the isotherm of the starting 

calcined nanoparticles is the characteristic H1 hysteresis loop 

that appeared at P/P0 > 0.8 and corresponding to the filling of 

the large pores between nanoparticles attributed to textural 

porosity. For the final capped nanoparticles S1, the N2 

adsorption-desorption isotherm (see Supporting Information) is 

typical of mesoporous systems with partially filled mesopores. 

As expected, smaller pore volume and specific surface area 

were found for S1 (see Table 1), when compared with the 

starting MSNs. Finally, elemental and thermogravimetric 

analyses were used to determine the organic content in the final 

gated nanoparticles S1. The content of 1 and sulforhodamine B 

amounted to 0.107 and 0.39 mmol g-1 SiO2, respectively.  

 

 

 

 

 

               

 

 

  Figure 1. Powder X-ray patterns of the solids: (a) MCM-41 as synthesized, 

(b) calcined MCM-41, (c) S1 nanoparticles.  

 

 

 

 

 

 

 

Figure 2. TEM images of (a) calcined MCM-41, (b) S1 nanoparticles. For all 

the materials, thetypical porosity of the mesoporous matrix is observed.  
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Table 1. BET specific surface values, pore volumes and pore sizes 

calculated from the N2 adsorption-desorption isotherms for calcined MSNs 

and S1. 

Solid SBET 

(m
2
 g

-1
) 

Pore volume 

(cm
3
 g

-1
)
[a]

 

Pore size  

(nm)
[b]

 

calcined MSNs    895            0.73       2.47 

S1    265            0.35       2.45 

[a] Pore volumes and pore sizes were associated with only intraparticle 

mesopores. [b] Pore sizes estimated by the BJH model applied to the 

absorption branch of the isotherm. 

S1 nanoparticles contain phenolic carbamate groups as self-

immolative caps. Taking into account the content of 1 (0.107 

mmol g-1 SiO2) in S1 solid and according to a typical external 

surface for the MCM-41 nanoparticles of ca. 70 m2 g-1, the 

average surface coverage on the final capped material 

amounts to ca. 0.92 molecules nm-2. This surface coverage 

resulted in an average distance between 1 molecules of about 

10.4 Ǻ. Additionally, bearing in mind the nanoparticle diameter 

(ca. 100 nm) and its average surface coverage (in molecules 

nm-2) each nanoparticle was functionalized with ca. 29000 

molecules of 1. The high surface coverage value indicated the 

formation of a dense hydrogen-bonded monolayer of 

compound 1 around pore outlets that inhibited sulforhodamine 

B release. However, deprotonation of the phenolic hydroxyl 

group is expected to result in cargo delivery. In fact taking into 

account the designed opening protocol (vide ante), it was 

anticipated that at pH bellow the pka of the phenolic subunit in 

1 (pKa ca. 9-10) the nanoparticles S1 would remain closed. 

However, at basic pH the deprotonation of the hydroxyl would 

result in a cascade disassembly reaction and cargo delivery. 

In order to test this designed aperture mechanism kinetic cargo 

release profiles for solid S1 at different pH values were 

obtained. In a typical experiment 1.0 mg of the solid S1 was 

suspended in water at pH 4.0, 5.0, 7.5 or 8.0. Mixtures were 

stirred at room temperature and aliquots were taken at 

scheduled times. The solid was then removed by centrifugation 

and the dye delivered to the solution was monitored by 

measuring the emission of sulforhodamine B in the solution at λ 

= 560 nm (λex = 550 nm), provided that both absorption and 

emission spectra of sulforhodamine B are independent on pH. 
[14] The results of cargo delivery as a function of the pH are 

shown in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Release kinetic profiles of sulforhodamine B (emission at 560 nm 

upon excitation at 525 nm) from S1 nanoparticles at different pH values 

(100% of release represent the total amount of dye delivered from solid S1 

after 150 min). 

As seen, at pH 4.0, despite the use of a rather small molecule 

such as 1 anchored in the pore outlets, delivery of 

sulforhodamine B from the pores of S1 nanoparticles was 

highly inhibited and a near “zero release” was observed. Nearly 

the same behavior was found when the pH was raised to 5.0 

where the % of dye released was less than ca 10% after 5h. At 

pH 7.5 still a relatively low dye delivery was found (ca. 30% 

after 5h), whereas sulforhodamine B release was highly 

enhanced at pH 8.0 reaching the maximum cargo delivery at 

ca. 120 minutes. As expected (vide ante) the observed cargo 

release at basic pH was ascribed to a deprotonation of the 

hydroxyl moiety of 1. The generated phenolate anion initiated a 

self-immolative process that induced the rupture of the gate 

with and the subsequent dye release (see Scheme 1). Delivery 

experiments at more basic pH were not carried out because of 

possible degradation of the inorganic mesoporous matrix. 

The autonomous disassembly of the self-immolative cap upon 

deprotonation of the phenolic hydroxyl moiety was assessed by 

means of 1H NMR spectra and by HRMS. For this purpose, a 

suspension of S1 in water at pH 8.0 was stirred at room 

temperature for 3 hours. The nanoparticles were removed by 

centrifugation. The resulting solution rotavapored and the 

obtained crude dissolved in deuterated acetonitrile. The 1H-

NMR spectrum of the crude clearly showed the presence of 

signals corresponding to 4-hydoxymethylphenol which was 

generated by reaction of the elimination product p-quinone 

methide with water (see Scheme 1). In contrast, signals of 4-

hydoxymethylphenol were not observed if S1 was suspended 

in water at acidic pH. The presence of the 4-

hydoxymethylphenol derivative unequivocally confirms the 

occurrence of a disassembly reaction of the self-immolative 

gate at basic pH in S1. 

As stated above in classical self-immolative chemistry a single 

activation event usually leads to the release of a single group 

whereas the design of self-immolative systems for the delivery 

of multiple groups is usually difficult and requires the 

preparation of rather complex challenging molecules from a 

synthesis point of view.[15] In this scenario, the anchoring as 

cap of a simple molecule such as 1 in MSNs allows to design 

systems in which a single activation in 1 induced the release of 

a large number of cargo molecules (in our case a dye). In fact, 

one reported advantage of gated materials is the existence of 

amplification features. For instance, it has been described that 

the “activation” of relatively few capping molecules usually 

results in the release of a relatively large quantity of entrapped 

cargo guests.[16] The approach of using self-immolative 

molecules as gates offers great potential for the preparation of 

new delivery systems with enhanced features compared with 

classical self-immolative systems for delivery applications. In 

particular, it is possible to select, with minimum effort, different 0 20 40 60 80 100 120 140
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porous supports, a large range of self-immolative gate-like 

systems and a number of molecules to be delivered which do 

not need to be anchored to the self-immolative linker. In fact, 

this approach is conceptually different to classic self-immolative 

showing molecular amplification because our proposed 

protocol disconnects the triggering step from the release event 

therefore making delivery independent of the interaction 

between the activation event and the self-immolative linker. 

In summary, we reported herein the synthesis, characterization 

and pH-triggered controlled release behavior of a new hybrid 

material based on silica mesoporous nanoparticles loaded with 

sulforhodamine B and caped with a self-immolative cap. At 

acidic and neutral pH the gate remained closed and negligible 

or poor dye release was observed. However, at slightly basic 

pH a marked cargo delivery was observed. Dye release was 

ascribed to a deprotonation of the phenol moiety in the capping 

molecule that resulted in the subsequent disassembly of the 

self immolative cap. As far as we known, this is the first 

example in which a self-immolative molecule is used as cap for 

the development of mesoporous silica-based gated materials. 

Self-immolative linkers have gained popularity in recent years 

due to the formation of stable bonds which become labile upon 

activation. We believe that the combination of self-immolative 

linkers with mesoporous materials could result in the easy 

preparation of a new generation of self-immolative systems. 

Moreover, the possibility to design capped self-immolative 

supports able to be opened by using pH, specific enzymes, 

small molecules, etc. makes this approach highly attractive for 

the preparation of new gated self-immolative systems for 

different applications. 
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