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Gating of mesoporous silica nano particles (MSNs) with the stimuli responsive poly(-amino ester) 

has been achieved. This hybrid nanocarrier releases doxorubicin (DOX) under acidic conditions or in 

the presence of porcine liver esterase. The DOX loaded poly(-amino ester)-capped MSNs lower the 

cell viability when tested on MDA-MB-231 human breast cancer cells.   

 

 

Serious side-effects that arise because of the nonspecific cell / tissue bio-distribution
1
 of 

cytotoxic anticancer therapeutic agents constitute one of the fundamental drawbacks of 

conventional chemotherapy. Consequently, drug encapsulation has emerged as a promising 

strategy to reduce the side-effects of these agents by instituting, controlled release of the drug on 

demand.
2
 Surface-functionalised, end-capped mesoporous silica nanoparticles (MSNs) have 

received
3
 much attention during the past decade because of their potential applications in the 

stimuli-responsive, controlled release of drugs and genes. Proof of concept experiments 

involving a wide variety of responsive stimuli have been explored.
3,4

 Cancer cells are extremely 

biodiverse, however, and have very different intracellular biochemical environments based on 

protein expression.
5
 Hence, it is important to design materials that can respond to many of the 

biochemical abnormalities of cancer cells, while maintaining high tolerability toward the 

organism as a whole. For these reasons, we set out to investigate multifunctional systems with 

distinct similarities in design to clinically approved protocols.  

Although a large number of capping agents such as small molecules, supramolecular nanovalves, 

and polymers have been reported
3,4 

 to act as stimuli responsive nanogates on MSN drug delivery 

vehicles, the capping of MSNs with polymers (i) has potential to address biomedical 

applications, (ii) has seen an ever increasing literature
6
 interest and (iii) has many still yet 

unexplored areas of research. Moreover, a large number of materials currently used for clinical 
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research are themselves biocompatible polymers.
7
 Therefore, by hybridising these two – 

polymers and MSNs – we stand to gain the benefits of each component. Poly(ethylene glycol) 

(PEG),
6b,d,g,h,j

 poly(methacrylic acid) (PMAA),
6c

 N-isopropylacrylamide (NIPAM),
6c-e   

 

poly(glycidyl methacrylates) (PGMAs)
6k-n

 and poly(acrylic acid) (PAA)
6a

 have been used as 

pH,
6a,c,e,g,k,m,n

 temperature,
6c,d,g

 UV-Vis
6f,h,l

 and near IR
6i 

stimuli-triggered polymer-end-caps for 

the controlled release of drugs from the pores of MSNs.
5 

It shows that activation of currently 

available hybrid MSN-polymer systems to release drugs requires an external physical stimuli 

with the proviso that they do not respond to the biochemical machinery within the cells with the 

exception of pH- triggered
6a,c,e,g,k,m,n

 drug release.  

Poly(-amino esters)
8
 constitute a class of polymers which, to our knowledge, have never been 

used as caps for MSNs. They captured our attention, because of their biocompatibility, together 

with the fact that (i) they can be prepared from relatively inexpensive starting materials, (ii) there 

exists a feasible protocol for their synthesis and purification. The ease with which synthetic 

modifications can be carried out on them so that they can acquire a range of different physical 

and chemical properties
8 

also renders them attractive. In cancer therapy, acidic response has been 

explored widely as a stimulus in order to detach the end-caps of MSN drug delivery vehicles
9
 

based on the pH difference between normal tissue and the bloodstream (pH 7.4), and the 

extracellular environment surrounding cancerous cell tissue (pH 6.0–7.0). In cancer cells, the pH 

drops
10

 even moreso inside the endosomal (pH 5.5–6.0) and the lysosomal (pH 4.5–5.0) 

compartments. Also, it is generally accepted that the cytosol in the cancer cells contains esterase 

concentrations that are two to three orders of magnitude higher than those in the extracellular 

fluid.
11

 Add into the equation the fact that boronic acids are a class of compounds which undergo 

facile boronate ester formation with cis-diols and the fact that the resulting cyclic esters are 
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highly sensitive to the pH of the medium
12 

 and we have a good combination of design criteria 

for end-capping MSN drug delivery vehicles.  

Consequently, we decided to marry the advantages of the pH sensitivity of the boronate esters 

with the ease of modifying poly(-amino esters) synthetically to gather together the beneficial 

properties from both sides. Herein, we report on the development of a esterase- and pH- 

responsive poly(-amino ester)-capped MSN (POL-MSN) integrated system as a controlled drug 

delivery vehicle. Modification of the main chain of the polymer with ester functions facilitates 

the cleavage of the polymer by esterases. Furthermore, incorporation of catechol as a side chain 

along the polymer backbone, while covering the MSNs with phenyl boronic acid, assists (Fig. 1) 

the capping of MSNs by boronate ester bond formation and hence traps the cargos inside the 

mesopores of MSNs. In this manner, polymer-capped MSNs reap the benefits of the chemical 

abnormalities in cancer cells – namely, low pH and high esterase concentrations – to bring about 

the detachment synergistically of the polymer caps and the release of the cargos from these 

‘smart’ nanomaterials into the cellular environment of diseased cells. We believe that this 

approach has considerable advantages to offer in cancer therapy over the singly stimuli-

responsive systems. 

 In order to evaluate the release of cargo from this dual-activation system, we employed two 

different cargos – namely, the fluorescent dye, propidium iodide (PI) and the anticancer drug, 

doxorubicin (DOX). Preliminary pH- and esterase-triggered solution studies were carried out 

exclusively with PI as the loaded cargo so as to determine the patterns associated with its 

controlled release. We have also shown that these cargo-loaded polymer-capped nanomaterials 

can be taken up by MDA-MB-231 human breast cancer cells prior to the release of the cargo 
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from the uncapped MSN. In these experiments, we have demonstrated the potential of POL-

DOX-MSNs as efficient and effective nanocarriers to deliver drugs to MBA-MD-231 breast 

cancer cells.  

The catechol derivative of poly(-amino ester) was prepared (Fig. 2) using a Michael addition. 

Reaction of triethylene glycol diacrylate with dopamine hydrochloride in the presence of NEt3 

yielded POL. Gel permeation chromatography (GPC) and 
1
H NMR spectroscopy were used to 

characterise the POL. See Section 2.2 of the ESI.  

The synthesis of MCM-41 nanoparticles, followed by surface modification was carried out 

according to modified literature procedures.
13

 MCM-41-type MSNs, with average particle size 

diameters of ca. 100 nm and pore diameters of ca. 2 nm, were prepared by traditional base-

catalysed, sol-gel protocols in the presence of cetyl trimethyl ammonium bromide (CTAB) as the 

nanoporous template. The CTAB template was removed from the particles by multiple 

extractions with acidic MeOH. 3-Aminopropyltriethoxysilane was condensed on the surfaces of 

MSNs in order to introduce amino functional groups, affording AP-MSNs. Boronic acids were 

assembled on to the surface of the nanoparticles to give PBA-MSNs by carrying out a 

condensation between 4-carboxy-3-fluorophenylboronic acid and the AP-MSNs. The 

constitutions and the surface properties of all these nanomaterials were characterised at each 

stage in their preparation by calling upon a wide array of analytical techniques, including  (i) 

powder X-ray diffraction (PXRD), (ii) N2 adsorption and desorption isotherms, (iii) transmission 

electron microscopy (TEM), (iv) scanning electron microscopy (SEM), (v)  potential 

measurements, (vi) X-ray  photoelectron spectroscopy (XPS),  (vii) Fourier transform infrared 
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(FT-IR) spectroscopy and (viii) time-of-flight secondary ion mass spectrometry (ToF-SIMS). 

See Section 4 of the ESI.  

Once the PBA-MSNs had been prepared and fully characterised, drug-loading, followed by 

capping, was carried out (Fig. 1) in solution in order to construct the hybrid drug nanocarriers. 

The mesopores of PBA-MSNs were loaded with PI (4 mg / 1 mL) or DOX (1 mg / 1 mL) in pH 

7.4 phosphate-buffered saline (PBS) (1 mL / 10 mg of PBA-MSN). Since DOX has a greater 

fluorescence quantum yield than PI, relatively lower concentrations of DOX and higher 

concentrations of PI were employed in the drug-loading step. After 24 h of cargo loading at room 

temperature, an aqueous solution of the polymer (PBA-MSN : POL = 1 : 2, w/w) in trace 

amounts of Me2SO was added to the mixture. Reversible covalent bond formation at pH 7.4 

between the phenyl boronic acid residues anchored onto the PBA-MSN and the catechol-

containing side chains of the POL encapsulate the cargo molecules inside the mesopores of the 

MSNs as a result of the formation of a string of cyclic boronate esters. When the nanoparticles 

were loaded with PI, this protocol yielded poly(-amino ester) capped, PI-loaded mesoporous 

silica nanoparticles (POL-PI-MSNs).  Alternatively, when the nanoparticles were loaded with 

DOX, poly(-amino ester)-capped, doxorubicin-loaded mesoporous silica nanoparticles (POL-

DOX-MSNs) were isolated.  

The pH- or esterase-triggered cargo release was monitored (Fig. S10†) using fluorescence 

emission spectroscopy. The POL-PI-MSNs or POL-DOX-MSNs were placed in the corner of a 

quartz cuvette and it was filled up with the PBS buffer (pH 7.4). The resulting mixture was 

stirred slowly so as to accelerate the dispersion of the released cargo without disturbing the 

nanoparticles. After applying the stimulus/stimuli, dissociation of the caps followed by 
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unloading of the cargo, was monitored by exciting the dissolved cargo molecules – either PI 

(λexcitation = 500 nm) or DOX  (λexcitation = 480 nm) – in the solution. The fluorescence emission 

spectra were recorded every 10 min for the first 2 hours and then every 30 min thereafter. 

Release % of DOX and PI were calculated using fluorescence calibration plots of DOX and PI 

along with the fluorescence emission spectra. Plots of time versus release % constitute the 

release profiles (Fig. 3) for the cargos.  

The pH-triggered cargo release profiles were monitored after adjusting the pH of the solution to 

the desired value with a dilute HCl solution. The release profile of PI at pH 7.4 revealed (Fig. 3a) 

insignificant premature release of cargo during the course of experiment, indicating that the 

phenyl boronate esters are stable at physiological pH. Cargo release as the solution is acidified 

demonstrates that the boronate esters are no longer stable and the outcome of their cleavage is 

the uncapping of the polymer from the MSNs. Free of steric inhibition at the mesopore openings, 

the loaded cargo is able to diffuse out of the MSNs. The release profile of PI at pH 4.0 shows by 

far the highest release kinetics which decrease gradually at pH 5.0 and 6.0. This observation can 

be attributed to the cleavage of a large percentage of boronate ester bonds, followed by 

uncapping and the physical release of the cargo from the mesopores of the MSNs. Interestingly, 

under all the acidic pH conditions investigated, release profiles of PI reach a plateau inside 2 

hours, indicating the release of cargo has reached equilibrium. This 2-hour window is highly 

beneficial for drug delivery since the ‘smart’ nanomaterials unload all the cargo before the 

nanoparticles are exocytosed and provide a larger cargo burst that can help to increase the 

particle efficacy of drug-loaded nanoparticles. 

The esterase responsive release of cargo from the hybrid nanomaterials was carried out using a 

typical delivery experiment, similar to that described already for pH-triggered cargo release. 
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Instead of HCl, esterase was employed as the trigger which was introduced as a solution of 

esterase that was prepared by dissolving the enzyme (1.0 mg) in pH 7.4 PBS buffer (0.5 mL). 

The esterase-responsive release profiles (Fig. 3b) of POL-PI-MSN demonstrate that this 

biological catalyst, cleaves the POL and releases the PI, indicating ester groups in the backbone 

of the polymer that have been hydrolysed enzymatically. Additionally, the cargo release profile 

reaches a plateau within 2 hours, showing that esterase-triggered cargo release is competitive 

with the pH-triggered release.  

With rapid expulsion of PI from capped and loaded MSNs in the presence of pH- and esterase-

triggers established, we turned our attention to evaluating the behavior of  DOX in POL-DOX-

MSN nanocarriers, before carrying out cell viability studies. The pH- and esterase-triggered 

release profiles (Fig. 3c and 3d, respectively) of DOX confirm that the POL-DOX-MSN drug 

delivery vehicles follow the same of polymer-uncapping and the cargo release as true POL-PI-

MSNs.  

When the pH-triggered release profile at pH 4.0 reaches (Fig. 3a and 3c) the release equilibrium, 

approximately 0.12 mol of PI and 0.02 mol of DOX are released from 3.5 mg of POL-PI-

MSNs and 1.0 mg of POL-DOX-MSNs, respectively. The amount of released PI corresponds to 

a 2.6 % release capacity while it is 2.4 % for DOX. These release capacities correspond to the 

release efficiencies of 83 % and 85% for PI and DOX, respectively. When the esterase-triggered 

release profile reaches (Fig. 3b and 3d) a plateau, approximately 0.10 mol of PI and 0.015 mol 

of DOX are released from the corresponding drug-loaded nanomaterials which equate with the 

2.4 and 2.2 % release capacities of PI and DOX, respectively. These release capacities 

correspond to the release efficiencies of 71 % for PI and 77 % for DOX. In order to determine 
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the dose for in vitro cell studies, these release capacities were taken in to the account. See 

Section 7 of the ESI for further information, particularly Tables S2 and S3.  

With the chemical characterisation and release mechanism of the cargo delivery vehicles in 

solution well understood, POL-PI-MSNs were subjected to cellular internalisation experiments 

in order to track the localisation of the MSNs in MDA-MB-231 human breast cancer cells as a 

prelude to using POL-DOX-MSNs to evaluate its possible therapeutic applications. The cellular 

uptake of POL-PI-MSNs and POL-PI-FITC-MSNs was investigated using fluorescence 

microscopy. Photomicrographs of MDA-MB-231 breast cancer cells show (Fig.  S11†) that the 

nanomaterials are taken up by the cells since the released PI stains the nucleus and exhibits the 

red emission of PI on excitation at 500 nm.  

Cell viability tests were performed (Fig. 4) on MDA-MB-231 breast cancer cells in order to 

evaluate the cytotoxicity of the vehicle (pH 7.4 PBS buffer), PBA-MSNs, POL-MSNs and DOX 

itself as control experiments against the POL-DOX-MSNs. The detailed procedure for the crystal 

violet cell-survival assay is presented in the Section 9 of ESI.
14

 Briefly, after treating MDA-MB-

231 breast cancer cells with the nanomaterials for 96 hours, the cells were washed with pH 7.4 

PBS buffer and the surviving cells were stained with crystal violet. The vehicle and PBA-MSNs 

resulted in insignificant cytotoxicity against MDA-MB-231 breast cancer cells, while the POL-

MSNs resulted in modest cytotoxicity under these conditions (Fig. 4a–c). In order to provide the 

same dose of DOX, the breast cancer cells were treated with either 2 g/ml of free DOX as the 

control or 64 g/ml of POL-DOX-MSNs, which release 2 g/ml DOX at pH 5.5. Optical 

microscopy images of DOX and POL-DOX-MSNs treated cells reveal (Fig. 4d and 4e) that the 

POL-DOX-MSNs have a similar cytotoxicity as the same dose of free DOX. This finding can 
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likely be attributed to the cleavage of the polymer cap and the release of DOX from the 

mesopores of the MSNs as a consequence of the synergistic effect of acidic pH and the high 

concentration of esterase present in the cancer cells. The cell confluence plot (Fig. 4f) 

summarizes the cell viability data and confirms that POL-DOX-MSNs induce cell death of 

MDA-MB-231 breast cancer cells.  

In summary, we have designed and synthesised a poly(-amino ester) cap for MSNs and 

demonstrated that the POL-capped MSNs can serve as ‘smart’ nanomaterials for esterase- and 

pH-triggered controlled release of anticancer drugs and exert robust cytotoxic effects against 

MDA-MB-231 human breast cancer cells. With the objective of adapting this smart nanocarrier 

for in vitro and in vivo drug delivery, we envision this system responding to a wider spectrum of 

cell physiologies observed within cancer biodiversity.     
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Captions to Figures 

 

Fig. 1.  Schematic representation of (i) cargo loading, (ii) polymer capping and (iii) pH- and 

esterase-triggered cargo release from mesoporous silica nanoparticles (MSNs) 

 

 

Fig. 2. Schematics of synthesis of poly(-amino ester) from triethylene glycol diacrylate and 

dopamine using the Michael addition  

 

 

Fig. 3. a) pH and b) enzyme-responsive PI release, and c) pH and d) enzyme-responsive DOX 

release from POL-MSN pores 

 

 

Fig. 4. Representative optical microscopy images of the crystal violet cell survival assay of 

MDA-MB-231 breast cancer cells treated with a) the vehicle (PBS pH 7.4), b) POL-MSNs, c) 

PBA-MSNs, d) DOX or e) DOX-POL-MSNs for 96 hours, and f) the effects of these agents on 

% cell confluence. **P <0.01, ***P < 0.001 versus vehicle control. 
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