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Silica nanoparticle remodeling under mild conditions: versatile 
one step conversion of mesoporous to hollow nanoparticles with 
simultaneous payload loading†  

Cassandra C. Shaffer a, Canjia Zhai a, Jordan L. Chasteen a, Tatyana Orlova b, Maksym Zhukovskyi b, 
and Bradley D. Smith* 

A binary mixture of mesoporous silica nanoparticles plus organic 

polyammonium additive (dye or drug) is cleanly converted upon 

mild heating into hollow nanoparticles. The remodeled 

nanoparticle shell is an organized nanoscale assembly of globular 

additive/silica subunits and cancer cell assays show that a loaded 

drug additive is bioavailable. 

 Silica nanoparticles (SNPs) have been actively studied for 

several decades as agents for catalysis, sequestration, delivery, 

and imaging.1 2 3 4 SNPs possess several attractive features such 

as controllable size and morphology, flexible surface 

modification, and biocompatibility.5 As illustrated in Scheme 1, 

solid SNPs have a dense and uniform core, hollow SNPs have a 

shell and empty core, and mesoporous SNPs typically have 

narrow pores running throughout the structure. Hollow and 

mesoporous SNPs are usually prepared by conceptually related 

multistep templated synthesis processes that condense the 

silica matrix around an organic template (e.g., polymeric 

spheres in the case of hollow SNPs, or surfactant tubes in the 

case of mesoporous SNPs) and subsequently remove the 

organic templates by calcination (heating to high temperature 

such as 450-600 °C).6 There are also related fabrication methods 

using soft and hard templates to make other types of SNP 

morphologies such as hollow mesoporous SNPs.7 8 9 

 Very strong silicon-oxygen bonds enable the silica 

framework to withstand the high temperatures used for 

calcination, and thermal interconversion of SNP morphology 

has an intrinsically high energy barrier (Scheme 1). The effect of 

water and metal cations on the pore-collapse temperature of 

mesoporous SNPs has been studied extensively, and 

hydrothermal stability is usually above 500 °C.10 Nonetheless, 

there are reports that mesoporous SNPs degrade when 

dispersed in biological fluids at 37 °C.11 12 13 The degradation 

mechanisms have not been investigated extensively; however, 

there is evidence that cationic ammonium groups promote 

silica hydrolysis reactions.12 13 The SNP erosion process is 

usually initiated at a localized site on the particle surface and 

shown in Scheme 2 is a likely chemical mechanism involving 

electrostatic adsorption of cationic ammoniums to the anionic 

SNP surface followed by enhanced silica hydrolysis and release 

of free orthosilicic acid.14 15 16 The SNP literature includes a 

couple of independent findings that added polyamines can 

impact silica reaction kinetics,15 16 but there has been little work 

to exploit this altered surface chemistry for controlled 

remodeling of SNP morphology.17 18 
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Scheme 1: Simplified diagram of different silica nanoparticle 

(SNP) morphologies showing views of the particle surface and 

cross sections. 
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A corollary of the putative mechanism in Scheme 2 is that   

molecular additives with multiple ammonium cations can 

produce localized “enzyme-like” electrostatic effects that 

enhance silica hydrolysis, promote formation of ion pairs, and 

alter the nanoparticle morphology.16 19 20 Consistent with this 

idea, we have discovered that organic compound containing 

two or more ammonium groups can be employed as additives 

to promote extensive remodeling of mesoporous SNPs under  

mild conditions. Specifically, we have developed a one step 

process that converts commercially available mesoporous SNPs 

into hollow structures (Scheme 3). The bis-ammonium 

compounds, p-xylylenediamine and mitoxantrone, are 

exemplary chemical additives and they were used to remodel 

commercial mesoporous nanoparticles (100 nm particle 

diameter, 3.74 nm pore diameter). A typical procedure mixed a 

solution of bis-ammonium compound (0.4 mg in 50 µL DMSO)‡ 

with a dispersion of mesoporous nanoparticles (1 mg in 3 mL 

phosphate buffered saline, PBS, pH 7.4) in a 50 mL centrifuge 

tube. The sample was heated overnight at 75-80 °C with 

exposure to air, then allowed to stir for an additional day at 

room temperature. The dispersion was centrifuged, the solvent 

removed, and the pellet containing the nanoparticles was 

cleaned with three cycles of 

washing/centrifugation/redispersion using distilled water (5 

mL) before being brought to a final SNP concentration of 1 

mg/mL in H2O.  

 TEM (Transmission Electron Microscopy) and SEM (Scanning 

Electron Microscopy) methods were employed extensively in 

this project and the images of untreated commercial 

mesoporous SNPs in Figure 1a and Figures S1-S2 confirm the 

uniform size (100 nm diameter) and internal network of 3.74 

nm pores. Simply heating these mesoporous nanoparticles at 

75-80 °C without any chemical additive causes partial 

degradation of the nanoparticle structure but does not form 

hollow SNPs (see representative TEM images in Figure 1b and 

Figures S3). But when the mesoporous SNPs were heated in the 

presence of p-xylylenediamine, a very large fraction of the 

nanoparticles were converted to hollow SNPs, as shown by the 

representative TEM images in Figures 1c and S4. Inspection of 

multiple TEM images from independent replicate experiments 

indicated a reproducible process that produced hollow SNPs 

with a diameter ~100 nm and shell thickness of 5-8 nm. The SEM 

imaging provided significant additional insight concerning the 

hollow SNP morphology (Figures 1d and S5-S6). Specifically, the 

shell of each hollow SNP is an organized spherical assembly of 

globular subunits with an occasional shell opening that reveals 

the hollow core. There are literature reports of similar hollow 

SNP morphologies (called virus-like,21 raspberry-like,22 

colloidalsomes23 or hollow nanospheres24) but they were 

obtained using more complicated, templated fabrication 

methods. Control experiments showed that the hollow SNPs 

were not formed if there was; (a) no heating of the binary 

mixture containing mesoporous SNPs and polyammonium 

(Figure S7) which is consistent with literature observations,25 26 

(b) solid silica nanoparticles were used in place of mesoporous 

SNPs (Figure S8), or (c) benzylamine (one ammonium group) 

was used in place of p-xylylenediamine (two ammonium 

groups) (Figure S9). The latter result agrees with reports that 

simple organic additives (including monoamines) only induce 

mesoporous SNPs to undergo pore swelling.18 

 We hypothesized that the bis-ammonium additive (p-

xylylenediamine) remodeled the mesoporous SNPs by 

promoting degradation reactions at the internal silica pore 

surfaces leading to formation of small, non-covalently linked 

additive/silica subunits (see boxed insert in Scheme 2). 16 19 20 27 

Support for this idea was gained by conducting a systematic 

Scheme 2: Likely pathway for accelerated degradation of silica surface by ammonium cations. The boxed insert illustrates 

the premise that molecules containing two ammonium groups (bis-ammonium) can produce localized electrostatic 

effects that enhance silica hydrolysis and formation of ion pairs, with degradation of internal silica pore surfaces leading 

to hollow SNPs. 

Scheme 3: Bis-ammonium compounds (p-xylylenediamine or 

mitoxantrone) are exemplary additives that convert 

mesoporous SNPs into hollow SNPs with mild heating. 

Page 2 of 5Nanoscale



Nanoscale  COMMUNICATION 

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 00, 1-5. 3  

Please do not adjust margins 

Please do not adjust margins 

series of control studies that heated separate mixtures of 

mesoporous SNPs with three different but structurally related 

squaraine dyes that were available in our lab from previous 

studies.28 29 These deep-red dyes were chosen, in part, because 

they survive overnight heating in PBS and because they exhibit 

very similar spectral properties but differ in the number of 

ammonium groups (dye structures are provided in the ESI). As 

shown by the representative TEM images in Figures S10-S11, 

the presence of dye S2 (two ammonium groups) or dye S4 (four 

ammonium groups) produced hollow SNPs. In contrast, the 

presence of dye S0 (zero ammonium groups) did not produce 

hollow SNPs (Figure S12). The absorption spectra of washed 

samples of hollow SNPs formed by heating mesoporous SNPs 

with dye S4 revealed a characteristic deep-red maxima peak, 

indicating the squaraine dye was physically incorporated within 

the structure of the hollow SNP (Figure S20). 

A similar remodeling outcome was obtained when we 

employed the drug mitoxantrone as the bis-ammonium 

additive. As indicated by the TEM and SEM images in Figure 2a-

b and Figures S13-S14, heating a binary mixture of mesoporous 

SNPs and mitoxantrone in PBS produced a mixture of 

predominantly hollow SNPs with a small fraction of unchanged 

mesoporous SNPs. SEM and Scanning Transmission Electron 

Microscopy (STEM) imaging of these samples (Figures S15-S16) 

highlighted the significant morphological difference between 

the mesoporous SNPs and the hollow SNPs, and this difference 

was confirmed with Energy-Dispersive X-ray (EDX) analysis of 

the samples (Figure S17). A clear visual illustration of this 

difference is gained by inspecting the STEM image in Figure 2c 

and the corresponding EDX map of nitrogen atoms in the same 

image (Figure 2d). Since mitoxantrone is the only source of 

nitrogen atoms in the sample, it is apparent that the drug is 

distributed uniformly throughout the two mesoporous SNPs 

within the image but localizes only in the shells of the hollow 

SNPs.§ A final synthetic point with the hollow SNPs produced by 

heating mesoporous SNPs with mitoxantrone is the possibility 

of fine-tuning the nanoparticle dimensions. Specifically, we 

evaluated the effect of a longer heating period, and found that 

heating for 48 hours produced hollow SNPs with significantly 

thicker 20-30 nm shells (Figure S19) along with some particle 

degradation. Thus, it is feasible to systematically modify the 

reaction conditions to produce SNPs with customized 

silica/payload composition and precise morphologies such as a 

specifically desired hollow nanoparticle diameter or shell 

thickness. 19 20 27 

 Mitoxantrone is a type II topoisomerase inhibitor, and it is 

used clinically to treat certain types of cancer and multiple 

sclerosis.30 The risk of cardiomyopathy has motivated efforts to 

develop nanoparticle versions of mitoxantrone for controlled 

release, and there are published studies of mesoporous SNPs 

loaded with mitoxantrone (mitoxantrone@mesoporousSNP).31 
32 There are also reports of mitoxantrone-loaded nanoparticles 

for selective delivery to solid tumors.33 34 In this cancer 

treatment context, we envision mitoxantrone@hollowSNP as a 

potential two step drug delivery platform that exploits the 

enhanced permeability and retention (EPR) effect for initial 

accumulation of the 100 nm mitoxantrone@hollowSNP within 

tumors,33 34 followed by diffusion of smaller mitoxantrone/silica 

subunits that fragment from the nanoparticle and permeate 

into restricted cancer cell locations within the tumor 

Figure 1: Representative TEM images of, (a) untreated mesoporous SNPs (100 nm particle diameter, 3.74 nm pore 

diameter) in PBS before heating, and (b) partially degraded mesoporous SNPs after heating in PBS overnight at 75-80 °C. 

Representative TEM (c) and SEM (d) images of hollow SNPs created by heating mesoporous SNPs plus p-xylylenediamine 

in PBS at 75-80 °C. 

Figure 2: Representative TEM (a) and SEM (b) images of hollow SNPs created by heating mesoporous SNPs plus 

mitoxantrone in PBS at 75-80 °C. STEM image (c) of a sample comprised of hollow SNPs and two unconverted mesoporous 

SNPs; the sample was created by heating mesoporous SNPs plus mitoxantrone in PBS at 75-80 °C; (d) EDX map of nitrogen 

atoms in the same image. 
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microenvironment.35 36 Since mitoxantrone is a red-absorbing 

drug molecule, it was straightforward to measure drug loading 

into the SNPs using absorption spectroscopy.37 As summarized 

in the ESI, the drug loading efficiency was determined to be 87% 

for creation of mitoxantrone@mesoporousSNP at room 

temperature and 67% for creation of 

mitoxantrone@hollowSNP produced by overnight heating at 

75-80 °C. To determine if the entrapped mitoxantrone was still 

pharmaceutically active, we conducted a series of cell metabolic 

assays using cultures of A549 (human lung adenocarcinoma) 

and MCF-7 (human breast adenocarcinoma) cells. A standard 

MTT assay was employed and IC50 values were determined for 

three formulations, (a) free mitoxantrone, (b) mitoxantrone 

that has been loaded into mesoporous SNPs 

(mitoxantrone@mesoporousSNP), and (c) mitoxantrone used 

to create hollow SNPs (mitoxantrone@hollowSNP).37 As 

summarized in Table 1 and Figure S21, measured IC50 values 

were in the submicromolar range for all three mitoxantrone 

formulations in both cell lines, consistent with literature 

values.37 38 We conclude that the mitoxantrone chemical 

structure in each formulation is not degraded by the SNP 

loading procedure and that after introduction to the cell 

culture, the active drug can escape the SNP and reach its 

intracellular enzyme target.§§ It is worth noting that a wide 

range of pharmaceuticals and biologically active compounds 

have two or more ammonium groups,39 40 41 42 and that the US 

Food and Drug Administration (FDA) classifies silica as a 

substance that is “generally recognized as safe”.36 43 Thus, our 

one step method for SNP remodeling and drug loading has 

potential to become a general drug@hollowSNP formulation to 

treat different diseases, with the minor caveat that the 

pharmaceutically active ingredient must survive the overnight 

heating at 75-80 °C required for drug@hollowSNP fabrication. 

 In summary, we report a simple and versatile new method 

for converting commercially available mesoporous SNPs into 

hollow SNPs with simultaneous loading of a chemical additive 

that contains two or more cationic ammonium groups. The 

proof of concept experiments in this study created 

dye@hollowSNP and drug@hollowSNP formulations for 

potential applications in drug delivery and optical imaging, with 

an implication that the method can be used to incorporate 

other types of useful amine-containing molecular payload such 

as catalysts,44 absorbents,45 46 and release agents.47 The 

discovery suggests a new mechanism-based paradigm for 

predictable mesoporous silica nanoparticle remodeling under 

mild conditions using judiciously designed polyammonium 

compounds.14 16 18 19 20 48 49 The conceptual strategy of using 

organic polyammonium compounds to remodel inorganic silica 

matrices is reminiscent of natural biomineralization processes 

deployed by organisms such as diatoms.48 Better mimics of 

these biomineralization processes will facilitate long term 

efforts to rationally design new classes of hybrid 

organic/inorganic materials. 48 50 51 52 53 54 

 

 

 

 

Table 1. IC50 Values (μM).a 

 MCF-7 cells A549 cells 

free mitoxantrone 0.4 ± 0.2  0.2 ± 0.1  

mitoxantrone@mesoporousSNP 0.3 ± 0.2  0.2 ± 0.1  

mitoxantrone@hollowSNP 0.3 ± 0.1  0.5 ± 0.2  

aAverage and standard deviation of triplicate measurements. 
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Notes and references 

‡ Control experiments that omitted the DMSO still produced the 
same amounts of hollow SNPs, see Figure S14. 
 
§ EDX analysis of untreated mesoporous SNPs produced no 
measurable nitrogen signal indicating an absence of nitrogen 
containing impurities such as the surfactant CTAB (see Figure 
S18). 
 
§§ Described in section 4 of the ESI is a set of confocal microscopy 
studies that imaged cancer cells after they were treated with 
fluorescent dye S4 or S4@hollowSNP and observed a large 
difference in the intracellular location. This shows that a major 
change in cell localization can be produced by simply formulating 
a suitable payload molecule as a hollow SNP. A goal of future 
studies is to elucidate the underlying cell uptake and payload 
release mechanisms. 
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