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Hybrid mesoporous nanorods with deeply grooved lateral faces 

toward cytosolic drug delivery† 

Kaiyao Sun a, Tao Ding a, Yuxin Xing a, Dong Mo a, Jixi Zhang*, a and Jessica M. Rosenholm*, b 

Nanocarriers with high local curvatures hold a great potential of inducing effective penetration of intracellular barriers and 

cytosolic delivery of membrane-impermeable drugs. However, the fine control of the sharp edges and their morphological 

effects inside cells remains largely unexplored. Herein, a nanocarrier system of hybrid mesoporous nanorods with six-arm 

star-shaped end faces and groove-patterned lateral faces was developed to maximize surface regions with high local 

curvatures for enhancing membrane destabilization. Specifically, twisted (right-handed) nanorods (TNR, diameter ~120, 

aspect ratio 4~5) with a hexagon cross-section from a templated synthesis were modified by amino groups to promote 

surface coating of a wet-adhesive polymer, i.e. polydopamine (PDA). An edge-preferential deposition of PDA by local 

curvature effects led to the protective etching of silica, and in turn, the formation of nanorods with varying groove depths 

at different volumes of the aqueous coating solution. Finally, branched polyethylene imine (PEI) was grafted on the exterior 

surface of the nanorods for enhancing the dispersity and cellular uptake rate. As verified by elaborate invitro investigations, 

the configuration of nanorods with the sharpest edges/deepest grooves can be rotated to a lying-down/upright mode in 

order to minimize/maximize the membrane tension during the interaction with membranes, which consequently resulted 

in highly efficient lysosomal escape despite the relatively lower uptake degree. The successful delivery of vorinostat (SAHA, 

a FDA-approved histone deacetylase inhibitor) and inhibition of cancer cells demonstrated the attractive ability of the 

nanocarriers in drug delivery. 

 

1. Introduction  

Breakthrough strides have been made in the area of 

nanoparticle (NP) mediated drug delivery in the past decade. 

The vast majority of internalized drug-nanocarriers were 

reported to be trapped into endo/lysosome vesicles,[1-2] and 

only a small fraction can penetrate the membrane barriers and 

reach the cytoplasm. Under such circumstances, limited 

solutions have been offered for less permeable or membrane-

impermeable drugs in the Biopharmaceutics Classification 

System (BCS).[3-4] 

In typical well-established mechanisms for cytosolic release 

of the endocytosed NPs, the endo/lysosomal membrane is 

initially destabilized through particle-membrane interactions, 

after which the escape can take place through varying pathways 

including pore formation, membrane rupture or lipid structure 

fusion.[5-7] A tight apposition of the cationic polymers to the 

inner-leaflet of the membrane is a prerequisite for the classical 

endo/lysosomal escape mediated by polyplex.[8] However, the 

surface hydration induced repulsion reduces possibilities of the 

membrane-particle mutual perturbation in the congested 

aqueous environment of the vesicles.[9] Another widely raised 

concern is the generation of a protein corona on the outer 

surface of NPs, which invalidates controlling factors including 

surface charge and chemical composition in physiological 

media.[10-11] In this regard, an alternative way of manipulating 

physicochemical parameters of NPs is highly desirable to enable 

their cytosolic release.  

Many studies revealed the relations between the surface 

topological structures and the cellular internalization capacities 

of NPs.[12] Particles undergo dynamic rotations in order to 

maximize the contact area in the membrane invagination stage, 

and utilize surface areas with low local curvatures in the 

membrane wrapping stage, because of the local membrane’s 

curvature change (from positive to negative) during 

internalization.[13] For instance, strong capacities in cellular 

endocytosis were shown in rod-like NPs with higher aspect 

ratios, among which mesoporous silica nanorods (MSNR) with 

rich pore space attracted immense interests in improving drug 

delivery through their intrinsic high loading capacities.[14] 

However, it appears surprising that most of the studies have 

been focused on the interactions towards the plasma 

membrane, rather than their permeation of intracellular 

vesicles.[15-17] Unlike internalization, endo/lysosomal escape of 

nanoparticles involves their interactions toward vesicle’s inner 

membranes with highly negative curvatures. It is conceivable 

that the rate-limiting membrane bending on surface regions 

with high local curvatures would become the dominating step 

for generating uneven distributions of NP-membrane 
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interactions at the contact points prior to membrane 

destabilization. As explored recently, sharp-edged/cornered 

nanodiamonds can escape the intracellular vesicles, which was 

attributed to the decrease in the contact area or increase in 

NP’s local curvature.[18-19] However, the fine control of the sharp 

edges during NP fabrications remains a critical challenge. 

Mussel-inspired polydopamine (PDA) exhibits strong wet 

adhesion ability due to the abundant interfacial interactions, 

great biocompatibility, as well as attractive post-modifiability, 

thereby bringing versatile opportunities for structure regulation 

and particle functionalization.[20-21] Very recent studies 

demonstrated that deposition or hybridization of PDA can 

facilitate morphological transitions of mesoporous nanocarriers 

by protective silica etching in hydrothermal or mildly basic 

conditions, resulting in particle size reduction or hollow 

structures.[22-23] Herein, we investigated a new surmise for the 

design of nanorods carriers with high portions of sharp edges 

on the lateral face, aiming at the fabrication of future 

nanocarriers for applications in cytosolic drug delivery. Twisted 

mesoporous silica nanorods (TNR, Scheme 1) with a six-arm 

star-shaped cross section were obtained by a process of PDA 

coating on hexagonal nanorods with an aspect ratio of 4~5. 

Subsequently, the mechanism on PDA coating induced 

morphological transition was explored. TNRs with different 

groove depths were modified with polyethylene imine (PEI) and 

employed for investigating the internalization and vesicle 

escape of the nanorods with high local curvatures. A histone 

deacetylase inhibitor, i.e. Vorinostat (SAHA) is the first FDA-

approved histone deacetylases (HDAC) inhibitor, which can 

effectively induce cell cycle arrest, cell differentiation, and 

apoptosis.[24-25] Hence, SAHA was employed as a model drug 

with low membrane permeability for the evaluation of TNR-

mediated cytosolic delivery. 

2. Experimental section 

2.1. Materials 

Unless otherwise noted, all reagent-grade chemicals were used 

as received and distilled water was used for the preparation of 

all aqueous solutions. Cetyltrimethylammonium bromide (CTAB, 

AR), methanol (AR), ethanol (AR) and acetone (AR) were 

obtained from Fluka. NH3 • H2O (30 wt %, AR), tetraethyl 

orthosilicate (TEOS, AR), and 3-aminopropyltriethoxysilane 

(APTES, AR) were purchased from Sigma. Vorinostat (SAHA, 98%) 

was purchased from TCI (Shanghai). Dopamine hydrochloride 

(98%), ammonium persulfate (AR), branched polyethylene 

imine (PEI, M.W. 1800, 99%), 2-[4-(2-hydroxyethyl)-1-

piperazinyl] ethanesulfonic acid (HEPES), and fluorescein 

isothiocyanate (FITC, 90%) were obtained from Aladdin Reagent 

(Shanghai).  

The human breast cancer (MCF-7) cell line from the 

American Type Culture Collection was obtained through Bogoo 

Biological Technology Co., Ltd. (Shanghai). The cell culturing 

medium (DMEM) was purchased from Sigma Life Science 

(Beijing). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide(MTT) was obtained from Solarbio Science  

 

Scheme 1 Schematic illustration on the preparation of hybrid mesoporous nanorods with deeply grooved lateral faces by a combined proce ss of polydopamine (PDA) 
protected etching, PEI modification, and drug (SAHA) loading, as well as the cytosolic drug delivery through the morphology-mediated lysosomal escape. 
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﹠ Technology Co., Ltd. (Beijing). The nuclear-staining dye 

(Hoechst 33258) and the lysosome staining dye (LysoTracker 

Red) were obtained from Yeasen Biological Technology Co., Ltd. 

(Shanghai). Tetramethylrhodamine isothiocyanate (TRITC) was 

purchased from J&K Scientific Ltd. (Beijing). Early endosomes- 

GFP (C10586, Invitrogen) was purchased from Thermo Fisher 

Scientific (Shanghai).  

2.2. Synthesis of two different types of nanorods 

Nanorods with different shapes were synthesized based on the 

template-assisted method according to the previous report.[26] 

For mesoporous silica nanoparticles (MSNR), the molar ratio of 

the reaction mixture was 0.4 (CTAB): 1000 (H2O): 20 (NH3•H2O): 

2.8 (TEOS). Typically, the surfactant CTAB was dissolved in 70 

mL H2O containing concentrated ammonia aqueous solution 

with magnetic stirring for 1 h. The silica precursor TEOS was 

then added and reacted at 40°C for 4 h. The shape of the 

particles was controlled by changing the temperature of the 

reaction solution. The synthesis of twisted nanorods (TNRs) 

with hexagram cross-section was the same as described. The 

only difference here was that the stirring temperature was set 

at 30°C instead of 40°C. Afterward, the template of the 

nanoparticles was removed by a method of sonication assisted 

extraction. Finally, different shaped nanorods were collected by 

centrifugation and suspended in ethanol for further use.  

2.3. Amine functionalization and PDA coating  

To modify the nanorods by amino groups, 50 mg of the as-

synthesized nanorods was dispersed in 50 mL ethanol. Then, 

APTES (25 μL) was added, followed by reaction under stirring for 

20 h. After centrifugation, the sample was collected, and the 

resultant particles were re-dispersed in ethanol.  

To coat polydopamine (PDA) on the surface of samples, 10 

mg of amine-modified nanorods (MSNR or TNR) was suspended 

in a HEPES buffer solution (25 mM, pH 7.4) at different volumes 

(5-40 mL), and then the 2 mg of dopamine hydrochloride was 

introduced to the solution. After sonication of the mixture for 5 

min, 2.4 mg of ammonium persulfate was introduced to initiate 

the polymerization of dopamine. Then, the reaction lasted for 

24 h under vigorous stirring. Finally, the obtained black particles 

were retrieved by centrifugation (11000 rpm, 10 min) and 

washed several times with water. The shape of the particles was 

controlled by regulating the volume of the reaction solution. 

The resultant PDA-coated nanorods were denoted by MSNR-Ex 

(MSNR-E5 and MSNR-E20) and TNR-Ex (TNR-E5 and TNR-E20), 

where E represented the etching process and x stood for the 

volume of HEPES buffer. 

2.4. PEI modification and fluorescence labeling 

The surfaces of PDA-coated nanorods were functionalized by 

the addition of PEI, owing to Michael addition of amines on the 

unsaturated indole rings or Schiff base formation reaction 

between the amines and catechols. To modify the nanorods 

with PEI, a solution of 1 mL PEI solution (1 mg mL-1) was added 

to the particle suspension (1 mg mL-1 in 1 mL HEPES buffer, pH 

7.4) and stirred at room temperature for 24 h in the absence of 

light. The obtained nanorods were collected by centrifugation 

and washed three times with water. To fluorescently label the 

nanorods for in vitro experiments, PEI labeled with fluorescein 

isothiocyanate (FITC) or tetramethylrhodamine isothiocyanate 

(TRITC) was applied. Firstly, PEI and fluorescent dye were mixed 

in 2 mL ethanol at a molar ratio of 1:1. The mixture was allowed 

to react at room temperature for 2 h under constant stirring. 

Subsequently, the PEI-FITC/TRITC solution was obtained after 

unbound fluorescent molecules were removed by dialysis 

against distilled water for 5 h. 

2.5. Drug loading and release evaluations  

For drug loading, 1 mg of vorinostat (SAHA) was dissolved in 4 

mL acetone. Subsequently, 1 mg of PEI-modified nanorods 

(MSNR-E5 and TNR-E20) was mixed with 1 mL of SAHA solution. 

The mixed solution was dropped in 5 mL of water for 10 min, 

and then the organic solvent was evaporated under constant 

stirring at room temperature. The amount of SAHA loading was 

determined using thermogravimetric analysis (TGA) by 

computing the weight loss and comparison to respective blank 

nanorods.  

To analyze the controlled release of SAHA, MSNR-E20-SAHA 

or TNR-E20-SAHA (1 mg) was dispersed in different buffered 

solutions containing 5‰ (w/v) Tween 20, which were PBS 

buffer with pH 7.4 (2 mL) and sodium acetate buffer solutions 

with pH 5.0 (2 mL). At pre-determined time intervals, the 

particles were centrifuged down at 11000 rpm for 10 min. 

Subsequently, 0.2 mL of supernatant was taken out to measure 

the drug concentration and an equal volume of fresh medium 

(0.2 mL) was added to keeping a constant volume after sampling. 

SAHA concentration was quantified by using high-performance 

liquid chromatography (HPLC) where formic acid 

(0.1%)/acetonitrile (70/30) was used as a mobile phase at a flow 

rate of 1.0 mL min-1. SAHA was detected at 241 nm.   

2.6. Cell culture  

The human breast cancer (MCF-7) cell line was cultivated in 

Dulbecco’s modified Eagle’s medium (DMEM, high glucose, 

Sigma) supplemented with 10% fetal bovine serum (FBS, GIBCO) 

and 1% penicillin-streptomycin (Invitrogen) in a humidified 

incubator. All cultures were incubated under a humidified 

atmosphere (5% CO2) at 37 °C, and the culture medium was 

changed with medium changes every 2 days to keep the 

nutrition supply. 

2.7. Cell uptake (flow cytometry and confocal microscopy) 

To compare the uptake rate of the nanorods, cells (1 × 105) were 

plated in 6-well plates for 24 h and then treated with FITC 

labeled particles (100 μg mL-1) for different time periods (1, 3 

and 6 h). PBS (1 mL) was used to wash the cell pellet and remove 

free particles in the wells. After harvesting by trypsinization, the 

treated cells were collected to measure the mean fluorescent 

intensity by flow cytometry (BD Accuri C6 flow cytometer) in the 

FL1 channel.  

For confocal microscopy, the cells were seeded in confocal 

microscopy dishes overnight and then incubated with 

nanoparticles. After incubation for 6 h, the cells were washed 

with PBS three times and treated with 4% paraformaldehyde in 

PBS solution for 30 min. After being washed with PBS, the cells 

were permeabilized by PBS containing 0.2% Triton X-100. Finally, 

0.2 mL of Hoechst 33258 was used to stain all nuclei of the cells 
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for 10 min, followed by the adding of glycerin solution to 

visualize the cells under a confocal laser scanning microscope 

(CLSM，Leica, SD AF, Germany).  

For the cellular uptake mechanism, cells were precultured 

with chlorpromazine (CPZ, 40 µg mL-1), nystatin (80 µg mL-1), or 

amiloride (1064 µg mL-1) for 1 h to inhibit clathrin-mediated 

endocytosis, caveolae-mediated endocytosis, and 

macropinocytosis, respectively. Moreover, for blocking the 

energy-dependent endocytosis, the cells were cultured with 

particles at 4°C for 1 h. Then, the inhibitor-containing culture 

media was removed, and FITC labeled nanoparticles (100 µg mL-

1) were added and incubated with cells for 3 h. The inhibitory 

effect against cells was analyzed using flow cytometry.  

2.8. Endo/lysosomal escape study 

The intracellular trafficking pathway of nanoparticles was 

investigated by the co-localization method. After 3 h of 

incubation with TRITC-labeled samples or 24 h of incubation 

with FITC-labeled samples, the cells were washed by PBS, and 

the endosomes/lysosomes were stained with Early endosomes-

GFP or LysoTracker Red solution for 30 min, respectively. All 

samples were visualized by confocal microscopy. 

Colocalizations between two fluorophores (red and green 

fluorescent signals) were calculated in the form of Pearson 

correlation coefficients (PSC) by using ImageJ with a 

colocalization plug-in, where +1 and -1 indicate strong positive 

and negative correlations, respectively, while 0 indicates no 

discernible correlation.  

2.9.  TEM studies for investigating the intracellular trafficking 

of nanorods 

TEM was used to further visualize the cellular internalization 

and localization of the nanorods. Cells treated with nanorods 

were collected and then fixed by the addition of 2.5% 

glutaraldehyde in PBS. They were rinsed with 0.1 M PBS in three 

times, fixed in 1% osmium tetroxide solution, washed with 

distilled water, dehydrated in a graded series of ethanol and 

acetone, and embedded in epoxy resin. Ultrathin sections were 

deposited onto 200-mesh copper grids (EMS) and then stained 

with aqueous uranyl acetate and aqueous lead citrate. Samples 

were observed by using a transmission electron microscope 

(Hitachi-7500). 

2.10.  Cytotoxicity assay and apoptosis assay.  

The cytotoxicity of nanorods, drug, and drug loaded nanorods 

was evaluated by MTT assay. Briefly, cells were placed in 96-

well plates (6 ×103 cells/well), and incubated at 37 °C for 24 h. 

The medium was sucked out and replaced with different 

concentrations of MSNR-E5, TNR-E20, MSNR-E20-SAHA, TNR-

E20-SAHA or free SAHA. After 24 h incubation, the medium was 

removed and replaced with 20 μL of MTT solution in cell culture 

medium (5 mg mL-1) at 37 °C for 4 h. The culture medium 

containing MTT solution was removed and the resultant 

formazan crystals were dissolved in 200 μL dimethyl sulfoxide 

(DMSO). Cell viability was measured based on the absorbance 

values at 570 nm by using a microplate reader (Bio-Rad 680, 

USA). The results represented as mean ± S.D. (n = 3). 

Apoptosis assay was used to further investigate the 

therapeutic efficacy of nanoparticles on cancer cells. The cells 

in 6-well plates were cultured for 24 h and then treated with 

free SAHA, MSNR-E5, TNR-E20, MSNR-E20-SAHA, TNR-E20-

SAHA at the same drug concentration of 6.3 μg mL-1. After 24 h 

incubation, cells were digested by trypsin and collected. After 

that, all cells were stained with Annexin V-FITC/PI apoptosis 

detection Kit (Neobioscience) and detected by flow cytometry. 

3. Results and discussion 

3.1.  Material synthesis and characterization 

The mesoporous silica nanorods (MSNR) were prepared from a 

base-catalyzed synthesis (40°C) using achiral surfactant CTAB as 

the structural template and TEOS as the silica source. Compared 

to the typical synthesis of sphere-shaped mesoporous silica 

nanorods (SMSNs), a higher template concentration was 

utilized to induce an entropy-driven formation of nanorods with 

surface helicity.[27-28] As shown in the transmission electron 

microscopy (TEM) and scanning electron microscope (SEM) 

images (Fig. 1a), MSNRs possessed a rod-shaped morphology 

with an average aspect ratio of 4~5 (diameter: ~120 nm) and 

relatively smooth lateral faces. To facilitate the generation of 

nanorods with sharp edges, the helicity of the nanorods was 

strengthened by enhancing the entropy effect of the self-

assembly process through temperature regulation. The 

morphology of MSNR was successfully altered to twisted (right-

handed) nanorods (TNR) with a hexagon cross-section (Fig. 1b

，Fig. S1d) at a lower synthesis temperature of 30°C. Besides, 

the powder X-ray diffraction (PXRD) patterns for TNR were 

shown in Fig. S2. The characteristic 2θ peaks at 2.1°, 3.6°, 4.2° 

and 5.5° are indexed to the (1 0 0), (1 1 0), (2 0 0) and (2 1 0) 

reflections of highly ordered hexagonal mesostructure (p6mm 

structure) similar to the structure of MCM-41.[29] Subsequently, 

the samples were modified with amino groups to facilitate the 

oxidant-induced surface polymerization of dopamine in the 

confined space of silica mesopores,[30] which was verified by the 

typical peaks of the amino group in the FTIR spectrum of the 

obtained particles (Fig. S3).  

In the PDA-coating process, the volume of the aqueous 

buffer solution (HEPES, pH 7.4) was varied to investigate the 

influence of silica degradation on the final morphology of the 

nanorods. The obtained samples were denoted as MSNR-Ex and 

TNR-Ex, where E stood for the etching process and x 

represented the volume of HEPES buffer employed for 10 mg of 

particles. As shown in Fig. 1c-f, the surface roughness of PDA-

coated nanorods was increased and enhanced by the increment 

of x (mL) from 5 (MSNR-E5, TNR-E5) to 20 (MSNR-E20, TNR-

E20). Notably, a novel sharp-edged morphology with six-arm 

star-shaped end faces and groove-patterned lateral faces (Fig. 

S1f) were observed for TNR-E20 samples. The average depth of 

the helical grooves in TNR-E5 and TNR-E20 was measured to be 

~18 nm and 44 nm, respectively, suggesting that the lateral face 

of particles was etched toward the center of the long axis. 

Thereby, the local curvatures on the lateral faces of the 

nanorods, especially TNR-E20, were significantly high by 

inducing the sharp edges. The typical element mapping images 

of TNR-E20 showed the presence of organic components in the 

nanorods (Fig. 1g). Moreover, the decreases in zeta potential, 
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additional weight loss in thermogravimetric analysis (TGA) 

curves, and the typical peaks in the FTIR and Raman spectra (Fig. 

S3) can all prove the PDA modification accompanying with the 

morphological transformation in the synthesis. Interestingly, 

MSNR-E40 possesses rough surfaces with spikes (Fig. S4a), 

possibly as a result of the typical dissolving and regrowth 

process during the protective etching of silica.[31] In comparison, 

the creation of large voids in the grooves, as well as a partial 

destruction of lateral edges, was observed in TNR-E40 (Fig. S4b), 

which should be attributed to the severe silica etching 

facilitated by the grooved lateral faces.[32] 

To quantitatively analyze the changes in the textual and 

morphological properties during PDA coating, nitrogen  

 

Fig. 1 SEM and TEM observations of mesoporous silica nanorods (MSNR, a), twisted 

nanorods (TNR, b) with a hexagon cross-section, MSNR-E5 (c), TNR-E5 (d), MSNR-E20 (e), 

and TNR-E20 (f); STEM images showing the morphology and composition of TNR-E20 (g), 

including a dark-field TEM image, and the corresponding element mapping images. The 

dashed lines in b-f highlight the lateral edges and the end faces of the nanorods. 

 

sorption isotherms and the corresponding pore size 

distributions were used (Fig. 2a-d). All the samples display a 

type-IV isotherm (Fig. 2a and c), supporting the mesoporous 

structure of the nanorods. The steep capillary condensation 

step at P/P0 = 0.3-0.4 reflected the narrow pore size 

distributions (Fig. 2b and d) with a peak pore size at 4.1 nm and 

3.8 nm for MSNR and TNR, respectively. After the PDA coating, 

the condensation step of the samples was flattened and shifted 

to larger pressure ranges with the increase of the coating-

solution volume, indicating wide pore size distributions with 

enlarged peak sizes (MSNR-E5, 4.9 nm; MSNR-E20, 5.7 nm; TNR-

E5/E20, 5.1 nm). Moreover, the leading XRD peaks of TNR-E5 

and TNR-E20 were weakened severely, implying that the 

mesostructure ordering of all samples was decreased, possibly 

as a result of partial pore collapse from the etching process.[33-

34] The exterior surface areas, as determined by the t-plot 

method (Fig. 2e), were found to follow the similar rising trend 

in both the MSNR series (5.9 m2 g-1, 8.2 m2 g-1 and 15.0 m2 g-1) 

and the TNR series (4.9 m2 g-1, 6.2 m2 g-1 and 17.3 m2 g-1). These 

results further support the gradual evolution of the nanorod’s 

local morphology in the PDA coating process. The highest value 

of the exterior surface area for TNR-E20 reveals the most 

significant carving of the nanorod’s external surface to rough 

contours, i.e. sharp-edged morphology with grooved lateral 

faces and six-arm star-shaped end faces (Fig. 2f). 

 

Fig. 2 Nitrogen sorption isotherms (a, c) and corresponding pore size distributions (b, d) 

of MSNR series (MSNR, MSNR-E5, and MSNR-E20) and TNR series (TNR, TNR-E5, and 

TNR-E20) of the nanorods; the t-plots for different nanorods (e); schematic illustration 

of the morphological difference in TNR, TNR-E5, and TNR-E20 (f). 

 

To explore the formation mechanism of the sharp-edge 

morphology, two sets of control samples in the absence of PDA 

or amino group modifications were prepared to compare with 

TNR-E20. Relatively smooth lateral faces, instead of grooves, 

were observed for TNR nanorods treated in the HEPES buffer 

only (5, 20, 40 mL, Fig. 3a-c). Furthermore, the average length 
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of the nanorods was reduced from ~500 nm to ~400 nm and 300 

nm. The progressive silica etching was confirmed by the 

increasing content of atomic Si released in the media (Fig. 3d). 

However, there was no discernable discrepancy for the etching 

with/without the presence of PDA coating, especially for 

conditions at buffer volumes of 5 mL and 20 mL. These results 

reveal that the absence of PDA-coating is inadequate to protect 

the template surface for a selective silica etching. In the second 

control experiments, the employment of TNR without the 

amino group modifications resulted in hollow nanorods (Fig. 3e-

f), as a result of the typical protective silica etching.[32] It can 

thus be deduced that the protection of PDA mainly plays its role 

on the lateral edges of TNR during the silica etching process. As 

reported previously,[35] the electrical double-layer gradient was 

maximum at the edges of nanorods, leading to the edge-

preferential deposition of other species by electrostatic 

interactions. Therefore, the preferential binding of the 

negatively charged PDA on the positively charged edges of the 

nanorods should be a possible mechanism responsible for the 

selective etching of the lateral faces to grooved patterns in TNR-

E5 and TNR-E20 samples. Moreover, possible contributions 

from selective degradation induced by local structural 

differences (e.g. defects and spatial pore channel distributions) 

can not be easily ruled out.[36-38] Short nanorods (SNRs) with a 

hexagon cross-section but a smaller average aspect ratio of 2 

(diameter: ~220 nm) and slightly twisted side edges were 

obtained at a lower synthesis temperature of 20°C (Fig. S5). 

Furthermore, SNR-E20 from the same PDA-coating process did 

not form a novel sharp-edged morphology with six-arm star-

shaped end faces and groove-patterned lateral faces, possibly 

related with weakened structural difference at large cross-

section diameters. These factors in combination may result in 

the unique behaviors of the morphology transformation in the 

case of TNR-E20. 

To enhance the dispersity and cellular uptake rate of the 

nanorods, branched polyethylene imine (PEI, M.W. 1800) was 

grafted on the exterior surface of PDA-coated nanorods through 

Michael addition or Schiff base reaction between amine and 

catechol groups.[39] The modified nanoparticles showed a zeta 

potential changing from negative (-24.8 mV) to positive (+41.6 

mV, Fig. S3a). Sphere-shaped mesoporous silica nanoparticles 

(SMSNs, with diameters around ~120 nm) were synthesized 

according to literature,[40] for serving as a control for the 

evaluations of morphological effects in the in vitro experiments. 

The product was then coated with PDA by the same procedure 

as that for MSNR/TNR-Ex samples, and denoted as Sphere-E5 

(Fig. S6). As confirmed by analysis of hydrodynamic diameter 

distributions (Fig. S7), TGA curves (Fig. S8), and zeta potentials 

(Table S1), the five different types of  

 

 

Fig. 3 TEM images showing the morphology of TNR degraded in 5 mL (a), 20 mL (b) and 

40 mL solution with the absence of PDA (c); ICP-AES (inductively coupled plasma atomic 

emission spectrometry) quantification of Si released in the preparation media 

with/without the presence of PDA coating (d); TEM images showing the product from 

the TNR-E20 synthesis in the absence of amino group modification before the PDA 

coating (e and f). 

nanoparticles (Sphere-E5, MSNR-E5, TNR-E5, MSNR-E20, and 

TNR-E20) have similar diameters, chemical compositions and 

surface charges, which meant that the shape was the only 

variable for evaluating the shape effect of nanoparticles. 

3.2. Influence of morphology on cellular uptake and 

endo/lysosomal escape. 

To quantitatively analyze the effect of morphology on the 

cellular uptake rate, the fluorescent intensity inside a model cell 

line (MCF-7 cells) after the treatment with varying nanorods 

was measured by flow cytometry (FACS). As displayed in Fig. 4a-

d, MSNR-E5 presented the highest level of cellular uptake, as 

well as a progressively increasing fluorescence from 1 to 6 h. 

Besides, relatively lower uptake levels could be observed for 

Sphere-E5 (Fig. S9f), which is consistent with widely reported 

findings on the superior membrane wrapping of rod-like 

nanoparticles in the endocytosis process.[41-43] In contrast, the 

internalization of the other three types of nanorods was 

considerably low (~25-40% with respect to that of MSNR-E5) 

and leveled off after 3 h, suggesting a saturated uptake in a 

short period. Surprisingly, TNR-E20 nanorods exhibited the 

lowest internalization. The corresponding confocal laser 

scanning microscopy (CLSM) images (Fig. 4e-h) at 6 h was in 

good agreement with this discrepancy. The similar trends were 

also obtained in a related report on the cellular uptake of the 

sharp-edged 
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Fig. 4 Flow cytometric histogram profiles of MSNR-E5, TNR-E5, MSNR-E20, and TNR-E20 incubated with MCF-7 cells for 1 h (a), 3 h (b), and 6 h (c); the corresponding mean 

fluorescence intensity of the five types of nanorods from images a-c (d); confocal laser scanning microscopy (CLSM) images of MCF-7 cells incubated with MSNR-E5 (e), TNR-E5 (f), 

MSNR-E20 (g) and TNR-E20 (h) for 6 h, respectively. The green fluorescence was from FITC used to label nanorods, and the blue fluorescence was from Hoechst 33258 employed to 

stain the nuclei. The scale bar represents 25 µm. 

nanodiamonds.[44] For TNR-E20 nanorods with the morphology 

of the sharpest edges, the substantial reduction of the local 

binding energy from the limited nanorod-membrane contact 

cannot easily compensate the energetic cost for membrane 

bending prior to the uptake. In turn, it resulted in a lower 

internalization probability than the nanorod counterparts with 

lower local curvatures (MSNR-E20). 

The internalization mechanism of MSNR-E5 and TNR-E20 

with the shallowest/deepest grooves on the lateral faces was 

investigated in detail by using different endocytosis inhibitors. 

A distinct decrease in the normalized fluorescence intensity in 

the cells incubated with ethylisopropyl amiloride (EIPA) could 

be observed, while a slight decline was displayed in the case of 

the 4°C incubation group (Fig. 5a). 

 

Fig. 5 Normalized fluorescence intensity for illustrating the endocytosis inhibition of different nanorods (MSNR-E5 or TNR-E20) in MCF-7 cells (a); CLSM images and intensity scatter

plot of fluorescence signals for MCF-7 cells incubated with 100 μg mL-1 of MSNR-E5 (b and d) or TNR-E20 (c and e) for 3 h, respectively, representing MSNR-E5 or TNR-E20 (red), an

d endosomes (green); bar chart to illustrate the PSC coefficients (f) calculated from (d) and (e); typical TEM images showing the distribution of MSNR-E5 (g and h) and TNR-E20 (i an

d j) in MCF-7 cells after incubation for 3 h. The red fluorescence was from TRITC dye used to label nanorods and the green signal was from Early endosomes-GFP employed to stain 

early endosomes. The white arrow points the location of TNR-E20 in cells (EE: early endosome; m: cellular membrane). The scale bars represent 25 μm (b and c) and 500 nm (g-j). 
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Therefore, the energy-dependent macropinocytosis was the 

primary pathway for the internalization process of both 

nanorods, as a result of their relatively large lengths. Regarding 

that the cellular fate of nanoparticles was essential for drug 

delivery after successful cellular uptake, the colocalization 

analysis of the CLSM images was used to evaluate the 

distribution of MSNR-E5 (Fig. 5b) and TNR-E20 (Fig. 5c). The 

scattered points of two channels from nanorods (red) and 

endosomes (green) superposed together at a high extent in the 

intensity scatterplot images (Fig. 5d and 5e), suggesting high 

values of the linear Pearson correlation coefficient (PSC) for 

MSNR-E5 (with a PSC of 0.84) and TNR-E20 (with a PSC of 0.83) 

(Fig. 5f).[45-46] Therefore, it is clearly proved that the nanorods 

were almost located in intracellular vesicles (endosomes) after 

3 h. 

As further verified in the TEM images of cells at different 

stages in the internalization, MSNR-5 (Fig. 5g and 5h) or TNR-

E20 (Fig. 5i) was intuitively observed on local cell membranes 

with the occurrence of micropinocytosis-related ruffles during 

the uptake, followed by trapping in early endosomes (Fig. 5g, 5h 

and 5j). Interestingly, MSNR-E5 with smooth surfaces exhibited 

varying invagination angles, but TNR-E20 with six sharp corners 

only presented the “lying down” mode. This phenomenon is 

possibly responsible for the distinct cellular uptake efficiencies 

of these NPs. In the case of the lying-down adhesion mode, 

impressively, MSN-E5 exhibited the best endocytic efficacy 

owing to the bigger membrane contact area. TNR-E20 

presented a lying-down adhesion mode (invagination angle of 

0°)[47] in the initial contact with the cell membrane. The similar 

behavior was explored by the previous work,[48] where the 

cellular uptake of nanoparticles exhibited different rotation 

behaviors owing to the discrepancy in the local membrane 

tension generated from local curvatures of nanoparticles. In our 

study, the straight-up mode (invagination angle of 90°) might be 

largely constrained as a consequence of the remarkably 

reduced contacting regions (six sharp corners) in the six-arm 

star-shaped cross section. Hence, TNR-E20 nanorods may prefer 

to rotate to a shallow entry angle and eventually adhere to the 

membrane surface in a near-parallel configuration as the lateral 

faces become partially exposed and partially wrapped by the 

weakly deformed membrane. The subsequent trapping in 

endosomes should result from the shape anisotropy of the 

nanorods which might cause the complicated and additional 

rotation in the escape stage to maximize the membrane 

deformation. 

A longer duration of incubation was employed to 

investigate whether the nanorods had a chance to be 

translocated from lysosomes to the cytoplasm. At 24 h 

incubation times, the green fluorescence of MSNR-E5 labeled 

with FITC was co-localized with that of the red fluorescent of 

lysosome stained with LysoTracker red in Fig. 6a, suggesting 

that MSNR-E5 remained inside the lysosome. On the other 

hand, TNR-E20 (Fig. 6b) had a different distribution pattern 

from that of lysosome as compared to MSNR-E5, which didn’t 

found merged colors (yellow) of two colors in CLSM image. 

 

Fig. 6 CLSM images and intensity scatterplot of fluorescence signals of MCF-7 cells incubated with 100 μg mL-1 of FITC-labeled MSNR-E5 (a and c) or FITC-labeled TNR-E20 (b and d) 

for 24 h, respectively, representing MSNR-E5/TNR-E20 (green) or lysosomes (red); bar chart to illustrate the PSC coefficients (e) from (c) and (d); 3D stacking images of a cell after 

incubation with TNR-E20 (f); typical TEM images showing the intracellular locations of MSNR-E5 (g and h) and TNR-E20 (i) in lysosomes (Ly) after incubation for 24 h; TEM image 

showing TNR-E20 nanorods escaped from lysosomal into the cytoplasm after incubation 24 h (j). The green fluorescence was from FITC dye used to label nanorods and the red 

fluorescence was from LysoTracker red used to stain lysosomes. The scale bars represent 25 μm (a and b), 5 μm (f), and 500 nm (g-j). (Data are the means ± SD from three separate 

experiments. *or ** denotes statistical significance for the comparison of lysosome co-localization numbers between different shaped particles, * p < 0.05, ** p < 0.01). 
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This means that TNR-E20 escaped lysosome vesicles.  In the 

intensity scatterplot (Fig. 6c and Fig. 6d), the fluorescence 

values of pixels across the two channels were additionally 

depicted and proved the result. In addition, Pearson's 

coefficients (Fig. 6e) and the orthogonal view of one cell (Fig. 6f) 

showed the lowest overlap (TNR-E20, with a PSC of 0.35) 

compared with MSNR-E5 trapped inside the lysosome (with a 

PSC of 0.76). Additionally, Sphere-E5 and other nanorods 

(MSNR-E20, TNR-E5) with low groove depths showed the similar 

trapping level as MSNR-E5 (Fig. S10). These results indicated 

that TNR-E20 successfully escaped from lysosome to the 

cytoplasm by membrane rupture.[8] Nanorods’ intracellular 

locations were investigated by TEM images. Most of the MSNR-

E5 nanorods stayed in membrane-bounded vesicles (Fig. 6g and 

6h). In contrast, TNR-E20 in the process of penetration through 

the lysosomal vesicles was observed with a preferential upright 

configuration protruding the membranes (Fig. 6i). A majority of 

them located in the cytoplasm already (Fig. 6j), further 

suggesting these nanorods ruptured the membrane of the 

endosomal compartments and enabled the escape of 

themselves. In the literature, the enhanced lysosomal escape by 

the sharp-edged nanomaterials was correlated to the decrease 

of the contacting area and increase of particles’ local curvature 

at the contact point.[18] In the case of TNR-E20, the upright 

configuration can generate the most uneven distributions of the 

membrane tension via the six-arm star-shaped cross-section, 

which are required for a favorable membrane rupture. 

3.3. Invitro valuation of drug delivery by nanorods. 

The efficient cytosolic translocation of the nanorods provided a 

great method for solving the delivery of membrane-

impermeable drugs to cancer cells. To evaluate properties of 

drug loading and release, MENR-E5 and TNR-E20 were 

examined by using the model drug (SAHA, a FDA-approved 

histone deacetylases (HDAC) inhibitor which can effectively 

induce cell cycle arrest, cell differentiation, and apoptosis) with 

low water solubility and membrane permeability. The loading 

of SAHA molecules into nanorods was performed by the 

method of the physical adsorption driven by polarity-change of 

solvents,[49] and then verified by TGA curves (Fig. 7a). The drug 

loading contents of MSNR-E5 and TNR-E20 were calculated to 

250 μg mg-1, indicating efficient drug loading in all cases. The 

release profiles of SAHA in two different buffered solutions (pH 

7.4 and pH 5.0, representing the extracellular condition and pH 

in lysosomes, respectively) were presented in Fig. 7b. The initial 

burst release of the drug (5-12%) was observed after 7 h, 

subsequently, SAHA loaded nanorods exhibited a slow increase 

behavior for 3 days at both pH. These phenomena might be due 

to the limited solubility in the aqueous phase.[49] Moreover, 

slightly higher release levels at pH 5.0 were observed compared 

with that at pH 7.4, which might be explained by the increased 

solubility at lower pH because of the pKa of SAHA at pH 9.2.[50] 

Encouraged by the successful drug loading and sustained 

SAHA release, we continued to examine whether the delivery 

system would induce significant cytotoxicity in MCF-7 cells.  

 

Fig. 7 TGA curves of nanorods with/without the presence of SAHA to evaluate the drug 

loading amount (a); cumulative release curves for MSNR-E5-SAHA and TNR-E20-SAHA at 

different conditions of pH 7.4 and pH 5.5 containing 5‰ (w/v) Tween 20 (b); quantitative 

evaluation of the cell viability for MCF-7 cells treated with MSNR-E5 and TNR-E20 at 

varying concentrations ranging from 10 μg mL-1 to 200 μg mL-1 for 24 h (c); dose-response 

viability curves of MCF-7 cells treated with free SAHA, MSNR-E5-SAHA and TNR-E20-

SAHA for 24 h, respectively (d); cell apoptotic analysis via Annexin V-FITC/PI assay: blank 

control treatment, MSNR-E5, TNR-E20, free SAHA, MSNR-E5-SAHA and TNR-E20-SAHA 

(e). 

MCF-7 cells treated with nanorods at different concentrations 

up to 200 μg mL-1 exhibited high viabilities as revealed by the 

MTT assay (Fig. 7c, Fig. S11), supportive of the good 

biocompatibility of the samples. Additionally, the good 

dispersion stability and degradability of these two types of 

nanorods in biological media can be seen in Fig. S12 and S13. 
Due to the low membrane permeability, the inhibition 

efficiency of free SAHA against cells growth is very low. The 

cytotoxicity caused by MSNR-E5-SAHA had no difference 

compared with that of the free drug (~30% of inhibition at the 

highest dosage of 63 μg mL-1) after incubation for 24 h (Fig. 7d), 

possibly owing to the low lysosomal escape efficiency of the 

nanorods. However, TNR-E20-SAHA demonstrated a dose- 
dependent cytotoxic effect (IC50 around 6.3 μg mL-1) against 

cells after the same incubation time. The results suggest that 

the hybrid mesoporous nanorods with deeply grooved lateral 

faces were a promising drug delivery system for cancer 

inhibition. Additionally, to further quantitatively determine the 

therapeutic efficiency of SAHA loaded nanorods against cancer 

cells, annexin V-FITC/PI double-staining assay was carried out. 

As shown in Fig. 7e, the total apoptotic ratio of MCF-7 cells after 

24 h of incubation with TNR-E20-SAHA was 25.8%, significantly 
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higher than 16.0% of MSNR-E5 and 7.6% of free SAHA solution. 

The result was consistent with the above MTT assay, further 

confirming that the effective apoptosis-inducing capacity of 

SAHA loaded TNR-E20 in cancer cells. 

Conclusion. 

In summary, composite mesoporous silica nanorods with high 

local curvatures were developed by protective etching of silica 

in a mild synthesis of polydopamine (PDA) coating. The helicity 

in the twisted nanorods (TNR) resulted in the edge-preferential 

deposition of PDA, and in turn a sharp-edged morphology with 

six-arm star-shaped end faces and groove-patterned lateral 

faces. By this system, we successfully demonstrated that the 

nanorods with the smoothest surface were largely entrapped 

inside endo/lysosomes despite their most efficient 

internalization by macropinocytosis via preferable membrane 

wrapping. In contrast, the nanorods with the sharpest 

edges/deepest grooves (TNR-E20) could efficiently escape from 

lysosomes to the cytoplasm despite their relatively lower 

uptake degree. Because of the different (cell/vesicle) 

membrane curvatures that the nanorods encounter during 

uptake/escape processes, the configuration of nanorods was 

rotated to a lying-down/upright mode in order to 

minimize/maximize the membrane tension during the 

interaction with membranes. These features made such 

nanorods promising for addressing the challenges in the 

cytosolic delivery of membrane-impermeable drugs to cancer 

cells. The insight into the related curvature effects may provide 

a new avenue for the design of smart nanocarriers which can 

alter their local morphology for meeting the requirements of 

endocytosis and endo/lysosomal escape. 
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