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biodegradability, in contrast to the more 
commonly encountered mesoporous 
silica. [ 19,20 ]  Furthermore, pSi nanoparticles 
offer very large surface-to-volume ratios 
for drug loading, and surface chemistry 
enabled control over degradation and 
hence drug release kinetics. [ 21 ]  Finally, the 
fabrication conditions allow the adjust-
ment of pore size and surface chemistry 
to the requirements of the drug to be 
loaded. [ 21 ]  

 pSi nanoparticle fabrication convention-
ally relies on anodization in hydrofl uoric 
acid (HF) in order to produce the porous 
structure, followed by a postanodization 
step to fracture the porous layers into 
micro- and nanoparticles by means of 

extended ultrasonication or ball milling. [ 19,22,23 ]  Following this 
conventional fabrication methodology, we have recently described 
the vectorization of a hydrophobic anticancer drug using anti-
body-functionalized pSi nanoparticles to cancer cells. [ 4 ]  

 Unfortunately, the conventional methods of pSi nanoparticle 
fabrication result in a considerable size distribution of particles 
even after time-consuming size-selection steps such as fi ltra-
tion or centrifugation. This size dispersion is disadvantageous 
for targeted delivery since studies [ 1,6,12,13,24,25 ]  have shown that 
particle size and surface chemistry have a dramatic effect on 
nanoparticle behavior following administration. Hence, there 
is a need to develop approaches to prepare nanoparticles with 
narrow size distribution. 

 In addition to the effect of size, recent studies have sug-
gested that the shape of nanoparticles also plays a major role 
in how those particles interact with cells in vitro. [ 26–30 ]  Further-
more, particle shape also has a drastic effect on the preferential 
accumulation of the particles in certain organs when adminis-
tered in vivo. [ 31,32 ]  For example, discoidal nanocarriers are more 
prone to margination toward the blood vessel walls when cir-
culating in the blood fl ow compared with spherical ones, since 
they are subjected to variable forces and torques causing a drift 
toward the walls and favoring their adhesion on the vascular 
endothelium. This margination process enhances the biodis-
tribution of the nanoparticles, and thus increases their thera-
peutic effi cacy. [ 7,29,33 ]  

 Several fabrication strategies have been recently developed 
that afford control of particle shape in addition to size. One 
highlight is the approach taken by the Ferrari group that affords 
discoidal pSi nanoparticles with controlled diameter that have 
been used successfully as nanocarriers. [ 7,34 ]  Specifi cally, dis-
coidal particles with size of 600 and 400 nm in diameter and 
thickness, respectively, showed a higher accumulation in tumor 
tissue and a longer circulation time than other sizes. [ 7 ]  The 
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  1.     Introduction 

 Routes to fabrication of drug delivery nanovectors have been 
intensely investigated due to the obvious benefi ts of such nano-
carriers over conventional drug administration methods. [ 1 ]  
Salient advantages include a reduction in the required drug 
dosage, [ 2–4 ]  the availability of strategies that can increase the 
preferential accumulation of vectors within the targeted tissue 
due to the enhanced permeation and retention effect, [ 5,6 ]  and 
the protection of the therapeutic agent from any degradation 
brought about by the physiological environment. [ 5–7 ]  The litera-
ture contains many reports of delivery vectors from synthesized 
nanomaterials, taking advantage of the high surface-to-volume 
ratio that is fundamental to nanomaterials to load the thera-
peutic agent. These nanomaterials encompass liposomes, [ 8–10 ]  
polymeric nanoparticles, [ 1,11–13 ]  micelles, [ 14,15 ]  mesoporous 
silica, [ 6,16,17 ]  and porous silicon (pSi) particles. [ 5,7,18,19 ]  

 Elemental silicon-based nanoparticles hold particular promise 
as drug-carrying nanovectors due to their biocompatibility and 
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downside of their method is arguably the reliance on expensive 
microfabrication processes such as photolithography, deep reac-
tive ion etching, and chemical vapor deposition. Furthermore, a 
separate anodization step to defi ne the pores is required. 

 Here, we present a fabrication strategy for pSi nanoparti-
cles, which provides excellent control over the resulting size 
and shape of the particles. The strategy is based on a combi-
nation of cheap and easy to implement colloidal nanosphere 
lithography and Ag-catalyzed metal-assisted chemical etching 
(MACE) of silicon in a two-step fabrication process that inher-
ently introduces porosity into the fabricated particles as Hoch-
baum et al. [ 35 ]  and others [ 36–39 ]  have previously demonstrated 
using highly doped silicon substrates (<0.005 Ω cm). Increasing 
the concentration of the oxidizing agent in the etching solution 
caused an increase in the average pore size, as well as a broad-
ening of the pore size distribution. [ 38 ]  

 The resulting particles were discoidal and highly porous, 
and we thus chose to call them pSi nanodiscs (pSi NDs). Fol-
lowing the ND fabrication, an additional anodization step was 
employed to remove the NDs from the surface, while pre-
serving the uniformity of the ND thickness.  

  2.     Results and Discussion 

  2.1.     Nanodisc Fabrication 

 The fabrication process is illustrated in  Scheme    1  . Colloidal 
nanosphere lithography was performed using convective 
assembly of polystyrene nanospheres (PSNS) on a highly doped 
fl at Si substrate to create uniform, large scale, and dense hex-
agonal close-packed nanosphere monolayers (Scheme  1 A). [ 40,41 ]  
This PSNS monolayer was etched in an O 2  plasma in order 

to reduce the diameter of the nanospheres and to create a 
nonclose-packed arrangement (Scheme  1 B). This allowed the 
sputter deposition of an Ag layer in between the PSNS acting 
as a shadow mask (Scheme  1 C).  Figure    1  A shows a scanning 
electron microscopy (SEM) image of the fl at Si wafer with a 
self-assembled array of PSNS (1000 nm average diameter). The 
PSNS layer was etched with O 2  plasma to reduce the diameter 
of the nanospheres to ≈600 nm. An Ag layer of 40 nm thick-
ness was then deposited on top. After PSNS removal, (Scheme 
 1 D and Figure  1 B), hexagonally arranged circular holes in the 
Ag layer remained. The next step was to perform MACE on 
the substrate using a mixture of HF and hydrogen peroxide 
(H 2 O 2 ) (Scheme  1 E) to produce an array of NDs attached to 
the Si wafer. The Ag layer was then easily removed by dipping 
the substrate in concentrated nitric acid for 1 min. The SEM 
image in Figure  1 C confi rm the formation of substrate-attached 
NDs of ≈600 nm diameter after MACE in HF/H 2 O 2  for 30 min 
at room temperature, followed by the removal of the Ag layer 
using nitric acid. Figure  1 D shows a close-up of one of these 
NDs and Figure  1 E shows a cross section of a group of NDs 
attached to the Si substrate. It should be noted that the diam-
eter of the resulting NDs corresponded to hole diameter in the 
Ag layer and the disc height was determined by the duration of 
the MACE process. By manipulating the diameter of the PSNS 
prior to Ag deposition, it was possible to precisely control the 
diameter of the resulting NDs, reaching diameters of 150 nm 
at the lower end as shown in Figure S1D–F, Supporting Infor-
mation. The pSi particles depicted in Figure S1D (Supporting 
Information) of 150 nm diameter have a deformed discoidal 
shape due to the fact that sputtered Ag granules often nucleate 
with sizes ranging from 80 to 100 nm, [ 42 ]  therefore it is hard 
to defi ne patterns at such sizes. Logeeswaran et al. [ 42 ] , on the 
other hand describe a method by which Ag granule sizes can 
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 Scheme 1.    Schematic of the multistep fabrication process. A) The self-assembly of PSNS onto a Si wafer. B) Size reduction of PSNS by O  2  plasma 
treatment. C) Ag deposition and D) removal of the PSNS layer. E) Schematic of the array of pSi NDs on the Si wafer after MACE in HF/H 2 O 2 . F) The 
removal of the Ag layer and the subsequent electropolishing step done to lift off the pSi NDs from the Si wafer using electropolishing. G) The pSi NDs 
after removal from the Si wafer.
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be reduced to 15–20 nm but this was not investigated in this 
work. It was straightforward to defi ne patterns ranging in size 
between 280 and 750 nm as is depicted in Figure S1E,F (Sup-
porting Information). Furthermore, by changing the duration 
of the etching reaction, we were able to fi nely tune the etching 
depth and therefore ND height. Figure S1A–C (Supporting 
Information) shows SEM images of A) 150 nm thick NDs, 
B) ≈1 µm long semirods, and C) 1.3 µm rod-shaped particles 
produced by MACE for 15, 60, and 120 min, respectively. The 
results for different etching parameters are summarized in 
Table S1 (Supporting Information). The control over the size 
and shape of the produced ND by this approach is especially 
interesting given the fact that each tumor might need a per-
sonalized nanoparticle design depending on its features. It is 
known that tumors are both hemodynamically and pathologi-
cally different to one another, which requires the engineering 
of a drug delivery nanovector to reach the tumor of interest in 
the adequate conditions. [ 29,33 ]    

 In order to remove the NDs from the surface in a con-
trolled manner, an electropolishing step in 1:1 HF/ethanol was 
employed to disrupt the interface between the porous structure 
of the NDs and the solid bulk Si substrate (Scheme  1 F). The 
fi nal step of the process therefore aimed at 
generating a suspension of intact NDs with 
uniform diameter and height (Scheme  1 G). 
Indeed, following the electropolishing step, 
the pSi NDs detached from the surface and 
are shown in Figure  1 F lying on the elec-
tropolished Si wafer in random orientations 
but with uniform size and height. The inset 
shows an SEM closeup of one of the detached 
pSi NDs lying on its side. Figure  1 G,H depict 
transmission electron microscopy (TEM) 
images of a single ND from the top and 
side, respectively. From the TEM images, an 
average pore size of 15 ± 5 nm was obtained. 
And a surface area of 185 m 2  g –1  was 

determined from a N 2  adsorption/desorption isotherm fi tted 
to a Brunauer–Emmett–Teller model. SEM and TEM images 
confi rmed the production of NDs with a diameter of ≈600 and 
400 nm in thickness, with narrow size distribution of just ±5% 
in both parameters. These values confi rm the control over the 
size and shape achieved by this approach and the large degree of 
homogeneity that was obtained in comparison with the conven-
tional method to produce pSi nanoparticles where particle size 
distributions of ± 50%–100% are commonly reported. [ 23,43,44 ]  

 Furthermore, several NDs were prepared with increasing 
concentrations of H 2 O 2  in order to investigate the effects on ND 
pore size and morphology ( Figure    2  ). NDs etched in a solution 
containing 4.8  M  HF/0.1  M  H 2 O 2  showed an increase in struc-
tural roughness when compared with NDs etched in 0.01  M  
H 2 O 2  (Figure  2 A). TEM analysis showed a noticable increase in 
the average pore size (27 ± 7 nm compared with 15 ± 5 nm for 
0.01  M  H 2 O 2 ). When NDs were etched in 0.2  M  H 2 O 2 , an even 
more pronounced roughening of the structures was observed 
and the pore size increased to 47 ± 16 nm. A noticeable increase 
in the pore size distribution was also observed and was attrib-
uted to pore collapse. Figure  2 C shows a cross-section SEM scan 
of an array of NDs that were etched fi rst in a solution of 4.8  M  
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 Figure 1.    SEM and TEM images acquired after the different fabrication steps. A) Array of 1000 nm PSNS on fl at Si after O 2  plasma treatment and 
Ag deposition. B) Ag layer after removal of PSNS showing the presence of holes in the metal layer. C) pSi ND array after MACE in HF/H 2 O 2  and 
removal of Ag layer. Scale bar for (A–C) is 3 µm. D) A close-up image of one of the pSi NDs (scale bar = 400 nm). E) Cross section of pSi NDs (scale 
bar = 500 nm). F) pSi NDs randomly spread across the Si surface following electropolishing (scale bar = 3 µm). The inset shows a closeup of one of 
the pSi NDs lying on its side (scale bar = 400 nm). G) TEM top view of an individual pSi ND (scale bar = 200 nm). H) TEM side view of an individual 
pSi ND (scale bar = 100 nm).

 Figure 2.    SEM images acquired after fabrication of pSi NDs using two different etching solu-
tions. A) NDs etched using a solution of 4.8  M  HF and 0.1  M  H 2 O 2 , B) NDs etched using a 
solution of 4.8  M  HF and 0.2  M  H 2 O 2 , and C) a cross-sectional view of NDs etched fi rst in a 
solution 4.8  M  HF/0.01  M  H 2 O 2 , followed by etching in 4.8  M  HF/0.2  M  H 2 O 2  where the interface 
between the layers with two different porosities is visible (scale bar = 500 nm).
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HF and 0.01  M  H 2 O 2  for 30 min, followed by 
2 min etching in 4.8  M  HF and 0.2  M  H 2 O 2 . 
The change in H 2 O 2  concentration drastically 
impacted on the porosity of the structures, 
where the interface between the top porous 
layer and the bottom ultraporous layer was 
highly visible. This illustrates nicely the fl ex-
ibility that MACE offered in terms of control-
ling porosity and pore size. 

    2.2.     ND Functionalization and Drug Loading 

 In order to exemplify the potential of the 
size- and shape-controlled pSi nanoparticles, 
their ability to selectively target cancer cells 
and deliver a cytotoxic drug was tested. 

 A surface functionalization approach was 
required to a) slow down ND degradation 
and b) enable the attachment of cell tar-
geting antibodies. Here, two antibody conjugation routes were 
employed, namely using carboxylic acid activated by N-hydrox-
ysuccinimide (NHS) resulting in nonoriented antibody con-
jugation via amine groups, and employing semicarbazide 
chemistry with periodate-oxidized antibodies, which results in 
oriented attachment via the antibody’s Fc region. [ 5,45 ]  In order 
to functionalize the NDs, hydrosilylation reactions with unde-
cylenic acid (UA) and  tert -butyl-2 [(allylamino)carbonyl]hydra-
zine-carboxylate (SC), respectively, were carried out on freshly 
prepared silicon hydride-terminated particles. A schematic of 
the two chemical modifi cation routes is shown in Scheme S1, 
Supporting Information. Infrared (IR) characterization con-
fi rmed the successful functionalization of the pSi NDs (Figure 
S2, Supporting Information). The IR spectrum for untreated 
NDs showed a small peak at 2245 cm −1  corresponding to 
Si H stretching vibrations as well as a silicon oxide peak at 
1100 cm −1 , indicating that the NDs were partially oxidized when 
exposed to atmospheric oxygen during the sample preparation 
for IR spectroscopy. Tert-butyloxycarbonyl (BOC)-protected 
semicarbazide-functionalized NDs (ND-SC) exhibited peaks 
at 1655 and 1700 cm −1  corresponding to C O stretches from 
the urea and carbamate groups, respectively. Additional peaks 
were observed at 2850 and 2920 cm −1  and attributed to C H 
stretching vibrations from the aliphatic chains. In contrast, UA-
functionalized NDs (ND-UA) showed peaks at 1720 cm −1  (C O 
stretching vibration from the carboxylic acid) and peaks at 2850 
and 2920 cm −1  assigned to C H stretching vibrations. 

 In terms of degradation rates, surface functionalization 
provided protection for the NDs and reduced the rate of deg-
radation relative to the nonfunctionalized NDs. Nonfunc-
tionalized NDs showed a rate of degradation of 2.3 m M  h –1  
that was equivalent to 54% of the total amount of silicic acid 
produced as a result of complete degradation. These NDs 
degraded fully after 2 h, which was confi rmed through visual 
observation, where the solution color changed from a murky 
brown to colorless.The rate of degradation was dramatically 
decreased to < 1% for both ND-SC (18 × 10 −3  m M  h –1 ) and 
ND-UA (27 × 10 −3  m M  h –1 ) ( Figure    3  ). These results demon-
strate that the surface functionalization removed most of the 

Si H groups that are responsible for pSi degradation by oxi-
dative hydrolysis. [ 46 ]   

 We then examined the loading of the anticancer drug camp-
tothecin (CPT) into the pores of the pSi NDs. CPT is a hydro-
phobic alkaloid compound targeting DNA topoisomerase I, 
an important enzyme involved in the removal of DNA super-
coiling during DNA transcription. [ 47,48 ]  Topoisomerase inhibi-
tors are popular targets for cancer chemotherapy. CPT entered 
phase I and II clinical trials but had to be abandoned due to 
severe toxic side effects. [ 49 ]  CPT is therefore an excellent candi-
date for vectorization with nanoparticles, in order to avoid such 
drawbacks. [ 50 ]  

 Prior to CPT loading, ND-SC was deprotected via removal of 
the BOC-group to form ND-SC-deprotected or ND-SC-DP for 
short. Similarly, ND-UA was NHS activated to form ND-UA-
NHS. High-performance liquid chromatography (HPLC) was 
used to determine the amount of CPT loaded into the pSi NDs. 
The ND-UA-NHS gave a total loading of 2.09 mg mg –1  com-
pared with the 1.88 mg mg –1  loaded shown by the ND-SC-DP 
(Table S2, Supporting Information). These are very high loading 
rates as compared with previous works including Secret et al. [ 5 ]  
where the authors obtained loadings of ≈0.1 mg mg –1 . Addition-
ally, a work by Lu et al. [ 51 ]  reported a maximum CPT loading 
value of around 600 ng mg –1  in porous silica nanoparticles. On 
the other hand, Kinnari et al. [ 52 ]  reported on the loading of ther-
mally oxidized and thermally carbonized pSi particles with the 
hydrophobic drug itraconazole showing loadings of around 112 
and 113 µg mg –1  for the thermally carbonized and thermally 
oxidized particles, respectively. 

  Figure    4   displays the release kinetics of CPT from the pSi 
NDs over 24 h in cell culture medium at 37 °C, reported as 
the percentage of the total CPT loaded. The release kinetics for 
all NDs showed a burst release that occurs immediately after 
adding the NDs to the cell culture media. Such behavior is not 
surprising, since it is known that nanoparticles interact with 
biological fl uids forming a protein corona, which can promote 
payload release. [ 53 ]  At the same time, drug molecules adsorbed 
onto the surface and held by weak intermolecular forces 
can contribute signifi cantly to the burst release percentage 
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 Figure 3.    Degradation of pSi NDs as determined by silicic acid release over 6 h in Tris buffer 
(pH = 7.2) at room temperature. A) Silicic acid release for nonfunctionalized pSi NDs. B) Silicic 
acid release for pSi NDs functionalized with semicarbazide and undecylenic acid chemistries. 
 n  = 3.
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regardless of the type of media that the release is occurring 
in. [ 54 ]  The burst release was around 50%–55% after ≈2 h, fol-
lowed by sustained release over the rest of the measurement 
period. The CPT burst release for ND-UA-NHS was less exten-
sive than for ND-SC-DP. After the 4 h time point, the total 
amount of CPT released from both ND sets started to equalize, 
culminating in a slightly larger percentage of CPT released by 
ND-UA-NHS (83%) relative to ND-SC-DP (80%) by the end 
of the measurement period (24 h). Therefore, our pSi NDs 
showed extended release profi les compared with the pSi nano-
particles by Secret et al. [ 5 ]  where 80% of CPT was released after 
only 3 h. In comparison, Lu et al. [ 51 ]  reported on a maximum 
of 10% release of CPT from porous silica nanoparticles within 
6 h. However, those release experiments were performed in 
PBS instead of cell culture medium. 

    2.3.     Antibody Immobilization and Cell Targeting 

 For the ND-SC-DP, the antibody had to be periodate oxidized in 
order to generate an aldehyde group on the carbohydrate side 
chain on the antibody’s Fc fragment. Covalent binding of an 
antibody on the functionalized ND-SC-DP and ND-UA-NHS 
was confi rmed by employing a Dylight 549-labeled mouse anti-
human IgG antibody (Figure S3, Supporting Information). The 
results showed that the labeled antibody failed to attach to non-
functionalized NDs, whereas it was clearly bound to the func-
tionalized NDs. 

 Cancer cell targeting was explored using MLR2 anti-p75 
antibodies targeting the p75NTR neurotrophin receptor 
that is expressed on the surface of neuroblastoma cells 
(SH-SY5Y). [ 55–57 ]  

 We investigated both semicarbazide and NHS chemistries to 
attach the MLR2 antibody. The antibody was labeled with fl uo-
rescein isothiocyanate (FITC) to evaluate selective attachment of 
MLR2 antibody-functionalized NDs to SH-SY5Y cells. The BSR 
cell line, a clone of baby hamster kidney cells, which are not able 

to express p75NTR, were used as a negative control. Note that 
for these experiments, the NDs were not loaded with CPT. After 
30 min of incubation with the NDs, the cells were rinsed and 
the culture medium replaced. Furthermore, the SH-SY5Y and 
BSR cells were stained and characterized using confocal fl uores-
cence microscopy ( Figure    5  ). It was apparent from Figure  5 A,C 
that the MLR2 antibody-functionalized NDs failed to attach to 
the control BSR cells since there was no green fl uorescence pre-
sent. In contrast, green fl uorescing spots were scattered around 
the cell nuclei of SH-SY5Y cells (Figure  5 B,D), especially for the 
ND-SC-DP. In fact, a total number of 50 ± 8 NDs with MLR2 
antibody attached through the semicarbazide functionality per 
cell were counted, whereas only 30 ± 3 NDs/cell were observed 
for the ND-UA-NHS. Therefore, a higher effi ciency in reaching 
the target cell was obtained when the MLR2 was immobilized 
on the NDs via semicarbazide chemistry. The selective attach-
ment of the MLR2 antibody-functionalized NDs was also con-
fi rmed in SEM images (Figure  5 E–F). 
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 Figure 4.    CPT release from pSi NDs with different surface chemistry. 
Drug release in cell culture media at 37 °C was followed over the fi rst 
24 h. The amount released is depicted as a percentage of the total amount 
loaded for each set of NDs. The two sets of functionalized NDs include 
NHS-activated undecylenic acid-functionalized NDs (ND-UA-NHS) and 
deprotected-semicarbazide-functionalized NDs (ND-SC-DP).

 Figure 5.    Interaction of MLR2 antibody-functionalized pSi NDs with cells. 
A–D) Optical confocal fl uorescence microscopy images (blue = nucleus, 
red = cytoplasm, green = NDs, scale bar = 50 µm ). A,B) BSR cells and 
SH-SY5Y cells, respectively, after treatment with ND-UA-MLR2. C,D) BSR 
cells and SH-SY5Y cells, respectively, after treatment with ND-SC-MLR2. 
Last two images are SEM images SH-SY5Y cells after treatment with E) 
ND-UA-MLR2 and F) ND-SC-MLR2 (scale bar = 10 µm). Inset: Zoom in 
of the ND-SC-MLR2 attached on the cell.



FU
LL

 P
A
P
ER

1142 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

    2.4.     Targeted Drug Delivery to Neuroblastoma Cells 

 Finally, we evaluated the effect of CPT loaded and MLR2 
antibody-functionalized pSi NDs on SH-SY5Y and BSR cells. 
Both cell lines were treated with nonfunctionalized NDs 
(ND), CPT-loaded pSi NDs (ND-CPT), pSi NDs functional-
ized with MLR2 antibody (ND-MLR2), and pSi NDs loaded 
with CPT and functionalized with MLR2 antibody (ND-CPT-
MLR2). The experiment was carried out for both function-
alization chemistries used, semicarbazide (ND-SC-DP) and 
NHS (ND-UA-NHS). Note that for these experiments, CPT 
loading was carried out fi rst, followed by antibody immobili-
zation. Cells were incubated with 50 µg mL –1  of pSi NDs for 
30 min, followed by replacement of the culture medium to 
remove any unbound NDs. [ 4 ]  The cells were then incubated 
for 2 d, after which a lactose dehydrogenase (LDH) assay was 
performed to determine the cytotoxicity for each treatment 
( Figure    6  ).  

 The results showed that nonfunctionalized NDs were non-
toxic to both BSR and SH-SY5Y cells. The same was true for 
the ND-MLR2. Interestingly, ND-CPT were also nontoxic to 
both cell types, and we attribute this result to the fact that the 
ND dispersion was removed from the cell culture after 30 min 
of incubation and replaced with cell culture medium not con-
taining NDs. However, strong toxicity was observed in the neu-
roblastoma cells when incubated with CPT-loaded NDs that 
also displayed the MLR2 antibody. Interestingly, pSi NDs func-
tionalized with the semicarbazide and UA showed the same 
toxicity effects (5.6% remaining cell viability in both cases) 
despite the different antibody attachment chemistry, sug-
gesting that with both functionalities the dose of CPT released 
on the target cells reached the same stage of lethality. This is 
despite the observation that ND-SC-DP more avidly attached 
to target cells. Perhaps the slightly higher CPT loading in ND-
UA-NHS was able to offset the lower avidity in attachment to 
cells. 

 Finally, the selectivity of the antibody targeting was also effec-
tively demonstrated in this experiment since BSR cells lacking 
the p75NTR receptor remained highly viable after incubation 

with CPT loaded and antibody-functionalized 
NDs (cell viability > 96%).   

  3.     Conclusions 

 In conclusion, we have demonstrated a 
novel fabrication method for size- and 
shape-controlled pSi nanoparticles utilizing 
simple colloid nanosphere lithography, cou-
pled with MACE. The method resulted in 
nanoparticles with discoidal shape, hence 
termed NDs and could be produced with 
a diameter of 150–750 nm and heights 
varying from 150 nm to over 1 m. The pSi 
NDs were highly porous, degradable and 
could be loaded with a large payload of the 
anticancer drug CPT (up to 2 mg mg –1 ). 
Two types of bioconjugation routes were 
explored to compare nonoriented and ori-

ented antibody immobilization on the pSi NDs. The ability 
of MLR2 antibody displaying pSi NDs loaded with CPT for 
targeted drug delivery was confi rmed by the selective attach-
ment to and killing of SH-SY5Y neuroblastoma cells. Overall, 
our study opens new vistas for the fi eld of cancer nanovectors.  

  4.     Experimental Section 
  Materials and Reagents : Silicon wafers (3in. diameter, boron-doped 

p++ ≤ 0.001 Ω cm) were purchased from Siegert (Germany). Sulfuric 
acid (H 2 SO 4 , 95%–97%) and HF (48%) were purchased from Scharlau 
Chemie (Chem-Supply Pty. Ltd. Australian representation). H 2 O 2  
(30%) was purchased from Merck (Australia). The PSNS solution 
was purchased from Polysciences (USA) and concentrated 10× by 
centrifugation. All other chemicals were purchased from Sigma-Aldrich 
(Australia) unless otherwise stated. 

  Fabrication of NDs : Fresh fl at silicon wafers were fi rst cleaned in a 
solution of Piranha (2:1 H 2 SO 4 :H 2 O 2 , 85 °C) for 1 h, followed by rinsing 
in MilliQ water and drying with a N 2  gas jet. 1 mL of PSNS solution 
(1.0 µm) was concentrated by centrifugation at 12 000 rpm, and 900 µL 
of the supernatant was collected and removed. The remaining solution 
was vortex mixed. A convective assembly setup was used to generate a 
PSNS monolayer by coating 60 µL of concentrated PSNS solution (per 
wafer) at a speed of 150 µm s –1 . The coated wafer was then subjected to 
O 2  plasma etching using a HHV TF600 sputter coater fi tted with a PLC 
control system. The O 2  plasma (50 W RF, 15 sccm O 2 , 2.00 × 10 −2  mbar) 
was used to treat the wafer for 25 min to reduce the PSNS array 
diameter. The same system was then used to sputter coat a thin layer of 
Ag (40 nm, 100 W DC, 10 sccm Ar, 1.00 × 10 −2  mbar). Finally, the PSNS 
layer was removed by ultrasonication in MilliQ water for 1 min and the 
wafers were etched in a solution of HF (4.8  M ) and H 2 O 2  (0.01  M ) in 
MilliQ water (100 mL) for 30 min at room temperature. The Ag layer 
was removed by dipping the wafer in concentrated HNO 3  for 1 min. 

  ND Liftoff and Processing : Using a standard pSi etching cell, the pSi 
NDs were lifted off via electropolishing in a solution of 1:1 HF:ethanol 
using a current of 360 mA cm –2  for up to 20 s, followed by ultrasonication 
for 10 s. The NDs were then harvested by centrifugation at 18 000 rpm 
using a Sigma 3–18 K centrifuge (John Morris Scientifi c, Australia), 
resuspended in ethanol and washed with ethanol several times to remove 
any remaining HF solution. For surface area characterization, 10 mg 
of sample was analyzed using N 2  adsorption/desorption volumetry at 
–196 °C using a Quadrasorb Surface Area Analyzer (Quantachrome, 
USA). The sample was degassed overnight at 300 °C prior to analysis. 
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 Figure 6.    Viability of SH-SY5Y neuroblastoma cells targeted by antibody- and drug-loaded 
NDs. SH-SY5Y cells (contain p75NTR) and BSR (lack p75NTR) cells were incubated with 
50 µg mL –1  pSi NDs. After 30 min, the cell culture medium was replaced to remove unat-
tached NDs. For each sample, viability analysis was performed in triplicates. Panel A) relates 
to pSi NDs with NHS functionality, whereas B) shows results of pSi NDs with semicar-
bazide chemistry. Control cells were cells grown in media without any treatment. Cells were 
treated with pSi NDs (ND), CPT-loaded pSi NDs (ND-CPT), MLR2 antibody-functionalized 
pSi NDs (ND-MLR2), and pSi NDs loaded with CPT and functionalized with MLR2 antibody 
(ND-CPT-MLR2).
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  4.1. pSi NDs Functionalization with Semicarbazide 

     a)       Hydrosilylation and Deprotection : A solution of  tert -butyl-2 [(allylamino)
carbonyl]hydrazine-carboxylate was prepared in dry tetrahydrofuran 
(THF) at a concentration of 0.1  M , followed by several cycles of freeze–
pump–thaw to remove any trapped O 2 . The pSi NDs (100 µg) were 
washed twice with THF and injected into the semicarbazide solution 
under an N 2  atmosphere and allowed to react at 85 °C under refl ux 
for 4 h to form ND-SC. This was followed by rinsing the ND-SCs twice 
with THF, once with ethanol, and once with dichloromethane (DCM, 
CH 2 Cl 2 ). The ND-SC were then collected through centrifugation 
and dispersed in a 2 mL mixture of DCM:TFA (trifl uoroacetic acid) 
at 3:2 v/v in order to remove the BOC protecting group (Figure S2, 
Supporting Information). The solution was left in the dark for 4 h un-
der agitation to complete the reaction. The pSi ND-SC-DP in solution 
were then washed with DCM twice, with ethanol once, and then dried.   

   b)     Oxidation of Antibody : MLR2 antibody solution (2 mg mL –1 ) was kindly 
provided by Marie-Louise Rogers (Flinders University, Australia) in 
phosphate buffer saline (pH 7.4). [ 57,58 ]  An oxidizing solution was pre-
pared by dissolving sodium periodate in a buffer solution composed 
of 20 m M  sodium acetate (NaAcO) and 0.15  M  sodium chloride (NaCl) 
at pH 5.0 at a concentration of 20 m M . Both the antibody and the 
periodate solutions were mixed together at a 1:1 ratio and allowed to 
react in the dark at room temperature for 30 min under agitation. The 
oxidation reaction was then quenched by addition of ethylene glycol 
at 1:4 v/v of the antibody solution. Excess oxidant was removed by 
dialysis using SnakeSkin™ tubing with Mw = 10 000 Da. The solution 
was dialyzed against 2 L of the NaAcO/NaCl buffer for 2 h followed by 
three successive steps of dialysis against a buffer solution composed 
of 0.1  M  monopotassium phosphate (KH 2 PO 4 , pH 6.5), using 2 L of 
buffer for 2 h at each step.  

   c)      Drug Loading and Antibody Attachment : The ND-SC-DP were im-
mersed in a solution of CPT dissolved in dry dimethylformamide 
(DMF) at a concentration of 2.5 mg mL –1 . The pSi NDs were incu-
bated in the solution in the dark for 24 h, followed by centrifugation 
and the removal of DMF through evaporation under vacuum. The 
ND-SC-DP were then rinsed with ethanol and dried under vacuum 
(ethanol used for rinsing was kept for CPT concentration measure-
ment). The oxidized antibody solution was adjusted to pH 6.0 using 
HCl and 100 µg of pSi NDs were added to the solution and allowed 
to react for 30 min in the dark at room temperature while agitating. 
The pSi NDs were then fi nally centrifuged and resuspended in 1 X PBS 
(pH 7.4).     

  4.2. ND Functionalization with Undecylenic Acid 

    a)     Hydrosilylation : UA was liquefi ed at 60 °C under an N 2  atmosphere, 
while allowing the N 2  jet to bubble through the liquid for 5 min. Freshly 
made pSi NDs (100 µg) were washed with ethanol and allowed to dry 
until less than 100 uL of ethanol remained with the NDs suspended 
in it. The remaining ethanol containing the NDs was injected directly 
into 2 mL of liquid UA and allowed to react for 4 h at a temperature of 
120 °C. The pSi NDs were then extracted via centrifugation at 18 000 
rpm and washed with ethanol three times.  

   b)     EDC/NHS Activation : The UA-functionalized NDs (ND-UA) were ex-
tracted from ethanol using centrifugation at 18 000 rpm and rinsed 
with 1X PBS (pH 7.4) twice, followed by removal of the PBS. A solu-
tion of 10 m M  NHS was prepared in 1X PBS. At the same time, a 
10 m M  solution of ethyl(dimethylaminopropyl) carbodiimide in 1X 
PBS was prepared. The two solutions were mixed at a 1:1 ratio to form 
2 mL of solution which was then added to the ND-UA. The NDs were 
resuspended in solution and the mixture was allowed to react for 1 h 
to form ND-UA-NHS, following which the pSi NDs were recovered by 
centrifugation and washed with MilliQ water once.  

   c)     Drug Loading and Antibody Attachment :  The ND-UA-NHS was im-
mersed in a solution of CPT dissolved in dry DMF at a concentration 
of 2.5 mg mL –1 . The ND-UA-NHS was incubated in the solution in 
the dark for 24 h, followed by centrifugation and evaporation of the 

DMF under vacuum. The ND-UA-NHS were then rinsed with ethanol 
and dried under vacuum (ethanol used for rinsing was kept for CPT 
concentration measurement). 2 mg mL –1  of the MLR2 antibody was 
suspended in 1X PBS buffer (pH 7.4). The pSi NDs were resuspended 
in the antibody solution. The reaction was carried out for 30 min, fol-
lowing which the pSi NDs were recovered using centrifugation and 
resuspended in 1X PBS (pH 7.4).   

  Fluorescent Antibody Attachment and Characterization : Dylight 
549-conjugated mouse antihuman IgG antibodies (Abcam, Australia) 
were obtained at 1 mg mL –1  concentrations. 1 mL of antibody 
solution was oxidized according to subsection (b) under the “pSi NDs 
Functionalization with Semicarbazide” section. pSi NDs functionalized 
according to section “ND functionalization with undecylenic Acid” 
(deprotected semicarbazide) (not loaded with CPT) was incubated with 
the oxidized antibody, while nonoxidized antibodies were incubated 
with pSi NDs functionalized according to section “ND functionalization 
with undecylenic acid” (NHS/UA) and nonfunctionalized NDs. The 
incubation was performed for 16 h at 4 °C. The NDs were then rinsed 
with 1X PBS (pH 7.4) three times for 5 min each time to remove 
unattached antibodies. All the NDs were then examined using an 
inverted fl uorescence microscope equipped with the appropriate fi lters 
(Nikon Eclipse Ti S). 

  Determination of CPT Loading : CPT loading for each set of NDs was 
determined on the loading solution (before and after loading) as well as 
on the rinsing solutions using a HPLC system (Shimadzu Corporation, 
Japan) equipped with a series of LC-20ADXR pumps, SIL-20ACXR auto 
sampler, CTO-20AC column oven, SPD20A variable UV detector that was 
set up to measure at 380 nm, and a LiChrospher C18 analytical column 
(RP-18, 5 µm, 4.6 mm ID × 250 mm). The mobile phase consisted of a 
mixture of 10 m M  phosphoric acid and acetonitrile at 1:1 v/v and pH = 
3.0. The mobile phase was eluted with a fl ow rate of 1.2 mL min –1 . Using 
this set of conditions, the limit of detection was 8 ng mL –1  and the limit 
of quantifi cation was 24 ng mL –1 . Linear calibration curves with R 2  ≥ 0.99 
were plotted for the peak areas obtained through chromatography versus 
drug concentrations over the range of 0.05–50 µg mL –1  without using an 
internal standard. All dilutions were prepared using the mobile phase to 
establish a fi nal concentration range suitable for HPLC quantifi cation. 

  Determination of CPT Release Kinetics : CPT release was measured 
using a Cary Eclipse fl uorescence spectrometer (Agilent Technologies) 
fi tted with a Peltier temperature control system in real time from pSi 
NDs prepared according to sections “pSi NDs functionalization with 
semicarbazide” and “ND functionalization with undecylenic acid”. The 
NDs were suspended at a concentration of 33.3 µg mL –1  in 3 mL of cell 
culture media and added to standard quartz cuvettes. The cell culture 
media was preheated to 37 °C and the release experiment was carried 
out at the same temperature for 24 h while collecting fl uorescence 
measurements every 5 min. The excitation wavelength was set to 
340 nm and emission was detected at 440 nm. 

  ND Degradation Assay : A molybdenum blue colorimetric assay was 
employed to establish the released concentration of silicic acid from 
pSi NDs. Three sets of pSi NDs (nonfunctionalized NDs, ND-SC, and 
ND-UA) each weighing around 100 µg were each immersed in a buffer 
solution of tris(hydroxymethyl)aminomethane (Tris) (2 mL, pH = 7.2). 
Tris was used instead of PBS since phosphate in the PBS intereferes with 
the assay. [ 59 ]  Measurements were taken by extracting 100 µL of solution 
every hour after a quick centrifugation step at 18 000 rpm to force the 
NDs to the bottom of the container. Each of the 100 µL aliquots were 
then added to 40 µL of 0.3  M  HCl solution. This was followed by the 
addition of 20 µL of 42 m M  ammonium molybdate. At this stage the 
solution was left to react for ≈10 min until the color changed to pale 
yellow. Next, 20 µL of the chelating agent ethylenediaminetetraacetic 
acid (27 m M ) was added to the solution, following by 40 µL of 1.35  M  
sodium sulfi te. After 1 h incubation at room temperature, the solution 
turned to a light blue color, the intensity of which was then measured 
using a kinetic microplate reader (VMax, Molecular Devices, USA) at 
650 nm. Additionally, a standard set of silicic acid solutions was prepared 
to establish a calibration curve. For this purpose, sodium metasilicate 
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was used as the source of silicic acid and 11 dilutions were prepared in 
Tris buffer covering the range of 0–100 µ M . 

  Infrared Spectroscopy : IR analysis was carried out on functionalized 
and nonfunctionalized pSi NDs. The NDs were deposited from solution 
onto a p-type 3–6 Ω cm fl at Si wafer and allowed to dry. Analysis was 
performed on a Hyperion 1000 FTIR-Microscope coupled to a Vertex 
70 IR source (Bruker, Germany) and a liquid N 2 -cooled MCT detector. 
An attenuated total refl ectance accessory with a germanium crystal was 
used directly onto the deposited NDs. The fl at Si wafer was used as 
background. Spectra were acquired between 650 and 4000 cm −1  with a 
resolution of 4 cm −1  for 64 scans. 

  Cell Culture : SH-SY5Y and BSR cells were seeded in a 96 well plate 
at a concentration of 10 4  cells per well and left for 24 h. Subsequently, 
the cells were incubated with NDs prepared according to sections “pSi 
NDs Functionalization with Semicarbazide” and “ND functionalization 
with undecylenic acid”. For the ND-SC, the following set of samples 
was used: nonfunctionalized NDs (ND), CPT-loaded NDs (ND-CPT), 
MLR2 antibody-functionalized NDs (ND-MLR2), and CPT-loaded and 
MLR2 antibody-functionalized NDs (ND-CPT-MLR2). A similar set of 
samples was also used for the pSi NDs with NHS chemistry. The cells 
were incubated with each set of the NDs for 30 min at a concentration 
of 50 µg mL –1  at 37 °C and 5% CO 2 . After incubation, the cells were 
washed with PBS to remove any unattached NDs and then incubated in 
Dulbecco’s modified Eagle's medium (DMEM) (10% FBS, 100 U mL –1  
penicillin and 100 µg mL –1  streptomycin) in 5% CO 2  at 37 °C for 48 h. 

  Determination of Cell Targeting of pSi NDs : For the determination 
of targeted pSi ND binding to SH-SY5Y cells, MLR2 antibodies was 
labeled with FITC as follows. 200 µL of MLR2 antibody (3.6 mg mL –1 ) 
was mixed with 20 µL of 1  M  sodium bicarbonate (pH 9.0). 10 mg of 
FITC was dissolved in 1 mL DMSO (Sigma, Australia) and 50 µL of 
the FITC solution was added to the MLR2 solution. The mixture was 
stirred for 1 h in the dark at room temperature. Following the labeling 
reaction, MLR2 antibody was purifi ed from the unattached FITC using 
gel fi ltration in a Sephadex G25 column using a buffer solution of 
0.1  M  Na 2 HPO 4  + 0.15  M  NaCl (pH 7.2). The fl uorescent MLR2 antibody 
(FITC-MLR2) was attached to pSi NDs as described in sections “pSi 
NDs functionalization with semicarbazide” and “ND functionalization 
with undecylenic acid”. The FITC-MLR2 antibody-functionalized NDs 
were then incubated with SH-SY5Y and BSR cells according to section 
“determination of cell targeting of pSi NDs”, but the cells were grown 
on coverslips with a density of 5 × 10 4  cell cm –2  instead. In order to 
characterize the pSi ND attachment using fl uorescence microscopy, 
the following steps were performed. ND-treated BSR and SH-SY5Y 
cells were fi xed with a solution containing 4% paraformaldehyde (EM 
grade, Electron Microscopy Sciences) for 10 min, following which the 
cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 
5 min at room temperature. The nuclei of the cells were stained with 
1 µg mL –1  Hoechst 33342 (Life Technologies) for 15 min at room 
temperature. This was followed by staining the actin fi laments in the 
cytoplasm with 100 µ M  TRITC-labeled phalloidin (Sigma-Aldrich) for 
45 min. Finally, the coverslips were washed in PBS and mounted using 
fl uorogel mounting reagent (ProSciTech). The cells were imaged using 
a confocal fl uorescence microscope (Nikon A1, Japan) equipped with 
the appropriate fi lters and lasers. The ND uptake by cells was quantifi ed 
from the blue (Hoechst 33342, nucleus) and green (ND fl uorescence) 
channels of the fl uorescence microscopy images. ImageJ software (NIH) 
was used to count the number of nuclei and NDs in each image. ND 
quantifi cation was performed in triplicates for each cell type and linker 
chemistry, with a minimum cell population count of  n  = 150 cells. The 
values are stated as the number of NDs per cell nucleus. 

  In Vitro Cell Viability Assay : The viability of cells prepared according 
to section “determination of cell targeting of pSi NDs” was determined 
using a commercial LDH assay kit (LDH-Cytotoxicity Assay Kit II, 
Abcam) according to the manufacturer's instructions. 100 µL of the cell 
suspension was centrifuged at 600× g for 10 min and the supernatant 
was transferred into a 96 well plate. To each well, 100 µL of the LDH 
reaction mix was added. After 30 min of incubation at room temperature, 
the absorbance was measured at 450 nm using a NanoDrop 2000 UV/

Vis spectrometer (Thermo Scientifi c, Australia). LDH measurements 
were performed in triplicate. The cytotoxicity of NDs was calculated by 
comparison of LDH secretion of test samples against untreated cell 
(reference 1) and fully lyzed cell (reference 2) references:

 
Cytotoxicity %

Test Sample Ref 2
Ref1 Ref 2

100%= −
− ×

   

 The percentage viability (%) was calculated as follows:

 Viability % 100% Cytotoxicity %= −    

    Preparation of Cells for SEM : Cells prepared according to section 
“determination of cell targeting of pSi NDs” were treated with 1% 
osmium tetroxide for 30 min at room temperature, and then rinsed in 
PBS for 10 min three times. This was followed by gradual dehydration 
using successively increasing ethanol concentrations (50%, 70%, 90%, 
and 100%) with 15 min for each wash. The cells were then chemically 
dried using hexamethyldisilazane (HMDS) fi rst with 1:1 ethanol:HMDS 
followed by 1:3 ethanol:HDMS, and fi nally 100% HDMS. The HDMS 
was drained and the cells were allowed to dry for 5 min, followed by 
sputter coating a layer of platinum (Pt) with 20 nm thickness. 

  Scanning Electron Microscopy : SEM imaging was carried out using 
a Quanta 450 FEG Environmental SEM (FEI, Netherlands) fi tted with 
a solid state detector and operating at 30 kV in high vacuum mode. 
Measurements of particle dimensions were performed using the freely 
available software ImageJ. 

  Transmission Electron Microscopy : pSi NDs were characterized with 
a computer-controlled TEM JEM-2100F (Jeol Pty Ltd), equipped with a 
fi eld emission gun. Samples were suspended in ethanol (≈100 µg mL –1 ) 
to ensure the rapid evaporation of the solvent on a 300 lines/mesh 
copper grid coated with a Formvar fi lm (PST ProSciTech). The high-
resolution pole was operated at a 200 kV accelerating voltage and 
images were acquired with a Gatan Orius SC1000 CCD camera mounted 
at the bottom of the column. The pore size distribution was measured 
using the freely available software ImageJ.   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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