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Anna Cifuentes-Rius, Angela Ivask, Ester Sporleder, Ishdeep Kaur, Yasmin Assan,  
Shasha Rao, David Warther, Clive A. Prestidge, Jean-Olivier Durand,  
and Nicolas H. Voelcker*

predisposition of some tumors to drug resistance and nonspe-
cific toxicity. Nanomedicine offers the possibility of tackling 
these basic clinical challenges, by designing targeted delivery 
systems that enable the combination of cancer therapies.[1] 
To overcome resistance to chemotherapeutics, we explore 
the synergy of combining hyperthermia with conventional 
chemo therapy. Since cancer cells are more susceptible to 
higher temperatures compared to healthy cells, hyperthermia 
stimulates the internalization of anticancer drugs in tumor 
cells.[2] Thus, nanoparticle (NP)-based delivery platforms 
capable of combining hyperthermia with traditional chemo-
therapeutics may afford the efficient treatment of highly 
drug-resistant tumors.[3] Moreover, the vectorization of ther-
apeutics using NPs that actively target membrane receptors 
overexpressed in cancer cells has been recently proposed as 
an efficient way to guarantee selective payload delivery and 
therefore improve therapeutic outcomes.[4]

Porous silicon (pSi) NPs are i) biodegradable, ii) suitable 
for conjugation with targeting moieties, and iii) excellent car-
riers of chemotherapy drugs.[4] Here, we utilized these unique 
properties of pSiNPs and loaded them with two different 
therapeutics, while immobilizing cell-specific antibodies to 
ensure active targeting (Scheme 1).

Gold nanomaterials are energy-transducing NPs that can 
be heated when exposed to an electromagnetic (EM) field.[5] 
EM radiation in the microwave (µW) region is especially DOI: 10.1002/smll.201701201
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Despite the advances in the development of disruptive 
chemotherapeutics, their efficacy is diminished by the 
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interesting due its ability to penetrate deeper within tissue.[5b] 
Despite the fact that the heating mechanisms of gold nano-
particles in EM fields are still under intense debate, a recent 
study demonstrates that gold nanoclusters (AuNCs) become 
paramagnetic after chemical oxidation.[5e] This paramag-
netism allows the ultrasmall AuNC to heat up in the mag-
netic component of the EM field.[5b,e]

By encapsulating a chemotherapy drug and AuNCs into 
the antibody-coated pSiNPs, we illustrate the potential of this 
system to combine localized hyperthermia and chemotherapy.

pSiNPs were fabricated by electrochemical etching of 
crystalline Si as reported previously by our group.[4b] Figure 
S1A (Supporting Information) shows a scanning electron 
microscopy image of the perforated structure which has a 
thickness of 187 ± 16 nm. The anodized porous layer (Figure 
S1B, Supporting Information) was lifted off the Si wafer by 
electropolishing and fractured into particles by ultrasoni-
cation. Transmission electron microscopy (TEM) images 
(Figure S1C, Supporting Information) show pSiNPs of 180 ± 
16-nm in thickness and 220 ± 11-nm in diameter. pSiNPs are 
highly porous (Figure S1D, Supporting Information) with a 
pore size of 21 ± 11 nm. Particle size distribution obtained 
by dynamic light scattering (DLS) measurement displays an 
average hydrodynamic diameter of 202.5 ± 11 nm (Figure S2, 
Supporting Information). The concentration of Si in solution 
was measured by inductively coupled plasma mass spectros-
copy (ICP-MS). From the stock solution (3 mg mL−1), a cali-
bration curve was obtained by UV spectroscopy for further 
quantification of Si (Figure S3, Supporting Information).

Active targeting strategies have an impact on nano-
particle–cell interactions and particle internalization.[4a,b] 
To add the targeting function to pSiNPs, a cell-targeting 
antibody (Ab) was immobilized to the NP surface. We used 

semicarbazide chemistry, which allows the conjugation of the 
periodate-oxidized Ab through the Fc (Fragment, crystal-
lizable) region resulting in specifically oriented binding.[4a] 
Freshly prepared pSiNPs were functionalized with tert-
butyl-2[(allylamino)carbonyl]hydrazine-carboxylate (SC) 
by thermal hydrosilylation. Prior to Ab immobilization, the 
tert-butyloxycarbonyl-protected group in the SC moiety was 
removed. The full functionalization route and Ab conjugation 
is represented in Scheme S1 (Supporting Information). IR 
analysis confirmed the successful surface modification with 
the SC groups and the subsequent deprotection (Figure S4, 
Supporting Information). As-prepared pSiNPs exhibited the 
typical peak corresponding to SiH stretching vibrations at 
around 2100 cm−1. This peak diminished for the SC-function-
alized pSiNPs (pSiNP-SC), confirming the reaction between 
the SiH and the alkene. This is expected to be incomplete, 
and therefore feature unreacted SiH groups.[4b] The spec-
trum for pSiNP-SC also shows peaks at 1706 and 1655 cm−1 
corresponding to CO stretches from the carbamate and 
the urea groups, respectively. Peaks at 2850–2970 cm−1 were 
assigned to the CH stretching vibrations from the aliphatic 
chains. Evidence for deprotection came from the disappear-
ance of the CO carbamate peak. TEM images (Figure S5, 
Supporting Information) and DLS measurements (Figure 
S6A, Supporting Information) showed that the size and mor-
phology of the pSiNPs after each treatment were not altered. 
DLS analysis in phosphate-buffered saline, (PBS, 1×, pH 7.4) 
showed that the particles increase their size to 408 ± 15 nm. 
This increase might be due to slight aggregation of the NPs in 
PBS, however, the colloidal stability is maintained as shown 
in Figure S6B (Supporting Information).

Prior to Ab conjugation (Scheme S1, Supporting Infor-
mation), the carbohydrate side chain on the Ab’s Fc fragment 
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Scheme 1. A) Illustration of the highly porous pSiNPs that can load the chemotherapeutic camptothecin and gold nanoclusters, and immobilize 
targeting antibodies. B) Schematic of their ability to selectively deliver the payload to human B lymphocytes and enhance the cytotoxicity when 
exposed to an electromagnetic field.
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was oxidized by periodate to yield an aldehyde group, which 
will react with the deprotected pSiNP-SC. In this study, we 
used anti-CD20 (Mabthera) as an Ab that targets specifi-
cally human B lymphocyte cells.[6] Although the final target 
of our pSiNPs would be solid tumors, B cells were used as 
models. The nanoparticle fabrication process or the Ab 
attachment would be similar for a different tumor target. In 
a typical experiment, density of ≈1059 antibodies per par-
ticle was calculated (see the Supporting Information). To 
qualitatively prove the higher affinity of antibody-conjugated 
pSiNPs compared to nontargeted pSiNPs, particles were 
labeled using Cy5 fluorescent dye to allow tracking in cells. 
For that, Cy5 was bound to anti-CD20 (described in the Sup-
porting Information). Nontargeted pSiNPs were also labeled 
with Cy5, to visualize the differences between the binding 
affinities of targeted and nontargeted NPs. Both fluorescently 
labeled pSiNPs were exposed to human B lymphocytes 
(HR1K cell line) that were the target cells for the anti-CD20-
conjugated pSiNPs and T lymphocytes (Jurkat cell line), 
which do not express the specific antigen CD20 receptor 
(Figure 1).[7] Similar nonspecific association of nontargeted 
pSiNPs was observed in both cell lines. On the contrary, B 
cells showed a higher association of targeted pSiNPs than T 
cells (Figure 1C,F). This result confirms the active targeting 
capabilities of the Ab-conjugated pSiNPs.

In order to use Ab-functionalized pSiNPs as selective car-
riers of combined therapeutics, these NPs were loaded with 
i) <2-nm AuNCs, ii) an anticancer drug campthotecin (CPT) 
that affects human DNA topoisomerase I,[8] and iii) both 
payloads. CPT entered phase I and II clinical trials, but was 
abandoned due to its strong unspecific toxicity. Thus, the vec-
torization of CPT with targeted NPs and its combination with 

other treatments would potentially decrease undesired side 
effects.[4a,b] AuNCs, which can be heated when exposed to µW 
fields,[5b,e] were synthesized following a previously reported 
method by using bovine serum albumin (BSA) as a ligand,[9] 
and were characterized by TEM (Figure S7A, Supporting 
Information). It is known that atmospheric oxygen is able to 
oxidize these AuNCs and they become paramagnetic.[5e] As a 
result, they behave in a similar way to magnetic nanoparticles 
in a EM field.[5b,e]

pSiNPs were loaded with CPT and AuNCs after the 
deprotection of pSiNP-SC, but prior to Ab conjugation 
(Scheme S1, Supporting Information). ICP-MS was used to 
quantify the amount of AuNCs loaded into the pSiNPs, and 
high-performance liquid chromatography to determine the 
CPT payload. AuNC-loaded pSiNPs were also characterized 
by TEM, where the AuNCs were observed inside the pSiNP 
pores (Figure S7B,C, Supporting Information). Results 
are summarized in Table 1 and indicate that per mass, 
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Figure 1. Demonstration of specific binding of anti-CD20-functionalized pSiNPs to human B lymphocytes. A) B cells alone, B) B-cells with 
Cy5-labeled pSiNPs, C) B cells with Cy5-labeled anti-CD20-functionalized pSiNPs. D–F) Similar exposure conditions for T cells. Blue: nucleus, 
yellow: cytoskeleton, red: Cy5-labeled pSiNPs. Scale bar: 10 µm.

Table 1. Concentration of Au and CPT loaded in pSiNPs.

pSiNP type Aua) (µg mg−1 Si) CPTb) (µg mg−1 Si)

pSiNP <LOD < LOD

pSiNP+AuNC 4.3 ± 1.3 < LOD

pSiNP+AuNC+anti-CD20 5.6 ± 1.8 < LOD

pSiNP+CPT < LOD 323 ± 65

pSiNP+CPT+anti-CD20 < LOD 307 ± 89

pSiNP+AuNC+CPT 5.8 ± 1.3 409 ± 91

pSiNP+AuNC+CPT+anti-CD20 7.6 ± 2.3 306 ± 79

a)Limit of detection (LOD) for Au: 0.1 ng mL−1; b)LOD for CPT: 8 ng mL−1.
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significantly more CPT than AuNCs was loaded into the 
pores of pSiNPs. Probably due to the pore size and specific 
interactions, CPT molecules are more easily accommodated 
within the pores than AuNCs.

Since AuNCs and CPT were loaded into the pores by phy-
sisorption, we studied the release kinetics of both payloads in 
cell culture media at 37 °C. 50% of the total amount of CPT 
was released after 3 h in the case of pSiNPs only loaded with 
CPT (Figure S8A, Supporting Information). Interestingly, 
when coloading with AuNCs, the release was slightly retarded, 
achieving the 50% after 5 h. We suspect that the BSA stabi-
lizing the AuNCs might block the pores, slowing the CPT 
diffusion. AuNC release kinetics is much slower than CPT, 
reaching around 35% and 25% release with and without Ab 
within 24 h, respectively (Figure S8B, Supporting Information).

B cells were exposed to anti-CD20-conjugated and non-
conjugated pSiNPs (100 µg mL−1) loaded with AuNCs and/
or CPT for 1 h. Cells were washed with fresh medium and 

either a) analyzed for their payload content or b) exposed to 
µW radiation for 8 min. The µW field was generated with a 
custom-made set-up described elsewhere.[5a] The µW irradia-
tion of the samples was carried out in a solenoid coil, which is 
known to primarily generate a magnetic field along the cen-
tral axis of the coil.[5e] After µW treatment, cells were incu-
bated further for 24 h and the cellular viability determined. 
A similar procedure was performed with T lymphocytes 
that, according to Figure 1, do not significantly associate 
with anti-CD20-conjugated pSiNPs. Figure 2 shows that for 
B cells the Ab conjugation on pSiNPs had a significant effect 
on cellular CPT and Au content, demonstrating the poten-
tial of Ab-functionalized pSiNPs as a targeted therapeutic 
carrier. No such increase in the cell-associated amount of 
CPT and Au was observed in the case of T lymphocytes 
(Figure 2C,D).

The efficacy (cytotoxicity) of anti-CD20-conjugated and 
nonconjugated pSiNPs (100 µg mL−1) to T and B cells with 
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Figure 2. Cell association of pSiNPs. A,B) CPT and C,D) Au per cell in B lymphocytes (A,C) and T lymphocytes (B,D) that were exposed to anti CD20-
conjugated (gray) and nonconjugated (white), loaded and not loaded pSiNPs. Significant (p < 0.05, p < 0.01) difference between nontargeted and 
targeted pSiNPs is indicated with * and **, respectively. Limit of detection (LOD) for Au: 0.1 ng mL−1; for CPT: 8 ng mL−1.
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different payloads at ambient conditions and under µW field 
are shown in Figure 3.

Results show that 8 min of µW exposure without NPs 
did not induce significant cell death. Analogously, pSiNPs 
alone were not toxic to the cells with or without µW. How-
ever, when AuNCs were loaded into pSiNPs, µW significantly 
increased their cytotoxicity (Figure 3). We suspect that the 
realignment of magnetic moment of the paramagnetic AuNCs 
and their rotation to follow that the oscillating magnetic field 
causes friction between the AuNCs and the solvent, and thus 
generates heat.[5b,e] This increase of heat is able to kill cells 
to a certain degree. It is worth noting that a recent study sug-
gested that the heat of AuNPs under µW fields is generated 
in close proximity to the NP surface (within 2 nm from the 
surface), and is quickly dissipated to the media past this dis-
tance.[10] Hence, even if the bulk temperature does not rise 
above 39 °C, cells to which the NPs bind or which take up the 
NPs experience local heating under µW irradiation.

The specificity of the delivery was also tested in T cells, 
which do not express the CD20 receptor. While functionali-
zation of pSiNPs with anti-CD20 Ab increased the efficacy 

of pSiNP+AuNC in B lymphocytes, no such increase was 
observed in T lymphocytes.

pSiNP+CPT exhibited some toxicity at ambient condi-
tions: 30–40% death of B and T cells. Functionalization of 
those NPs with anti-CD20 Ab increased their efficacy toward 
B cells but not to T cells. However, for both cell types, addition 
of µW did not result in increased cytotoxicity. When a combi-
nation of AuNCs and CPT was loaded into pSiNPs and under 
µW exposure, a significant decrease in viability of B cells 
was observed. This cytotoxic effect was particularly evident 
when the particles were targeted; only 15% of B cells sur-
vived upon incubation with pSiNP+AuNC+CPT+antiCD20 
in combination with µW. In comparison, 70% of T cells sur-
vived in these conditions (Figure 3). We have also shown that 
the cell-killing efficiency of loaded pSiNPs is concentration 
dependent (Figure S9, Supporting Information). Our data 
suggest that targeted combination therapy is a promising 
approach to enhance the efficiency of chemotherapeutics.

In summary, we fabricated Ab-coated pSiNPs that can 
actively target cells through binding to specific cell-surface 
receptors. These NPs were demonstrated to selectively 
deliver multiple therapeutics to B cells in vitro. By coloading 
a chemotherapy drug with AuNCs, the system took advan-
tage of combined chemotherapy and hyperthermia therapy 
and provided synergistic effects in eradicating targeted cells. 
In particular, we have highlighted the ability of AuNCs to 
affect cells by an externally applied µW field, boosting the 
cytotoxicity of the coloaded CPT. Our platform could allow 
significant enhancement of localized cytotoxicity in tumors 
by an external µW field.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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Figure 3. Cytotoxicity anti-CD20-conjugated (gray) and nonconjugated 
(white) pSiNPs with different payloads. Cells were exposed to pSiNPs 
for 1 h, and either exposed, or not, to µW radiation for 8 min (striped). 
A) Viability of human B lymphocytes and B) the viability of human T 
lymphocytes. * and ** indicate significant (p < 0.05 or p < 0.01, 
respectively) difference between no µW and µW exposure (striped).
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