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Using amine-modified silicon quantum dots (Si-QDs) with
visible photoluminescence as a building block, drug-loaded
Si-QD aggregates were assembled. The aggregates were
designed to break down in response to the endosomal pH
decrease, which enabled selective intracellular release of the
loaded drugs.

Fluorescent imaging is now recognized as a powerful tool for
diagnosis of diseases, such as cancer' and arteriosclerosis.’
Combined with drug delivery systems, it is expected to enable
multimodal treatment consisting of improved detection, site-
specific therapy, and long-term monitoring (often referred to as
theranostics).™ As a photoluminescent imaging agent, silicon
quantum dots (Si-QDs) have attracted significant attention
because they are more resistant to photo bleaching than organic
dyes and less cytotoxic when compared with other, conventional
quantum dots, such as CdSe and CdTe.”” The applicability of Si-
QDs as imaging agents has been examined both in vitro®'? and in
vivo,'*" and diagnostic imaging of cancer and the sentinel lymph
node has been reported.® However, although drug conjugation to
Si-QD was recently reported,'®!” the method for loading drugs in
Si-QDs and controlling the release of the loaded drugs has not
been established.

In this study, we developed drug-loaded aggregates of Si-QDs,
which were designed to release drugs at low pH. Our concept is
schematically shown in Fig. 1. The drugs are loaded into Si-QD
aggregates that have diameters of ~100 nm. Because of their size,
they are internalized by cells via endocytosis and transported to
late endosomes/lysosomes,g’12 in which, the pH is lower than the
extracellular environment (the pH change is normally from 7.5 to
ca. 5.0). In response to this pH change, the aggregates break
down into several species with smaller size and the drugs are
released. To realize this selective intracellular drug release, we
employed a surface modification of amine molecules on Si-QDs.
It was recently reported that cysteamine-modified nanoparticles
showed reversible aggregation/dispersion against a change in
pH;'® they formed aggregates by inter-particle hydrogen bond
formation at neutral pH, whereas the aggregates broke down
owing to electrostatic repulsive forces exerted on the particles by
protonation of surface amines under an acidic environment. We
applied this amine-induced aggregation/dispersion mechanism
into our system to achieve selective intracellular drug release

-
S

inside acidic late endosomes/lysosomes.

Si-QDs were synthesized via plasma-assisted decomposition of
SiBry, as described in our previous report.'® The diameter of the
synthesized particles was 3.5 = 2.2 nm. As a surface modification
agent we chose allylamine whose pKj, (4.5) is near the endosomal
pH. The surface of the Si-QDs was then modified with allylamine
via a Pt-catalyzed hydrosilylation reaction, as previously
described.*® The covalent bond formation between allylamine
molecules and Si-QD surface was confirmed by ATR-FTIR (Fig.
S1, ESIf). The amine-terminated Si-QDs were dispersed in
aqueous media and showed photoluminescence (PL) with a PL
emission peak of 450 nm when excited at 360 nm (Fig. S2, ESI¥).
The quantum yield was 18%. We chose doxorubicin (DOX) as a
model drug because of its clinical use in cancer chemotherapy
and its affinity to the amine-terminated surface via NH---N
hydrogen bond formation.”*?! DOX was added to the amine-
terminated Si-QD dispersion at pH 3, because the Si-QDs were
supposed to be stabilized by electrostatic repulsion via the
protonated surface amines. The solution pH was gradually
increased to 7.5 by the addition of NaOH to weaken the
electrostatic repulsion forces on Si-QDs via deprotonation of the
surface amines. In this pH increase step, Si-QDs formed
aggregates with a diameter of ca. 180 nm and a polydispersity
index (PDI) of 0.184, as measured by dynamic light scattering
(DLS). The aggregates kept their size almost constant at least one
month (Fig. S3, ESIY). In addition, it was found that the size of
the formed aggregates decreased at high temperature (Fig. S4,
ESIY), which is known to inhibit the hydrogen bond formation.'®
This indicates that NH---N hydrogen bonds among surface-amine
groups on Si-QDs contribute to the formation of aggregates of Si-
QDs. DOX molecules were loaded into the aggregates through
this aggregation process. The amount of loaded DOX was 8.3
wt% (mass of loaded DOX/mass of Si-QDs), as determined by
optical absorbance at 485 nm from DOX. Physical entrapment
into inter-particle spaces, NH---N hydrogen bond formation with
surface amines on Si-QDs, or hydrophobic interaction with un-
modified Si-QD surface are considered to be possible reasons for
the DOX loading.

The average size of the formed aggregates decreased when
exposed to acidic conditions as shown in Fig. 2a (for results in
basic conditions, see Fig. S5, ESIT). The size change usually took
around 30 min (Fig. S6, ESIt). One main feature is that reduction
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Fig. 1 Schematic illustration of (a) pH-triggered re-dispersion of the DOX-loaded Si-QD aggregates and (b) selective intracellular DOX release from the

Si-QD aggregates.

of the aggregate size was accompanied by an increase in the zeta
s potential. The increase in zeta potential was caused by the
protonation of surface amines on Si-QDs at low pH, which
introduced an electrostatically repulsive force among Si-QDs and
therefore the initial aggregates broke down into several species
with smaller size. Protonation/deprotonation of amines
10 responsive to the surrounding solution pH represents a key issue
to controlling the size of the aggregates. It should be noted that
even at low pH, Si-QDs were not necessarily mono-dispersed.
Irreversible aggregation during the synthetic procedures and/or
electrostatic interaction between surface amines and inevitably
1s formed surface oxide layer could be the reason for that.
Optimization of the surface chemistry on Si-QDs could improve
the controllability of the aggregate size.
Loaded DOX was released from the aggregates under acidic
conditions. Fig. 2b shows DOX release profiles from the Si-QD
20 aggregates at two different solution pH values. At neutral pH (pH
7.5), at most ca. 5% of the initially loaded DOX was released
from the aggregates. Conversely, pronounced DOX release was
observed under the acidic environment (pH 5.0 and 2.6). At pH
5.0, which is close to endosomal pH, the total amount of released
25 DOX after 40 h was ca. 4-fold larger than that at neutral pH. This
“ON/OFF” contrast is comparable to or even higher than other
polymer-based stimuli-responsive systems.”>>® The largest
amount of DOX was released within the initial 10 h, which was a
slower process than the size change of Si QDs (Fig. S6, ESIt).
30 From these results, dynamics of DOX release is suggested as
follows. At the time when Si-QDs broke down, most of the
loaded DOX still remained loaded into the broken species (with
smaller size). Afterwards, DOX was gradually released from the
broken-aggregates, the speed and amount of which was higher
35 than that at pH 7 due to the increased surface area and/or reduced
DOX affinity of the Si-QDs owing to the protonation of amines.
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Fig. 2 (a) Effect of pH on size (circles) and zeta potential (triangles) of
the Dox-loaded Si-QD aggregates. (b) Dox release profiles from the Si-
40 QD aggregates at different pH values. The fraction of released Dox to the
total amount of loaded Dox is plotted against time. Circles, squares and
triangles represent the results at pH 7.5, 5.0, and 2.6, respectively.
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Fig. 3 (a) Confocal microscope images of HepG2 cells exposed to the
Dox-loaded Si-QD aggregates for 1.5 h (the top row) and 48 h (the
bottom row). In each row, the left and central image represents the
fluorescent image from Si-QDs and Dox, and the right image represents
the merged image. The scale bar is 20 um. (b) Cell viability assay for
HepG2 cells exposed to the Dox-loaded Si-QD aggregates (circles) and
free Dox (triangles).

The selective intracellular drug release property of the DOX-
loaded Si-QD aggregates was examined in vitro using HepG2
liver carcinoma cells. The aggregate dispersion (100 pg/ml) was
exposed to HepG2 cells, and the intracellular distribution of both
Si-QDs and DOX was tracked by a confocal laser scanning
microscope. Fig. 3a shows the intracellular distribution of Si-QDs
and DOX after 1.5 and 48 h exposure. Si-QDs and DOX are
depicted in green and red, respectively, so that co-localization of
Si-QDs and DOX is seen in yellow in the merged images. After
exposure for 1.5 h, Si-QDs were internalized by HepG2 cells and
observed as a punctuate pattern. This punctuate pattern was
confirmed to be late endosomes/lysosomes by co-localization
experiments with LysoTracker (Fig. S7, ESIt). Almost all loaded
DOX was co-localized with Si-QDs, suggesting that loaded DOX
was hardly released from the internalized aggregates at this stage
(i.e., 1.5 h). However, while Si-QDs remained localized in a
punctuate pattern, DOX was widely distributed in the cytoplasm
after 48 h, suggesting that DOX was released from the Si-QD
aggregates following sufficient time exposure (i.e., 48 h). In
addition, though signal from DOX is weak in the nuclear region,
it not necessarily means that few DOX is transported into the cell
because DOX fluorescence is quenched by the
intercalation into DNA.?* In fact, similar confocal microscopic
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images were also reported in previous reports which used
nanoparticles as carrier of DOX.?® These results suggest that the
DOX-loaded Si-QD aggregates release DOX only following
cellular uptake, which results in selective intracellular DOX
release.

The growth-inhibition effect of the DOX-loaded Si-QD
aggregates against HepG2 cells was also examined using a cell
viability assay. The DOX-loaded Si-QD aggregates, Si-QD
aggregates without DOX loading, and free DOX were exposed to
HepG2 cells at various concentrations for 48 h, and then cell
viability was evaluated using a Cell Counting Kit-8. While Si-QD
aggregates without DOX did not show any significant
cytotoxicity over the examined particle concentration range (Fig.
S8, ESIt), the DOX-loaded Si-QD aggregates exhibited clear
growth-inhibition against HepG2 cells, indicating the
applicability of these aggregates as a chemotherapeutic agent.
However, it should be noted that the ICs, value for the DOX-
loaded Si-QD aggregates was higher than that for free DOX
(though similar with other DOX delivery systems using hydrogen
bonding®*?"), implying less drug efficacy of the DOX-loaded
aggregates compared with free DOX. A reason for this reduced
efficacy is the incomplete release of DOX from the Si-QD
aggregates at the endosomal pH. Although good ON/OFF
contrast was observed in Fig. 2b, ca. 80% of the initially loaded
DOX was not released from Si-QD aggregates at pH 5.0, which is
comparable to the endosomal pH. More efficient use of the
loaded DOX (e.g., optimization of the degree of amine
modification on the Si-QD surface) could contribute to further
improvements in the performance of Si-QD aggregates as a drug
carrier.

One unique feature of our methodology is that Si-QDs are used
in an aggregated form and the control of drug release is based on
their aggregation/dispersion, which is induced by the protonation
of surface amines. It has been reported that few tens of
nanometers to hundreds of nanometers are a preferable size for
nanoparticles to reduce clearance and improve accumulation
within tumors (EPR effect).?”?® However, semiconductor QDs
generally show unique properties only when their diameters are
in the range of single nanometers. Thus, their use in an
aggregated or assembled form is a practical approach for
biomedical applications.>***° However, if Si-QDs remain
aggregated at the time of drug release, even though drugs are
released from Si-QD surface the release of drugs would be
severely restricted by the entrapment of the drugs within the
inter-particle space inside the aggregates. Therefore, the
controlled drug release based on aggregation/dispersion of Si-
QDs is a promising concept for achieving efficient site-specific
treatment while maintaining excellent optical properties of Si-
QDs. Our proposed concept should be applicable to
semiconductor QDs and other nanoparticle-based systems, such
as magnetic nanoparticles or gold nanoparticles.

In conclusion, we have developed DOX-loaded Si-QD
aggregates in this study. These aggregates disintegrated into
smaller species in response to a decrease in the surrounding pH
and protonation of surface amines, followed by a subsequent
release of loaded DOX. Additionally, we demonstrated that Si-
QD aggregates were internalized by HepG2 cells and loaded
DOX was released inside the cells, thus the aggregates function
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as an anticancer agent carrier. This is the first report on the use of
Si-QDs as a stimuli-responsive drug carrier. Combined with low
cytotoxicity and the excellent optical properties of Si-QDs, the
DOX-loaded Si-QD aggregates should enable multimodal
treatment consisting of both diagnosis and therapy.
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A novel, controlled drug-release system was developed based on aggregation/dispersion

of silicon quantum dots (Si-QDs) in response to a change in the pH environment.



