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Lipophilic energy transfer cassettes like 1 and 2 are more conveniently synthesized than the

corresponding hydrophilic compounds, but they are not easily used in aqueous media. To overcome the
latter issue, cassettes 1 and 2 were separately encapsulated in silica nanoparticles (ca. 22 nm) which
freely disperse in aqueous media. Photophysical properties of the encapsulated dyes 1-SiO, and 2-SiO,
were recorded. The nanoparticles 1-SiO, permeated into Clone 9 rat liver cells and targeted only the
ER. A high degree of energy transfer was observed in this organelle such that most of the light
fluoresced from the acceptor part, i.e. the particles appeared red. Silica nanoparticles 2-SiO, also
permeated into Clone 9 rat liver cells and they targeted mitochondria but were also observed in
endocytic vesicles (lysosomes or endosomes). In these organelles they fluoresced red and red/green
respectively. Thus the cargo inside the nanoparticles influences where they localize in cells, and the
environment of the nanoparticles in the cells changes the fluorescent properties of the encapsulated
dyes. Neither of these findings were anticipated given that silica nanoparticles of this type are generally

considered to be non-porous.

Introduction

Fluorescent dyes functionalized with —Si(OR); groups can be used
as nuclei about which non-porous silica nanoparticles (radii as
small as 10-15 nm)"* can be formed. These silica nanoparticles
disperse freely in aqueous media where they can be stored without
aggregation for several months. Consequently, SiO,-encapsulation
can be used to bring poorly water soluble fluorescent dye cargoes
into aqueous environments.

Our group is interested in the design, synthesis, and applications
of energy transfer cassettes like 1 and 2.>* Basically, these have
donor parts that absorb light relatively strongly in a convenient
region (e.g. 488 nm). Energy from this excitation that emerges
as fluorescence from the donor part appears green (e.g. 530 nm).
However, if there is rapid energy transfer to the acceptor parts
then the cassette will fluoresce red (e.g. 600 nm). Ratios of donor
emission-to-acceptor emission (or “green-to-red”) fluorescence
from these cassettes can be informative. For instance, in previous
work we identified a cassette that sensed protons in the medium,
hence green-to-red fluorescence ratios could be used in measure-
ments of intracellular pH.”®
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Syntheses of lipophilic cassettes like 1 and 2 are non-trivial,
involving multiple steps. It is significantly harder to make analogs
of these systems functionalized with water-solubilizing groups.
This is unfortunate because energy transfer cassettes tend to be
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more useful in biotechnology if they are compatible with aqueous
media. Approaches to circumvent these problems are therefore
valuable.

This paper reports on silica nanoparticles formed about the
lipophilic cassettes 1 and 2. This study was initiated as a strategy
to bring the cassettes into aqueous media. However, since this is
the first report of energy transfer cassettes in silica nanoparticles,
we were also curious to investigate the photophysical properties of
the encapsulated dyes, and the behaviour of the particles in cells.

In fact, there have been few reports of import and localization
of any dye-labeled non-porous silica nanoparticles in cells®*?
(though larger porous silica nanoparticles have been investigated
more extensively™). In one, 15 nm particles loaded with a
3,5-difuranylvinyl-BODIPY dye, (but without special surface
functional groups) have been observed to accumulate in the
cytoplasm of Cos-1 cells.”® In another, 20 nm silica nanoparticles
were doped with rhodamine-B and surface was functionalized with
various bioactive molecules such as transferrin, or monoclonal
antibodies like anti-claudin 4 and anti-mesothelin for targeted
delivery to pancreatic cancer cells.** In summary, the focus of the
literature in this area has been on targeting,*’ transfection,?*%
photodynamic therapy,***? or drug delivery, but the fate of the
nanoparticles inside cells has received little attention.

Results and discussion

Encapsulation of cassettes 1-2 in silica nanoparticles

Syntheses of the cassettes 1 and 2 will be published elsewhere.
Cassette 1 in pH 7.4 phosphate buffer has poor solubility, even for
fluorescence experiments, and it dissolves extremely slowly. Probe
2 was observed to be even less soluble in aqueous media.

COsH
1a 2a

Encapsulation of the cassettes and of the corresponding ac-
ceptors la-2a (controls) was achieved via slight modifications
(reaction times; see ESIt) of a literature procedure.** Thus the
cassettes were conjugated via their activated carboxylic acid groups
to 3-aminopropyltriethoxysilane (APTS; Scheme 1). The silica
nanoparticles were obtained in pH 7.4 sodium phosphate buffer
(0.1 M) via a series of dialysis steps (the particles could not, in our
hands, be dried from one solvent then resuspended in another).
Consequently, it was possible to study the encapsulated cassettes
in aqueous media whereas the parent systems are insufficiently
soluble to do this.

TEM images of the nanoparticles (Fig. 1) showed they were
spherical, well dispersed, and homogeneous in size, with an
average diameter of 20-24 nm. No degradation was observed
when they were continuously subjected to the TEM electron beam
for ca. 30 min, indicating the particles were physically robust.

t dye (Et0)sSi” """ NH,
> (0]
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EtOH, 25 °C, 3 h HN, , Si(OEt);
3
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Scheme 1 Syntheses of dye doped silica nanoparticles.

Fig. 1 TEM images of silica nanoparticles doped with cassettes 1 and 2
(left and right); particle size: 2024 nm.

Particle sizes for the acceptors 1a and 2a encapsulated in silica
nanoparticles were in the similar range (see ESI Figure S17).

Photophysical properties of silica nanoparticles in aqueous media

Fig. 2a shows the absorbance and emission maxima of cassettes
1 and 2 encapsulated in silica nanoparticles dispersed in pH 7.4
phosphate buffer. The cassettes each have two distinct absorbance
maxima corresponding to their donor and acceptor fragments.
We have defined the ratio of the fluorescence quantum yields of
cassettes when excited at the donor to that when excited at the
acceptor as the energy transfer efficiency (ETE).® This parameter
for the encapsulated cassettes is high: 93 and 78%, for 1-SiO, and
2-Si0,, respectively (Table 1). The overall quantum yield for 2—
Si0, is significantly lower than for cassette 1-Si0,. The free dyes 1
and 2 are not soluble enough in aqueous media for photophysical

Table 1 Photophysical properties in pH 7.4 (0.1 M sodium phosphate
buffer)

Silica nanoparticles

Free dyes (EtOH) (pH 7.4)

1 2 1-SiO, 2-SiO,
Amaxan (M) 498, 543 504, 569 499, 544 504, 568
Amaxemiss (nM) 600 590 597 592
Dp° 0.46+/-0.02¢  0.20+/-0.01¢  0.31+£0.02¢  0.04¢
D,° 0.48+/-0.01°  0.22+/-0.02  0.33+0.01°  0.05*
ETE % 96 90 93 78

“@p: quantum yield of cassette when excited at the donor absorption
maxima; ® @,: quantum yield of cassette when excited at the acceptor
absorption maxima; standards used for quantum yield measurement were:
¢rhodamine 6G (@ 0.92 in EtOH);¥” “rhodamine 101 (@ 1.0 in EtOH).*
Quantum yields were measured three times and averaged.
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Fig. 2 a UV absorbance and fluorescence of cassettes 1 and 2 encapsu-
lated in silica in 0.1 M phosphate buffer pH 7.4 (ca. 10°* M for UV and
107" M for fluorescence). Cassettes are excited at the corresponding donor
absorption maxima. b Photobleaching half-lives for the acceptor 2a and
cassette 2 without (blue) and with (red) silica encapsulation. The error
bars represents two values of mean half-life measured. The average value
is shown for 2 and 2a.

measurements, but data for them in EtOH are included in Table 1
as a closest possible comparison.

Acceptor 1a encapsulated in silica had low quantum yield in
EtOH and pH 7.4 compared to free acceptor. For acceptor 2a
(Cy3) encapsulated in silica, the quantum yield was slightly higher
in EtOH and almost 9 fold higher in pH 7.4 compared to free
acceptor (ESI,T Tables S1 and S2).

Quantum yields of fluorescent dyes tend to be enhanced
by encapsulation in non-porous silica nanoparticles, but here
encapsulation had little effect for cassette 1 and the quantum
yield of 2 decreased.* The data collected here do not enable us
to determine why the quantum yield of 2-Si0, is relatively low in
silica, but it could be due to an aggregation effect of the dyes in
the particles.’**

Tight encapsulation of dyes in non-porous silica matri-
ces may diminish their rates of reaction with oxygen, and
decrease their rate of photobleaching.’*%¢ Photobleaching rates
were measured for 2-Si0, and the corresponding acceptor 2a
(Fig. 2b). Encapsulation of the cyanine-acceptor 2a made this
fluor significantly more photostable. The photostability of cassette
2 was also increased upon encapsulation, but to a lesser extent.
These data are consistent with the notion that photobleaching
is often a result of interaction between the fluorophore and
dissolved oxygen in solvent. The silica matrix seems to protect
the encapsulated fluorophore from interactions with dissolved
oxygen, and this gives the nanoparticles more stability to
photobleaching.

Import of cassettes 1-2 encapsulated in silica nanoparticles into
cells

Uptake of the cassettes encapsulated in silica nanoparticles into
Clone 9 rat liver cells was investigated to test for cytotoxicity,
cell permeability, and organelle targeting. Silica nanoparticles
have been shown to be non-cytotoxic at concentrations up to
0.1 mg mL™".%° Consistent with this, no significant cytotoxic effects
were observed when the cells were treated with the nanoparticles
prepared in this work.

Efficient uptake of the particles was observed after 2 h at
37 °C. The 1-SiO, nanoparticles specifically targeted only the
ER (Fig. 3a). Energy transfer for 1-SiO, in this organelle was
complete within the limits of the observation (Fig. 3b).

a 1-Si0; colocalizes with ER Tracker Blue-White

b 1-Si0, accumulates only in the ER, and perfect energy
transfer is observed

donor emission acceptor emission overlay

Fig. 3 Fluorescence of: a cassette 1-Si0, and ER-Tracker™ Blue-White
DPX; and, b cassette 1-SiO, in Clone 9 cells. Part a shows that the
nanoparticles 1-SiO, colocalize with the ER-Tracker. Part b shows that
the nanoparticles 1-SiO, only accumulate in the ER, and perfect energy
transfer is observed. Throughout the cassette was excited at 488 nm i.e.
at the donor part. Donor and acceptor emission were observed using
Band Pass (BP) 500-530 and BP 565-615 emission filters, respectively.
Fluorescence images from ER-Tracker™ Blue-White DPX were collected
using the following filter set: excitation at 740 nm, emission BP 435-485,
respectively. Scale bar (a) 10 um (b) 20 pm.
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a 2-Si0, emits green/red in the lysosomes and/or endosomes, and
only red in the mitochondria when excited at the donor
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b 2-Si0, emits red only in the mitochondria and lysosomes

and/or endosomes when excited at the acceptor

donor
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P overlay
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Fig. 4 Fluorescence of cassette 2-SiO, when excited at the: a donor
part ie. 488 nm; and, b acceptor part ie. 543 nm in Clone 9 cells.
Part a shows accumulation of the nanoparticles 2-SiO, in the endocytic
vesicles (lysosomes and/or endosomes) (green/red), and mitochondria
(red). Part b shows the nanoparticles accumulate in the mitochondria
and the lysosomes and/or endosomes. Fluorescence images from the
donor and acceptor emission were observed using the following filter set:
excitation at 488 nm or 543 nm, for excitation at the donor and acceptor,
respectively, emission BP 500-530 and BP 565-615 for the donor and
acceptor, respectively. Scale bar 10 um.

Import of 2-SiO, resulted in labeling of the mitochondria
and endocytic vesicles (lysosomes and/or endosomes) (Fig. 4).
Perfect energy transfer (only red emission), was observed in the
mitochondria. However, in the vesicles, fluorescence was now
observed in both the red and green channels, indicating partial
energy transfer.

A summary of the data from these studies is as follows. The
1-Si0, particles were selective for targeting the ER and showed
near perfect energy transfer. The 2-SiO, system was selective for
the mitochondria wherein it showed perfect energy transfer and
also for lysosome, wherein partial energy transfer (both green and
red emissions) was observed.

For completeness, silica nanoparticles containing the acceptor
fragments 1a and 2a, were also prepared and tested. Uptake of
1a-Si0, gave (after 2 h) labeling of the ER and lysosomes, while
under similar conditions (3 h) 2a-Si0O, targeted the mitochondria
(Fig. 5). These data contrast with those obtained for the cor-
responding cassettes (above) where 1-SiQ, were more organelle
selective (targeted only the ER). These observations indicate the
targeting effect is not solely based on the acceptor fragment.

To confirm the uptake of the silica nanoparticles, TEM was per-
formed on one illustrative system: Clone 9 cells were treated with
1a-Si0,. This analysis showed internalization of the nanoparticles
into intracytoplasmic vacuoles or endosomes. Free nanoparticles
were also observed in the cytoplasm, suggesting that they are able
to escape from the endosomes and resist degradation. In fact, we

a 1a-Sio,
combined fluorescence images
with Differential Interference Contrast
image (DIC)

b 2a-SiO,
combined fluorescence images
with Differential Interference Contrast
image (DIC)

lysosomes

mitochondria

Fig. 5 Intracellular fluorescence of SiO,-nanoparticles from a acceptor
la; and, b acceptor 2a. Combined fluorescence images with differential
interference contrast image (DIC). Fluorescence images from the acceptor
emission were observed using the filter BP 565-615 for excitation at 543 nm.
Scale bar 10 pm.

were able to observe by TEM the rupture of an endosome and
liberation of the nanoparticles in the cytoplasm (Fig. 6).

Conclusions

Fig. 7 summarizes the data obtained by importing silica-
encapsulated system 1-SiO, and 2-SiO, into cells. There are
two surprising, and possibly related, aspects of these observa-
tions. First, the cargoes impact the regions in the cell where the
nanoparticles accumulate. Second, the energy transfer efficiencies
of the cargoes in the nanoparticles (hence the color of the fluo-
rescence emissions) can be impacted by the nanoparticle’s cellular
environment. Taken together, this leads us to conclude that the
cargoes are somewhat exposed to the surface environment of the
nanoparticles.

Selective targeting of nanoparticles inside cells might be antici-
pated based on size considerations; relatively large entities might
be inclined to become stuck in some parts of the cell. However, this
work shows that particles from 1 target the ER whereas those from
2 accumulate in different places: the mitochondria and lysosomes.
Thus the attraction of the non-porous nanoparticles for certain
organelles is not purely physical.

Encapsulation in non-porous silica is generally considered to
shield dye cargoes from the solvent environment, and tends to
increase their quantum yields.? However, only a fraction of the
total cargo would need to protrude from the nanoparticle surface
to give an organelle-targeting effect. Furthermore, fluorescence
from combinations of fluor fragments in energy transfer cassettes
is a more complicated phenomenon than for single fluors, hence
correlations between encapsulation and enhanced fluorescence are
likely to be less straightforward. This accounts for the different
affects encapsulation had on the cassettes.

A corollary to the conclusions presented above relates to the
fraction of cargo exposed to the surface. There must be enough to
change the color of the fluorescence from the nanoparticles as a
whole when they are impacted by different cellular environments.
Perhaps significantly, variation of the fluorescence was observed
only for 2-Si0,, for which the percentage energy transfer in the
nanoparticles in solution was only 78%. The color did not appear

3874 | Org. Biomol. Chem., 2011, 9, 3871-3877
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a la-Si0; is internalized in intracytoplasmic vacuoles or
endosomes

1 Q_particles

¢ 1a-Si0, resists endosomal degradation and is free in the
cytoplasm

Fig. 6 TEM images of Clone 9 cells treated with SiO,-nanoparticles from
acceptor la. Part a shows that the Si0,-nanoparticles are internalized in
intracytoplasmic vacuoles or endosomes. In part b, these nanoparticles are
seen escaping the endosome. Part ¢ shows free cytoplasmic nanopaarticles,
indicating the nanoparticles can resist endosomal degradation.

to change with cellular environment for 1-SiQ, for which
near complete energy transfer was observed for the particles in

a
488 nm ca 600 nm
labels ER onl)
silica
nanoparticle
b

labels lysosome and mitoch

silica
nanopatrticle

Fig.7 Summary of data from cell localization of the cassette encapsulated
silica nanoparticles a 1-SiO,; and, b 2-SiO,.

water. It follows that this difference might simply imply that
cassette 2 is more environment sensitive than 1, possibly because
the cyanine acceptor of 2 is charged whereas the acceptorin 1is a
neutral BODIPY dye. Indeed, cyanine dyes in cells are known to
be sensitive to membrane potentials and other effects related to
their immediate environment.***!

For amorphous silica nanoparticles it is not easy to differentiate
between ones with the cargo neatly contained in an inner sphere or
“sea-mine-like” structures with some of the cargo making small
protrusions from the surface (Fig. 8). Moreover, the degree of
protrusion of the cargo from within a nanoparticle may vary
with the structure of the cargo. This notion is important for
interpretation of the data presented in this paper.

We find the discovery that through-bond energy transfer can be
organelle specific interesting. It implies that dyes encapsulated in
silica nanoparticles might be deliberately designed to exploit this

This journal is © The Royal Society of Chemistry 2011
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tight
encapsulation

"sea-mine-like"
structure

Fig.8 Fluor cargoes in amorphous nanoparticles can be: a tightly packed
at the core; or, b randomly dispersed with some surface exposed dye
molecules.

phenomenon. Particles that change color in different organelles
provide a new dimension to probes for intracellular imaging.

Experimental

See the ESIf for detailed synthesis and characterization informa-
tion for silica nanoparticles and cellular imaging studies.

General procedure for synthesis of silica nanoparticles

The encapsulation of cassettes and corresponding acceptors was
achieved by following a reported procedure by Wiesner et al. with
slight modification.?® The organic dye is conjugated via activated
carboxylic acid group to 3-aminopropyltriethoxysilane (APTS) at
a molar ratio of 1:50 (fluorophore:APTS) in degassed absolute
EtOH (1.0 mL, 200 proof) under nitrogen. The above dye solution
(0.14 mL, 1.7 x 10 M) was added to EtOH (200% proof) along
with deionized water (1.52mL, 0.86 M) and NH; in EtOH (5.0 mL,
0.2 M) at 25 °C to make up a final volume of 50 mL and stirred
for 12 h at 25 °C. TEOS (1.63 mL, 0.16 M) was then added in
aliquots of 0.4 mL every fifteen minutes and stirring continued
for another 12 h at 25 °C. The resulting silica nanoparticles were
dialyzed into EtOH to removed unreacted starting materials using
a Spectra/Por dialysis membrane with molecular weight cut off
(MWCO) 6000-8000 for 12 h. Further dialysis was performed to
transfer the formed silica nanoparticles from EtOH to deionized
water and finally to pH 7.4 (0.1 M sodium phosphate buffer).

Cell culture

Clone 9 normal rat liver cells (American Type Culture Collection)
were cultured as subconfluent monolayers on 75 cm? culture flask
with vent caps in Ham’s medium supplemented with 10% fetal
bovine serum (FBS) in a humidified incubator at 37 °C with 5%
CO:.. Cells grown to subconfluence were enzymatically dissociated
from the surface with trypsin and plated 2-3 days prior to the
experiments in Lab-Tek two well chambered coverglass slides
(Nunc).

Fluorescence microscopy

Uptake and subcellular localization of the cassette doped silica
nanoparticles 1-Si0,, 2-Si0,, 1a-Si0,, and 2a-SiO, were studied
on living Clone 9 normal rat liver cells using a Zeiss 510 META
NLO Multiphoton Microscope System consisting of an Axiovert

200 MOT microscope. Throughout, digital images were captured
with a 40x/1.3 oil objective with the following filter sets:

- nanoparticles 1-Si0,, and 2-SiO,: Excitation 488 nm; Emis-
sion BP 500-530 for the donor part; Emission BP 565-615 for the
acceptor part

- for ER-Tracker™ Blue-White DPX: Excitation 740 nm;
Emission BP 435 — 485

- for LysoTracker® Green DND-26: Excitation 488 nm;
Emission BP 500-530

- for nanoparticles 1a-SiQ,, and 2a-SiO,: Excitation 543 nm;
Emission BP 565-615

Fluorescence microscopy for cassette 1-SiO, nanoparticles (refers
to Fig. 3a-b in article)

Clone 9 cells were incubated for 2 hours at 37 °C in serum free
culture medium with 0.01 mg mL™ (10 uL) of doped nanoparticles
(1 mgmL™" stock solution in PBS 7.4). After the incubation period,
the cells were washed with serum free culture medium several times
before imaging.

To confirm the subcellular localization of the nanoparticles,
Clone 9 cells pre-treated with 1-SiO, were co-incubated with
0.5 um ER-Tracker™ Blue-White DPX (1 mM stock solution,
Invitrogen®) in HBSS with Calcium and Magnesium for 30 min
at 37 °C (ESI, Figure S4+).

Fluorescence microscopy for 2-SiO, nanoparticles (refers to
Fig. 4a-b in article)

Clone 9 cells were incubated for 2 hours at 37 °C in serum free
culture medium with 0.01 mg mL™" (10 uL) of doped nanoparticles
(solution in PBS). After the incubation period, the cells were
washed with serum free culture medium several times before
imaging (ESI, Figure S57).
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