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Abstract

Thefirst continuous, real-time spectroscopic monitoring of a photo-driven cargo delivery
event from a mesoporous silica-based nanocarrier inside a singleliving cell isreported. By
chemically attaching azobenzene molecules inside the 3 nm por e channels of mesoporous silica
nanoparticles (~70 nm diameter), the escape of the cargo molecule, propidium iodide (PI) from
the pore is prevented in the dark but is facilitated by the light-driven isomerization motion. Real-
time spectroscopic measurements of a single cell uncover intermediate processes that occur during
this intracellular delivery event, from nanomachine activation to the release of Pl into the cytosol
and to PI’s eventual intercalation with nuclear DNA. Changes in PI’s fluorescence intensity and
the hypsochromic shift of the band maxima are used to identify the local environment of the
fluorophore that is being observed in the cell. The ability to precisely initiate a chemical event
inside an individual cell and continuously monitor the subsequent biological responses will
enhance our understanding of intracellular process upon drug, protein and nucleic acid delivery.

1 Introduction

Remote activation of molecular machines!=3 integrated to mesoporous silica nanoparticles
(MSN)#-8 has been extensively explored for on command release of molecules trapped in
the nanopores.”® The success in delivering these molecules 77 vitro is usually monitored by
confocal micrographs taken at discrete time intervals to demonstrate crucial intracellular
changes. One limitation to the standard confocal images is the lack of spectral resolution
because of the reliance on bandpass filters. This can omit important information when the
emission maximum of a fluorescent molecule shifts with changes in the molecule’s local
environment2%-12 or varies in time over narrow wavelength ranges (< 50 nm).13.14 |n
addition, it is important to obtain continuous time observations of the same cell; the usual
monitoring of different batches of cells results in an incomplete temporal account of these
intracellular delivery events because the development stages can differ substantially across
cells, with different cells going through different paths at different rates.1518 Technological
advances in fluorescence microscopy have embraced real-time spectral imaging to study
biological processes,17:18 yet no spectroscopic studies have been performed that
continuously follow the various stages of an intracellular delivery event. In this paper, we
employ two continuous real-time measurement techniques: epifluorescence spectral
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acquisitions and spinning disk confocal imaging, to externally activate molecular machines
inside a single living cell and simultaneously monitor the course of the developments.

The use of an externally-controlled delivery system with a release mechanism that is
unaffected by any internal stimulus1®-21 present in the cellular environment is crucial for
this study. Among the three most common external stimuli that are being explored for
biological applications — light,22-27 magnetism, 28 and heat22:30 — photo-induced delivery
offers the best spatial and temporal control. Not only can the molecular machines be
activated externally by a laser beam, but also the subsequent intracellular dynamics can be
spectroscopically followed after the precise time of initiation.

The molecular machine used in this study (Azo-NP) was made by chemically bonding
azobenzene-derivatized molecules to the internal pore surface of MSN.31:32 [see Supporting
Informationt for synthesis and characterizations (Fig. S1 — S5)] Azobenzene chromophores
undergo reversible photo-isomerizations between their ¢isand trans configurations at
different excitation wavelengths.33 By tuning the excitation wavelength to a region where
both isomers have similar absorption, switching between the two conformations is
continuous. Large amplitude motion can also be generated within the pores of Azo-NP,
which enables molecular transport to be modulated (Figure 1a). Cargo molecules such as
dyes or drugs are trapped by the immobile azobenzenes in the dark, but the large amplitude
light-driven motion enables them to move through the pores and escape into the surrounding
medium. Observation of this dynamic motion can be achieved by monitoring the release of
propidium iodide (P1) molecules, fluorescent nuclear staining agents that are stored inside
the pores. By tracking real-time spectroscopic changes in a single cell, the release of Pl from
the particles, its movement through the cytoplasm, and the eventual staining of the cell
nucleus can be sequentially identified.

In this work, we present the first continuous spectroscopic observations of a photo-induced
delivery event by nanoparticles in vitro. Intracellular tracking of this event is made possible
by incorporating spectroscopic detection to an epifluorescence microscope. To characterize
this event, five specific investigations are described. The first study investigates the photo-
responsive properties of the azobenzene molecular machine in solution and inside
nanoparticles suspended in water. The second study establishes the molecular machine’s /n
vitro performance upon photo-excitation by monitoring its intrinsic fluorescence. The third
study demonstrates how continuous spectral observations enable sequential mapping of PI’s
movements inside a single cell. Using this delivery event as a guide, the fourth study
correlates the rate of cargo delivery as a function of laser power. The final study focuses on
spatially imaging the temporal development of nuclear staining as a result of this delivery
event.

2 Results and discussion

2.1 Absorption and Emission of Azo-NP

Absorption and emission changes in response to photo-excitation were used to identify the
photo-physical properties of Azo-NP. Before grafting the azo-linker moiety (see structure
shown in inset of Figure 1a) into the pores of MSN, its photo-isomerization process was
monitored in solution (acetone) by measuring the changes of its two absorption bands in the
UV-visible region. The absorption band peak at ~ 330 nm (#rans isomer) is assigned to the
Sy(mere*) < & transition and a second band at ~ 430 nm (cis- and trans-isomers) to the
Si(m*) < & transition.34:35 Upon UV light irradiation at 351 nm for one hour to achieve a

TElectronic Supplementary Information (ESI) available. See DOI: 10.1039/b000000x/
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cfs-rich photo-stationary state, a decreased absorbance at 330 nm concomitant with an
increase in 430 nm were observed. When the UV-exposed solution was irradiated at 448 nm
for 30 min, an increase at 330 nm with a decrease at 430 nm was observed, thereby
confirming the molecules’ capability to undergo reversible photo-isomerization [Fig. S6,
Supporting Informationt]. After the azo-linkers were covalently attached to the silica,
fluorescence emission was used to detect the cis-trans motion inside the pores of Azo-NP.
Generally, azobenzene chromophores do not fluoresce with appreciable quantum yield in
solutions3* because the main relaxation process for excited azobenzene in the trans state is
the highly efficient fransto c/s photo-isomerization. Nonetheless, fluorescence has been
observed for cases when azobenzene molecules are confined in a nanometer-scale space
such as bilayer structures, 36 membranes,37:38 dendrimers,3940 polymers*1:42 and
micelles.#344 Since azobenzene moieties are confined within the 2 nm pores of Azo-NP,
similar fluorescence emissions were expected to be observed. Azo-NP excited at 351 nm
exhibits Sy(rere*) — S fluorescence at ~ 440 nm [Fig. S7, Supporting Informationt], while
excitation at 448 nm causes a S;(rm*) — S emission at ~ 530 nm [Fig. S7, Supporting
Informationt], in accordance with literature reports.3243:45 |t is important to note that
enhanced fluorescence emission is often correlated with a slower rate of fransto cis photo-
isomerization, which suggests confinement of azobenzene in a restrictive environment may
hamper their main non-radiative process.324144 To ensure the isomerization process is
efficient within the channel pores, Azo-NP was continuously irradiated at 351 nm. As shown
in Fig. S8 [Supporting Informationt], continuous excitation did not lead to an increase in
fluorescence intensity, suggesting the c/s-trans motion was not impeded.

2.2 Photo-responsiveness of Azo-NP in agqueous solution

Successful triggering of the cis-trans motion is demonstrated through Azo-NP’s ability to
trap Pl in the pores and release it into aqueous solution upon photo-excitation. The changes
in fluorescence intensity of the solution was monitored using continuous fluorescence
spectroscopy. Choosing an excitation wavelength where both cisand #rans isomers have
similar molar absorptivities can promote the frans — cisisomerization and simultaneously
stimulate the ¢/s — trans back reaction thereby generating large amplitude motions inside
the pores.? Careful examination of azo-linker’s absorption spectrum [Fig. S6, Supporting
Informationt] reveals that both isomers have similar absorbances in the wavelength region
between 370 and 420 nm. As shown in the release profile in figure 1b, an increase in
fluorescence intensity at PI’s emission maxima (630-660 nm) was observed upon photo-
excitation of Azo-NP at 408 nm (20 mW). To ensure that the release observed was not due
to laser heating, Azo-NP was illuminated with 648 nm light (a wavelength where
azobenzene molecules do not absorb) at both 50 mW and 100 mW. In both cases, no release
of Pl was observed [Fig. S9, Supporting Informationt]. To eliminate thermal heating as a
possible release mechanism, Azo-NP’s performance was tested in 50°C aqueous solution.
During the 90 minutes at this temperature setting, no fluorescence changes were observed.
After the heat was turned off, the excitation beam (408 nm, 20 mW) was turned on and an
increase in fluorescence intensities at P1’s emission maxima were observed [Fig. S10,
Supporting Informationt]. Finally, the stability of Azo-NP was monitored in solution for
more than 16 hours, and no emission of Pl was detected during that time interval [Fig. S11,
Supporting Informationt]. Collectively, these studies confirmed that Azo-NP can be
externally controlled at selected excitation wavelengths, and can hold cargo molecules
inside the pores without leakage for a long period of time in the absence of light activation.

2.3 Photoswitching of azobenzene in vitro

Next, Azo-NP’s photo-driven performance in an intracellular environment was investigated.
The instrument used for this study, shown in Figure 2a, consists of an epifluorescence
microscope with laser excitation and spectroscopic detection [Methods, Supporting
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Informationt]. By incorporating a laser beam source to the microscope and coupling a fiber
optic to a spectrometer, Azo-NP can be precisely activated, and changes in real-time
emission from a single cell can be acquired. When a laser beam (408 nm, 30 mW) is
directed onto a single MIA PaCa-2 cancer cell with internalized Azo-NP [Fig. S12,
Supporting Informationt], fluorescence emission with a peak at 530 nm is observed (stacked
spectra in Figure 2a). As shown in the stack plot, fluorescence intensity in this spectral
region decreases steadily during the first 200 seconds of irradiation. The decrease is caused
by bleaching of the cell autofluorescence and the attainment of the azobenzene’s photo-
stationary state, with the first process occurring on a faster time scale than the latter. A
single cell without Azo-NP excited at this wavelength as a control exhibits only an emission
centered at 515 nm with intensity attenuated within 30 seconds of irradiation [Fig. S13,
Supporting Informationt]. In a separate control experiment, a small cluster of Azo-NP (not
in cells) excited at this wavelength exhibits an emission centered at 520 nm with intensity
attenuated after 165 seconds of irradiation [Fig. S14, Supporting Informationt]. These data
suggest that a major portion of the intensity attenuation in the first 200 seconds of irradiation
is due to the attaining of the azobenzene’s photo-stationary state. Since fluorescence
emission can be used to identify the cis-frans motion inside the pores of Azo-NP, the
observed intracellular emissions at 530 nm demonstrated Azo-NP’s performance in a
cellular environment.

2.4 Pl intercalation with nuclear DNA

Delivery of PI to the cell nucleus is monitored through the spectroscopic changes in
wavelengths and intensities. Activation of the dynamic photo-isomerization motion within
the pores of Azo-NP causes the release of Pl molecules inside a living cell. Pl was chosen as
the probe because its fluorescence intensity increases at least tenfold upon intercalation with
nuclear DNA.#6:47 This increase occurs because DNA provides a hydrophobic environment
for PI, and shields PI from quenching by water. The emission maximum of Pl lies to the red
of those from Azo-NP and the cell and fluorescence overlap between them is minimal.
Using the same instrument and excitation wavelength as in the second study, the laser beam
(12 mW) was directed and focused onto a single cell that had internalized Azo-NP loaded
with PI molecules. Continuous spectroscopic monitoring of the cell between 500 and 800
nm disclosed the temporal development of a peak centered at 625 nm (Figure 2b).
Subtracting the spectrum at the start of the release (t = 0 s) from those taken towards the end
of the release (t = 2000 s) confirms the presence of the 625 nm peak (inset of Figure 2b), 20
nm offset from PI’s emission in water. This hypsochromic shift is attributed to Pl
intercalation with nuclear DNA.47

2.5 Spectral analysis of the delivery event

Subtle changes in peak maxima and intensities are related to the probe molecules’ locations
within the cellular matrix, thereby serving as a tracking system to trace the course of PI’s
development inside a cell. Plotting the intensity of PI’s emission maximum as a function of
time shows five distinctive regions, labeled in the release profile of Figure 2c. The first
region (t = 0 to t = 25 s) is defined by the initial decrease in intensity. The small peak (t = 25
to t = 65 s) that follows is designated as the second region. The large intensity decrease from
65 to 400 s is the third region. This is followed by the large intensity increase, from 400 to
2000 s, which set the bounds for the fourth region. Lastly, the progressive flattening marks
the beginning of the fifth region (t = 2000 to t = 2500 s). Each region represents a key stage
to the intracellular delivery event, and spectral changes from these regions were used to
disclose the interweaving intricacies between molecular interactions, chemical changes and
biological responses inside a living cell. Not only do these spectral changes establish a
spatial-temporal continuum of the fluorophore’s successive positions inside a cell, they also
provide a means to address the timeframe and the rate for each process.

Nanoscale. Author manuscript; available in PMC 2013 June 07.
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For each region in Figure 2c (except region (V)), a sequence of difference spectra are plotted
to demonstrate a change in peak intensity, peak maximum, or both. The trend of the release
curve consists of two regions with decrease in intensity: Regions (1) and (111) and two
regions with increase in intensity: Regions (I1) and (IV). The initial decrease is a faster
timescale component representing the rapid loss of autofluorescence and the attainment of
azobenzene’s photo-stationary state, as evidenced by the set of difference spectra shown on
the top row of Figure 3. These spectra are generated by taking the difference between two
spectra that are 10 seconds apart. From left to right, gradual attenuation of the emission band
with maximum at 530 nm was observed, which is consistent with the intracellular emissions
observed from the second study. As azobenzene molecules undergo large amplitude motion
inside the pore channels, simultaneous release of Pl molecules is observed as exhibited by
the peak beginning to appear at ~ 645 nm (last spectrum of Region (1)). The small rise in
intensity from 25 to 65 s (Region (I1)) is caused by an increasing amount of PI molecules
released from the pores, which is substantiated by the gradual sharpening of the emission
peak at 645 nm, one that can be easily discerned and identified as the fluorescence emission
of P1. As Pl molecules were traversing in the cytoplasm, they were photo-bleached by the
laser beam. Such photo-bleaching effects were illustrated by the flattening of the emission
peak displayed in the set of difference spectra in region (I11). The final gain in intensity is
attributed to the increase in fluorescence as Pl molecules intercalate with nuclear DNA. This
is demonstrated by the gradual increase and refinement of the fluorescence peak centered at
625 nm (difference spectra in region (IV)). It is important to note that the magnitude of
intensity increase between regions (I1) and (1V) is a result of the tenfold increase in
fluorescence of PI molecules upon nuclear intercalation. Furthermore, the hypsochromic
shift of the Pl emission maximum from 645 nm in region (11) to 625 nm in region (V) is
characteristic of the PI migration to a hydrophobic environment, signaling its diffusion from
the cytoplasm to the nucleus. Finally, intensity was maximized after 2000 s, and a small
decrease was observed at longer time, indicative of slow photo-bleaching of PI in the
nucleus.

2.6 Correlation of delivery rate with incident laser power

By tracking individual cells, the effects of laser power on the release of cargo molecules
were characterized. Specifically, the relationship between laser power and cargo release rate
was established by tracking over a collection of cells for each laser power (except 6 mW).
Power levels, ranging from 6 to 30 mW were surveyed. For each irradiation power, release
profiles of individual cells over time were obtained. From these release profiles, two sets of
data were extracted: the time it takes for all PI molecules to leave the pores (/.e. the top of
region (I1)) and the time lapse between Pl coming out of the pores and its intercalation with
nuclear DNA (vertical rise in the beginning of region (1V)). The results are shown in figure
4 by the solid and striped bars, respectively. As expected, an increase in power causes an
increasing rate of PI release, which in turn led to faster nuclear intercalation. This is to be
expected due to the interdependency of both events; the increased rate of expulsion caused
by Azo-NP was translated to faster increase in fluorescence intensity as a result of PI
intercalation in the cell nucleus. Not only does this correlation study show that the rate of
cargo release is power-dependent, it also sheds light on the rate of release in a cellular
environment, as a function of external stimulus.

2.7 Eliminating thermal heating as a means to initiate Azo-NP

To ensure that the /n vitro light-driven release event is not a by-product of laser heating of
the cells, 514 nm light (30 mW) was used to excite cells containing Pl-loaded Azo-NPs.
Since green light cannot excite azobenzene cis/trans motions, Pl should remain localized
within the pores and no emission increase should be observed. Indeed, emission spectra
before and after 50 minutes of irradiation [Fig. S15, Supporting Informationt] confirm that

Nanoscale. Author manuscript; available in PMC 2013 June 07.
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no nuclear staining occurred. This finding is consistent with the solution study results [Fig.
S9, Supporting Informationt]. To ascertain that our experimental conditions did not
significantly decrease cell viability, cytotoxicity assays were performed [Methods in
Supporting Informationt]. Results indicate that neither Azo-NP nor the laser beam cause
significant killing of the cells [Fig. S16, Supporting Informationt].

2.8 Imaging the release of Pl on a single cell level

Finally, another real-time technique, spinning disk confocal microscopy [Methods,
Supporting Informationt], was used to image changes that occurred in a cell nucleus as a
result of the delivery event. This technique enables high-speed continuous imaging of the
cells and spectral separation of background fluorescence using two laser sources: one for
Az0-NP excitation (405 nm) and another for imaging (488 nm). The 488 nm frames (Figure
5) were collected, colorized, and compiled. Even at relatively low excitation intensities, the
increase in fluorescence as Pl molecules intercalate with nuclear DNA is dramatic.
Sequential developments of the nucleus taken from various timeframes details stages of
nuclear staining on a single cell level (Figure 5a). As seen, only a faint outline of the cell
nucleus could be visualized in the first 5 minutes. At the 10" minute, the nucleus gradually
brightened and by the 25" minute, almost the entire nucleus was brightly fluorescent. Using
the software, Image J, the luminescence intensity for each image was quantified and graphed
(Figure 5b). The changes in total intensity of the cell nucleus using spinning disk
microscopy parallels the release profile from Figure 2c, and supports the findings that were
obtained.

3 Conclusion

In summary, the first study that is focused on the spectroscopic visualization of a photo-
induced intracellular delivery event from nanoparticles is reported. Through the use of
epifluorescence spectroscopy, all the intermediate steps of the event from the dynamics of
the molecular machine through the rate of Pl release from the pores to PI’s eventual nuclear
staining were continuously observed and spectrally identified. Sequential analyses of
difference spectra transformed static spectral snapshots into a dynamic continuum, where
key stages of the event were presented and time-stamped. The excitation intensity study
provided a means of identifying the cause-and-effect relationship between laser power and
rate of nanomachine-induced release of molecules. It also suggests that stochastic cellular
responses can sometimes follow a structural pattern when studied as a collection of single
cells. The approaches that were employed here open a new direction for real-time
observations of on-command release experiments /n vitro. The fact that remote activation of
a chemical reaction and its subsequent biological responses can be continuously observed in
a single cell will be important in many cell biology studies, and paves a new way to evaluate
drug-delivery nanosystems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Spectroscopic measurements of Azo-NP’s photo-responsivenessin solution

(a) Schematic diagram of the light-stimulated operation of Azo-NP. Azo-NP was made by
co-condensing azo-linkers inside the cylindrical pores of MSN. Exciting Azo-NP at a
wavelength where both isomers absorb promotes continual large-amplitude isomerization
motion. (b) Successful triggering of the cis-trans motion is demonstrated through Azo-NP’s
ability to trap cargo molecule, Pl, in the pores and release it into solution upon photo-
excitation. Azo-NP was placed at the corner of a cuvette and fluorescence changes in
solution was continuously monitored (illustrated on the right). Prior to light-stimulation, no
Pl was released and the fluorescence intensity is constant (flat baseline in the inset). Upon
excitation, intensities at P1’s emission maxima steadily increased, indicative of Pl being
released from Azo-NP.
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Fig. 2. Monitoring fluorescence changesinside a single living cell

(a) Epifluorescence spectroscopy instrument. A conventional epifluorescence microscope
was modified to include laser excitation and spectroscopic detection. Intracellular
luminescence was coupled to a spectrometer via a fiber optic. An emission band centered at
520 nm was observed when a laser beam was directed onto a single cancer cell internalized
with Azo-NP (stacked spectra). (b) Intracellular spectral changes were monitored in real-
time as Azo-NP, loaded with PI molecules was excited (408 nm, 12 mW) inside a single
cell. Subtracting the pre-release trace from that of the post-release results in a difference
spectrum with an emission maximum centered at 625 nm (inset). (c) Plotting intensity
changes at PI’s emission maxima (620 — 660 nm) as a function of time gives rise to this
release profile. Five distinctive regions, representing different intermediate processes of the
intracellular delivery event are labeled with Roman numerals.
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Fig. 3. Difference spectrafor four regions of the release profile (Fig.2c)
Delivery of PI to the cell nucleus is monitored through the changes in peak maxima and

intensities. A sequence of difference spectra were plotted for each of the time regions in Fig.
2c. Region (1) [t = 0 to 25 s] illustrates the photo-bleaching of the cell’s auto-fluorescence
and the attainment of azobenzene’s photostationary state (gradual photo-attenuation of the
emission band centered at 525 nm). As azobenzene molecules undergo dynamic motion
within the pores, release of PI molecules was observed starting at the last spectrum of region
(1) and throughout all the spectra in region (1) [t = 25 to 65 s]. The emission maximum is
centered at 645 nm. Photo-bleaching effects, illustrated by the flattening of the emission
peak, were observed as the released Pl molecules traversed the cytoplasm (Region (111) [t =
65 to 400 s]). The increase in fluorescence intensity and sharpening of the peak, centered at
625 nm, is evidence of PI intercalating with nuclear DNA (Region (IV) [t = 400 to 2000 s]).
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Fig. 4. Power -dependence studies

The two-bar graph represents the time it takes for the release of PI from Azo-NP (solid) and
for the released Pl molecules to intercalate with nuclear DNA (striped). The computed error
bars are standard error of the mean. The numbers on top of the bars represent the number of
trials performed at a particular power setting.
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Fig. 5. Real-timeimaging of theintracellular delivery event

(a) Real-time confocal images taken by spinning disk confocal microscopy show the
increase of the staining of a cell’s nucleus by Pl as a function of time. (b) Plot of the total
intensity increase of a cell’s nucleus as a function of time.
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