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Observing structural integrity of nanopar-
ticles is essential in bionanotechnology but not always
straightforward to measure in situ and in real-time.
Fluorescent labels used for tracking intrinsically non-
fluorescent nanomaterials generally do not allow simulta-
neous observation of integrity. Consequently, structural
changes like degradation and disassembly cannot easily be
followed in situ using fluorescence signals. We show that
thioflavin T (ThT), a fluorophore and molecular rotor
known to tag specific fibril structures in amyloids, can
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“label” the structural integrity of widely used and intrinsically nonfluorescent, silica nanoparticles (SiNPs). Entrapment of
ThT in SiNPs controls the fluorohphore’s relaxation pathway and leads to a red-shifted fluorescence spectrum providing
real time information on SiNP integrity. The dynamic change of ThT fluorescence during degradation of doped SiNPs is
found much higher than that of common labels fluorescein and rhodamine. Degradation kinetics of core—shell structures
recorded by ThT fluorescence and light scattering prove the capability to clearly distinguish structural features during
SiNPs degradation and allow obtaining degradation kinetics in vitro, in biological media, in serum, and in cells. The effect
is transferable to different types of materials, here shown for ThT incorporated SiNPs with tightly tailorable sizes (9—100
nm), poly(lactic-co-glycolic acid) (PLGA) nanoparticles, poly(9-vinylcarbazole) (PVK) nanoparticles, and iron-doped-
SiNPs (FeSiNPs). We thus suggest molecular rotors such as ThT as additional labels to effectively and easily sense
nanoparticle structural status in situ and to enhance understanding and development of programmed nanoparticle

disassembly in bionanotechnology.

bionano interactions, biodegradation, fluorescence labeling, core—shell nanoparticles, molecular rotors,

differential centrifugal sedimentation, silica

anoparticles are considered as multifunctional vehicles

with great potential in bioscience, diagnostics, and in

new therapies.”” In biological surroundings, particles
interact with biomolecules and are processed by cellular
machineries which can lead to structural changes of the
nanoparticles, partial and complete disassembly, or biodegra-
dation.”™® Although this might be an intended or unwanted
process, depending on the application, it is always a key
parameter that requires careful observation. Tracking the
nanoparticle structural integrity during different cascades of
biological processing (cellular uptake, intracellular handling,
transfer between different cells, etc.) is essential for targeted
nanoparticle-cell interaction, nanoparticle biocompatibility,
drug delivery, and general understanding of how organisms
771% Observing structural integrity is
analytically often difficult. For nanoparticles that have an

treat nanomaterials.
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intrinsic fluorescence, integrity can be easily followed in situ as
fluorescence signals depend on material degradation status.”
However, nanomaterials lacking an intrinsic fluorescence must
be labeled with fluorescent molecules to track them
effectively.”''~"* These labels generally do not reflect the
particles’ structural integrity.

SiNPs are intrinsically nonfluorescent and widely used due to
their versatile synthesis routes and surface functionalizations,
tailorable porosity, and so forth.'>'*~"” Doping SiNPs with, for
example, iron'® or calcium' is proposed for controlling
biodegradability and bioaccumulation of SiNPs. Access to in
situ information on integrity state of nanoparticles by
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Figure 1. (a) Schematic representation of hypothesis on ThT fluorescence when unbound and bound in nanoparticles: Rotational freedom at
C2—C10 bond of unbound ThT in solution results in low fluorescence at excitation/emission at ~430/475S nm. We hypothesize that
rotational freedom is lost when ThT is incorporated into silica matrix, leading to high fluorescence signals at ~430/475 nm, a behavior known
for ThT binding to amyloids.”” (b) Resulting ThT and FITC doping concentrations in SiNPs in micrograms per milligram of particles. Data is
plotted against ThT concentration used for synthesis in percent by weight related to tetraethyl orthosilicate (FITC concentration was kept
constant at 0.03 wt %). (c) UV—vis spectra of SiNPs doped with ThT and FITC as in (b) showing characteristic peaks for ThT and FITC. The
ThT peak increases expectedly the more ThT is added to the particles. (d) Fluorescence excitation and emission spectra of ThT after
incorporation into SiNPs and unbound ThT in water. When ThT is incorporated in the SiNPs, a strongly red-shifted fluorescence spectrum is

observed confirming the hypothesis of (a).

fluorescence microscopy and spectroscopy would be highly
profitable for such developments. Fluorescein isothiocyanate
(FITC) or rhodamine isothiocyanate (RITC) are often
successfully used for tracking SiNPs by incorporation of the
fluorophores into the silica matrix,""'*** but fluorescence
intensity variations observed after incorporation do not give
information on particle integrity. It can be furthermore difficult
to distinguish dissociated dye from degraded particles in a
biological surrounding.”’ Observing structural changes and
degradation in vitro and intracellular thus is often only possible
ex situ and not in real-time. It requires moreover complex
techniques such as elemental analysis or electron microscopy of
cell components.””** A promising approach for the difficult
task of in situ monitoring integrity is dual or multiple labeling
of different nanoparticle compartments. By labeling nano-
particle core and shell with two different labels—recent studies
used either two different fluorescent dyes””* or two different
radionuclide labels”'’—nanoparticle degradation has been
investigated in vitro and in vivo. When the two labels change
their location individually, particle and shell must have
separated due to particle degradation. However, if the
nanoparticle and shell degrade and the released labeled
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molecules or ions remain in a similar location, degradation
cannot be determined and is always limited to the spatial
resolution of detection of the two signals, for example, by
fluorescence microscopy or positron emission tomography.
Thus, it is beneficial to create a signal that responds directly
to nanoparticle structure to understand processes on
biomolecular and cellular level. Fluorescent molecular rotors
have an intramolecular rotational axis and their fluorescence
depend on the rotation around this axis. They have great
potential to detect chemical and mechanical changes in their
surrounding and have been used as viscosity probes or to detect
membrane stress in polymers.”> As a function of the rotational
angle, a specific relaxation pathway can be opened or locked
which influences the fluorescent profile. The rotation thereby
depends strongly on the microenvironment of the molecule
and changes in the surrounding lead to an alteration of
fluorescence properties and thus can be sensitively detected.
The sensitive fluorescence response toward rotational changes
suggests locking molecular rotors within nanoparticles in a
specific rotational state leading to a specific fluorescence profile.
Upon alteration of the microenvironments, for example, by
particle degradation, the rotational properties and fluorescence
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Figure 2. (a) SiNPs’ particle size increases in correlation with added ThT amount measured by DLS and DCS. (b) Controlling SiNP size with
constant ThT doping (0.7 wt %) is possible by varying methanol (MeOH) concentration in synthesis, measured by DCS, DLS and TEM
(UV—vis, fluorescence spectra, and ThT and FITC loading of SiNPs synthesized using MeOH concentrations are given in the Figure S3). Size
measurements of particles before growth of protective shell are shown.

emission would change providing in situ information on
nanoparticle structural integrity. ThT is a fluorescent molecular
rotor known to bind to toxic amyloids with the pharmacological
interesting effect of reducing amyloid-associated toxicity.*®
While binding to amyloids, molecular rotation is inhibited and
ThT establishes strong red-shifted fluorescence. Here, we
report that ThT creates similar shifted fluorescence spectra
upon entrapment in SiNPs, PLGA NPs, PKA NPs, and
FeSiNPs based on inhibiting its molecular rotation in the
particles and their integrity can be monitored sensitively and
material-independently. New and sensitive ways of assessing
nanoparticle integrity with a direct response and without spacial
limitations will aid programming nanoparticle disassembly in
situ, develop targeted drug delivery, and enhance understanding
of the biological fate of engineered materials.

RESULTS AND DISCUSSION

ThT Incorporation in SiNPs: Effect on Spectral
Properties and Particle Size. ThT is known to strongly
change fluorescence properties when interacting with specific
molecular structures, as those of protein fibrils in amyloids.
Binding of ThT to the fibrils results in a large red shift of its
excitation/emission (ex/em) szgectra (from 385 to 450 nm and
445 to 482 nm, respectively)””*® resulting from its rotational
molecular properties: In unbound state, the benzylamine and
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benzathiole rings of ThT can rotate around their shared
carbon—carbon bond quenching excited states and lowering
fluorescence emission (Figure la, left). However, in bound
states, rotation is no longer possible preserving a specific
relaxation pathway resulting in high quantum yields and shifted
fluorescence maxima.””*” We aimed to use this property of
ThT and to preserve its excited states by binding it into SiNPs
(Figure la). ThT was incorporated into SiNPs in different
concentrations by addition during synthesis without specifically
covalently linking it. We furthermore included fluorescent dyes
FITC or RITC as internal reference for ThT fluorescence and
to obtain dual-labeled NPs that are compatible in different
detection platforms. To increase stability of the dye-labeled
core,'>*? all particles are generally covered by a thin silica shell
(~4 nm in case of ~60 nm particles, Figure S1) if not otherwise
stated. Figure 1b shows amounts of ThT and FITC per mg
SiNPs synthesized with variant ThT and constant FITC
concentrations. UV—vis extinction spectra (Figure Ic) confirm
the tailorable incorporation of ThT and FITC into SiNPs and
show a concentration dependent absorbance peak with
maximum at 430 nm indicating ThT incorporation. FITC
absorbance can expectedly be observed at 490 nm.

ThT incorporation into the silica matrix leads to a distinct
red shift of its ex/em maxima from 347 to 425 nm and 440 to
475 nm, respectively (arrows Figure 1d). ThT’s red shift is
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Figure 3. (a) Normalized fluorescence spectra of SiNPs during degradation upon continuous exposure to 1 M KOH for 120 min (excitation at
425 nm). ThT signal decreases strongly over time, whereas FITC signal varies only slightly. (b) SiNPs’ ThT fluorescence drops during
degradation upon continuous exposure to 1 M KOH (ThT, ex/em 410/475 nm and FITC, ex/em 475/520 nm). The relative fluorescence
compares the fluorescence signal at time 0 with that during proceeding KOH exposure. Degradation is confirmed by reduction of light
scattering obtained by DLS (blue squares) and gel electrophoresis (image on right-hand of graph). The gels show a single fluorescent band
(FITC fluorescence) for SiNPs exposed to water (for 2 h), indicating no degradation. Gels for SiNPs exposed to 1 M KOH instead show a
second band due to free molecules and particle debris that are able to diffuse into the pores of the gel upon degradation. (c) Degradation
kinetics of differently sized SiNPs, determined using ThT fluorescence, showing that smaller SiNPs degrade expectedly faster. (d)
Degradation kinetics of SiNPs with and without a protective shell measured by ThT fluorescence and light scattering; the shell delays the
degradation (further characterization of particles given Figure S1). Aty ..y and Aty Were read out at 10-fold reduction of light scattering
or fluorescent signal, respectively, and are discussed in the main text.

independent of the presence of FITC or RITC (Figure S2a) Control toward smaller particle sizes down to 9 nm at a
and the fluorescence intensity of the ThT signal at 475 nm is constant ThT concentration is achieved by altering nucleation
unaffected by the pH of the particle surrounding media (for pH size using different ratios of methanol/ethanol during syn-
1-9, Figure S 2d and e). This suggests that the red shift thesis.”> This enables a series of highly monodisperse
originates of the microenvironment of ThT within the silica fluorophore-doped SiNPs with mean sizes from 9 to 100 nm

matrix. Entrapment and interaction seems to inhibit molecular (Figure 2b, dye loading and fluorescence spectra of these

particles in Figure S3). We used differential centrifugal
sedimentation (DCS) to measure particle size distributions in
which the nanoparticles pass a density gradient during the

rotation and to open a distinct relaxation pathway within the
molecule resulting in the shifted emission spectra, similar to
when it is bound in amyloids as hypothesized in Figure la
(comparable red shifts are reported, see the first paragraph and
ref 27). Responsible for effective incorporation of ThT into the
silica matrix could be the positive partial charge at the nitrogen
atom, which is in proximity to the rotational plane of the ThT
molecule (Figure la) and might interact with anionic silicate
species (e.g, =SiO~) widely present during sol-gel particle
formation.”" Additional fluorescent characterization is given in

measurement.”® Sedimentation times in the gradient are
recorded when particles pass an extinction detector employing
a 405 nm laser. The detector signal depends on light scattering
and absorbance of the SiNPs, which is generally low for silica
due to transparency and especially low scattering for small
SiNPs at the detector wavelength. However, when doped with

Figure S2 (influence of RITC and FITC on red shift, ThT, the detectability of small and ultrasmall SiNPs was
concentration dependent ThT fluorescence, fluorescence strongly increased due to increased absorbance at the detector
lifetime measurements, influence of pH on SiNP fluorescence). wavelength. DCS is an essential technique in bionanoscience
ThT leads furthermore to a reproducible increase in particle and further results and discussion on the effect are given in the

size as a function of the added concentration (Figure 2a). Supporting Information Figure S4 and SS.
4663 DOI: 10.1021/acsnano.6b01001
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Figure 4. Degradation of SiNPs with and without shell in biological media during exposure for 52 h at 37 °C. (a) and (c) Relative ThT
fluorescence decrease of SiNPs with and without shell, respectively, in cMEM, FBS, and HS suggesting degradation. ThT fluorescence remains
stable in water and ALF suggesting no significant structural changes of the SiNPs (ex/em 425/475 nm). (b) and (d) Gel electrophoresis of
SiNPs after 52 h exposure to the different media confirming the results obtained from ThT fluorescence. Upon degradation in cMEM, FBS,
and HS, smaller particle debris and free fluorescent dye can enter the pores of the gel and can be seen as a second band at the bottom of the
gel under illumination. Only one band is observed for SiNPs exposed to water or ALF suggesting no degradation. ALF (artificial lysosomal
fluid), cMEM (Minimum Essential Medium containing 10% fetal bovine serum), FBS (fetal bovine serum), HS (human serum), reference

(H,0).

ThT Fluorescence during Structural Changes of the
Nanoparticles: Degradation Kinetics. We assumed that as
soon as the SiNPs suffer a change in internal structure, dissolve,
or degrade, ThT may disassociate from the particle and regain
rotational freedom resulting in a loss of fluorescence intensity at
the shifted maxima. To test this hypothesis, SiNPs were
degraded under controlled conditions using 1 M KOH and the
fluorescent signal of ThT was recorded as a function of
exposure time (Figure 3a,b).

SiNPs” ThT fluorescence showed a strong, time-dependent
reduction following KOH exposure (Figure 3b). The signal is
~1000 times lower after 2 h of incubation when compared to
beginning of the experiment. In contrast, neither FITC (Figure
3b) nor RITC fluorescence (Figure S6) varied in this extent; in
fact, their fluorescence only slightly decreased. To verify the
particle degradation, we measured the decrease in count rate of
scattered light due to particle dissolution by dynamic light
scattering (DLS, Figure 3b). Due to the proportionality of light
scattering and particle radius, lower counts of scattered light
overtime indicate that the particle size decreases, for example,
by disassembly into smaller particles or by continuous “peeling-
off” the particle surface. One can observe a lag between decay
of ThT fluorescence and that of DLS signal that is expected to
be due to the core—shell structure of the particles and will be
discussed later. Gel electrophoresis after exposing particles to
either H)O or 1 M KOH moreover confirms degradation as
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due to degradation, smaller debris, and free fluorescent dye can
enter the pores of the gel and can be observed under
illumination as a second band at the bottom of the gel (inset in
Figure 3b). Both techniques confirm the dissolution of SiNPs
in 1 M KOH (Figure 3b). When performing the experiments in
H,O, the ThT fluorescence signal remains unchanged,
excluding also any photo bleaching of ThT during the duration
of the experiments (Figure S7). The influence of 1 M KOH on
the fluorescence of the released, unbound ThT needs to be
considered to exclude any artifacts resulting from the media
effects on the dye. ThT fluorescence is about five times lower in
1 M KOH compared to water (Figure S8) as also found by
Hackl et al. when ThT was exposed to acidic and basic pH.**
The signal decrease upon particle degradation, however,
resulted in a fluorescence decay of up to 1000 times (Figure
3b) and 2500 times (Figure 3c). We show later that single ThT
molecules do not change fluorescence in biological media and
show slight fluorescence increase at 475 nm in THF while a
strong decrease of ThT fluorescence at 475 nm is observed
when ThT-doped nanoparticles degrade in such media. This
suggests that the major impact on ThT fluorescence at 475 nm
is the particle matrix integrity, which surrounds ThT molecules
and influences its molecular rotation and relaxation pathways. A
reestablishment of the signal at ex/em 347/440 nm (blue shift)
furthermore suggests the presence of free rotating ThT
molecules upon particle degradation (Figure S9). The emission
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decrease at 475 nm thus likely mirrors the transfer of the highly
fluorescent locked molecular state of ThT into a state of
increased molecular rotational freedom and thereby reflects
particle integrity.

To furthermore prove the ability of ThT as a potential
sensitive structural integrity sensor, we compared degradation
kinetics of SiNPs as a function of particle size (Figure 3c).
Smaller particles are expected to degrade faster due to the
higher surface to volume ratio. This effect is reflected in the
measured ThT fluorescence signals which start to decrease
earlier for smaller and later for larger particles and degradation
kinetics correlate expectedly with particle size.

To analyze the origin of the lag of ThT fluorescence decay
compared to light scattering decay (Figure 3b) in detail, we
compared degradation of particles with and without a 4 nm
protective silica shell (Figure 3d). For core particles without
shell, light scattering and ThT signal dropped almost
synchronous, whereas lag is observed for core—shell particles.
The lag between the ThT and DLS signal is thus likely due to
the unlabeled shell of the particles which dissolves before the
labeled core is affected. This is further confirmed by the
following observations. For early degradation events (defined
here as the time points when light scattering or ThT
fluorescence is 10-fold reduced), we observe from light
scattering that core—shell particles take ~36 min longer than
core particles to reach this state (Atpyggpe, Figure 3d). The
time difference Atp;g ey corresponds almost exactly to the lag
between DLS and ThT signal for core—shell particles, Aty
which is ~34 min. It suggests that the DLS signal reflects the
entire core—shell particle while the ThT fluorescence obviously
mirrors only the ThT-labeled core. It agrees with the different
nature of the signals. Although light scattering correlates with
particle diameter due to Rayleigh scattering, ThT fluorescence
correlates with the state of interaction between ThT and the
silica matrix. To confirm this analysis, we delayed the
degradation kinetics by recording SiNP degradation (without
shell) at a lower KOH concentration (0.1 M, Figure S10). Light
scattering and ThT fluorescence decreased simultaneously with
a lag for both signals due to the lower KOH concentration.
This further confirms “peeling-off’ degradation mechanism
occurs in which the shell offers itself before the dye-labeled core
is dissolved due to lag between the DLS and ThT signal for
SiNPs with shell. ThT fluorescence thus reflects and provides
important information on the particle structure during
degradation events.

Tracking ThT-Doped Nanoparticle Integrity In Situ in
Biological Surroundings. We applied the same method to
investigate the integrity of SiNPs over 48 h in biological media
at 37 °C. Therefore, we used complete Minimum Essential
Medium containing 10% fetal bovine serum (cMEM), as a
typical cell culture media, artificial lysosomal fluid (ALF)
simulating the acidic (pH 4.5) and ionic conditions found in
lysosomes, fetal bovine serum (FBS), human serum (HS), and
water as reference (Figure 4). ThT fluorescence pattern
suggests that particle degrade in ¢tMEM, FBS, and HS but
remain in ALF (Figure 4a,c). The particles were furthermore
analyzed by gel electrophoresis, which confirms degradation
(Figure 4b,d). Using ThT separately (free ThT molecules in
media), we proved that the media either did not influence ThT
fluorescence or induced a slight fluorescence increase (Figure
S11) thus confirming that the observed fluorescence decrease
for ThT-doped SiNPs is due to particle degradation.
Comparing ThT fluorescence of SiNPs with and without
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shell shows that the degradation in biological media is slightly
delayed for SiNPs with shell (Figure S12), similar to the
observation made when SiNPs degrade in 1 M KOH.
Amorphous SiO, is usually stable against dissolution below
pH 10.>° Accordingly, in SiNPs in H,O (pH 6.6) and ALF (pH
4.5) no degradation was observed. However, exposure of SiNPs
to FBS, HS, and cMEM and a pH ~ 7.4 lead to degradation,
which thus is likely enhanced by the portfolio of molecules that
are able to bind and complex lower molecular weight species
and ions influencing degradation equilibria. The degradation
behavior observed by ThT fluorescence is in good agreement
with previous results and shows the in situ applicability of the
method.”

ThT fluorescence was furthermore observed by confocal
fluorescence microscopy of human cells exposed to ThT-doped
SiNPs. This may allow to track, localize, and detect potential
structural changes at distinct intracellular locations in real-time.
Figure Sab shows 27 nm ThT- and FITC-doped SiNPs

a 1 h exposure in A549 cells, 27 nm SiNPs

Red - Lamp 1
Green - SiNPs, FITC

Red — Lamp 1
Blue - SiNPs, ThT

b

24 h exposure in A549 cells, 27 nm SiNPs

Green- SiNPs, FITC

Red — Lamp 1 A
Green— SiNPs, FITC & ThT

o £ |
s 2

Blue - SiNPs,ThT

Figure S. Tracking of 27 nm mean diameter SiNPs (doped with
ThT and FITC) in confocal microscopy during exposure to human
lung carcinoma epithelial A549 cells. (a) 1 h after addition of SiNPs
to cells, the SiNPs can be localized in periphery of particles (FITC
green, ex/em filters 488/520 nm, left image and ThT blue, ex/em
filters 405/460 nm, right image). Lysosome-associated membrane
glycoproteins (LAMP-1) in the cells are displayed in red; the
numbered ovals mark areas occupied by individual cells and were
added to guide the eyes. (b) 24 h after exposure. SiNPs can be
colocalized with LAMP-1 suggesting their placement inside the
cells and in lysosomes. FITC and ThT signals are visible at similar
locations suggesting only no significant degradation and structural
changes during intracellular processing within 24 h under the
conditions of the experiments.
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Figure 6. Sensing structural integrity of PLGA NPs, PVK NPs, and FeSiNPs doped with ThT. TEM images of as synthesized particles and
fluorescence emission, excitation spectra, and light scattering and under degrading and nondegrading condition are given for PLGA NPs in
(a), (b), and (c), respectively, in (d), (e), and (f) for PVK NPs, and in (h), (i), and (j) for FeSiNPs particles. The data confirms that ThT can
be used as a sensor for structural integrity in different materials. Further particle characterization can be found in Figure S15.

exposed to AS549 cells. Measurements of ThT and FITC signals
were conducted 1 and 24 h after exposure. After 24 h, the
SiNPs can be colocalized with LAMP-1 lysosomal stain,
suggesting their presence in lysosomes as commonly observed
for many nanomaterials.” Signals of both, FITC (ex/em 488/
520 nm), and ThT (ex/em 405/460 nm) can be obtained. This
suggests that no major degradation occurred within the
experimental conditions and correlates well with the fact that
silica particles are surprisingly stable in lysosomes due to their
low pH (pH ~ 4.5). SiNPs did furthermore not degrade when
exposed to artificial lysosomal fluid likely due to the lower pH
in lysosomes stabilizing the SiNP integrity (Figure 4a).*°
Interestingly, although SiNPs degrade in cell medium and
serum, uptake into lysosomes seem to reduce or inhibit their
degradation, which confirms the importance of tracking
intracellular processing for understanding nanoparticle degra-
dation. A few technical aspects need to be considered. We
found that with our microscope, particles containing only FITC
are not detectable in the channel used to record the ThT signal
(or gave a much lower signal) although ex/em spectra of ThT
and FITC slightly overlap (data not shown). This is necessary
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to distinguish the two signals and depends on the individual
excitation lasers and emission filters. We recommend using a
fluorophore with ex/em spectra that do not overlap in the with
ThT spectra, for example, RITC, if artifacts occur. The
methodology proved to be robust and easily applicable to cell
culture providing a tool for simultaneously following structural
changes without further sample preparation but further points
need careful observation. A decrease of ThT fluorescence
suggests degradation in an isolated system. However, cells are
“open systems” and exchange with the environment. Thus,
particle export or dilution by cell division can also cause the
signal to disappear and should be considered and tracked.* We
thus stress the importance of dual or multiple labeling with a
fluorophore nonsensitive toward degradation, here, FITC that
is colocalized with ThT. If the ThT signal disappears and the
fluorescence of the reference fluorophore remains, degradation
is likely and can in this way provide spacial and in situ
information on the degradation status and location of
nanoparticles in single cell compartments. Furthermore, in
the case of degradation, it should be considered that all
degradation products (including ThT) may impact cells and
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organisms. ThTs toxicity is considered low but not fully
explored yet, although, positive effects like lifespan-expanding
properties have been observed and cytotoxicity at low doses is
marginal. (ICs, values for K562 cells reported by Darghal et al.
are <0.3 yuM ThT. For comparison, a maximum of 0.2 yM ThT
can be released from 65 nm SiNPs synthesized with 0.7% ThT
compared to TEOS when used at a concentration of 0.1 ug
mL™' and according to the ThT loading reported in Figure
1.)***” Radiolabeled ThT derivates have been used for in vivo
imaging of amyloids.”® The radioactive decay, however,
compared to ThT fluorescence does not depend on the
molecular rotation of ThT and would thus not reflect particle
integrity directly. In vivo imaging using ThT fluorescence is
subject to the general limitations in fluorescence-based-in vivo-
imaging (high background tissue absorbance, low penetration
depths).” In small rodents, however, and by replacing ThT
with molecular rotors that emit in near-infrared region while
showing the same response toward material degradation as
ThT, the approach may provide sufficient intensities. However,
it is clear that on the cellular and biomolecular level,
nanoparticle degradation is far from being understood, and
the easy-to-apply labeling technique presented here may shed
light on important reaction cascades in addition or in advance
of in vivo investigations.

ThT-Doped PLGA, PKA, and Iron-Doped SiNPs. To
prove if the concept is limited to silica or if it is also applicable
to other material matrices, we incorporated ThT noncovalently
into PLGA and PKA nanoparticles with similar result (Figure
6a—f). PLGA NPs have great potential as drug carriers due to
their biocompatibility. Figure 6a,b shows that ThT doping of
PLGA particles leads to the establishment of shifted and
characteristic ThT fluorescence at 475 nm when rotation is
blocked (not seen in nondoped PLGA particles, Figure S13),
suggesting entrapment of ThT in the polymer matrix. The
fluorescent signal at 475 nm disappears when adding solvent
tetrahydrofuran (THF), which expectedly breaks up the PLGA
particles into its polymer components. The degradation of the
PLGA particles was confirmed by a drop in light scattering
(Figure 6¢). Also, in the excitation spectra, the characteristic
peak at a wavelength of 410—425 nm for entrapped ThT with
no rotational freedom disappears upon degradation and the
peak at around 350—360 nm characteristic for free ThT in
solution increases. The latter may confirm the regaining of the
rotational freedom of ThT, but a fluorescence increase is also
observed when THF is added to free ThT molecules, which
complicates the direct relation of the peak increase to rotational
freedom of ThT. Similarly, the ThT signal at 475 nm of free
ThT molecules in THF increases slightly compared to water.
This, on the other hand, strongly confirms that the signal drop
at 475 nm is due to particle degradation and not due to solvent
effects on ThT which would have caused a signal increase.
Although less pronounced, a similar behavior can be found
when ThT is included into PVK NPs. PVK is a fluorescent,
semiconducting polymer with applications in biosensing and
electronics.*® PVK NPs modified with ThT have, next to their
intrinsic fluorescence peaks, the characteristic emission peaks at
475 nm and nondoped particles do not show these peaks
(FigureS13), suggesting entrapment of ThT in the polymer
matrix. THF is solvent for PVK and thus degrades the particles
(by either swelling or dissolution in polymer components; a
decrease of light scattering suggests disassembly into smaller
fragments; Figure 6f). The degradation is followed by signal
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decrease in excitation and emission spectra suggesting change
of ThT’s rotational properties.

Iron doping was shown to increase SiNPs degradation
rates.'® Doping with metal ions influences the material matrix
and the microenvironment in the particles, which finally leads
to the altered degradation behavior. To prove whether iron-
doping has an influence on the fluorescence of entrapped ThT,
we synthesized SiNPs simultaneously doped with iron and ThT
(FeSiNPs). Figure 6h—j prove that FeSiNPs show the
characteristic emission peak of entrapped ThT at 475 nm in
their fluorescence spectra and the peak disappears upon particle
degradation in 0.1 M KOH. According to the findings of
Mitchell et al., we also observed that FeSiNPs degrade faster
than non-Fe-doped SiNPs that were synthesized under same
conditions but without iron addition (Figure S14).'® Further
characterization (DLS and TEM) of PLGA, PVK, and FeSiNPs
particle suspensions can be found in Figure S15. During
synthesis of PLGA particles, introduction of negatively charged
carboxyl groups at the intrinsically aminated and positively
charged chitosan used in PLGA particle synthesis, resulting in
higher ThT loading (data not shown). Also, the negatively
charged silica matrix led to high loadings of the positively
charged ThT molecule suggesting that a negatively charged
material matrix is beneficial for ThT incorporation. The
experiments give evidence that ThT can be incorporated into
different material types (four material variations tested here)
and obtaining the characteristic emission peak at 475 nm
suggesting that the process is material-independent. ThT
always establishes a red-shifted fluorescence with a maximum
at about 475 nm and micromechanical blocking of the
molecular rotation due to entrapment seems to cause the effect.

CONCLUSIONS

Our manuscript introduces the concept of using molecular
rotors for sensing integrity of nanoparticles in bionanoscience.
The successful control of the relaxation pathways of the
molecular rotor ThT by incorporation into different types of
nanoparticle matrices is observed and described in detail
Entrapment into a nanoparticle matrix leads to strongly red-
shifted fluorescence emission and excitation spectra suggesting
inhibition of the molecular rotation of ThT by locking it in the
material matrix. Upon nanoparticle degradation, ThT regains
rotational freedom, which results in decreased fluorescence
emission over up to three magnitudes. The shifted fluorescence
signals sensitively reflect the integrity of the nanoparticles and
allow monitoring nanoparticle structural changes. Nanoparticle
integrity was thus easily sensed in biological media and serum,
and it was possible to distinguish structural differences of SiNPs
(particle sizes, core—shell structures) from altered degradation
kinetics using ThT fluorescence. Confocal microscopy of ThT-
doped SiNPs after exposure to cells provides evidence for the
opportunity to track structural integrity of ThT-labeled
nanoparticles in situ and in distinct cellular locations. Thus,
we suggest molecular rotors such as ThT as multiplatform-
compatible, complementary tools and essential future compart-
ments of multiple labeled nanoparticles in bionanoscience to
easily track structural features and structural integrity on cell
and biomolecular level.

METHODS

Materials. TEOS (tetraethyl orthosilicate, 99%), APTMS
((3-aminopropyl)trimethoxysilane, 97%), FITC (fluorescein
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isothiocyanate isomer I, 98%), RITC (Rhodamine B iso-
thiocyanate, mixed isomers), ThT (thioflavin T), KOH
(potassium hydroxide), methanol (99.9%), ammonium hydrox-
ide (26%), PLGA (poly(lactic-co-glycolic acid, lactide:glycolide
(65:35), 40 000—75 000 Da), ethyl acetate (>99.5%), chitosan
(from shrimp shells, >75%, deacetylated), poly(9-vinylcarba-
zole) (PVK, ~1 100 000 Da), and tetrahydrofuran (THF) were
purchased from Sigma-Aldrich, Ireland; ethanol (99.9%) from
Merck, Germany; MEM (Minimum Essential Media) and FBS
(fetal bovine serum) were purchased from Gibco, Life
Technologies, Ireland; iron(III) ethoxide (99.6%) from Santa
Cruz Biotechnology. Water used in all experiments was
ultrapure water obtained by a Milli-Q purification system
(Millipore Corporation, Ireland).

Synthesis of SiNPs. The synthesis of SINPs was adapted
from Mahon et al. and modified by the inclusion of ThT.” As
an initial step, 0.91 g of ammonium hydroxide (26%) in 25 mL
of ethanol (99.9%) were mixed. ThT was dissolved in 0.5 mL of
ethanol in the indicated amounts, which are relative to the
TEOS concentration (e.g., 6 mg for 0.7 wt %) and immediately
given to the reaction. For doping with FITC or RITC, 0.125
mL of a conjugate solution was added subsequently (conjugate:
2 mg of FITC or RITC, respectively, 1 mL of ethanol, 10 uL of
APTMS mixed and incubated in the dark for 4 h), which is 0.03
wt % relative to the added amount of TEOS. The solution was
stirred for 3 min followed by addition of 0.91 mL of TEOS and
stirred overnight at 25 °C at 700 rpm. Smaller particle sizes
were adjusted by supplementing ethanol with methanol in the
indicated percentages (by volume) in the initial step.
Purification after synthesis to remove unreacted precursors
and to transfer SiNPs into H,O was either done by separating
SiNPs by centrifugation and repeated washing steps (when
particles >30 nm) or, when SiNPs expected to be <30 nm (high
methanol concentration), by adding 15 mL of H,O to the
reaction and evaporating ethanol or methanol, respectively,
under reduced pressure followed by gel permeation chroma-
tography using a Sephadex P25 column. Washing was done by
centrifugation at 20 000 rcf for 25 min, the supernatant was
removed, the pellet was redispersed in 25 mL of ethanol by
bath sonication, which was followed by three washing steps
with 25 mL of H,O each and final redispersion in H,O.
Afterward, an optional shell on the particle surface was
synthesized to provide better particle stability, reduce dye
leaking, and obtain a defined surface chemistry. If particles
without shells were used in the experiments, it is specifically
stated in the figure caption. For obtaining the shell, a
suspension of SiNPs in H,O was heated to 90 °C and 32.8
uL of TEOS were added per square meter of particle surface
area, which was calculated from the added particle concen-
tration, from the mean diameter from DCS measurements, and
by assuming spherical particles. This corresponds to ~20
monolayer TEOS on the particle surface. After 3 h of reaction
particles have been washed three times by repeated
centrifugation and resuspension in water or by gel permeation
chromatography. Description of quantification of dyes in SiNPs
can be found in Supporting Information.

Iron-doped SiNPs (SiFeNPs) and ThT have been synthe-
sized by adding 2.844 mL of a 20 mg mL™" iron(IIl) ethoxide
solution, prepared by sonication-assisted dissolution of 20 mg
of iron(III) ethoxide in 1 mL of anhydrous ethanol, into 25 mL
of ethanol (99.9%) with 0.91 g of ammonium hydroxide (26%)
and 6 mg of ThT. Then, 0.91 mL of TEOS was added and
proceeded as described for SiNP synthesis above. A molar ratio
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of iron(III) ethoxide and TEOS was kept 0.073:1 as described
earlier in the publication of Mitchell et al."®

ThT-doped poly(lactic-co-glycolic acid) (PLGA) particles
have been synthesized by modifying the synthesis of Taetz et
al*' In brief, a 20 mL aliquot was mixed with 3 mg mL™
chitosan and 10 mg mL™" poly(vinyl alcohol) for 30 min at RT
under magpnetic stirring. Then 20 mg mL™" succinic anhydride
were added and pH adjusted to pH 7 using 3 M NaOH
(solution 1). PLGA (20 mg/mL) was dissolved in 20 mL of
ethyl acetate (solution 2). Solutions 1 and 2 were magnetically
stirred at RT for 2 h. Solution 1 was then filtered through a 0.45
um syringe filter. To solution 2, 60 uL of a SO mg mL~" ThT
solution in ethanol were added. Then, S mL of solution 2 were
added dropwise to S mL of filtered solution 1. The emulsion
was stirred at 1000 rpm for 1 h. Afterward, it was homogenized
using an UltraTurrax T25 (IKA, Germany) at 13 500 rpm for
15 min. The homogenized emulsion (10 mL) was diluted by
adding 17 mL of water under constant stirring. Remaining ethyl
acetate was evaporated by continuous stirring overnight at
room temperature followed by evaporation at 70 °C for 4 h.
The particles were washed as described above using
centrifugation at 10 000 rcf for 1 min.

ThT-doped poly(9-vinylcarbazole) (PVK) nanoparticles
were prepared by a reprecipitation method. A 0.2 mg mL™"
solution of PVK was prepared by dissolving 1 mg of PVK
granules in S mL of THF with stirring for an hour. First, 0.4 mg
of ThT was dissolved in 0.2 mL of MeOH and 1.8 mL of THF
were added to achieve a 0.2 mg mL™! solution. Then, 0.1 mL of
PVK/THE solution, 0.05 mL (50 wt %) ThT/MeOH/THF
solution were mixed with 1.85 mL of THF and quickly injected
into 8 mL of deionized water in a round-bottom flask while
applying sonication over 3 min in order to improve mixing and
increase the rate of polymer chain collapse. Following this, the
resulting mixture was placed onto a rotor evaporator for 60 min
in order to remove the organic solvent under reduced pressure
at room temperature. After removal the organic solvent,
approximately 7 mL of solution containing PVK nanoparticles
remained in the round-bottomed flask.

Degradation Experiments. Degradation in KOH. First,
500 uL of 1 M KOH and 25 uL of 2.5 mg mL™" of SiNPs were
mixed and added to a cuvette. The kinetic measurement of the
nanoparticles was started such that there is no lag between the
addition of nanoparticles and start of the measurement using a
FluoroLog 3 (Horiba, Ireland). For degradation of FeSiNP
nanoparticles, 500 yL of 0.1 M KOH was mixed with 25 uL of
0.724 mg mL™' nanoparticles and added to the cuvette. As
control, SiNPs without FITC were used at the same
concentration. Fluorescence measurements were repeated
with an interval of 1 min between each set of measurement,
until ThT fluorescence intensity remained constant. For
baseline correction, KOH solutions were measured and
subtracted from fluorescence values of the nanoparticles. The
degradation was also followed using DLS, where the count rate
of scattered light was recorded over the same time period as the
fluorescence measurements.

Degradation in Biological Media. ThT-doped SiNPs with
and without shell and ThT molecues as reference were exposed
to water, ALF, cMEM (phenol red-free MEM supplemented
with 10 vol % FBS), FBS, ALF, and HS for 52 h at 37 °C. ALF
was prepared according to Beeston et al."* Next, 100 uL of 0.5
mg mL ™" of nanoparticles was added to 400 uL of the different
media, so that the final concentration is 0.1 mg mL™". A ThT
stock solution was prepared in water at a concentration of 0.35
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ug mL™". Then, 100 uL of ThT solution was added to 400 uL
of media with final concentration of 0.07 ug mL™" of ThT in
media which corresponds the amount of ThT that is
incorporated in 0.1 mg mL™" of particles. Fluorescence spectra
were recorded immediately after mixing (time O h) and after 6,
24, and 52 h incubation. The solutions were kept at 37 °C on a
shaker at 600 rpm between the measurements. The solutions
were sonicated for 3 s before each time point measurements.
Fluorescence spectra of H,O, ALF, ctMEM, FBS, and HS
without particles left at 37 °C for the same time interval were
subtracted from fluorescence signals of the samples for
background correction.

Degradation of PLGA and PVK Nanoparticles. Degradation
study of ThT-doped and nondoped PLGA and PVK nano-
particles was done in S0 vol % THF (in water) and water as
reference. Then, 100 yL of 1 mg of PLGA particles in water
were mixed with 100 pL of water or 50 vol % THF and was left
shaking for 2 h at 600 rpm at room temperature followed by
determination of fluorescence profiles. The fluorescence of
ThT in water and S0 vol % THF at 1.4 ug mL™" was recorded
as a reference. The baselines, water and 50 vol % THF without
particles, were subtracted from the fluorescence profiles of the
samples.

UV-Vis Spectroscopy. UV—vis spectra were recorded on
a Varian’s Cary6000i spectrophotometer (Agilent Technolo-
gies, Ireland) using a quartz cuvette with a path length of 1 cm
at a typical SiNP concentration of 500 yg mL™".

Fluorescence Spectroscopy. Fluorescence spectroscopy
was performed in a FluoroLog 3 fluorimeter (Horiba, Ireland),
typically, at a concentration of 119 ug mL™" of doped SiNPs or
at concentrations stated above. Usually emission spectra were
recorded for excitation at 347, 410, 425, and 480 nm and the
excitation spectra for fixed emission wavelengths at 440, 475,
and 520 nm with a slit width of 5 nm.

Gel Electrophoresis. Gel electrophoresis was performed to
detect particle dissolution and observation of free dye entering
the gel as described by Mahon et al.”® Therefore, typical SDS-
PAGE gels were prepared having a 4% acrylamide stacking gel
and a 10% separation gel and gels were run in TRIS buffer for
4S5 min at 130 V. After treatment in KOH solution, samples
were neutralized before loading into the gel to avoid any effects
of KOH on the gel porosity.

Dynamic Light Scattering. Dynamic Light Scattering
(DLS) measurements were carried out at a typical nanoparticle
concentration of S0 ug mL™" in a 1 mL of polystyrene or glass
cuvette. Measurements are an average of three individual runs
with 10—15 accumulations per run. Samples were analyzed on a
Malvern Nanosizer ZS Series (Malvern, Ireland) at a
temperature of 25 °C.

Differential Centrifugal Sedimentation. Differential
centrifugal sedimentation (DCS) was carried out using a CPS
disc centrifuge DC24000 (CPS Instruments Inc, UK.) in
which an 8—24 w/w % sucrose-based gradient in Milli-Q water
was applied. Measurements were conducted at a speed of
18000 rpm. Calibration was performed using poly(vinyl
chloride) (PVC) standard (0.476 pm, Analytik Ltd, UK.).
Calibration was carried out before each measurement using 0.1
mL of the standard; similarly, 0.1 mL of each sample was
injected for the analysis using a calibrated syringe (Hamilton
GASTIGHT, Hamilton, U.K.) with an accuracy of +1% within
the injected volume.

Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) micrographs of SiINPs were obtained
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in a FEI Tecnai G2 20 Twin microscope (FEL, Inc, The
Netherlands) at an accelerating voltage of 200 kV. Then, S yL
of diluted SiNPs suspensions were dried and analyzed on
Formvar/Carbon copper grids (300 mesh, Ted Pella Inc,
UK).

Cell Tests and Confocal Fluorescence Microscopy. Cell
Culture. Human lung carcinoma epithelial A549 cells (ATCC-
CCL-185) were seeded at a density of 4 X 105 cells per well in
6-well plates (Greiner Bio-One GmbH, Germany) where
previously sterilized coverslips had been placed. The plates
were incubated in a humidified incubator at 37 °C in 5% CO,
in MEM (with additional L-Glutamine) supplemented with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin
(Invitrogen, Ireland), and 1% MEM nonessential amino acids
(HyClone, GE Healthcare, UK.) to obtain complete medium
(cMEM) for 24 h before exposing to the nanoparticle
dispersions.

Nanoparticle Exposure. SiNPs were resuspended to a
concentration of 100 yg mL™" in ¢MEM immediately prior
to exposure. Culture media was then removed from the wells
and colloidal exposure solution was added to the relevant wells.
cMEM was added to wells to be used as negative controls. Cells
were incubated with nanoparticles in a humified incubator at 37
°C with 5% CO,; following a 4 h exposure, the test medium
was removed and the cell monolayers were washed twice with
Dulbecco’s Phosphate-Buffered Saline DPBS (DPBS, Gipco,
Ireland), fresh cMEM was then added to the cells which were
further grown for 1 and 24 h.

Confocal Imaging. Cells were fixed with 4% formalin for
1S min at room temperature and subsequently permeabilised
with Saponin. A 1:10 saponin solution was added to the plates
for 15 min; the permeabilization solution was then removed
and the cell monolayer was washed three times with DPBS.
Unspecific sites were then blocked for 30 min using a 1% BSA
+ 0.005% saponin solution in DPBS, followed by three DPBS
washes. Cells were incubated overnight at 4 °C with anti-
LAMP-1 primary antibody (Thermo Scientific, Ireland) in
blocking solution. Following the three washes, the cells were
incubated with anti-LAMP-1 Red secondary antibody (Thermo
Scientific, Ireland) (ex/em 561/633 nm) for 30 min at room
temperature then washed with DPBS three times. Images were
acquired in a live cell imaging chamber (37 °C, 5% CO,), using
a spinning disc confocal microscope system incorporating a
CSU-X1 spinning disc unit (Yokogawa Electric Corporation,
Japan), an iXon DU-897-BV EMCCD camera (Andor, UK.),
mounted on a Nikon Ti inverted microscope (Nikon, Ireland).
Images were acquired with a 100X oil immersion objective,
numerical aperture 1.40. Laser lines at 405, 488, and 560 nm
were used to excite the ThT, FITC, and LAMP-1, respectively.
ThT emission was collected using a monochromatic 448/20
nm filter and FITC with 505—530 nm band-pass filter. Image
reconstruction was performed using Imaris Software (Bitplane,
version 7.4.2).
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