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Quantum dots increasingly gain popularity for in vivo applications. However, their delivery and
accumulation into cells can be challenging and there is still lack of detailed information. Thereby, the
application of advanced fluorescence techniques can expand the portfolio of useful parameters for a
more comprehensive evaluation. Here, we encapsulated hydrophilic quantum dots into liposomes for
studying cellular uptake of these so-called lipodots into living cells. First, we investigated photophysical
properties of free quantum dots and lipodots observing changes in the fluorescence decay time and
translational diffusion behaviour. In comparison to empty liposomes, lipodots exhibited an altered
zeta potential, whereas their hydrodynamic size did not change. Fluorescence lifetime imaging
microscopy (FLIM) and fluorescence correlation spectroscopy (FCS), both combined with two-photon
excitation (2P), were used to investigate the interaction behaviour of lipodots with an insect epithelial
tissue. In contrast to the application of free quantum dots, their successful delivery into the cytosol

of salivary gland duct cells could be observed when applying lipodots. Lipodots with different lipid
compositions and surface charges did not result in considerable differences in the intracellular labelling
pattern, luminescence decay time and diffusion behaviour. However, quantum dot degradation after
intracellular accumulation could be assumed from reduced luminescence decay times and blue-shifted
luminescence signals. In addition to single diffusing quantum dots, possible intracellular clustering

of quantum dots could be assumed from increased diffusion times. Thus, by using a simple and
manageable liposome carrier system, 2P-FLIM and 2P-FCS recording protocols could be tested, which
are promising for investigating the fate of quantum dots during cellular interaction.

During the last decades, the biomedical application of nanomaterials has rapidly increased, especially in the fields
of targeted drug delivery, cancer treatment and therapeutics'->. Photoluminescent semiconductor nanocrystals,
also known as quantum dots, are outstanding labels for biomedical applications due to their unique optical char-
acteristics that enable them to overcome the limitations of other luminescent probes, such as organic fluoro-
phores*. Quantum dots exhibit high molar extinction coefficients with broad excitation spectra and size-tuneable,
narrow emission spectra with high luminescence quantum yields and low photobleaching rates>*. Quantum dots
are usually synthesised in organic solvents, so that they have to make water-soluble and biofunctionalised for
biomedical applications’. Due to surface modifications, quantum dots have been used for a wide range of appli-
cations in biological research such as luminescent markers for cellular trafficking®’, membrane dynamics and
cellular movements!®!!, single particle tracking'? and multicolour imaging'*!* or biomarker sensing'®.

However, the use of water-soluble quantum dots for intracellular labelling can be very challenging. In cell
culture media or physiological buffer solutions, quantum dots can exhibit low stability due to particle aggregation
and surface degradation, which leads to lower cellular uptake efficiencies'®~'8. This goes along with the fact that
quantum dots also tend to aggregate within the cytosol, being often trapped in organelles such as endosomes and
lysosomes'®?°. Moreover, the use of different surface coatings among them polyethylene glycol, polymers, amine
and carboxyl functional groups might be responsible for their in vivo toxicity?!. A smart way to improve the intra-
cellular delivery and to neutralise the cytotoxic effects of quantum dots is their encapsulation into specific carrier
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systems. Liposomes are simply spherical vesicles consisting of phospholipid bilayers surrounding an aqueous
volume??. Liposomes are thought to be biocompatible as well as biodegradable and due to their structure, they
can carry both hydrophilic water-soluble molecules in the aqueous core and hydrophobic compounds in the lipid
membrane, as previously shown?*?. Thus, liposomes have proven useful for cellular quantum dot delivery via
encapsulation of quantum dots, either into the bilayer membrane of liposomes or into the liposome interior?*?’.
These so-called lipodots have been also exploited to fabricate potential diagnostic and therapeutic tools by addi-
tional encapsulation of anticancer drugs such as doxorubicin or docetaxel®®?. Thus, drug-coupled lipodots can
function for drug delivery, optical tracking and targeted therapy.

For systematic advances in drug delivery in general and lipodot-cell-interaction in particular, adequate infor-
mation is required about the spatiotemporal interaction of lipodots with the specific biological system. Confocal
fluorescence microscopy has been mainly used to study the cellular uptake of quantum dots and their intracellular
fate'30-3>, However, fluorescence intensity based recordings can be challenging due to varying intensities as a
result of different microenvironments, intracellular aggregation or quenching effects. The application of advanced
fluorescence techniques can expand the portfolio of useful parameters for a more comprehensive evaluation
of lipodots. Thus, fluorescence lifetime imaging microscopy (FLIM) provides access to the luminescence decay
time of a fluorophore. This nanosecond decay time is a unique, intrinsic property of a fluorophore and shows a
sensitivity towards changes in the microenvironment?. The single molecule technique fluorescence correlation
spectroscopy (FCS) allows for the determination of physical parameters like the translational diffusion times of
particles as well as their hydrodynamic radii*’. Although FLIM and FCS can obviously improve the interpretation
oflipodot-cell-interactions, these techniques have been only sparsely applied in the past. So, changes in the lumi-
nescence decay time or in the diffusion time could proof the encapsulation of quantum dots into liposomes in
aqueous solution®-*#! as well as their long term stability**. However, only few FLIM studies are available showing
a decrease in the quantum dot luminescence decay time after intracellular accumulation by applying cell culture
experiments*>~*°. Thus, FLIM recordings could be successfully used for distinguishing the extra- and intracellular
localisation of quantum dots as well as their different intracellular microenvironments due to changed lumi-
nescence decay times. Nevertheless, to the best of our knowledge no study is available combing FLIM and FCS
recordings for the complementary analysis of cellular quantum dot uptake even in a more complex biological
system.

In this study, we for the first time applied both techniques complementary, in order to characterise differ-
ent lipodot preparations in vitro, but also to study their intracellular behaviour in a complex biological system.
Particularly, by combining FLIM and FCS with two-photon excitation (2P), live cell imaging could be further
promoted due to minimised global photobleaching and cell damage. We encapsulated hydrophilic quantum dots
into liposomes of different membrane compositions and surface charges, but without further surface modifica-
tion. This simple and manageable carrier system allowed for evaluation of its cellular uptake into epithelial cells
of salivary glands by using FLIM and FCS.

Methods

Material and sample preparation. The neutral lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and the anionic lipid 1,2-dioleoyl-sn-glycero-3-phos-
pho-L-serine (DOPS) were purchased from Avanti Polar Lipids (Alabaster, USA). Qdot 655 ITK Carboxyl
Quantum Dots (QD655) were obtained from Thermo Fisher Scientific (Darmstadt, Germany). Phosphate buff-
ered saline (PBS) was from Sigma-Aldrich (Steinheim, Germany), chloroform and other chemicals were from
Carl Roth (Karlsruhe, Germany).

Lipodots were prepared using a thin film hydration method. DOPC:DOPE and DOPC:DOPS (3:1 molar ratio)
were dissolved in chloroform and dried in a glass vial under nitrogen stream followed by removal of residual sol-
vent under vacuum for ~3 h. The final concentration of lipids was 1 mM. Multilamellar vesicles were obtained by
hydrating the lipid films using PBS (pH 7.0) supplemented with 10 nM QD655. After 60 min incubation at 25°C,
the suspensions were subjected to 15 freeze-thaw cycles in liquid nitrogen with vortexing after each cycle.

To form large unilamellar vesicles, the suspensions were passed 35 times through a mini-extruder (Avanti
Polar Lipids, Alabaster, USA) using two-stacked polycarbonate membrane filters with a pore size of 100 nm.
The final lipodot preparations were stored in the dark at 4°C and used for experiments up to 7 days. All in vitro
experiments were performed in PBS. For the cellular uptake experiments, 100 uL of lipodots in PBS were added
to a recording chamber containing the salivary gland tissue in 400 puL physiological saline.

Absorption and luminescence spectra. Absorption measurements were performed with a Lambda
750UV/VIS spectrometer (Perkin Elmer, Waltham, USA) in the range of 300-700 nm. Luminescence emission
spectra (500-800 nm, spectral bandwidth AX=1nm) were recorded with a FluoroMax 4 (Horiba, Kyoto, Japan)
using an excitation wavelength of X\, =480 nm. Concentrations were adjusted to avoid inner filter effects (absorp-
tion maximum below 0.1).

Time-resolved luminescence measurements. Time-resolved luminescence measurements were per-
formed by using FluoroMax 4 (Horiba) in a time-correlated single-photon counting (TCSPC) mode. For excita-
tion, a LED source (Horiba) with the excitation wavelength set to X\, =371 nm and the repetition rate set to 1
MHz was used. The resulting luminescence signal was detected at an emission wavelength of X, =655nm. The
luminescence decay curves were fitted multiexponentially with o4 being the amplitude of the ith component with
the corresponding decay time 7, (Eq. (1)). Additionally, the intensity-weighted average decay time 7y, which is
calculated according to Eq. (2), was used. The goodness of the fits was judged on the reduced XRZ-values and ran-
domly distributed residuals.
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Size distribution and zeta potential. The size distribution of empty liposomes and lipodots was deter-
mined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Panalytical, Kassel, Germany)
equipped with a He-Ne laser source (633 nm). The detection of the scattered light occurred at an angle of 173° for
reducing artefacts. The sample temperature was adjusted to 25 °C. The same setup was used to determine the zeta
potential. Empty liposomes and lipodots were analysed in PBS at pH 7.4.

Tissue preparation. Salivary glands of the American cockroach were used, whose rearing and tissue prepa-
ration was performed as previously described*. In detail, a colony of the American cockroach P. americana (L.)
was reared at 27 °C under light/dark cycle of 12 h:12 h at the Department of Animal Physiology (University of
Potsdam). The animals had free access to food and water. Only male adults were used for experiments. Salivary
glands were dissected in physiological saline containing 160 mM NaCl, 10 mM KCl, 2 mM CaCl,, 2 mM MgCl,,
10 mM glucose and 10 mM Tris, pH 7.4 as described previously”’. Small lobes consisting of several acini with
their corresponding branched duct system were examined. Thus, lobes were attached to a glass coverslip of pre-
cise thickness (170 &= 5 um) using the tissue adhesive Vectabond (Axxora, Lérrach, Germany).

2P-FLIM recordings. 2P-microscopy in combination with FLIM was carried out by using the MicroTime
200 fluorescence lifetime microscope system (PicoQuant, Berlin, Germany). The setup was built up and data
acquisition and analysis were performed as previously described for quantitative intracellular Ca** imaging with
2P-FLIM*. Thus, it included an inverted microscope (Olympus IX 71) equipped with an Olympus PlanApo
x100/NA 1.4 oil-immersion objective, on which the recording chamber could be mounted. 2P-excitation was
performed with a mode-locked femtosecond fiber laser (C-Fiber A 780; MenloSystem, Martinsried, Germany)
operating at the fixed wavelength of 780 nm, 50 MHz pulse repetition rate and ~90 fs pulse width. The near infra-
red (NIR) laser beam was guided toward the objective via the microscope side port by using a dichroic mirror
(2P-dichroic 725; Chroma, Fiirstenfeldbruck, Germany). For rejection of excitation light in the emission pathway,
a shortpass filter was used (SP680 OD4, Edmund Optics, Karlsruhe, Germany). The emitted light was guided
through a 100 um pinhole, split by a dichroic mirror FF605 (AHF Analysentechnik, Tiibingen, Germany) into the
two detection channels and additionally, filtered by passing through the bandpass filters 514/44 (green channel)
and 700/75 (red channel) (AHF Analysentechnik), respectively. Single-photon avalanche diodes (SPCM-AQR-13
and SPCM-CD-2801; Perkin Elmer, Waltham, USA) were used for luminescence detection.

Time-resolved fluorescence image acquisition occurred by raster scanning the objective using a
xy-piezo-positioner (Physik Instrumente, Karlsruhe, Germany) in the time-correlated single-photon counting
(TCSPC) mode by using a PicoHarp 300 device with applied time resolution of 8 ps (PicoQuant). Laser power
was adjusted to achieve average photon counting rates <10° photons/s and peak rates close to 10° photons/s when
recording FLIM images, thus below the maximum counting rate allowed by the TCSPC electronics to avoid pulse
pile up. Full frame images of 80 pum x 80 pm were acquired in ~50-60 s, with a pixel dwell time of 2.3 ms. Data
acquisition and analysis were performed by the SymPhoTime 64 software version 2.3 (PicoQuant). Briefly, all
photons collected in a region of interest were used to calculate a global histogram for quantification of the mean
fluorescence decay time. Fluorescence decay analysis occurred by deconvolution fitting. The quality of decay fit-
ting was estimated by randomly distributed residuals and comparatively small X;—Values. Fluorescence intensity
images were calculated by integrating all detected photons in every pixel, thereby ignoring the temporal informa-
tion. The full width at half-maximum (FWHM) of the daily measured instrument response function (IRF) of the
2P-FLIM setup from backscattered excitation light was 220 £ 5 ps (N=30), indicating the detector timing reso-
lution as most critical element. The broadening and temporal shift of the IRF at higher photon count rates can be
a potential problem for Perkin Elmer SPAD modules*®. However, the count rate did not influence the temporal
position and the FWHM of the IRF up to count rates of 1.2 x 10° photons/s as applied in all in vitro measure-
ments, but did so at higher count rates. For recordings in living cells with higher peak count rates this would be
problematic, but it can be neglected statistically because of analysing larger regions of interest.

2P-FCSrecordings. By using the MicroTime200 system, we also performed FCS experiments to determine
the diffusion characteristics of the luminescent probes. For experiments in aqueous solution, we used single-point
FCS. In this case, the size of the 2P-excitation volume was daily calibrated using a 100 nm aqueous solution of
rhodamine 6G, whose diffusion coefficient was known*. The experiments were performed at constant room
temperature (0 =22 4 1°C) with an excitation power for \., =780 nm set to P,,~3.7mW at the objective’s back
aperture. The lipodot preparations were analysed at initial phospholipid and QD655 concentrations of 1 mM and
10 nM, respectively. The SymPhoTime 64 software was used for data acquisition and calculation of the corre-
sponding correlation curve, which was based on a cross-correlation routine using the signal of both photodiodes.

FCS measurements in cells were performed using a line-scan FCS method by collecting fluctuation signals
along a continuously scanned line®. The line-scan of the laser focus was performed in the xy-plane in one direc-
tion with a fixed z position and a pixel dwell time of 40 ms. The movement of the detection volume was controlled
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directly with the SymPhoTime 64 software, after the linear scan path has been selected from a previously recorded
FLIM image. Depending on the duct system, the length of the line-scans was chosen between 40-60 pm.

The autocorrelation function G(7) of free diffusing probes was analysed assuming a three-dimensional
Gaussian 2P excitation profile using the equation®

—1 —1/2 2
G(7)=L1+8%T 1+8’%T] with D = 2o
N, W Z, 87 (3)

where 7 is the lag time, D is the diffusion coefficient, N, is the mean number of fluorescent particles within the
detection volume and 7y, is the average diffusion time of the fluorescent particles diffusing trough the focal vol-
ume, expressed by the lateral radius w, and axial radius z,. For multi-component, three-dimensional diffusion, the
autocorrelation function was expressed using the equation

M -1 —1/2
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where N, is the total number of diffusing particles and f; is the fractional contribution of each component to the
correlation function.

The knowledge of the diffusion coefficient was used to calculate the hydrodynamic particle size, which is twice
the hydrodynamic radius Ry, using the Stokes-Einstein equation

— kBT

b 6mnD (5)

where kg is the Boltzmann constant, T is the temperature and 7 the viscosity of the surrounding medium. Since
quantum dots and lipodots were prepared in PBS, the viscosity of = 2.55 mPa s was used for calculations*.

In the case of line-scan FCS, the detection volume was repeatedly scanned in a linear fashion within the cells
with a constant velocity. The temporal autocorrelation function G(0, 7) can be calculated with the equation®>>
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where Cis the concentration of the particles and s the pixel size.

Results and Discussion

Characterisation of liposomes and lipodots. Quantum dots with the emission maximum at 655nm
are ellipsoid shaped, with a Cd/Se core and ZnS shell with a 6 nm (minor axis) and 12 nm (major axis) diameter.
QD655 with carboxylic acid surface (negative charged) have a hydrodynamic size of 18 nm in borate solution's.
Since it is known that the encapsulation of such quantum dots in cationic, fusogenic liposomes is problematic
due to the electrostatic interactions between the negatively charged quantum dots and the positively charged
lipids of the liposomes®, we decided to encapsulate the quantum dots in negatively charged liposomes. Moreover,
the use of such lipodots should favour their bioimaging applications due to lower cell damage®. For empty
DOPC:DOPE-liposomes, DLS measurements resulted in an average hydrodynamic size of 111 +1.42nm (N=3)
with a polydispersity index of 0.08 £ 0.01. This did not significantly change after loading with QD655, leading
to a size of 103 £2.99 nm (N = 3) with the same polydispersity index of 0.08 £ 0.01. In the case of DOPC:DOPS
lipid composition, empty liposomes had a size of 96 &+ 0.53 nm (N = 3) with a polydispersity index of 0.07 +0.01.
DOPC-DOPS-lipodots exhibited a similar size of 97 4= 0.82 nm (N = 3) with a polydispersity index of 0.10 = 0.02.
The zeta potential is an indicator of the stability of nanocarriers. Since it is known, that at pH near 7.0 the phos-
pholipid anchor DOPE introduces a negative charge to the liposomal surface®®, both liposome compositions used
in this study should possess a negative charge. Zeta potential measurements revealed that the surface potential
of empty liposomes was at —5.49 +0.12 mV (N =3) for DOPC:DOPE-liposomes and —17.77 £2.05 mV (N=3)
for DOPC:DOPS-liposomes. After loading with quantum dots, the zeta potential strongly decreased to values of
—13.20+£2.10 mV (N=3) and —23.53+ 1.62 mV (N=3) for DOPC:DOPE-lipodots and DOPC:DOPS-lipodots,
respectively. These changes indicated the effective interaction of quantum dots with the liposomes. The obtained
values were similar to data reported in the literature®***” and indicated that the used lipodot systems were suf-
ficiently stable’®.

The absorption and emission spectra are exemplarily shown for DOPC:DOPS-liposomes in Fig. 1. Since
empty liposomes scatter light, their absorption spectrum was just a measure of scattered light with higher intensi-
ties at shorter wavelengths as known from literature®. Free QD655 displayed the attractive property of a broad
absorption that gradually increased toward shorter wavelengths, a very common feature for free quantum dots
in aqueous solution®!. In contrast, the absorption spectrum of lipodots was the sum of scatted light from the
liposomes and the absorption property of QD655 so that this resulted in a slightly changed absorption spectrum
compared to that of free QD655. The luminescence spectrum of lipodots exhibited a symmetric, sharp band with
amaximum at 652 nm, very similar to the luminescence spectrum of free QD655. These results suggested that the
liposome-encapsulated quantum dots still exhibit a strong luminescence signal without significant quantum dot
self-quenching or spectral changes. Moreover, this was a good evidence for the stability of quantum dots within
the liposome microenvironment, since blue-shifted emission spectra could indicate quantum dot aggregation or
even degradation®2,
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Figure 1. Spectroscopic properties. Absorption spectrum of empty liposomes (DOPC:DOPS) (dotted line)
as well as absorption and normalised luminescence spectra (A, =480nm) of free QD655 (dashed line) and
DOPC:DOPS-lipodots (100 nm) (solid line) in phosphate buffered saline (pH 7.0).
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Figure 2. Comparative in vitro characterisation of free QD655 and lipodots in phosphate buffer saline (PBS).
(a) Representative luminescence decay curves of free QD655 (black lines) and lipodots (red & blue lines)
recorded at X\, =371 nm. (b) Left: normalised luminescence autocorrelation curves of free QD655 (black lines)
and lipodots (red & blue lines) together with fits (dashed lines) based on a two-component diffusion model
according to Eq. (4). Right: corresponding luminescence intensity traces for free QD655 and DOPC:DOPS-
lipodots.

In vitro measurements of lipodots luminescence decay times and diffusion times. In addition to
the luminescence intensity of a fluorophore, its luminescence decay time and translational diffusion time can
provide additional information about the fluorophores microenvironment. Compared to organic fluorophores
and fluorescent proteins, colloidal quantum dots exhibit in general longer luminescence decay times. Their multi-
exponential decay behaviour is a common feature of quantum dots, although the origin of such complex behav-
iour is still not well understood. In the present study, we compared the luminescence decay behaviour of free
QD655 and lipodots, both dissolved in PBS (Fig. 2a). As expected, for free QD655 a triexponential fit model
provided the best fitting results with an intensity-weighted average decay time of 7,y =29.7 £ 2.31 ns
(XR2 =2.351). In the case of QD655 encapsulated into DOPC:DOPS-liposomes, the intensity-weighted average
decay time of the triexponential fit analysis increased to 7, = 41.442.09 ns (XRZ =1.512), probably indicating
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a better stabilisation of the quantum dots within the liposomes. A very similar scenario was observed for QD655
encapsulated into DOPC:DOPE-liposomes yielding 7T,y = 39.9 £2.71 ns (XR2 =1.495). Generalov et al.
observed a decrease of the QD655 average luminescence decay time upon encapsulation in phospholipid vesi-
cles®, but this was not the case in the present study. This confirmed that the luminescence decay behaviour of
quantum dots is strongly dependent on their microenvironment. Nevertheless, their long luminescence decay
times allow for straightforward signal separation from background signals such as cellular autofluorescence or
scattered light, in comparison to the analysis of quantum dot luminescence intensities.

By using the FCS technique, we analysed intensity fluctuations arising from luminescent particles diffusing
through the detection volume yielding their translational diffusion times. Figure 2b shows the normalised autocor-
relation curves with their corresponding fitting curves according to Eq. (4) as well as selected luminescence inten-
sity traces for free QD655 and lipodots. For freely diffusing QD655, the diffusion times of 7, =2.34+0.14ms
(fi=73%) and 1, =0.04 £ 0.01 ms (f, =27%) were determined. The diffusion time 7, corresponded to the
unhindered diffusion of QD655 and fits very well with data from a previous study reporting 7, =2.78 ms for
quantum dots in PBS*. In comparison with freely diffusing organic dyes such as fluorescein, rhodamine 6G or
Atto655-carboxylic acid with sizes in the range of ~0.5 nm, this diffusion is 55 times slower, because of the larger
particle size of quantum dots®**%. Based on the obtained diffusion coefficient D, =4.5 £ 0.67 um?/s, the hydrody-
namic particle size of QD655 was estimated to 35 nm by using the Stokes-Einstein relation (Eq. (5)). The presence
of a second diffusion component with the diffusion time 7, was not entirely clear. A possible explanation could
be the unstable blinking of quantum dots due to the surface charge density, induced by a pH change from pH 9 in
borate buffer to pH 7 in PBS as well as the used excitation light intensities**°.

When QD655 was encapsulated into a liposomes, the observed diffusion behaviour corresponded to the lipo-
dot entity and was significantly slower than in the case of freely diffusing QD655 (Fig. 2b). Thus, the autocorrela-
tion curve of the DOPC:DOPS-lipodots shifted to longer diffusion times yielding 7, =11.0 = 0.99 ms (f; = 88%)
and 1, =0.27 £ 0.05ms (f, = 12%). Again, a very similar scenario was observed for DOPC:DOPE-lipodots yield-
ing 7, =11.4 £ 1.71ms (f, =86%) and 7, =0.21 £ 0.11 ms (f, = 14%). The dominant time 7y, could be attrib-
uted to the diffusion of lipodots and the minor time 7p, to the diffusion of an unknown component. Using the
calculated diffusion coefficient D, = 1.42 £ 0.22 um?/s, we found for the lipodots a hydrodynamic particle size of
120 nm, which fits very well with the size determined by DLS recordings (see above). Finally, the comparison of
the average count rates obtained from luminescence intensity traces clearly indicated the higher luminescence
intensity bursts of lipodots compared to that of free QD655. Camblin et al. have reported similar diffusion time
changes for freely diffusing quantum dots and polymersomes-encapsulated quantum dots being 7, =4 ms and
Tp=15-17 ms, respectively®.

Although the encapsulation efficiency was not analysed in detail, the complementary luminescence decay
time and translational diffusion time recordings allowed for proofing an effective and stable loading of QD655
into both types of liposomes under the applied experimental conditions. First, after the extrusion process dur-
ing the lipodots preparation procedure quantum dot luminescence could be detected on the membrane filters
under UV light. Thus, the quantum dot sticking at the polycarbonate membrane allowed for separation of free
QD655 from liposome-encapsulated QD655 as previously reported®. Second, the QD655 luminescence decay
time increased uniformly in the presence of both types of liposomes (7, ~30 ns vs. ~40-41 ns) indicating the
changed quantum dot microenvironment after encapsulation. Third, the increase in the diffusion time after lipo-
dots preparation (7p; ~2ms vs. ~11 ms) indicated the recording of lipodots rather than free QD655. In addition,
the very dominant relative fraction of this slow diffusion time (f; ~86-88%) also supported the sufficient lipodots
separation from free QD655. Thus, both types of lipodots preparations seemed to be feasible for cellular imaging
studies.

Autofluorescence of salivary gland duct cells.  For live cell applications, we used salivary glands of the
American cockroach, representing a well-established model system for studying transepithelial ion transport
processes. In addition, the salivary glands display straightforward methodological accessibility and ease of phys-
iological manipulation®” . Here, we initially determined whether the salivary gland ducts show time-dependent
changes, induced by the incubation medium or irradiation of the applied excitation light (P,, = 3.7 mW, meas-
ured at objective back aperture). The morphology of the duct cells before and after treatment with physiological
saline (pH =7.4), similar to that of the lipodots in vitro experiments, for 120 min is shown in Fig. 3. The overview
images illustrate the median optical section plane through the duct with the prominent lumen, a thin continu-
ous luminal cuticle, numerous cellular nuclei and apically located, characteristic point-shaped structures of yet
unknown origin. The unloaded cells displayed a comparatively low autofluorescence when excited at 780 nm as
expected for 2P-excitation in the NIR spectral range in comparison to the corresponding 1P-excitation in the blue
spectral range. In addition, cells stayed intact over the measurement time without visible cell volume changes or
photodamage effects. The autofluorescence mainly resulted from the redox pairs nicotinamide adenine dinucleo-
tide (NADH/NAD™) and flavin adenine (FADH,/FAD), serving as electron carriers during ATP-producing oxi-
dative phosphorylation®. However, only reduced NADH and oxidized FAD are fluorescent and can be monitored
by fluorescence microscopy. Both redox pairs exist in two physiological forms, a free form and a protein-bound
form, which exhibit well separated fluorescence decay times®. Upon binding to mitochondrial proteins, the flu-
orescence decay time of FAD decreases, whereas that of NADH increases. Thus, to discriminate between free
and protein-bound forms, biexponential fluorescence lifetime imaging maps of cellular metabolism are typi-
cally generated’®. From time-resolved measurements we examined for the duct cells a biexponential fluorescence
decay behaviour with two distinct decay time components 7, =2.60 £ 0.10 ns (o; = 19%) and 7,=0.36 £0.01 ns
(o, =81%) with an intensity-weighted average decay time 7, = 1.77 £0.06 ns (N = 12). Since 2P-excitation at
780 nm leads to excitation of both, NADH and FAD, the biexponential decay behaviour most probably reflects
both species. This result was in good agreement with the fluorescence decay times of NADH and FAD described
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Figure 3. Cellular autofluorescence. Fluorescence intensity images (top) and 2P-FLIM images (bottom)

of an unstained cockroach salivary duct treated only with physiological saline (pH =7.4), displaying the
autofluorescence (\.,, =492 nm-680 nm) after 2P-excitation at X\, = 780 nm for 0 min and 120 min, The median
optical section plane through the gland duct indicated the following structural features: 1 cell nucleus, 2 luminal
cuticle, 3 point-shaped structures, 4 lumen. Recording parameters: 128 pixel x 128 pixel, 80 pm x 80 pm, pixel
dwell time 2.3 ms/pixel, TCSPC time resolution 8 ps, laser repetition rate 50 MHz.

previously®. More important, the measured autofluorescence decayed one order of magnitude faster than that of
free or encapsulated QD655 allowing for reliable signal analysis.

Furthermore, by using the line-scan FCS method in the intracellular region we monitored the diffusion of
autofluorescent cellular components. While in most cases we observed a lack of autocorrelation curves due to
relatively low autofluorescence, in some duct cells we could determine correlations resulting in an average diffu-
sion time of 7 = 370 + 35 ms, which corresponded to an average diffusion coefficient of D=0.071 £ 0.007 um?/s
(N=30). This value is about four orders of magnitude smaller than the diffusion coefficient of NADH and FAD
measured in aqueous buffer and water, respectively’"”2 This fact indicates the presence of further autofluorescent
species. Moreover, by comparing the autocorrelation amplitudes obtained from the autocorrelation curves at 0
min and 120 min, we observed in most cases an increase in the number of molecules. A similar effect was also
described by Brock et al. and was attributed to either subcellular motions or to an increase in the fluorescence sig-
nals of certain molecules above the detection threshold, due to the metabolism-dependent changes in their quan-
tum yields”. Since the diffusion of molecules in the cytoplasm is a complex phenomenon, strongly dependent on
the cell physiology, it is difficult to compare the results of different studies in different cell types>"7>7. Therefore,
comprehensive studies are required in order to correctly assign the measured diffusion time of autofluorescent
cellular components.

Cellular uptake experiments with free QD655. In order to evaluate the benefit of lipodots for cellu-
lar uptake experiments, we started with incubation experiments using only free QD655. Thus, small salivary
gland lobes were treated for 120 min with physiological saline containing 5nM QD655 and the described results
are representative for N=6 independent experiments. Since the cellular autofluorescence mainly resulted from
NADH and FAD as discussed above and according to their luminescence emission maxima®, the luminescence
intensity within the duct cells was more pronounced in the green than in the red detection channel at =0 min
(Fig. 4a). The bath incubation with free QD655 for 120 min did not significantly change the intracellular lumi-
nescence intensity in both detection channels. In addition, the weak intracellular luminescence decayed in the
range of the measured autofluorescence (Fig. 4b). However, no FCS data could be analysed due to the low lumi-
nescence signals. On the other hand, considerable QD655 luminescence could be recognised in the extracellular
surrounding physiological saline, but only in the red detection channel as expected from their emission spectrum
(see Fig. 1). The luminescence in this channel decayed triexponentially with intensity-weighted average decay
times of T,y = 5.8-6.3 ns at the different time points (Fig. 4c). These luminescence decay times were shorter
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Figure 4. Analysis of the cellular uptake of free QD655 into living duct cells. (a) Representative
2P-luminescence intensity images and corresponding 2P-FLIM images of duct cells recorded in the green

(BP 514/44) and red (BP 700/75) detection channels at distinct time points. The cells were treated for 120 min
with physiological saline containing 5nm QD655. (b) Luminescence decay curves extracted from intracellular
regions of interest from 2P-FLIM images recorded in the green detection channel. (¢) Luminescence decay
curves extracted from extracellular regions of interest from 2P-FLIM images recorded in the red detection
channel.

than that of free QD655 in pure PBS (see Fig. 2). This could be probably due to the unspecific interaction with
extracellular components as well as the limited time resolution of the 2P-FLIM imaging setup compared to the in
vitro spectroscopic setup. Thus, the applied free QD655 could be not sufficiently incorporated into the duct cells
and were mainly accumulated in the cellular surrounding due to sedimentation at the coverslip bottom of the
recording chamber. Similar reports on low cellular uptake efficiencies of free, non-functionalised quantum dots
have been published previously'¢-'8.

| (2019) 9:10504 | https://doi.org/10.1038/s41598-019-46732-5


https://doi.org/10.1038/s41598-019-46732-5

a

red channel

green channel

Tav(int) [ns]

(o)
(3]

- 0.6
1000 § o
— 0.4
=
S, 100 =
< o
0.2
10
T T T o'o T T T
0 5 10 15 20 102 10 10° 10’ 102 10°
time [ns] T [ms]

Figure 5. Analysis of the cellular uptake of neutral lipodots into living duct cells. (a) Representative
2P-luminescence intensity images and corresponding 2P-FLIM images of duct cells recorded in the green

(BP 514/44) and red (BP 700/75) detection channels at distinct time points. The cells were treated for 120 min
with physiological saline containing 10 nM DOPC:DOPE-lipodots. (b) Luminescence decay curves extracted
from intracellular regions of interest from 2P-FLIM images recorded in the green detection channel. (c)
Autocorrelation curves obtained from 2P-FCS line-scan measurements performed in duct cells recorded in the
green detection channel.

Cellular uptake experiments with lipodots. Next, we focused on the potential of lipodots for cellular
uptake into salivary gland duct cells. In incubation experiments similar to that performed with free QD655, small
salivary gland lobes were treated for 120 min with physiological saline containing 10 nM lipodots. Prior lipodots
addition, only the autofluorescence signal could be detected, as mentioned above. However, in the presence of
lipodots the acquired luminescence intensity images and the corresponding 2P-FLIM images suggested a success-
ful uptake of QD655 from the DOPC:DOPE-lipodots (Fig. 5a). Since, no visible changes of the cellular morphol-
ogy between lipodots-treated cells and the control untreated cells were observed, we assumed no significant
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cytotoxicity of QD655 in the used cells. Approximately 5 min after incubation, we observed inhomogeneously
distributed bright luminescent spots within the cytosol, but excluded from the nucleus. The luminescence inten-
sity in the cells slightly increased with acquisition time up to a saturation point at approx. 30 min. A similar
uptake pattern has been reported for QD610-loaded liposomes™ as well as for QD655 (PEG)-loaded liposomes™®.
The intracellular luminescent spots could be attributed to aggregates of quantum dots formed intracellu-
larly'®2%7>7¢_ Surprisingly, this luminescence signal was more pronounced in the green detection channel than in
the red detection channel, although the QD655 emission maximum was observed at 652 nm (see Fig. 1). This in
turn could by partly explained by luminescence quenching of intact quantum dots due to the changed intracellu-
lar microenvironment, especially concerning the ionic strength and possible interactions of quantum dots with
cellular molecules®"7®. In addition, the enhanced signal in the green detection channel indicated a blue shift in the
quantum dot luminescence. This could be in fact the result of degradation processes after release of QD655 from
lipodots for instance by endosomal and lysosomal activity. Moreover, we observed also an increasing clustering
of luminescent particles in the extracellular surrounding medium without any changes in the red luminescence
(bright red spots only in the red detection channel). This clustering behaviour of lipodots in physiological saline
is different to that observed in the case of free QD655 without any liposomal carrier (see Fig. 4). The assumed
effect of quenching and degradation of quantum dot luminescence in the cells was confirmed by the lumines-
cence decay curves obtained from the regions of interest in the green detection channel, which were fitted to a
biexponential decay function yielding reasonable residuals and reduced XR2 values (Fig. 5b). Thus, the resulted
average decay times were one order of magnitude shorter than those of free QD655 and lipodots in PBS microen-
vironment (see Fig. 2a). After a saturation point, reached approximately after 30 min incubation, the
intensity-weighted average decay time 7,y continued to decrease from 2.70 4 0.29 ns at 30 min up to 2.57 =0.38
ns at 120 min (N=18) measured in the green detection channel. Thus, the observation of strong blue-shifted
luminescence emission combined with shorter luminescence decay times most probably indicates the intracellu-
lar release of free QD655 rather than accumulation of intact lipodots.

Furthermore, we examined the diffusion behaviour of quantum dots in cells by performing line-scan FCS in
the cellular regions. The cytoplasm is a heterogeneous environment consisting of internal membrane structures,
cytoskeletal meshwork and other macrobiomolecules, so that the diffusive transport of molecules deviates from
ideal behaviour and strongly depends on the position within the cell”’. It has been already reported, that while
most of quantum dot aggregates in living cells are immobile, some of them move, often in a fairly straight paths
in a rapidly fashion’. However, Ruan ef al. postulated a random diffusion of released quantum dots in crowded
cytoplasm. They estimated that the time to diffuse through a 20 um-diameter cell for a single quantum dot of
a hydrodynamic radius of 10 nm would be ~30 s, whereas it would be >5 h for a vesicle of a hydrodynamic
size of 80 nm*. However, in most cases, we could measure reasonable autocorrelation curves, that showed in
general a shift to slightly longer diffusion times compared to the autocorrelation curves obtained for the intrin-
sic autofluorescence alone (Fig. 5¢). While for some autocorrelation curves the diffusion times increased up to
Tp=1.31+0.2 s (N=12), in several cases we determined two different diffusion times with 7,; =800+ 113 ms
(fi=61%) and 7, =1.17 £ 0.52 ms (f; =39%) (N=26). We compared these results with the diffusion times of
freely diffusing QD655 in PBS and we attributed the slow diffusion component to possible intracellular quantum
dots aggregates, as mentioned before. The appearance of the faster diffusion time component could be the result
from single diffusing free quantum dots, even though this value is smaller than that obtained from free QD655
in PBS (see Fig. 2b). The discrepancy is probably based on the fitting procedure of the quite different time com-
ponents (800 ms vs. 1.17 ms) leading to an underestimation of the fast time component. This fact would support
a successful release of quantum dots from the lipodots. Previous studies suggest that especially endocytosis and
lipid-mediated fusion with the cell membranes are the major pathways for liposomal internalisation’®. Dudu et al.
revealed a consistent difference in the mechanism of quantum dot internalisation in two different cancer cell lines
using the same cationic liposomes®'. Since it is known, that the liposome-binding with the cell plasma membrane
is non-specific and mostly driven by electrostatic interactions between the liposome carriers and proteoglycans
present at the cell surface, the fusion probability of the liposomes strongly depends on their surface charge and
lipid composition®"”. It has been proposed that the use of cationic lipids is essential for increased cellular uptake
of liposomes®>*4%, Recently, it has been shown that in addition to neutral and cationic lipids the presence of an
aromatic molecule significantly improves the fusion efficiency of liposomes®!. However, in this study the presence
of neutral DOPE in the lipodots was sufficient and could be reasonable for their membrane association. DOPE
facilitates the internalisation by fusion with the membrane, which can be attributed to their minimally hydrated
head group and the resulting high affinity toward cell membrane®. This is called the transbilayer internalisation
pathway®®. Nevertheless, further studies have to be performed in future to investigate the mechanisms of cellular
uptake as well as intracellular trafficking mechanism for lipodots, especially in different complex cell types.

In addition, we tested the interactions of DOPC:DOPS-lipodots with salivary gland duct cells. Since
DOPC:DOPS-lipodots showed a more negative zeta potential compared to DOPC:DOPE-lipodots, they could
exhibit a different interaction behaviour. The 2P-FLIM images of the duct cells exposed to the negatively charged
lipodots showed in addition to cytoplasmic luminescence also a strong luminescence signal at the membrane,
indicating an accumulation of lipodots at the cell surface (Fig. 6a). This was especially true for the red detection
channel, monitoring the spectroscopic unchanged quantum dots. As soon as QD655 was accumulated intra-
cellularly, the luminescence decay time decreased and the emission was blue-shifted (green detection channel).
Thus, the intracellular quantum dot stability seems to be insufficient and further quantum dot surface modifica-
tions are required. Nevertheless, no considerable differences in the intracellular labelling pattern, luminescence
decay time and diffusion behaviour could be observed between both types of lipodots. Indeed, also in the case of
DOPC:DOPS-lipodots a decrease in the intensity-weighted average decay time from 7,y = 2.58 +-0.37 ns at 30
min up to Ty = 2.20 £ 0.24 ns at 120 min (N= 13) has been observed (Fig. 6b). A shift of the autocorrelation
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Figure 6. Analysis of the cellular uptake of negatively charged lipodots into living duct cells. (a) Representative
2P-luminescence intensity images and corresponding 2P-FLIM images of duct cells recorded in the green

(BP 514/44) and red (BP 700/75) detection channels at distinct time points. The cells were treated for 120 min
with physiological saline containing 10 nM DOPC:DOPS-lipodots. (b) Luminescence decay curves extracted
from intracellular regions of interest from the 2P-FLIM images recorded in the green detection channel. (c)
Autocorrelation curves obtained from 2P-FCS line-scan measurements performed in duct cells recorded in the
green detection channel.

curves to longer diffusion times (Fig. 6¢) resulted either in a single diffusion time of 7, =792 £+ 175ms (N=18) or
two different diffusion time components with 7, =523 + 107 ms (f, = 55%) and 7, = 1.854+0.96 ms (f, =45%)
(N=10).

Figure 7 shows the time-dependent changes in the intracellular luminescence intensity measured in the
green detection channel for the two differently composed lipodots compared with free QD655. The application
of free QD655 did not result in significant changes compared to the intracellular autofluorescene, indicating
their ineffective cellular uptake. On the other hand, the application of encapsulated quantum dots resulted in
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Figure 7. Time-dependent relative luminescence intensity changes in duct cells. Intracellular luminescence
intensity changes of regions of interest were recorded during a period of 2 h for cells in physiological saline
alone (grey line) and separately for cells incubated in physiological saline with 5nM QD655 (black line) or
10nM lipodots using one of the two different lipid compositions (red & blue lines). Intensity changes relative
to the starting point (f=0) were analysed from 2P-FLIM images recorded in the green detection channel;
means + SEM of N=3-18.

their sufficient intracellular uptake, however, accompanied with altered luminescence properties. An increase
in the luminescence intensity was observed after the initial 5 min bath application of lipodots to the cells, but
this change was surprisingly reversible. After approx. 30 min incubation period, the intracellular luminescence
intensity slowly decreased, probably due to intracellular degradation. This cellular uptake behaviour was con-
sistent with the findings for two different cell lines, HeLa and GPCFPSF, which showed a rapid uptake of cationic
lipodots, although the intracellular luminescence intensity increased continuously, even after 60 min incubation
period®!. Internalisation of cationic liposomes labelled with quantum dots into human lung epithelial carcinoma
A549 cells has been already observed after 5 min post-injection®?, whereas in the case of anionic lipodots a lumi-
nescence signal in melanoma cells could be only observed after 2 h incubation period®. That study pointed out,
that the internalisation efficiency of quantum dot-loaded liposomes strongly depends on the liposomal cargo and
composition as well as the cell types, so it is often difficult to compare the results among each other. However,
more systematic work needs to be carried out to reveal and interpret the exact intracellular trafficking mechanism
for lipodots. Furthermore, to improve the biological application of quantum dots, novel forms of in vivo tracking,
including multi-colour and three-dimensional quantum dot tracking tools are essential®. In recent years, a new
class of nanocrystal quantum dots, the so called non-blinking giant quantum dots, has been introduced®. The
stable emission from these quantum dots allows an extended tracking duration compared to conventional core/
shell blinking quantum dots, leading to observations of heterogeneous receptor diffusion occurring over time
scales of minutes®.

Conclusion

In this study, we for the first time characterised lipodots in vitro and investigated their cellular uptake into epi-
thelial cells of a salivary gland tissue by using FLIM and FCS technique complementarily, each combined with
2P-excitation. Thus, the obtained parameters allowed for the successful characterisation of lipdot-cell-interactions
(Table 1). With access to the microenvironment-dependent luminescence decay times and the size-dependent
translational diffusion times of luminescent particles such as quantum dots, one can evaluate their encapsula-
tion into or their release from a carrier system as well as their extra- or intracellular localisation. In combina-
tion with temporally and spectrally resolved image acquisition this can obviously improve the interpretation
of lipodot-cell-interactions. Here, we encapsulated QD655 into liposomes of two different lipid compositions
and surface charges. The prepared lipodots were characterised in vitro and could be successfully applied for the
cellular uptake experiments. Instead of isolated cells from cell culture, we used a living gland tissue prepara-
tion possessing cell junctions and an extracellular matrix as additional potential barriers making quantum dot
uptake experiments more realistic. The lipodots showed a fast accumulation at the membrane surface. After
5-minute incubation period, we observed a cellular uptake and time-dependent changes in accumulation and
intracellular distribution of quantum dots in the cytosol of the duct cells independent of the lipid composition.
Luminescence decay time measurements confirmed luminescence quenching of the quantum dots, probably due
to changed microenvironment and interaction of these nanoparticles with intracellular molecules. Furthermore,
FCS data analysis from intracellular regions revealed diffusion of two different components, which could be
attributed to possible intracellular clustering of the quantum dots and single diffusing quantum dots, respec-
tively. By using a simple and manageable liposome carrier system, 2P-FLIM and 2P-FCS recordings can lead
to new information about the stability and localisation of quantum dots within a complex biological microen-
vironment. This technical toolbox allows for further quantum dot-cell-interaction studies and spatiotemporal
drug carrier-cell-interaction in general. Here, intact quantum dots at the outer cellular membrane and somehow
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B 2.3440.14 (73)
Free QD655 Nem = 655nm 29.7+2.31 0.04+0.01 (27) 4.54+0.67 (35)
Empty liposomes:

DOPC:DOPS 96+£0.53

DOPC:DOPE 111+1.42
Lipodots:

’ B 11.0-£0.99 (88)
DOPC:DOPS 97+0.82 | Ny =0652nm 41.4£2.09 0.27+0.05 (12) 1.4+0.22 (120)
’ - 11.4+1.71 (86)

DOPC:DOPE 1034+2.99 | Ny =652nm 39.9+2.71 0.21+0.11 (14) 1.4+0.22 (120)
Untreated cells® weak 1.77+0.06 370435 (100)" 0.071£0.007
Treated cells®:

Free QD655 weak

] ) 523107 (55)

DOPC:DOPS-lipodots I green > I red 2.58£0.378 1.85 4 0.96 (45)

] . 800113 (61)
DOPC:DOPE-lipodots It green > I red 2.70£0.298 1.17+0.52 (39)

Table 1. Summary of the obtained main parameters for the characterisation of lipdot-cell-interactions. *Data
from DLS recordings. °I; .4 and I green correspond to the luminescence intensities in the red and green detection
channel, respectively. “Data from FLIM recordings, shown as intensity-weighted average decay times. ‘Data
from FCS recordings. “Intracellular luminescence. fWeak signal. #Data after 30 min incubation.

degraded quantum dots within the living cells could be distinguished. However, additional experiments can be
performed now, addressing the intracellular uptake and chemical modification mechanisms of lipodots. In this
context, the application of functionalised liposome carrier systems is conceivable for more specific biological and
clinical applications. Thereby, enhanced targeted delivery can be obtained with immunoliposomes consisting of
surface-attached antibodies or their fragments and more stable, long-circulating liposomes can be realised by
coating with polymers such as PEG®”#%.

Data Availability

All relevant data are included in this published article.
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