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Abstract

We have measured in human alveolar cells the cytoplasmic distribution of the fluorophore coumarin-6
carried by Solid Lipid Nanoparticles (SLNs) and observed a perinuclear accumulation of the fluorescence
that can be described by a single exponential growth along an ideal line joining the plasma membrane to the
nuclear border and by a sigmoidal relationship as a function of time. Intracellular distribution was affected
by lowering the temperature from 37 to 4°C and by the disruption of cytoskeleton by cytochalasin D, but it
was minimally perturbed by the inhibition of ATP dependent molecular motors. A biophysical model was
developed for an accumulation of loaded particles against a diffusion gradient based on a mean field
interaction energy, whose origin we ascribe to the actin structure of the cytoskeleton. The estimated value for
the load diffusion coefficient was four and two orders of magnitude less than that of free coumarin-6 and of
SLNs in aqueous solutions, respectively, suggesting that the load moves within the cell cytoplasm in a form

still reminiscent of the nanocarrier structure.



Introduction

The uptake of extracellular material across the plasma membrane of eukaryotic cells is well
described and characterized by a variety of mechanisms going from the passive diffusion to the active
transport [1]. The former, defined as a concentration gradient-driven mass transport of a compound, is
considered the dominant route [1]. The latter, including the endocytosis mediated processes, is in charge of
taking up larger molecules and molecular complexes.

Once entered the cells, the intracellular traffic and distribution of substances that do not follow the
endocytotic pathway are related to aspecific movements or microtubule-based active mechanisms [2,3].
Furthermore, exogenous material of various origin tends to accumulate in the perinuclear region after cellular
uptake [2,4-9]. In a recent study involving human alveolar epithelial cell line, we confirmed this observation
also for Solid Lipid Nanoparticles, SLNs, loaded with the fluorophore coumarin-6 (c-SLNs) and we
hypothesized a pathway for their uptake [10].

Here we want to analyse, from a biophysical point of view, the cytoplasmic distribution of the
fluorophore carried by the SLNs, and the way it is affected by the incubation temperature, by the state of the
cytoskeleton and the efficiency of the molecular motors. We focused our efforts on the perinuclear
accumulation of coumarin-6, taken here as a model hydrophobic compound and develop a biophysical model
of the fluorophore distribution in the cell that assumes an interaction energy between the fluorophore carried
by the SLNs and cellular components. This interaction energy counterbalances the free thermal diffusion of
the molecules within the cytoplasm and could be specifically related to the cytoskeleton or to active transport
mechanisms such as those related to the molecular motors. The modelling of the perinuclear accumulation of
nanoparticulate that we outline here, may be of potential interest for the biomedical use of nanoparticulate

structures, in particular for the delivery of drugs or genetic material in the nuclear region.

Materials and methods

NanoparticlesSLNs were produced by NANOVECTOR, by choosing tripalmitin as lipidic matrix. SLNs
have been loaded with coumarin-6 (c-SLNs) to allow their visualization by means of fluorescence
microscopy Xex—=450 nm, A,,=505 nm). The molar ratio coumarin-6:tripalmitin was about 80

(NANOVECTOR, personal communication). The average diameter of heat sterilised c-SLNs dispersion,
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determined by Dynamic Light Scattering (Brookhaven 90Plus system, Brookhaven Instruments Corp.), was
116+15 nm, and remained essentially staklilBQ nm) either when the particles were dispersed in buffer or

in cell culture medium supplemented with 1% FBS. The Z potential of the SLNs was -24+2 mV
(Brookhaven 90Plus system, Brookhaven Instruments Corp).

In experiments where coumarin-6 was used as free drug, a stock solution of 20 pg/ml in DMSO was
prepared and diluted at the desired working concentration.

Cell culture A30 cells [11] were grown on Petri dishes in DMEM medium supplied with 10% FBS, 1% of
L-Glutamine and 1% of Penicillin/Streptomycin and incubated in a controlled environment at 37°C with 5%
CQO,. During the experiments the cells were incubated with medium supplemented with 1% FBS to prevent
NPs aggregation.

Effect of temperature on NPs intracellular distributid®de estimated the cytoplasmic concentration of

coumarin-6 by monitoring the fluorescence distribution in cells exposed to c-SLNs (0.01 mg/ml) for 45 min
either at 37°C or at 4°C. In the latter case the cells were pre-cooled for 30 min at 4°C. At the end of the
incubation period, cells were immediately fixed in paraformaldehyde 4% in PBS.

Image acquisitionThe experimental set up consisted of a wide field NIKON Eclipse FN1 equipped with a

63X objective, numerical aperture 1.2, motorized table (Prior Scientific, Rockland, MA, USA), Photometric
cooISNAP ES Digital Camera and Metamorph (Molecular Device, Downington, PA, USA) software for
image acquisition and analysis. We used fields of view that encompassed at least 5 cells for analysis. The
fluorescence signal form the c-SLNs was discriminated by a band pass\fijt505 nm) and the images
were averaged over an exposure time of 400 milliseconds.

Starting from the top of the cell, 40 Z planes were acquired along the Z axis at 0.5 um inter-distance.
We typically considered the overall fluorescence acquired in the wide field. In specific cases, we used the
fluorescence estimated on a Z plane corresponding to the mid cell height, obtained through a deconvolution
process (AutoDeblur, Media Cybernetics, Bethesda, MA, USA).
Drugs treatmentThe role of cytoskeleton in affecting fluorescence cytoplasmic distribution was addressed
by treating cells, previously exposed to ¢c-SLNs ( 0.01 mg/ml for 45 minute at 37°C) and analysing the
perinuclear fluorescence that these cells displayed when incubated with cytochalasin D (CytoD) at a

concentration of 2 uM for 1 hour at 37°C. In other experiments, before the exposure to the NPs, cellular
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energy stores were depleted by a pre-treatment for 1h at 37°C with 0.2 mM sodium azigjeo(NeNMmM
2-deoxy-D-glucose (DDG) [12]fter this pre-treatment, the cells were incubated also with c-SLN (0.01
mg/ml) for additional 45 minute at 37°C. At the end of the incubation time the intracellular fluorescence
distribution was monitored and the images were acquired and analysed as described. Nuclei were labelled
with DAPI 1 pM.

ImmunocytochemistryCells plated on glass coverslips were fixed with paraformaldehyde 4% in PBS at

room temperature for 20 min, washed three times in PBS, LS (Low Salt PBS) and in HS (High Salt PBS)
respectively and then permeabilized with digitonin 0.01% in GDB for 30 min. Fixed and permeabilized cells
were incubated with phalloidin conjugated with Texas RED (dil 1:200. Molecular Probes) for actin filaments
staining or primary antibody antimyosin (dil 1:500, Covance) diluted in GDB at RT for 2 hours. After
washing with HS for three times, cells labeled for myosin were incubated with Alexa conjugated secondary
antibody diluted in GDB (1:100). Cells were then washed with HS AND LS three times respectively. DAPI
was used to stain cell nuclei at a concentration of 1uM in PBS for 5 min. Coverslips were mounted with
glycerol.

Statistical analysisStatistical analysis were carried out by t-test and the significance level was set at p<0.001

(indicated by symbol * or # in the figures).

Results

The intracellular fluorescence distribution of the fluorophores loaded in the c-SLNs was measured on
monolayers of human lung epithelial A30 cells, very similar to the more studied A549,[11] an important
component of the blood-air barrier and a sensitive site for particulate-body interattoanalysis of the
coumarin-6 fluorescence distribution was performed by selecting, on individual cells, a line (emission line,
EL) running from the plasma to the nuclear membrdfig {, imagg and four cytoplasmic regions of
interest (10 pixel square ROIs) positioned along such EL at 25%, 50% and 75% of the total length. The
location of the plasma membrane was obtained by saturating the colour levels to half the maximum colour
depth in the images. We verified that this allowed us to locate the cell membrane by comparing with images
in which the actin filaments were specifically labelled. Since the width of the cell cytoplasm varies among

the cells we needed to define a normalized distance along the EL in order to compare and average the
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fluorophore distributions measured on different cells. Therefore in the following we will refer to the distance
along the EL as x = 100 (x¥(rc-rn), where g, rc and r are the positions of the nuclear and the cell
membrane and the selected ROI along the EL (x=100% indicates the nuclear membrane).

The cells were exposed to an estimated concentration of 1.8 x-80.Ns/ml, corresponding to a
tripalmitin concentratior] 0.01 mg/ml, one order of magnitude lower than the toxic concentration (0.2
mg/ml) estimated by LDH release assay and MTT test.[10]

Cytoplasmic distribution of c-SLNSs.

We followed the kinetics of c-SLNs intracellular distribution by monitoring the ROI's average
fluorescence signal along the EL line at 3, 9, 15 and 30 minutes after the addition of NPs to the cell culture
(T=32°C during the images acquisitidfig.2). A minimum of seven cells was used to average the data. The
intracellular fluorescence increased as a function of the distance from the plasma membrane, reaching the
maximum value in the proximity of the nuclear membrdfig.2A). The fluorescence spatial distribution,

F(x), observed during the uptake process and at equilibfiign2@), can be described by an exponential

growth as a function of the distance, x, from the cell membrane along the EL according to:

F(X = K, + Aexf(x-100)/ L] (1)

It is important to notice that the cell membrane value of the fluorescenfe€Ojs_ F, + Aex;{;—lOO/ L].

The best fit parameters of the solid lines reporteHign2A are: A(15 min)=135+40 [arbitrary units, a.u.],
L(15min)=2615% and §15min)=12+5 [a.u.], and A(30min)=330+50 [a.u.], L(30min)=29+3% and
Fo(30min)=10+2 [a.u.].

The only relevant difference in the time evolution of the fluorescence distribution concerns the in-
homogeneity ratio Aff; that offers a quantification of the perinuclear accumulation of the fluorophore. This
ratio varies from 12+7 to 25+7 when passing from 15min to 30min of c-SLNs exposure time, indicating a
progressive perinuclear accumulation. The fluorescence signal followed in time at x=50% and 75% along the
EL (Fig.2B) increases at first gradually and seems to reach a saturation value that depends on the position
along the EL after approximately 30 miRig.2B). Such bimodal behaviour, can be fit to the following

sigmoidal function:



_ (fl_ fo)
=t (i =,,)79) @

The mid-point timef, ,, is relatively insensitive to the position along the EL liyg,[118min Fig.2B). The

transition is instead sharped(%0%)B.5min compared t@(75%)I/min) as we move closer to the cell
membrane through which the c-SLNs carried fluorophore is internalized. This observation is an indication
that the kinetics of the fluorophore distribution in the cytoplasm is affected also by the internalization
process, as discussed later.

Effect of temperature

In order to evaluate the effect of the temperature on the distribution of the fluorophore, the cells were
exposed to ¢c-SLNs for 45 minutes either at 4°C or 37°C, fixed as described in the Materials and Methods,
and the distribution of the fluorophore was then measufiegd 8). The absolute value of the intracellular
fluorescence is lower for cells incubated with the c-SLNs at the lowest temperature: we find F(75%)=155+10
[a.u.] at T=37C and F(75%)=80+12 [a.u.] at T%@. Changes in the cell thickness due to temperature do not
affect substantially this conclusion since the emission F(75%) computed on the deconvoluted images (focal
plane at 50% of the cell thickness) confirms a marked difference between the two temperatures investigated
(350480 [a.u.] compared to 26246 [a.u.] for 37°C and 4°C respectively, p<0.001, 22 cells). Moreover, the
total amount of fluorophore loaded by the cell at T%37as measured by the integral under the lines
reported irFig.3, is approximately twice (8800 [a.u.]) that measured for"T4800 [a.u.]).

The intensity normalized to its maximum value increases with the distance from the cell membrane
independent of the experimental temperature, and it can still be descriked byThe best fit decay length

values are L=31+1% and L=43+2% for T287and T=4C, respectively.

Role of molecular motors in determining the intracellular fluorescence distribution.

The reduction of the cytoplasmic fluorescence intensity observed at 4°C might reflect the
temperature dependent inhibition of active ATP-dependent mechanisms, the so called “molecular motors”

that are known to promote cell intracellular transport [13]. In order to assess the role of the molecular
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motors, we depleted cells from ATP, applying NaiX DDG before and during the incubation with the c-
SLN. Despite the inhibition of energy production by the metabolic poisorisgad shows, we still found
the characteristic intracellular distribution and perinuclear accumulation of the fluorophore.

Role of cytoskeleton on the intracellular distribution

In order to probe the role of cytoskeleton on the steady state fluorescence distribution, we incubated
the cells with cytochalasin D (cytoD) at a concentration (2.0 uM for 1 hour) [8] suitable to disintegrate actin
bundles but low enough to avoid cytotoxic damage, as measured by a lactate dehydrogenase releasing assay
(data not shown). We found that the treatment with cytoD led to a more homogeneous pattern of the
fluorescence signal inside the cells, suggesting that the fluorophore undergoes a redistribution in the
cytoplasm Fig. 5A,A’). While in the physiological condition the perinuclear/cytoplasmic fluorescence ratio
increased 5 fold, in the CytoD treated cells, this ratio reaches now only a plateu/alugig.5E). A
similar ratio, 1.5, was obtained when CytoD was applied before and maintained during the incubation of
cells with ¢c-SLN Fig.5E). It is worth noting that, upon cytoD treatment, not only the actin filaments
(Fig.5B,B") but also the myosin fibres were distrupted in the céllg.%C,C’), while the microtubules

remained almost intackF{g.5D,D’).

Discussion

Our data indicate that when A30 epithelial cells are exposed to c-SLNs, the intracellular fluorescence signal
progressively increases (20-80 fold) along the EL line with a monotonic accumulation in the perinuclear
region. As can be observed froRigs. 2 and 3, at least two processes are active in determining this
inhomogeneous distribution, with a cross-over @B0% along the EL that depends on the incubation
temperature (se€ig.3). The experiments with metabolic poisons (Naid DDG) do not substantially
modify the cytoplasmic fluorescence distributiéiigi4) In fact, as from the plot iRig.4, the effect of Nah|

and DDG correspond to maximum decreases, with respect to the control cell line, of 14 + 18 % and 22 + 26
%, respectively. Though these values indicate a slight systematic decrease of the perinuclear accumulation
effect when treating the cells with metabolic poisons, this effect is still largely within the experimental
uncertainties. The increase in the fluorescence signal when approaching the nuclear membrane is still

relevant, being] 7, 6 and 5 for the control line and the lines treated with ;Naid DDG, respectively.
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Therefore, the data reportedhig.4 do not allow us to assume a clear direct effect of the molecular motors

on the perinuclear accumulation of the fluorophore at least in the present case in which SLNs have been used
as extracellular carriers. However, it is worth noting that a minor direct role of the molecular motors in the
generation of the perinuclear accumulation cannot be completely ruled out.[14]

On the other hand the treatment with cytoD does affect the fluorescence cytoplasma distribution
indicating a major role of the cytoskeleton. The observed effect of cytoD on mygisQG,C’) seems to
imply an indirect effect of cytoD on the fluorescence distribution mediated by myosin related to its role as a
component of the cellular stress fibers.[15] A direct effect of myosin acting as a molecular motor seems to be
excluded due to the very limited effect of metabolic poisons on the fluorescence distribigidb);

It appears therefore reasonable to develop a physical model for the perinuclear accumulation based
on the role of the cytoskeleton, whose integrity is crucial to favour the fluorophore accumulation close to the
nuclear membrane, thus against a diffusion gradient. With our choice of normalized distance, x, along the EL
line, the solution of the diffusion equation for the stationary case can be written as (see Supplementary

Material, “Derivation of Eq.3"):

_ (Au) (x-100)
Q:‘q (X)_ CN eXF{ KBT 100 (3)

The comparison oEg.1 to Eqg.3 indicates that the best fit decay length, L, gives the strength of the average

interaction energy gain, &> = <U,> - <U,uqeu, that the fluorophore suffers when moving from the cell

membrane to the nuclear membragay ) = 0):

(au) =107

(4)

The interaction energy gaiAU is equivalent to the action of an effective force field acting on the
fluorophore over the thickness of the cytoplasm. This force field maglated to a difference in pressure

between cytoplasm areas close to the cell and to the nuclear mentanaeaeer, since from the data
9



analysis (se&qs.3, 4 we have a direct access only to the overall interaction energy gain that corresponds to
this force field, we have preferred to evaluate the degree of perinuclear accumulation (i.e. the exponent in

Eqg. 3 in terms of the energy galkU.
The L values reported ifable | correspond to a decrease of 0.9+0.K4T units of (AU), when

decreasing the temperature from T=g7to T=4C. This may reflect a change in the cytoskeleton structure
and/or dynamics that affects the fluorophore distribution.

By analyzingEg.1 we gain also information on the relative perinuclear concentration of loaded dye
at the equilibrium. In fact, if the perinuclear and the cell concentrations of the fluorophore aré ¢,
respectively, the excess perinuclear concentrafiéh= (Gy —¢c)/cc, can be related to the area, A, under the
fluorescence distribution curves reportedFig.3 (normalized to the background levej) Rnd the decay

length, as (see Supplementary Material, section “Derivation of Eq.5"):

A _ (o ‘Cc):(AJrl)@

S ] (5)
The value ofAc estimated on the plots of the fluorescence distribution Tsdde 1), indicates that the
perinuclear excess of concentration increases by approximately 55% when increasing the temperature from
T=4°C to T=37°C.

The limited changes in the fluorophore internalization observed when decreasing the cell
temperature, suggest that endocytotic pathways, that are sensibly dependent on the temperature [16,17] in the
range 4-37C, are only partially effective in the upload process of the ¢c-SLNs and that the internalization is
also determined by a direct interaction between the membrane and the c-SLNs phospholipids. This picture
agrees with previous analyses [10] that showed that the internalization of the c-SLNs carried fluorophore
occurs with the modification of the lipid (SLNs) physical and chemical thermodynamic parameters, probably
due to their interaction with phospho-lipids (membrane). Indeed, calorimetric studies indicate [10] that the c-
SLNs interacting with the cell membrane, only partially preserve their native structure. A fraction of the

intracellular fluorescence could then result from coumarin-6 released from the SLNs upon their interaction

with the cell membrane.
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The treatment with CytoD markedly reduced the inhomogeneity of the intracellular distribution
(Fig.5 A’): L was as large as 80%, almost three times larger than the value measured in the absence of
CytoD. This finding corresponds to a decreased energy gairE(pée<AU>[KgT compared to AU>[B
KgT prior to the CytoD treatmeniTable 1). It must be noted that the analysis proposed here, is not
substantially affected by the assumption of a one dimensional diffusion process (see “The distribution of

particles in a polar coordinate system” in the Supplementary Materials).

Upload kinetics.

Concerning the origin of the hypothesized NPs-cytoskeleton interaction, we suggest the possibility of
local overpressures generated by the cytoskeleton dynamics. The cytoplasm of mammalian cells possesses
actin and myosin structures arranged as stress fibers and organized to generate contractile structures
responsible for cellular tension [15,18,19]. These fibers in intact living cells, may shorten to generate tension
as well as elongate, thereby determining also cellular elasticity. One possible hypothesis about the generation
of the fluorescence perinuclear accumulation in the cells may rely on the presence of these forces [8] that
should be relaxed when treating the cells with cytoskeleton destabilising drugs, such as CytoD, as indeed is
found here fig.5A, A’).

We develop and discuss a simple model based on the diffusion of the fluorophore in the cytoplasm
under the action of a mean field interaction force. If we assume the following initial condition,

o(x0) = c,,O(x), that describes the case in which the extracellular fluorophore concentration is constant,

Cext @t time t=0, the intracellular fluorophore concentration follows a simple exponentiaEtp®8(in the

Supplementary Material):

(X 1) _oy00 = A0+ b(x)exg- tr,] (6)
where a(x) and b(x) are parameters that depend on the initial fluorophore concentration at the meggbrane, ¢
and on the position along the EL line. The relaxationlraie related to the effective energy gaidU=, the
fluorophore diffusion coefficient, D, and the average cell thicknAsgfrom the cell to the nuclear

membrane) as:
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0[5

A more realistic model takes into account that the SLNs enter the cell membrane at a charactenstic rate,
which depends on the details of the nanoparticle interaction with the membrane. Moreover, the local
extracellular SLNs concentration,£might decay slowly (with a second relaxation f@tevith time due to

the continuous internalization of the SLNs by all the cells in the culture. Within these two hypotheses the
initial conditions for the intracellular fluorophore concentration close to the cell membrane, is actually
described by (0,t) = Cext(l_ exp[—t y])exd—tr]. The first exponential growth (the term within the round
parentheses) accounts for the increase in the concentration of the fluorophore close to the cell membrane, due
to the internalization process. The second exponential decay, with relaxatibn aat@unts instead for the

local depletion of the SLNs in the cell culture again at the cell membrane. Within such Bgpfehanges

to a sum of exponential decays (see Supplementary Material) that, with the assumpfion<tlyatan be

written as:

c(x,t)C Blexd- ty] - exp[- t,]) + ¢, & {1~ exd~ty]) (8)

From EQ.8, we can obtain the fluorescence signal along the EL as a function of time:
F(x )0 E c(x,t)/¢, (x)=b(exp[-ty]-exp[~tr,])+ F. (1~ exp[-ty]). We have globally fitted the two

data sets inFig.2B to Eq.8 by assuming common values &}, and y , whose best fit values are:

M, = 0 002min and y= 007+ 0.02min™. The time delay observed in the rise of the fluorophore

concentration Kig.2B) is determined by the relaxation rateand the slope of the fluorescence signal at
larger times is related to the rdig. The marked sigmoidal shape of the kinetics derives then from the
difference between the two relaxation rateg,andy, that account for the intracellular diffusion and the

internalization of the fluorophore, respectively.
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From the diffusion relaxation raté,, we can estimate a value of the diffusion coefficient of the
fluorophore in the cytoplasm. By taking an average value of the energldfigsT(R.8 (Table 1, without
CytoD) and by assuming an average size of 5 um for the cell cytopddInpfm), we estimate .02
unf/s. This value is more than four orders of magnitude lower than the coumarin-6 diffusion in aqueous
solution at room temperature @, 0 280 un¥/s), and about two orders of magnitude lower than the
diffusion coefficient of the SLNs in the same conditions. Literature data on the diffusion coefficient of
simple fluorophore in the cell cytoplasm and on the cell membrane[20] indicate that the fluorophore
diffusion decreases by almost two orders of magnitudes in the cytoplasm and about four orders of magnitude
on the cell membrane. In the view of these data, our estimate of the diffusion coefficient associated with the
coumarin-6 fluorescence signal suggests that the fluorophore moves within the cell cytoplasm in a form that
is still reminiscent of the nanocarrier structure and not in the form of free dye. This hypothesis is also
supported by the results of calorimetric studies [10] from which it seems that the c-SLNs preserve patrtially
their native structure after entering the cell.

In conclusion, the analysis of the fluorescence microscopy data indicates that the combined action of
the diffusion of the dye in the cytoplasm and of a mean force field acting on the dye induces its accumulation
around the nucleus. Data collected in conditions in which the cytoskeleton is perturbed suggest that these
forces, that correspond to an energy gain of the order of f&wftém the cell to the nuclear membrane,
originate from the cytoskeleton structure and dynamics but are not directly related to the action of molecular
motors. The biophysical model that we propose and discuss analytically in the Supplementary Materials,
allows us to quantify the interaction energy gain of the fluorophore from the cell to the nucleus membrane.
This study also sets a warning about non-specific effects in the intracellular distribution of drugs due to the

cytoskeleton structure and state.
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Figure Legends

Figure 1.Image:an Emission Line (EL) is drawn on a representative cell image acquired after 30 min of c-
SLNSs incubationX=488 nm, integration time 400 ms). The EL runs from the cell to the perinuclear region
and four different ROIs (at 0, 1, 2.4, 3.6 um along the EL) on which the fluorescence analysis was carried
out, are marked on the image. Plot: we report the representative traces of the fluorescent signal collected on a
single cell along the EL and recorded at increasing incubation time from bottom to top (0, 9, 15 and 30 min).

The signal is shown in arbitrary units.

Figure 2. Panel A: fluorescence intensity as a function of the distance (estimated in normalized units

x =10Qr —rN)/(rC - rN)) from the plasma membrane along the EL for 15 min (open squares) and 30 min
(open circles) of cell incubation with c-SLNs. The solid lines are the bestHif.4fto the data. The inset

shows the normalized fluorescence signal together with the best Hitj.@fto both data sets. Statistical
analysis was carried out by t-test and the significance level was set at p<0.001 (indicated by symbol * in the
plot). Panel B: the plot represents the fluorescence increase measured in cells incubated with c-SLNs at 50%
(open circles) and 75% (closed circles) along the EL. The data in both panels are averaged over seven cells

and the standard deviations are reported. The dashed lines represent the individual fits of the EL=50% and

EL=75% data to the sigmoidal functiokg.2, with best fit parametersf, (50%)=-2.7+0.5, f, (50%)
=58+10, t,,, 60%)=17.5 min+4 min and(50%)=3.5 min+1.5 min,f, (730)=-26+5, f, (75%) =150+25,
t,,, (75%) =19 min+4 min and(75%)=7 min+3 min. The solid lines are obtained by global fitting both data

sets toEQ.8. The best fit parameters are; (50%) =76+10, b (50%) =290+50, F_ (75%) =174+5, b (75%)

=630+55,y =0.07+0.03 miit andl;=0.01+0.02 mit.

Figure 3. Main panel: effect of the c-SLN incubation temperature decrease on the intracellular fluorescence:
T=37°C (closed circles) and T=4°C (open circles). The data result from the average over seven cells and the
error bars represent the standard deviations. The solid lines are the be&fitldo the data. The inset

reports the residuals of the data to the best fit lines (solid line fdiCTardd dashed line for T=37).
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Figure 4. Panel A: intracellular fluorescence distribution after exposure of A30 to c-SLN for 45 min at 37°C

in control condition. Panel B and C: Intracellular fluorescence distribution after treatment with the metabolic
poisons Nall and DDG, respectively. Panel D: quantification of the fluorescence intensity as a function of
the distance from the plasma membrane along the EL in the three conditions presented above: black squares
(control cell line), red circles (NaNreated cell line) and green triangles (DDG treated cell line). The solid

lines (same color code as the symbols) are the besHi.th.

Figure 5. Typical images acquired on A30 cells in control condition (CTRL) and after treatment with CytoD

2 uM for 1 h (+CytoD). Fluorescence distribution in A30 cells after 30 min of incubation with c-SLNs
before (A) and after CytoD treatment, (A’). The treatment with CytoD breaks the major part of actin (B vs
B") and myosin (C vs C’) filaments in the cells, while microtubules integrity was preserved (D vs D’). The
horizontal white bar corresponds to 10 um. Actin and myosin filaments are labelled in red, microtubules are
labelled in green, the cell nuclei in blue. Panel E: the plot represents the trend of the fluorescence as a
function of the distance from the plasma membrane for the control (closed circles), the samples treated with
CytoD after incubation with c-SLN (open circles), the samples treated with CytoD before incubation with c-
SLN (open squares). All data were normalized to the fluorescence signal measured at EL=25%. The data
result from the average over ten cells and the error bars represent the standard deviations. Statistical analysis
was carried out by t-test and the significance level relative to control was set at p<0.001 (indicated by symbol

# * in the plot).
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Online supplementary material:

1. Derivation of the Intracellular Equilibrium Load Distribution, Eq. 3.

We derive the equilibrium distribution of the load assuming a Cartesian coordinate system and a constant
average force field between the cell and the nuclear membrane.

2. Derivation of the Total Intracellular Load, Eq. 5.

We derive a possible measurement of the total intracellular load from the computation of the integral of the
fluorescence signal along the emission line.

3. Time Evolution of the Fluorescence During the Uptake: EQ.8.

We derive a simplified expression of the time dependence of the intracellular load concentration observed
during the cellular uptake.

4. The Distribution of Particles in a Polar Coordinate System.

We discuss the differences of the equilibrium Intracellular distribution of the load when assuming a polar

and a Cartesian coordinate system.

Footnote

Abbreviations list

Arbitrary units (a.u.)

Cytochalasin D (cyto D)

(coumarin-6) loaded in the SLNs (c-SLNs)
Emission Line (EL)

Minutes (min)

Nanoparticles (NPs)

Solid Lipid Nanoparticles (SLNs)

Regions of Interest (ROISs)
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Research highlights

» We have measured the cytoplasmic distribution of the coumarin-6 carried by Solid Lipid
Nanoparticles in human alveolar cells and observed a perinuclear accumulation of the fluorescence
that we model with the a mean field interaction of the load with the cytoskeleton. Experiments as a

function of temperature, the cytoskeleton state and metabolic poisons validate this analysis.
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Graphical Abstract
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Table 1. Analysis of the distribution of coumarin-6 as a function of the nuclear fo cytoplasmic membranes.

A L) |Fo A/Fq (AU) 100 | Ac
KT L
T=37°C 315+7 31+1 4=2 75=6 3.2=0 21.743
T=4°C 160+0.9 43=2 2+2 80=8 2.3=0.1 13.8+2
1=37°C. with cytoD 36=16 30=40 40+7 2.1=1 1.220.6

Table 1. L is in unit of % of the total nuclear to the cell membrane distance; the load concentraticn at the cell

membrane is c(x=0)= 4 exp[— 100/ L]: the parameter Ac = (cx — c¢)/ce mndicates the excess of the load

concentration af the niclear membrane (sze Eq.5) computed by numerical integration (trapzezoidal mle) of

the data in Fig.4.
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