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Quantitative live-cell imaging of lipidated peptide transport through an 
epithelial cell layer 
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A B S T R A C T   

Oral drug delivery increases patient compliance and is thus the preferred administration route for most drugs. 
However, for biologics the intestinal barrier greatly limits the absorption and reduces their bioavailability. One 
strategy employed to improve on this is chemical modification of the biologic through the addition of lipid side 
chains. While it has been established that lipidation of peptides can increase transport, a mechanistic under-
standing of this effect remains largely unexplored. To pursue this mechanistic understanding, end-point detection 
of biopharmaceuticals transported through a monolayer of fully polarized epithelial cells is typically used. 
However, these methods are time-consuming and tedious. Furthermore, most established methods cannot be 
combined easily with high-resolution live-cell fluorescence imaging that could provide a mechanistic insight into 
cellular uptake and transport. Here we address this challenge by developing an axial PSF deconvolution scheme 
to quantify the transport of peptides through a monolayer of Caco-2 cells using single-cell analysis with live-cell 
confocal fluorescence microscopy. We then measure the known cross-barrier transport of several compounds in 
our model and compare the results with results obtained in an established microfluidic model finding similar 
transport phenotypes. This verifies that already after two days the Caco-2 cells in our model form a tight 
monolayer and constitute a functional barrier model. We then apply this assay to investigate the effects of side 
chain lipidation of the model peptide drug salmon calcitonin (sCT) modified with 4‑carbon and 8‑carbon-long 
fatty acid chains. Furthermore, we compare that with experiments performed at lower temperature and using 
inhibitors for some endocytotic pathways to pinpoint how lipidation length modifies the main avenues for the 
transport. We thus show that increasing the length of the lipid chain increases the transport of the drug 
significantly but also makes endocytosis the primary transport mechanism in a short-term cell culture model.   

1. Introduction 

Therapeutic drugs administered by injection into the bloodstream 
have a high bioavailability [1] [2]. However, the need for injections 
lowers patient compliance [3]. Alternative administration routes such as 
nasal inhalation and, in particular, oral delivery increase the patient 
compliance and are thus increasingly explored [4] [5]. However, orally 
administrated biopharmaceuticals must first reach the small intestine, 
pass through the mucus layer and cross the epithelial cell layer forming 
the intestinal barrier to finally reach the vascular system. Consequently, 

the oral bioavailability of larger drugs, like peptides, is still suboptimal 
(around 1–2%) greatly limiting their therapeutic potential [6]. Strate-
gies to improve bioavailability include packaging of the biopharma-
ceutical in nanoparticles to target the uptake via Clathrin-mediated 
endocytosis [7], use of permeation enhancers to co-transport the drug 
[8,9], or alteration of the chemical structure of the drug and promote a 
transport route of interest. Recently, the lipidation of peptides [10,11] 
has been shown to improve peptide bioavailability by promoting in-
teractions of the drug with the cell membrane. For example, increasing 
the lipid chain length has been shown to improve on the overall 
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transport of salmon Calcitonin (sCT) [12], a calcium-regulating drug 
used to treat osteoporosis typically administered through injections. 
However, the mode of action is still largely unknown and needs to be 
investigated using in vitro cellular transport models. 

The human epithelial colorectal adenocarcinoma cell line Caco-2 is 
used as a model of the gut epithelial cells for in vitro transport studies 
[13]. Caco-2 cells are cultured on a porous membrane filter separating 
an apical chamber on top of the membrane and a basolateral chamber on 
the bottom (Transwell plate). Cells are typically grow for 18–21 days 
with media change every 2–3 days before the cells organize into a 
polarized monolayer with tight barriers [14]. The overall transport is 
then typically quantified by an end-point measurement using mass 
spectrometry [15]. Several other methods based on surface capture of 
the analyte and subsequent optical detection including ELISA [16] are 
also used. While this approach has the advantage to be applicable to any 
drug without labelling, long cell culture time makes the experiment 
tedious and thus limits the applicability of the Transwell system for 
massively parallel studies and consequently leads to a trial-and-error 
approach to developing new drugs. Instead, fluorescence microscopy 
can be used to quantify the biopharmaceutical in the different com-
partments of the cell [17]. Fluorescence labeling of the biopharmaceu-
tical combined with confocal imaging allows for quantifying the amount 
of drug transported through a monolayer of Caco-2 cells by end-point 
measurement of the concentration of the biopharmaceutical on the 
basal side. Additionally, the amount of fluorescence in the cytosol of the 
cells can be quantified by integrating intensity in a single z-plane 
thereby providing additional information [18]. Moreover, high magni-
fication confocal fluorescence microscopy can help pinpoint the uptake 
mechanism of the biopharmaceutical. In some cases, a biopharmaceu-
tical may appear as puncta, which can suggest that the uptake mecha-
nism is mediated by endocytosis [19,20]. Using multicolor imaging and 
colocalization analysis, confocal fluorescence microscopy provides high 
spatial resolution, so it can reveal the biopharmaceuticals' interactions 
with organelles [21,22]. This was successfully used to investigate the 
transport of the peptide drugs such as insulin nanoclusters or gliadins 
[23,24]. Eventually, live-cell imaging can provide sufficient time reso-
lution to also elucidate the kinetics of cellular uptake [25]. Still, the 
quantification of the transported peptide signal in a monolayer of cells 
may be complicated by the limited spatial resolution of fluorescence 
microscopy. Lateral resolution is approximately 200 nm, whereas axial 
resolution is much larger, around 400 nm at a 500 nm excitation, and it 
is so even for confocal imaging [26]. In a typical imaging experiment the 
objective is placed above or below the cell layer and so the overall 
transport through a cell layer is observed axially. In this geometry, 
quantifying the fluorescence signal from the cytosol or around the cell 
membrane cannot be done simply by, for example, integrating the in-
tensity in a single z-plane. Indeed, the cell surrounding's fluorescence 
signal significantly extends within the cell's interior and vice versa. This 
challenge exists whether it appears as a diffuse signal indicating a 
release of the peptide in the cytosol, or as puncta-like signal typical of 
the peptide found primarily in endosomes, for example resulting from 
endocytosis [19]. Eventually, the signal from fluorescent molecules 
located outside the cell on both sides of the cell layer, i.e., the apical and 
basolateral sides, would overlap when the thickness of the cell ap-
proaches that of the size of the Point Spread Function (PSF), making 
image interpretation difficult. In this context, deconvoluting fluores-
cence images with the PSF [26] is a way to extract the fluorescence 
intensity in the different compartments of the cell. It has been used to 
quantify the fluorescence of puncta-like structures, typically in experi-
ments where transport occurs via endosomes [27]. Still, little has been 
done to quantify the diffuse signal from the cell cytosol and any localized 
signal from the membrane [28]. Particularly, there is a potential to use 
PSF deconvolution in combination with a physical model of the cell to 
extract all contributions to the overall fluorescence signal 
simultaneously. 

Here we quantify the signal of the lipidated forms of the 3.4 kDa 

peptide salmon calcitonin in a layer of Caco-2 cells by first measuring 
the PSF of the spinning disc microscope and then using this knowledge 
to perform an axial deconvolution of fluorescence intensity profiles 
measured through the Caco-2 cells. The deconvolution is combined with 
a simple physical model of the cell to interpret the fluorescence intensity 
of the cytosol, the cell membrane, and the transported molecule across 
the cell monolayer. We confirm the validity of the cellular model for 
comparative studies by measuring the known transport properties of the 
Trans-activator of Transcription (TAT) peptide, using dextran, and 
Lucifer Yellow as negative controls, i.e. molecules for which there is no 
active transport. We show how the axial intensity profile through a cell 
looks like in different uptake scenarios. We then quantified the transport 
of the native sCT and two double-lipidated sCT analogs over 4 h using 
spinning disc confocal fluorescence microscopy to quantify the effects of 
lipidation on the transport of sCT. Furthermore, we show differences in 
the transport pattern of the peptide by adding an inhibitor for endocy-
tosis and lowering the temperature below physiological temperatures. 
We show that despite the limitation of short-term cell cultures in terms 
of biological complexity and in vivo translatability, this model is 
applicable for comparative studies where systematic variations of pep-
tide properties are studied. Overall, using in vitro live-cell fluorescence 
imaging and a comprehensive data analysis, we show that the transport 
of sCT is altered qualitatively and quantitatively by double lipidations 
and that increasing chain length from 4 to 8 carbons makes endocytosis 
the primary transport mechanism. 

2. Results 

2.1. Cellular model and axial PSF deconvolution scheme 

We aim to employ fluorescence live-cell imaging to quantify the 
transport of a fluorescently labelled peptide through a cell monolayer 
mimicking the intestinal barrier. To this end, we use time-lapse spinning 
disc confocal microscopy to image Caco-2 cells exposed to the labelled 
peptide of interest. Caco-2 cells are first seeded in a commercial 8-well 
plate suitable for oil immersion imaging (Ibidi) and incubated for 48 
h. The cell's nucleus and the plasma membrane are then stained using 
Hoechst (blue) and CellMask (red), respectively (Fig. 1A). Next, the drug 
of interest, labelled with a fluorophore, is added right before time-lapse 
imaging starts. Three-colour confocal z-stacks are acquired every 40 min 
for 4 h at multiple x-y positions (Fig. 1B). Within each field-of-view 
(FOV), we select a few cells and define one 10-by-10 μm region of in-
terest (ROI) per cell. Two axial intensity profiles are extracted for each 
cell in this ROI: one for the membrane, and one for the peptide (Fig. 1C- 
D). Each intensity profile is deconvoluted separately with the point 
spread function (PSF) of our spinning disc microscope. 

While models exist for the lateral and axial PSF, we ensure that the 
PSF is accounting for any aberrations of our set-up by using a mea-
surement of the PSF estimated for each fluorescence channel using 100- 
nm polymer beads (Fig. S1). 

We then look at the intensity profile in the red channel i.e. for the 
membrane stain. The cell membranes are much thinner than the PSF and 
thus appear as two Gaussian-like intensity peaks, which coincide with 
the position of the bottom and top membrane of the cell (Fig. 1C). In this 
model we assume that the membranes are horizontal within the ROI. We 
thus make sure to choose the ROI in each cell away from the nucleus. 

Our data show that each cell's cytoplasm is thin (<5 μm) compared to 
the axial resolution of the spinning disc microscope (Fig. 2), hence the 
two PSF peaks are not readily resolved. In such a situation, the peptide 
signal from the bottom of the cell, the cytosol and the solution overlap in 
an axial intensity profile. This highlights the need to perform an axial 
PSF deconvolution of the peptide signal to quantify the amount of 
peptide in the cytoplasm and any fluorescence located between the cells 
and the surface that supports them. 

We use the fitted positions of the cell's membrane to divide the in-
tensity profile of the peptide channel into four sections that are relevant 
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for quantifying how much peptide is transported through the cell 
monolayer: 1) the solution above the cell 2) the cytosol, 3) the bottom 
membrane of the cell, and 4) the glass. Here we note two things about 
the space between the cell and the glass: one, it must contain cellular 
junk accumulated during the 2 days growth. Second, it is much narrower 
than the resolution of the microscope, and so we cannot discriminate 
between peptide bound to the cell's bottom membrane and any fluo-
rescence trapped between the cell and the glass surface. Hence, in the 
following, we will refer to this fluorescence signal as ‘colocalizing’ with 
the bottom membrane of the cell. 

With that in mind, we model the peptide intensity in each section and 
derive the corresponding analytical expression describing the intensity 
signal (see Methods). Essentially, our physical model accounts for the 
following four effects: First, the signal from the peptide solution extends 
significantly into the cell and even the glass substrate (Fig. 1D). We 
assume a uniform concentration in the solution and model this contri-
bution as a step function at the top membrane convolved with the axial 
PSF. Second, we assume the peptide concentration is uniform in the 
cytosol (Fig. 1D). As a result, this contribution is modeled as a step 
function at the bottom membrane and another step function at the top 
membrane convolved with the PSF. Third, as argued previously, the 
space above the glass and below the bottom membrane is shallow 
compared to the PSF and cannot be resolved by confocal scanning so that 
any peptide present here yields a PSF-like peak that colocalizes with the 
bottom membrane. Last, the fluorescence signal of the solution and the 
cells extends significantly into the glass due to the overlap of the illu-
mination through the many pinholes of the Nipkow disc [26]. It varies 
slowly in space, so, for simplicity, we consider it constant and subtract 
this background from the rest of the intensity profile. Summing the in-
tensity contributions from these four sections results in an expression we 
can use to fit the axial intensity profile in the peptide channel (Fig. 1D). 

2.2. Time-lapse imaging and axial intensity profile reveal transport of 
Fluorescein-labelled TAT (TAT-FITC) 

To validate our assay, we first performed a positive control with a 
peptide that we know is capable of cross-barrier transport. We use 
Fluorescein-labelled Trans-Activator of Transcription (TAT-FITC), pre-
viously shown to cross the intestinal barrier [29]. We added 3.5 μM of 
TAT-FITC to the Caco-2 cells and recorded z-stacks every 40 min for 240 
min. 

Fig. 2A shows the xz-projection of a single cell in a FOV for selected 
time points: 1) before adding peptide, 2) at t = 0 being immediately after 
adding the peptide and readjusting z-focus and x-y position to correct for 
addition-mediated drift, 3) t = 120 min, and 4) t = 240 min. Prior to 
addition of the peptide, we detect two red peaks in the membrane signal 
(red) close together, representing the two membranes of the cell, a low 
background fluorescence in the peptide channel (green) fluctuating 
around the background level (Fig. 2B). Note that we also show the in-
tensity of the blue channel across the nucleus i.e. outside the ROI. Here 
also note that the red channel reveals the presence of puncta-like 
structures in the cytoplasm that are more densely packed around the 
nucleus. In our analysis we sample intensity profiles away from the 
nucleus to access the content of the cytoplasm minimizing the influence 
of the organelles around the nucleus. We see that the addition of the 
peptide in solution leads to an overall increase in the peptide intensity 
level in all four sections (in solution, in the cytosol, at the interface at the 
bottom of the cell and in the glass) on the xz-cross section image at t = 0 
min. This general increase is also seen in the intensity profiles sampled 
in the ROI (Fig. 2B), underscoring the importance for devising our model 
capable of decoupling the contributions from the individual sections. 
Strikingly, we detect a strong peptide signal colocalizing with the 
interface at the bottom of the cell suggesting that TAT has passed the cell 
membrane and reached the bottom of the cell layer (Fig. 2A-B). The 
signal at the bottom of the cell is already present immediately after TAT- 
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FITC is added to the solution and it seems as if the amplitude of the peak 
of intensity at the bottom of the cell remains constant for the rest of the 
experiment (240 min). However, we will now show using PSF decon-
volution that it in fact increases with time after an initial abrupt in-
crease, thus illustrating how our assay facilitates live-cell imaging that 
can provide the intensity input necessary for creating an analytical 
model that can quantitatively describe peptide transport across a 
cellular barrier. 

2.3. Fluorescence model allows quantification of the cellular transport of 
TAT 

We first fit the plasma membrane signal axial intensity profile 
through one ROI at t = 0 (Fig. 3A) using our model for the membrane 
signal (red) being two PSF-shaped peaks. From this fit we extract the 
position of the top and bottom membrane (dashed vertical lines in 
Fig. 3A). We then use the membrane positions to fit the peptide signal 
(green) with our model (Fig. 3B) and extract the intensity of the peptide 
signal in solution, in the cytosol and below the cell (Fig. 3C). Here, the 
peptide signal colocalized with the bottom membrane appears as a 
single PSF-shaped peak. This initial signal below the cells appears 
instantaneously (less than a few minutes) and is observed for all 

molecules we tested (TAT, sCT, Dextran, Lucifer yellow) in similar order 
of magnitude (4 to 10 intensity units) and so it cannot have the same 
origin as the later time dependent change we observe in terms of dy-
namics and magnitude. Due to its suddenness, we rule out a cellular 
transport mechanism to be involved and focus our attention on the 
subsequent change of this signal over the course of the experiment (240 
min). To this end we measured a new z-stack every 40 min allowing us to 
quantify the cross-barrier peptide transport over time. Comparing the 
intensity profiles for the same cell after 240 min of incubation (Fig. 3D- 
F) with the ones found right after TAT is added (Fig. 3A-C) we see that 
the peak-like signal corresponding to the TAT-FITC signal under the cells 
indeed has increased, although it is neither readily seen from the images 
(Fig. 2A) nor from the raw intensity profiles (Fig. 2B). Next, we per-
formed a deconvolution at all time points allowing us to simultaneously 
follow the peptide intensity change in solution, in the cytosol and at the 
interface at the bottom of the cell (Fig. 3G). Performing the analysis for 
10 different ROIs/cells in parallel we found a constant peptide intensity 
in the solution over time, as we would expect (blue, Fig. 3G), but a linear 
increase in the cytosol reaching a 25-fold increase when comparing the 
value at t = 0 versus t = 240 min (red, Fig. 3G). Finally, we found that 
the TAT-FITC signal colocalized with the bottom membrane increased 
two-fold from the first measurement until t = 100 min, before reaching a 
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Fig. 2. Live-cell imaging shows the accumulation of TAT-FITC signal under the Caco-2 cell layer. A) xz projection of the same cell at four different time points, i.e. 
before addition of the labelled peptide and at t = 0, 120, and 240 min. B) Intensity profiles for the membrane (red), peptide (green) and nucleus (blue) fluorescent 
channels. The intense green spike developing over time indicates accumulation of the peptide at the bottom of the cell layer. (For interpretation of the references to 
colour in this figure legend 
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plateau (orange, Fig. 3G). Using our assay, we can measure a time 
dependent transport of TAT that corroborates earlier findings that it is 
able to transport to the bottom cell membrane of Caco-2 cells [19]. 

It has been proposed that the main transport mechanism of TAT is via 
endocytosis at the 3.5 μM concentration that we use in our experiment 
[19]. Hence, we expect the signal at the bottom of the cell to result from 
vesicular transport and accumulation near the bottom membrane. From 
our data, we can only pinpoint that the TAT-FITC signal is colocalized 
with the bottom membrane but cannot conclude whether the TAT-FITC 
is free in solution, bound to the membrane, or shed out of the cells in 
extracellular vesicles. However, we do observe that the TAT-FITC signal 
measured in the cytosol increases 25 times in the course of 240 min. This 
signal is measured away from the puncta-like features around the cell's 
nucleus. This shows that TAT is in fact taken up by the cell. 

To ensure that the detected transport of TAT-FITC to the bottom of 
the cell layer is not just an artifact of a non-tight barrier, we employed 
two classical reporter molecules of barrier integrity [30]. Keeping the 
same experimental setup as used for the TAT-FITC experiment, we first 
added 5 μM of 4.4 kDa dextran-FITC and quantified the intensity signal 
in solution, in the cytosol and at the bottom of the cell over time 

(Fig. 3H). We chose this specific dextran molecular weight to match the 
molecular weight of TAT. As seen for TAT, the solution intensity is 
constant over time. The cytosolic dextran content increases slightly from 
2 to 4 A.U over 4 h, which has also been seen for a Transwell experiment 
with a similar duration [31]. Interestingly, we detect no significant in-
crease of the dextran-FITC signal collocating with the bottom membrane 
of the cell, which shows that dextran does not accumulate at the bottom 
of the cells over time. To ensure a comprehensive validation of the 
barrier integrity of our model, we also performed a time course exper-
iment where 100 μM Lucifer Yellow (400 Da) is added to the cells 
(Fig. 3I). Lucifer Yellow is much smaller than TAT or Dextran. We found 
that the fluorescence signal at the bottom of the cell layer is unchanged 
throughout the experiment, confirming that the cell layer is leak-tight 
even for smaller molecules than TAT. From those two control experi-
ments, we conclude that the increase of the TAT-FITC signal being 
colocalized with the bottom membrane of the cells (Fig. 3G orange dots) 
is a result of an accumulation of TAT-FITC at the bottom of the cell layer 
mediated by a directional transport. 
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experiment with Dextran-FITC, N = 12 cells. I) Same as G but for the experiment with Lucifer Yellow, N = 5 cells. Error bars are standard error of the mean (s.e.m). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.4. Double lipidation of sCT increases peptide amounts colocalizing with 
the bottom membrane 

Next, we implemented the imaging assay to perform a detailed 
investigation of how cross-barrier transport of the pharmaceutically 
relevant peptide salmon calcitonin (sCT) was modified by double lip-
idations of varying length. Labelling with a fluorophore is necessary to 
our imaging assay but can influence the properties of the peptide and its 
transport [15,32]. We thus choose to label the sCT using the fluorophore 
Atto488, a choice guided by the low membrane interaction factor of this 
fluorophore [33]. We tested three analogs of sCT labelled with Atto488 
at the N-terminus: sCT(C0/C0) that is modified only with Atto488, sCT 
(C4/C4) that is modified with two C4 chains, and sCT(C8/C8) that is 
modified with two C8 chains (Fig. S2). Solution FCS and stepwise single- 
molecule bleaching experiments both confirm that all sCT analogs are 
almost exclusively found as monomers in the condition used for imaging 
(see Supplementary Information). 

The axial intensity profiles obtained for the three sCT analogs are 
qualitatively similar to the profiles obtained with TAT. Fig. S3A and D 
show representative examples of intensity profiles through single ROIs 
before the addition of sCT(C0/C0) and after 240 min incubation. After 
fitting of the intensity profiles for several ROIs, we follow the evolution 
of the intensity in the solution, the cytosol and at the bottom of the cell 
layer with time for the three analogs (Fig. S3). We look closer at the 
intensity of the peptide colocalizing with the bottom membrane (Fig. 4) 
as this was found to increase significantly for cells incubated with TAT- 
FITC (Fig. 3). We see a linear increase of the sCT(C0/C0) signal over 4 h 
corresponding to approximately a 1.5-fold change of the initial signal. 
Similarly, the addition of sCT(C4/C4) yield a 1.5-fold change (Fig. 4). 
For both analogs, the level of accumulated peptide at the bottom of the 
cells does not exceed the solution level. Furthermore, the peptide signal 
detected in the cytosol is constant indicating that the cytosolic content 
does not increase over time although the peptide reaches the bottom of 

the cell. This suggests that the peptide is transported towards the bottom 
of the cells by a mechanism not involving release to the cytosol. In 
contrast, the sCT(C8/C8) signal at the bottom of the cell increases 
steadily over 4 h and reaches a value much higher than the level 
detected in the solution corresponding to a 3.7 times relative increase. 
As for the other two sCT analogs, we detect no significant change of the 
cytosol signal, hence we interpret this as the sCT(C8/C8) not being 
released inside the cytosol either (Fig. S3, panel I). The results sum-
marized in Fig. 4 show that our assay based on cells grown on glass for 2 
days and an axial PSF deconvolution scheme can be used to quantify 
differences in transport of lipidated peptides. 

The Caco-2 cells are grown for 2 days, which is short compared to the 
state-of-the-art, where Caco-2 cell differentiation and polarization is 
typically 21 days. Although faster polarization, down to 3 days, has been 
reported [16,34], it is important to note that short term cell cultures of 
Caco-2 cannot recapitulate all biological functions of the gut epithelial. 
Here we use a cellular model in a comparative study focusing on 
ensuring critical functions such as barrier integrity, and to validate the 
models applicability we applied our image analysis scheme on z-stacks 
acquired on fully differentiated cells. To this end, we used a commercial 
organ-on-a-chip platform [35] to grow Caco-2 cells for 4 days under 
alternate flow conditions. The organ-on-a-chip platform is compatible 
with high NA microscopy so we can readily apply our imaging assay to 
the Caco-2 cells grown in the device. We have recently shown that due to 
the flow conditions, differentiation is increased and that this leads to 
polarized cells with tight junctions. We have also shown that the Caco-2 
cells tube inside the microfluidics channel recapitulates the transport 
properties of TAT-FITC [36]. We then expose the cells to the labelled 
peptides and proceed to imaging as for our assay. The intensity profiles 
acquired through single ROIs are similar to the profiles obtained in our 
simple cellular model on glass (Fig. S4). We note that an initial sudden 
increase of signal below the cell is also detected in this case, with similar 
amplitudes so we can rule out pure diffusion through a leaky barrier as 
the origin of this signal. We repeat the experiment for all three sCT 
analogs and proceed to axial PSF deconvolution to extract the time 
variation of the peptide signal in the solution, the cytosol, and the bot-
tom of the cells (Fig. S5). In the case of fully polarized cells, the relative 
increase of the signal for sCT(C8/C8) is somewhat lower (2.2 times) than 
for the cells grown on glass (3.5 times), however, lipidation of the sCT 
also increases transport, leading to an increased peptide signal collo-
cating with the bottom of the Caco-2 cell monolayer. This is an impor-
tant validation that our assay based on short-time grown cells is 
sufficient for a quantitative comparison of the overall transport prop-
erties of the lipidated peptides in a minimal gut-model. To verify that the 
differences in transport to the bottom membrane are significantly 
different between the three analogs we did a Kruskal-Wallis test fol-
lowed by a post hoc pairwise Mann Whitney [37]. With an acceptance 
level of 0.05, sCT(C8/C8) is significantly different (p < <0.05) from sCT 
(C4/C4) and sCT(C0/C0), but sCT(C4/C4) and sCT(C0/C0) are not 
significantly different from each other (p = 0.65) (Fig. S6 A). 

2.5. Temperature and endocytosis inhibitors affect the transport 
mechanisms of sCT analogs 

Next, we use our assay to address how lipidation affects the transport 
mechanism of sCT. We repeated our experiment for the three sCT ana-
logs either in the presence of Dynasore or at a decreased temperature 
(25 ◦C). Both perturbations are well-described ways to reduce the 
endocytic uptake into cells [38–41]. We added 80 μM Dynasore, an in-
hibitor of the Clathrin- and Caveolin-mediated endocytosis pathway, 
which is active in Caco-2 cells [42]. Dynasore has previously been 
shown to inhibit the endocytotic transport of small nanoparticles by 
approximately 50 to 60% at this concentration [43]. In particular, 
Dynasore is acting within minutes [39] of the addition to the cells and is 
thus particularly suited to use in our imaging assay. We then compare 
the relative increase of the signal at the bottom of the cells after 240 min 
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Fig. 4. The relative increase of the peptide signal colocalized with the bottom 
membrane of the cell shown for the three sCT analogs over time. The relative 
difference in peptide signal at the interface at the bottom of the cell calculated 
by normalizing all time points with the intensity immediately after peptide 
addition at t = 0 for sCT(C0/C0) (blue, N = 24), sCT(C4/C4) (orange, N = 38) 
and sCT(C8/C8) (green, N = 38). Dashed lines are for guidance of the eye. Error 
bars are standard error of the mean (s.e.m). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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incubation with labelled peptides at 37 ◦C, and at 25 ◦C and 37 ◦C in the 
presence of Dynasore (Fig. 5 and Fig. S7). Our main observation is that 
the addition of Dynasore is mostly reducing the transport of the sCT(C8/ 
C8) (3.7× to 2.5×), and to a lesser extent reducing the transport of the 
unlipidated sCT (1.5× to 1.2×). The relative transport of sCT(C4/C4) 
was not affected by Dynasore. This is in contrast with the effect of 
temperature that reduces the transport of all three analogs. 

A Kruskal-Wallis test and a post hoc test reveal that there is a sig-
nificant difference in the transport with or without Dynasore for sCT 
(C8/C8) and sCT(C0/C0), however not for sCT(C4/C4) (Fig. S6 B–D). 
As for the experiment at lowered temperature, transport was signifi-
cantly lowered for all three analogs. 

We conclude first that all peptides are affected when energy- 
dependent uptake is diminished using temperature, suggesting that 
this is important for transport. Here we note that both active cellular 
transport and passive transport through the membrane are being 
affected by the reduced temperature. Secondly, the transport of sCT(C8/ 
C8) depends on the Clathrin and Caveolin pathways to a larger extend 
than does the transport of sCT with shorter lipid chains sCT(C4/C4). This 
illustrates how even small changes in lipid length can greatly affect 
which pathway is mediating transport. 

While Fig. 4 showed that the transport of sCT can be increased by a 
factor of 2.5 by lipidating sCT with two C8 chains, Fig. 5 suggests that 
our cellular model combined with live-cell imaging and image analysis 
is able to show differences in the transport mechanism by using in-
hibitors of cellular transport pathways. That said, the axial resolution of 
confocal imaging is still preventing us to pinpoint if the signal of the 
bottom of the cell originates from peptide inside the cell, below the cell, 
free in solution on either side of the cell bottom membrane or associated 
with it. Thus, to address this, we incubated the cells with sCT(C8/C8) for 
4 h, washed the excess peptide with PBS and then shrunk the cells by 
disrupting the tight junctions using 1.5 μM EDTA (Fig. 6A). This allowed 

us to measure intensity profiles for cells just after the addition of EDTA 
and then after 10 min incubation (Fig. 6B and C). Here we see that at the 
same position on the glass, the intensity profile shows the same intensity 
peak colocalizing with the bottom of the cell when the cell is here as 
when the cell has shrunk, and the plasma membrane has partially de-
tached from the surface. This shows that the peptide leading to the 
characteristic peak colocalizing with the bottom of the cell is trans-
ported through the cell layer and sticks to the surface after being 
transported fully across the cell barrier. 

3. Discussion 

Here we investigated the transport of sCT modified with two lipid 
side chains at position 20 and 26. While most of the literature focuses on 
single lipidation of peptides [12,44–48] and cyclization [49], less has 
been done with double lipidations with side chains [50–53]. Single 
lipidation increases transport, and the general mechanism for this is the 
increase of the drugs lipophilicity. Lipidation has been shown to reduce 
degradation in the case of for example insulin [23], but also of sCT 
[50,53]. In the case of double lipidation, the two side chains are thought 
to orient the peptide molecule to the lipid bilayer. It has been shown to 
increase the interaction with the cell membrane [52]. We showed that 
double lipidation improves transport, that longer side chains also do and 
that the endocytic pathway is involved depending on the lipidation. We 
did this by a fast assay based on live-cell imaging with single cell kinetic 
information. Single lipidation of sCT at the N-terminus with a C8 lipid 
chain has previously been shown to increase the overall transport 
through Caco-2 cells by 10-fold [12]. We saw here that double lipidation 
using shorter lipid chains also increases transport compared to single 
lipidation. 

The increased interaction of lipidated peptides with the membrane 
leads to transport; however there are several hypotheses for the mech-
anism involved. In one scenario, the association of the peptide with the 
lipid membrane is an equilibrium (partition) such that the peptide sto-
chastically crosses the membrane and dissociates on the other side. This 
exchange across the lipid membrane should occur on both sides of the 
cells. In this scenario, the overall transport of the lipidated peptide oc-
curs transcellularly, and we thus expect to detect a diffuse signal inside 
the cytosol in our assay. In another scenario, the lipidated peptide as-
sociates with the lipid membrane and is transported towards the baso-
lateral of the cells by diffusion along the lipid membrane. In both cases, 
we expect to measure a signal for the peptide partitioning on the cell 
membrane; the peptide signal should colocalize with the cell membrane 
on the apical and basolateral sides. Alternatively, the peptide is trans-
ported via endocytosis, and in this case, we expect the peptide signal to 
appear as puncta in the cells. 

At first glance, real time fluorescence confocal imaging of a fluo-
rescently labelled peptide could easily pinpoint the main fate of the 
peptide in Caco-2 cells and lead to a mechanistic understanding of the 
transport. However, current platforms used for differentiating cells are 
not readily amenable to high magnification live-cell imaging and in 
particular they are not readily applicable to advanced imaging modal-
ities that could ultimately provide single molecule tracking for mecha-
nistic studies. Additionally, even with high magnification confocal 
microscopy, the axial resolution complicates the quantitative analysis of 
the fluorescence signal when transport occurs through cells in the di-
rection of the imaging i.e. axially. 

Here we establish a cellular model that requires only a short cell 
cultivation period which has the advantage to be suitable for high NA 
live-cell imaging, but at the cost of a reduced in vivo translatability. The 
short-term culture leads to a low thickness of the cytoplasm compared to 
fully polarized Caco-2 cells that are more cuboidal. This is somewhat 
challenging the resolution of the different compartments of the cellular 
model however we can use a physical model of the cell layer that is 
suitable for axial PSF deconvolution of the intensity profile through the 
cell layer. A physical model combined with PSF deconvolution allows us 
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Fig. 5. Temperature and endocytosis inhibitor Dynasore change the relative 
transport of sCT analogs. Relative increase of the peptide signal at the bottom of 
the cells measured at t = 240 min for sCT(C0/C0), sCT(C4/C4) and sCT(C8/C8). 
The blue bars represent the relative increase at 37 ◦C (N = 24, 38 and 38). The 
orange bars represent the relative increase at the reduced temperature of 25 ◦C 
(N = 24, 20 and 19). The green bars represent the relative increase at 37 ◦C 
with 80 μM Dynasore added. Here N = 18, 17 and 31 for sCT(C0/C0), sCT(C4/ 
C4) and sCT(C8/C8), respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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to extract the individual contributions of the solution, the cytosol, and 
the cell bottom membrane to the overall intensity profile. 

Cells are grown for 2 days, considerably shorter than the traditional 
21 days seen for most Transwell systems. Hence, we validated the 
applicability of our system for studying cross-barrier peptide transport 
using a positive control (TAT) and negative controls (Dextran and 
Lucifer Yellow). Our results confirm that the barrier formed by 2-days 
old cells is tight, thus, our model can quantify the cytosolic peptide 
content (Fig. 3) and the amount of peptide that ends up colocalized with 
the bottom of the cells (Figs. 3 and 4). We compare our minimal model to 
a cell model with fully polarized cells. Polarized Caco-2 cells have a 
lower endocytic activity and form a thicker cell layer, similarly to in vivo 
intestinal barrier cells. Most cellular model formats leading to polarized 
cells are inadequate for high NA imaging. Here we used a microfluidic 
platform to grow such cells. This assay is more time consuming and 
costly than the assay presented here however, it has the advantage that 
it allows high NA imaging so we can readily apply our imaging condi-
tions and analysis to a cell model that has fully polarized cells [36]. 

Our physical model of the cell assumes that 1) the cytosol is a me-
dium with a uniform peptide intensity 2) separated by a flat and thin 
membrane at the bottom and the top. For this model to be valid, we 
arbitrarily choose to sample the axial intensity profile through the 
cytosol, away from the nucleus. By doing this we neglect the non- 
uniform peptide signal that occurs when peptides are accumulating in 
puncta-like structures. Puncta-like peptide signal is readily seen on the 
images of cells incubated with the sCT(C8/C8) analog and in the axial 
intensity profile sampled over the nucleus (Fig. S8). In this case the 

physical model for deconvolution must be modified to include a PSF-like 
peak colocalizing with the top of the cell seen on the peptide channel. 
This peak originates from the endosome signal that surround the nucleus 
and colocalizes with the top membrane when the intensity is sampled 
over the nucleus, but is absent when the intensity is sampled away from 
the nucleus. This agrees with what we see in the images of the TAT-FITC 
and the sCT(C8/C8) where the endosomes are gathered around the 
nucleus (Fig. S9 and S10). This effect makes the interpretation of the 
peptide signal peak at the bottom of the cell more difficult and so, we 
opted to sample through the cytosol to quantify the transport of the 
lipidated peptides in the cytosol without the influence of the puncta-like 
structures. Conversely, most of the PSF deconvolution work done in the 
context of cellular transport studies is focusing on tracking of puncta- 
like signals and colocalization with organelles [54–56]. Here instead 
we focus on measuring the diffuse peptide signal that is in the cytosol 
and the peptide signal collocated at the basolateral side of the cell layer. 

We established a live-cell imaging-based assay to quantify the 
transport of peptides through Caco-2 cells. Beyond the advantages 
highlighted here, a live-cell imaging assay offers a perspective to im-
aging modalities that can provide single molecule resolution. The price 
to pay is the modification with a label that can modify the properties of 
the peptide. Here we make sure to minimize this influence and compare 
sCT analogues keeping all other artifacts equal. We chose a fluorophore 
known to have little interaction with cell membranes [33]. We choose to 
attach the fluorophore to the N-terminus of the peptide and not to the 
lipid side chains. Lipidation of peptides has been shown to reduce 
degradation of peptides [50,53,57]. Degradation of the peptide is thus 
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expected to be worse for the native sCT and thus lead to an increase of 
transport of the label alone or fragments of the sCT in the case of the 
native sCT. This is not what we observe. 

In our study we also aim to gain some insight into how the lipidation 
of sCT affects the transport mechanisms. Remarkably, none of the sCT 
analogs showed an increase of peptide signal in the cytosol, as opposed 
to what the addition of TAT showed (Fig. 3G). This implies that 
concomitant quantification of the signal in the cytosol and at the bottom 
of the cell can be used to address the transport mechanisms of the sCT 
analogs. Indeed, this suggests that the sCT analogs are either 1) taken up 
by endosomal carriers and transported inside organelles of a vesicular 
pathway from the apical- to the basolateral cell side, or 2) that the 
peptides interact with the membrane and then equilibrate by diffusion 
over the cell membrane hereby reaching the basolateral side. Moreover, 
transport is inhibited fully or partially by lowering the temperature 
(Fig. 5). This is expected as temperature reduces the kinetics of all 
transport pathways, whether endocytosis or diffusion in the membrane. 
In contrast, addition of Dynasore that is a specific endocytosis inhibitor 
affects primarily the accumulation of sCT(C8/C8) and sCT(C0/C0) while 
it is not affecting the transport of sCT(C4/C4). The reduction in transport 
is most significant for the sCT(C8/C8) and this strongly suggests that the 
predominant transport mechanism is one of the endocytosic pathways 
inhibited by Dynasore, that is, Clathrin or Caveolin-mediated. Also, the 
intensity of the sCT(C8/C8) signal under the cells exceeds significantly 
that of the peptide solution itself, suggesting that the accumulation re-
sults from an active transport, such as endocytosis, and subsequent 
accumulation in a sink probably being the cellular junk below the cell. 
Qualitatively this also agrees with what is seen in the raw imaging data 
of cells incubated with the peptides: sCT(C0/C0) and sCT(C4/C4) show 
little to no signs of peptide in endosomes (Fig. S10 A-D), but sCT(C8/C8) 
shows many puncta-like structures, which we interpret as vesicular 
structures (Fig. S10 E-F). 

Finally, the addition of the endocytosis inhibitor does not completely 
suppress the accumulation of peptides below the cells for sCT(C8/C8), 
suggesting that an additional mechanism could be at play, for example, 
association of the lipidated peptide to the membrane followed by 
diffusion along the lipid membrane. To assess this, our assay could be 
adapted for other fluorescence imaging modalities such as tracking of 
single molecules using single molecule microscopy. 

3.1. Similarity with other modifications and transport studies 

It was previously shown, using temperature measurements and the 
Transwell system, that the transport of native sCT occurs primarily 
through passive diffusion as transcellular transport in a Caco-2 cell layer 
[58]. Our data show that that addition of two 8‑carbon lipid chains 
significantly increases the overall transport. The general effect of the 
addition of hydrophobic groups fits with what others have shown using 
the Transwell systems; the overall transport of sCT through a Caco-2 
monolayer can be increased by biotinylation [59], deoxycholic acid 
[60] or proliposomes [61]. In particular, it was shown that the addition 
of biotin to sCT changes the uptake mechanism to a carrier mediated 
transport through the sodium-dependent multivitamin transporter sys-
tems [59] but also increases the passive diffusion [62,63]. Here we 
observe a change of the transport pattern of double-lipidated peptides, 
and also our imaging assay suggests that the length of the lipid side 
chains grafted on sCT modifies the cellular transport. 

3.2. Applicability of the assay 

Our study demonstrates the potential of a live-cell imaging assay that 
can resolve the transport kinetics for the same individual cells and thus 
circumvent the artefacts of analyzing end point measurements for 
different sets of cells as is done on a platform that does not allow real- 
time high magnification imaging. Additionally, the live-cell imaging 
has the ability of multiplexing experiments via the automation of 

imaging for multiple fields of view. 
Moreover, in our assay, we can gain some mechanistic understanding 

by characterizing not only the quantitative information of the peptide 
transported through the cell layer but also the qualitative information 
provided by live-cell imaging of short-time grown cells. 

However, our imaging assay is fast partly because it is based on short- 
term cell culture, which cannot recapitulate all functions of the gut 
epithelial. For this reason the 21-days cell cultures and in vivo assays are 
still preferred in the industry. Nevertheless, we believe that early-stage 
imaging assays can offer efficient mechanistic insights, although in a 
minimalistic biological environment, which could help further 
designing new modifications of peptide candidates for orally adminis-
tered drugs before engaging in more biological complex, time 
consuming and expensive assays like single molecule tracking efforts in 
tissue samples or animal studies. 

4. Conclusion 

In conclusion, we showed that double lipidation of salmon calcitonin 
with lipid chains can alter the amount of peptide transported across a 
Caco-2 monolayer. Furthermore, we showed that the underlying trans-
port mechanism is affected by the length of the lipid chains. We achieved 
this by applying a model of the cellular layer to deconvolute the axial 
intensity profile and access the peptide signal contribution in the solu-
tion, the cytosol, and the bottom membrane of the cells. This model 
allowed us to interpret the fluorescence signal obtained by confocal 
imaging across a cell layer as thin as the axial resolution of our micro-
scope. This model further showed that we get leak-tight barriers by 
utilizing a simple cell model where cells are only grown for two days. 
These results showed that lipidation of peptides may increase their 
bioavailability. Still, more importantly, we provide a model and a tool 
for an easy and quantitative experimental setup, which will enhance the 
knowledge of how to increase the bioavailability of biopharmaceuticals 
administered orally. 

5. Materials and methods 

5.1. Cell culture 

The Caco-2 cells were kept in a T75 culture flask (Nunc EasYFlask 75 
cm2 Cat. Nr. 156,472) with 12 mL Minimum Essential Medium (MEM) 
with 10% FBS, 1% L-glutamine, 1% non-essential amino acids and 1% 
Penicillin/streptomycin. The cells were placed in an incubator at 37 ◦C 
with 95% O2, 5% CO2, and 5% humidity. The cells were grown to 
approximately 90% confluency before splitting for the transport 
experiment. 

5.2. Synthesis of salmon calcitonin 

5.2.1. Abbreviations 
DMF, N,N-dimethylformamide; DIPEA, N,N-diisopropylethylamine; 

TFA, trifluoroacetic acid; DIC, diisopropylcarbodiimide; Oxyma, ethyl 
cyanohydroxyiminoacetate; TIPS, triisopropylsilane; HFIP, 
hexafluoroisopropanol. 

5.3. Materials 

Fmoc-protected amino acids, oxyma and DIC were purchased from 
Iris-Biotech. The resin was purchased from Rapp Polymere. Solvents and 
all other reagents were purchased from Sigma Aldrich. 

Special Fmoc amino acids: Fmoc-Oc2O-OH (Fluorenylmethylox-
ycarbonyl-amino-3,6-dioxaoctanoic acid), Fmoc-L-Leu-L-Ser[PSI(Me, 
Me)Pro]-OH, Fmoc-L-Glu-OtBu, Fmoc-L-Asp-OtBu. 
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5.4. Synthesis of lipidated amino acids 

Fmoc-L-AA-OtBu (AA = Glu or Asp, 4.86 mmol, 1 eq.) was dissolved 
in dichloromethane (100 mL). PyBOP (2.53 g, 4.86 mmol, 1 eq.), DIPEA 
(1.88 g, 2.54 mL, 14.6 mmol, 3 eq.) and amino-lipid (butylamine or 
octylamine) (5.35 mmol, 1.1 eq.) were added, and the reaction mixture 
was stirred overnight. The mixture was evaporated in vacuo, re- 
dissolved in EtOAc, washed with 1 M KHSO4 (2×), sat. NaHCO3 (2×), 
brine (2×), dried over MgSO4, filtered, and evaporated to dryness in 
vacuo. 

The ester-product was re-dissolved in DCM (30 mL). TFA (15 mL) 
was added, stirred for 1 h, and evaporated in vacuo. The product was re- 
dissolved in DMF (5 mL) and precipitated with water. The precipitate 
was centrifuged (5 min, 6000 rpm), and the supernatant was decanted. 
The product was lyophilized to yield colourless powders. The correct 
masses were identified using MALDI-TOF MS. 

5.5. Solid phase peptide synthesis 

Peptides were synthesized on a Biotage Initiator + Alstra microwave- 
assisted peptide synthesizer in 10 mL fritted syringes on a 0.05 mmol 
scale. Tentagel S-RAM resin was used (0.23 mmol/g). Fmoc- 
deprotection was performed by adding 5 mL of deprotection solution 
(20% piperidine in DMF, 0.1 M Oxyma) to the resin at 75 ◦C for 30 s. The 
resin was drained and washed once with DMF (5 mL). Another portion of 
deprotection solution (5 mL) was added and heated to 75 ◦C for 2 min. 
Next, the resin was drained and washed five times with DMF (5 mL). 
Coupling of amino acids was performed by adding amino acid solution 
(4 eq. of Fmoc-L-AA-OH, 4 eq. Oxyma in DMF, 0.3 M concentration), DIC 
solution (5 eq., 2 M DIC in DMF) and heating the mixture to 75 ◦C for 5 
min. The solution was drained and the resin was washed once with 5 mL 
DMF. The coupling was repeated. After the second coupling the resin 
was washed 4 times with 5 mL DMF. Extended coupling times were 
applied for Fmoc-Arg(Pbf)-OH, Fmoc-L-Leu-L-Ser[PSI(Me, Me)Pro]-OH 
and the lipidated amino acids Fmoc-L-Asp(C4)-OH, Fmoc-L-Asp(C8)- 
OH, Fmoc-L-Glu(C4) and Fmoc-L-Glu(C8)-OH. These amino acids were 
coupled at room temperature for 25 min followed by 75 ◦C for 5 min. 
The resin was drained, washed 4 times with DMF (5 mL) and the 
coupling was repeated. Fmoc-removal on Asp residues was performed 
with 5% piperidine rather than 20%. 

5.6. Formation of disulfide on resin 

After coupling of Fmoc-Oc2O-OH, the resin was washed five times 
with DCM (5 mL). An iodine solution (5 mL; 1:4 HFIP/1% I2 in DCM) 
was added to the resin, shaken for exactly 2 min, filtered, and washed 
once with a 1:1 HFIP/DCM solution. The resin was then left to shake for 
15 min with a 1:1 HFIP/DCM solution. The solution was drained, and 
the resin was washed five times with DCM and five times with DMF. 
Next, Fmoc was removed by adding 20% piperidine, 0.1% Oxyma in 
DMF (5 mL), and the tube was shaken for 2 × 20 min. The resin was 
washed with DMF, DCM, DMF, DCM, i-PrOH, DCM, and Et2O. 

5.7. Atto coupling, peptide cleavage, purification and analysis 

Atto488 (5 mg, 5.1 μmol), dry DIPEA (5 eq., 20.4 μmol, 3.55 μL) were 
dissolved in dry DMF (200 μL) and added to 45 mg resin (approx. 5.7 
μmol). The tube was shaken overnight in the dark. The resin was washed 
5 times with of DMF (5 mL), 5 times with DCM (5 mL) and air-dried. The 
resin was treated with cleavage cocktail (0.6 mL; 90% TFA, 5% water, 
5% TIPS) for 240 min. The crude peptide was precipitated in cold 
diethylether, centrifuged, and decanted. The residue was air-dried and 
re-dissolved in 20% MeCN in MQ. The crude peptide was purified on a 
Dionex Ultimate 3000 system equipped with a RQ variable wavelength 
detector and an automated fraction collector using a Phenomenex, 
Gemini NX 5u, C18, 110 Å, AXIA, 250 mm × 21 mm column at a 20 mL/ 

min flowrate. RP-HPLC gradients were run using a solvent system con-
sisting of solution A (H2O + 0.1% TFA) and B (MeCN +0.1% TFA). Pure 
fractions were combined and lyophilized. Peptides were analyzed on a 
Shimadzu NexeraX2 reverse-phase HPLC (RP-HPLC) system equipped 
with Shimadzu LC-30 CE pumps, a Shimadzu SIL-30 AC autosampler, a 
CTO-20 AC column oven and a Shimadzu PDA detector (monitoring at 
214 nm, 280 nm and 492 nm) using a Waters XBridge BEH C18, 2.5 μm 
3.0x150mm XP Column at a flow rate of 0.5 mL/min. RP-HPLC gradients 
were run using a solvent system consisting of solution A (5% MeCN in 
H2O + 0.1% TFA) and B (MeCN +0.1% TFA). Mass analysis was per-
formed with autoflex-MALDI-TOF (Bruker) or UHPLC-Microtof-Q III LC- 
MS system (Bruker). 

5.8. Cell seeding 

At 90% confluency, the medium in the T75 flask was removed, and 
the cells were washed with 10 mL of a cell suitable PBS (D8537-500ML 
Sigma) preheated to 37 degrees. The PBS was removed and replaced 
with 1 mL trypsin/EDTA and placed in the incubator at 37 ◦C with 95% 
O2, 5% CO2, and 5% humidity for approximately 5 min or until the cells 
were detached from the surface of the flask. The trypsin/EDTA solution 
was deactivated by adding 9 mL cell medium. The cell density per mL 
was found using a NucleoCounter. 30,000 cells were seeded per well and 
grown for two days. 

5.9. Cell staining 

Cells were stained for 30 min with 1 μg/mL Hoechst 33342 (H1399, 
Thermo Fisher, 10 μg/mL) in Fluorobrite (ThermoFisher, A1896701). 
After staining the cells were washed once in clean fluorobrite. After 
staining with fluorobrite, the cells were labelled with CellMask DeepRed 
plasma membrane stain (ThermoFisher, C10046) diluted 2000 times for 
approximately 10 min. After the staining, the cells were washed in flu-
orobrite 3 times. 

5.10. Imaging 

For the transport studies, a confocal spinning disk (inverted Nikon 
Ti2 with Yokogawa CSU-W1 SD system with 50 μm pinholes) with a 60 
× 1.4 NA oil objective (CFI Plan Apochromat Lambda 60× Oil). 

was used. The microscope was connected to a heater and CO2 to 
maintain favorable conditions for the cells. The heater was set to 37 ◦C, 
and the CO2 was set to 5%. A water reservoir was also present to 
maintain humidity while imaging. Three different lasers were used. 405 
nm laser at 8% to excite the nucleus stained with Hoechst. A 488 nm 
laser at 10% was used to excite the peptides. A 638 nm laser was used to 
excite the CellMask DeepRed, labeling the membrane of the cells. A 
quadband emission filter was used to capture the emitted light for faster 
acquisition with a sCMOS (Photometrics Prime 95B) camera. 

Several fields of views (FOVs) at 1200 × 1200 pixels (180 nm × 180 
nm pixel size) were picked out using the mark and find positioning 
plugin in the Nikon software. After all the FOVs were picked, a z-stack 
was taken of all the FOVs marked. The z-stack consisted of 71 steps, 
where each step was 0.5 μm. After taking the z-stack, the peptide was 
added carefully. After adding the peptide, all FOVs were corrected back 
to the original position in x,y, and z if needed. After the correction, a 
time series was set up to run for 4 h, imaging every FOV with a z-stack 
every 40 min yielding seven time points. 

5.11. Point spread function measurement 

The width of the point spread function (PSF) is dependent on many 
parameters of the confocal microscope, including the excitation and 
emission wavelength. Hence, we pragmatically measure the axial PSF 
for the 488 nm and the 638 nm excitation of our spinning disc confocal 
microscope. To this end, 100 nm fluorescent polymer beads 
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(ThermoFisher, T7279) were used. The beads were small enough to be 
considered point sources due to the diffraction limit and have the 
advantage that they can be imaged at four different wavelengths. A z- 
stack was taken to estimate the PSF in the z-direction. The axial intensity 
profile essentially shows the axial PSF as seen in Supplementary Fig. S1. 
The PSF is approximated with the sum of two Gaussians, as seen in the 
equation below. 
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One gaussian is high and slim, whereas the second one is low and 
wide. This means that the width σ of the two Gaussians are not the same. 
To express the double Gaussian with a single width σ, a scalling factor is 
introduced to get the width of the low and wide gaussian. This factor is 
called d and is defined as: d = σwide/σnarrow

. Furthermore, the center po-

sition μ of the two Gaussians is shifted compared to one another. Hence, 
a shift parameter μshift is introduced and is defined as the difference 
between the two positions. The factor c is a weight determining how 
much of each of the gaussian should be represented in the sum of the 
Gaussians. For convenience we define A and B two functions of z and μ. 

The overall shape of the fit to the axial PSF for the 488 nm and 638 
nm excitation was used to deconvolute the axial intensity profiles 
through the cells. 

5.12. Deconvolution of the axial intensity profiles 

After acquiring one three-colour confocal stack per FOV, each FOV 
was analyzed and processed individually. A 10 × 10 pixels region of 
interest (ROI) was picked out for each eligible cell. Typically, the ROI 
was close to the nuclei but not in the nuclei. After picking out the ROIs, 
the intensity signal in the ROI was in each z-plane of the z-stack for each 
colour. The intensity from the blue channel was used to verify that the 
ROI was not placed inside the nucleus. Despite this, the intensity trace 
from the nuclei channel can still show a small (4–5 intensity units) in-
crease when the ROI is inside the cell as seen in Fig. 1C left panel. 

We first fit the axial intensity profile from the membrane channel to 
locate the cell's lower and upper membrane layers. We select the ROIs so 
that the membrane can be modeled by an infinitely thin plane; thus the 
intensity profile is fitted with two axial PSFs and a constant background: 
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Five parameters are fitted; a1, the amplitude of the PSF describing 
the lower cell membrane, a2 describing the amplitude of the second PSF, 
μ1 the position of the lower membrane, μ2 the position of the upper 
membrane, and b the background signal. The remaining parameters in 
the function are found experimentally from the PSF at the 638 nm 
excitation. 

Next, the axial intensity signal from the peptide channel is used to 
quantify peptide signal in the solution, the cytosol, and colocalized with 
the bottom membrane. The contribution from the solution is described 
by a step function convoluted with the axial PSF. Similarly the cytosol 
contribution is defined by two step functions convoluted with the PSF. 
The signal collocated with the bottom membrane is modeled by the PSF 
at 488 nm excitation. The function describing the intensity profile of the 
peptide channel is thus described by: 
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Here, a1 is the amplitude of the first error function, which describes 
the plateau in the cell's cytosol. Parameter a2 is the amplitude of the 
second error function. The sum of a1 and a2 represents the plateau in the 
solution. Parameter a3 is the amplitude of the peak that colocalizes with 
the bottom membrane of the cell and b is the background intensity. All 
other parameters in the function are known from prior fitting of the 
membrane signal (the positions of the membranes) and of the shape of 
the axial PSF at the 488 nm excitation. From the fit we obtain the fitted 
values of a1, a2 and a3. 
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