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Abstract

Evaluation and understanding the effect of drug delivery in in vitro systems is fundamental in drug discovery. We present an assay
based on real-time electrical impedance spectroscopy (EIS) measurements that can be used to follow the internalisation and
cytotoxic effect of a matrix metalloproteinase (MMP)—sensitive liposome formulation loaded with oxaliplatin (OxPt) on colo-
rectal cancer cells. The EIS response identified two different cellular processes: (i) a negative peak in the cell index (CI) within the
first 5 h, due to onset of liposome endocytosis, followed by (ii) a subsequent CI increase, due to the reattachment of cells until the
onset of cytotoxicity with a decrease in CI. Free OxPt or OxPt-loaded Stealth liposomes did not show this two-stage EIS
response; the latter can be due to the fact that Stealth cannot be cleaved by MMPs and thus is not taken up by the cells. Real-
time bright-field imaging supported the EIS data, showing variations in cell adherence and cell morphology after exposure to the
different liposome formulations. A drastic decrease in cell coverage as well as rounding up of cells during the first 5 h of exposure
to OxPt-loaded (MMP)-sensitive liposome formulation is reflected by the first negative EIS response, which indicates the onset
of liposome endocytosis.

Keywords Real-time monitoring - Electrical impedance spectroscopy - Cell morphology - Matrix metalloproteinase -
Cytotoxicity - Liposome endocytosis
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Introduction

Understanding the effect of drug delivery systems on cell ad-
hesion and morphology, proliferation, metabolism, communi-
cation and death is fundamental for optimising and enhancing
anticancer drug treatment [1-3]. Hence, in parallel with the
development and screening of new drug candidates, drug
combinations and targeted drug delivery systems (TDDSs),
there is an increasing demand for smart methods to study
dynamic cellular processes regulating cancer cells’ behaviour,
as well as their interactions with drugs and TDDSs [4-7].
There are several commonly used assays that are particularly
relevant for drug screening and toxicity testing in preclinical
studies [8]. Among these, the most common ones assess the
cell number and viability through cytotoxicity testing and in-
clude the Alamar Blue assay, the MTS (3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphen-yl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay, the neutral red uptake as-
say, the ATP assay and the lactate dehydrogenase assay [9,
10]. These assays are based on single end-point measure-
ments, performed on individual cell populations without pro-
viding real-time insight of the biological event of interest and
are labour-intensive, resource-consuming and invasive, as
they require multiple additions of chemicals and labelling
steps that may affect the cellular functions. The development
of label-free and real-time monitoring technologies has there-
fore become increasingly attractive for implementation in cell
biology and drug discovery [11—13]. Electrochemical imped-
ance spectroscopy (EIS) is one such method, first introduced
by Giaever and Keese in 1984 [14], for real-time monitoring
cell adhesion and spreading and subsequently applied to fol-
low motility [15], proliferation [16] and cytotoxicity [1,
17-20]. The unique feature of the EIS response is based on
the insulating properties of cells that reside on an electrode
surface where an increased coverage of cells leads to an in-
crease in the measured impedance. When cells are exposed to
cytotoxic compounds, the cell integrity and adhesion are com-
promised, which consequently causes a decrease in the imped-
ance, allowing non-invasive, label-free real-time monitoring,
each cell population functioning as its own control. Optical
microscopy is another key tool in drug development [21] with
several solutions for real-time optical imaging of live cells [22,
23].

We have previously shown that EIS can be used to dynam-
ically follow in real time the delivery of chemotherapeutic
drugs to different kinds of cancer cells when free or loaded
into liposomes, following the subsequent cell death [17].
Here, the metalloproteinase (MMP)-specific TDDS was stud-
ied in more detail by investigating the uptake and exposure of
MMP producing colorectal HT1080 cancer cells to the cancer
drug oxaliplatin (OxPt), delivered free in solution or loaded
into different liposome formulations, equipped with or with-
out MPP-cleavable polyethylene glycol (PEG)—peptide
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groups. As visualised in Fig. 1, an OxPt-liposome that contain
MPP-cleavable PEG-peptides can be transformed into a pos-
itively charged liposome by MPPs released by the HT1080
cells and then readily be engulfed by these cells via the mech-
anism of endocytosis. In this way, the OxPt inside liposomes
can be specifically delivered to MPP-producing cells if they
contain MPP-cleavable PEG-peptides. Here, we studied sev-
eral different drug-liposome formulations, i.e. free OxPt,
OxPt-loaded liposomes with PEG-peptide, OxPt-loaded de-
PEGylated liposomes and OxPt-loaded liposomes without
PEG-peptide (Stealth). When studying this process dynami-
cally and in real time using EIS, the resulting spectra
(presented as CI, see Eq. 1) revealed a characteristic negative
dip after 5 h, only for the liposome formulation equipped with
the MMP cleavable PEG-peptide or the already de-PEGylated
liposome formulation, indicating that the negative peak could
signify the point when endocytosis of the liposomes takes
place. To elucidate if this was the case, the EIS spectra time
points for the different free and OxPt-liposome formulations
were compared with those obtained using time-lapse bright-
field (BF) images under the exact same conditions.

Material and methods
Chemicals and reagents

Sodium hydroxide, potassium hydroxide, hydrogen peroxide,
cell culture—tested phosphate-buffered saline (PBS), fetal bo-
vine serum (FBS), sodium chloride, laminin from Engelbreth-
Holm-Swarm murine sarcoma basement membrane and OxPt
(trans—/—diaminocyclohexane oxalatoplatinum; L-OHP) were
purchased from Sigma-Aldrich Corporation (St. Louis, MO,
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Fig. 1 Illustration of the endocytotic uptake of OxPt-loaded liposomes
after cleavage of PEGylated peptide arms by MMPs (scissor) secreted by
certain tumour cells, like colorectal HT1080 cells
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USA). Dulbecco’s Modified Eagle Medium (DMEM),
Trypsin-EDTA (0.05%) and penicillin/streptomycin (P/S)
were purchased from Life Technologies Ltd. (Paisley, UK).
CellTiter 96® aqueous non-radioactive cell proliferation assay
(MTS) was purchased from Promega Corporation (Madison,
WI, USA). Thermolysin was purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA). 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene gly-
col)-2000] (DSPE-PEG2000) and cholesterol were from
Avanti Polar lipids, Inc. (Alabaster, AL, USA).

Preparation of liposomes

Liposomes were prepared by dissolving lipids in zerz-butanol/
water (9/1) solution followed by freeze drying. The following
molar ratios were used: MMP-sensitive PEGylated liposomes
(PEG-Lipo-OxPt):POPC/cholesterol/DOTAP/Cleavable-
PEG:55/32/5/8, Stealth liposomes (Stealth):DSPC/cholester-
ol/DSPE-PEG2000:55/40/5. The freeze-dried lipid powder
was hydrated in OxPt-solution (15 mg/ml, 10 mM Hepes
and 5% glucose, pH 7.4) for 1 h at 65 °C while stirring and
vortexing. The resulting vesicles were extruded with a high-
pressure extruder (Northern lipids Inc. Burnaby, Canada) by
passing the liposomes two times through two stacked 200 nm
polycarbonate filter (Whatman, Maidstone, UK) followed by
five passes through two 100 nm filters. The temperature was
maintained at 65 °C during the extrusion process. Free OxPt
was removed by dialysis using a dialysis cassette (Slide-A-
Lyzer, 10 000 MWCO, Pierce, Fischer Scientific, Slangerup,
Denmark) against 100x volumes of 10 mM Hepes and 5%
glucose, pH 7.4 with three buffer changes. Encapsulated OxPt
and phospholipid content were measured by ICP-MS (ICAPq,
Thermo Scientific, Hvidovre, Denmark). Spin-filtration
(Amicon ultra, 100K, Merck Life Science, Denmark) was
used to measure the degree of encapsulation and ensure that
less than 1% of OxPt was present on the outside of the lipo-
somes. The particle size and charge were determined with a
Zetasizer (Brookhaven Instruments Ltd., NY, USA).

De-PEGylated OxPt-loaded liposomes (De-PEG-Lipo-
OxPt) were obtained through digestion with protease
(thermolysin), 20 pl of liposomes were mixed with 180 ul
of HEPES-buffered saline (NaCl (100 mm), HEPES
(50 mM pH 7.4), CaCl, (1 mM) and ZnCl, (2 uM) supple-
mented with thermolysin (20 pg/ml)). The cleavage was per-
formed overnight at 37 °C.

Cell culture

HT1080 cells (cat. No. 85060701) were purchased from
Sigma-Aldrich Corporation (St. Louis, MO, USA). In

preparation for experiments, cells were cultured in standard
T25 flasks with regular medium exchange every 2 days. Prior
to seeding cells, as previously described by Caviglia et al.
[18], on microelectrode chips for monitoring EIS, cell suspen-
sions were prepared by standard trypsinisation using a
Trypsin-EDTA solution. Cells were centrifuged for 5 min at
900 rpm and 20 °C followed by resuspension in cell culture
medium. The cell number was determined using a standard
haemocytometer and the desired cell densities were prepared
by diluting the initial cell suspension with fresh culture
medium.

Prior to seeding cells in the cell culture well for EIS-based
monitoring, each microelectrode chip was cleaned following a
previously described method by L. M. Fischer et al. [24]
which includes a chemical (10 min in the mixture of 25%
H,0,/50 mM KOH) and an electrochemical (potential sweep
in 50 mM KOH between —200 and — 1200 mV) step.
Sterilisation of the culture well was performed by a 20-min
treatment with 500 mM NaOH followed by thorough rinsing
with PBS as demonstrated previously [4]. To promote cell
adhesion, the chip surface was modified using laminin
(20 pg/ml; 2 h, 37 °C). The applied cleaning procedure facil-
itated the reusability of the microelectrode chips. Each chip
was used for three experiments.

All cell preparations were kept in an ordinary humidified
incubator at 37 °C in an atmosphere of 5% CO, in the air.
HT1080 cells were cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin.

Instrumentation and experimental setup for real-time
EIS analysis

The impedance measurement setup is composed of a plastic
cell culture unit having a microelectrode chip with an array of
12 interdigitated electrodes (IDE), fabricated based on a pre-
viously published lithographic process including e-beam
evaporation of 150 nm of Au on a 10-nm Ti adhesion layer
[25], a tailor-made 12-channel bipotentiostat with
miniaturised PCB and data acquisition software [26]. In addi-
tion to the array of 12 IDEs, each of the independently ad-
dressable measurement sites of the microelectrode chip con-
tains a large counter and a reference electrode that have been
used in other cell-based applications [4, 27].

As schematically presented by Caviglia et al. 2015 [18],
two 5-mm thick micromilled poly(methyl methacrylate)
(PMMA) layers are assembled on top of each other. The lower
layer is used as a holder for the microelectrode chip, while the
upper layer, having an opening in the middle, defines a
600 pl-well for cell culturing. A polydimethylsiloxane
(PDMS) gasket is placed between the microelectrode chip
and the upper PMMA layer to form a liquid-tight sealing of
the vial. Each of the two combs of the IDEs (WEa and WEDb)
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is independently addressable and composed of 12 digits
(length 500 pm; width and gap 10 pm).

EIS monitoring protocol

EIS recordings were programmed to enable continuously
monitoring at the time interval of 1 h over the entire experi-
mental period. Measurement was performed in regular culture
medium (DMEM supplemented with 10% FBS and 1% P/S).
The applied sinusoidal perturbation potential was set to
200 pV. Full spectra were acquired measuring 30 points in
the frequency range from 100 Hz to 100 kHz. One hundred
kilohertz was found to be the frequency corresponding to the
most sensitive region of the spectrum, as previously shown
with Bode plots [18]. To achieve a satisfactory noise reduc-
tion, each point of the spectrum was measured with an average
time of 2 s. The impedance measurements were performed
using the coplanar sensing configuration (WEa vs. WEDb),
previously shown to provide the best sensitivity [28].

Cytotoxicity assays

For EIS monitoring of drug-induced cytotoxicity, three differ-
ent HT1080 cell densities (2.5 x 10%, 7.5 x 10*, 1 x 10° cells/
cm?) were seeded on laminin-modified microelectrode chips.
Ten hours after cell seeding, free OxPt in PBS was added to
the cell culture well to obtain final concentrations of 25, 50,
100 and 200 uM. To compare the cytotoxicity induced by free
OxPt with that of OxPt-loaded liposomes, the same experi-
ment was performed using 100 uM solutions (in 0.1% NaCl)
of PEG-Lipo-OxPt, De-PEG-Lipo-OxPt and Stealth lipo-
somes. Control experiments were performed by adding 0.1%
NacCl to the cell culture well in the absence of OxPt.

Cell viability was measured and quantified by the standard
colorimetric MTS assay in 96-well plates. The MTS assay is
an end-point assay that measures changes in the mitochondrial
metabolism of the cells [10]. The used cell densities were the
same as described for EIS monitoring. Ten hours after
seeding, the cells were treated and incubated with 3.125,
6.25, 12.5, 25, 50, 100 and 200 uM of OxPt. After 24, 48
and 72 h, 20 pl of MTS solution was added, followed by an
additional incubation for 1 h at 37 °C, and absorbance mea-
surement at 490 nm. Control experiments were performed
under the same conditions as used for EIS monitoring. The
measured absorbance for each incubated cell population was
normalised with respect to the absorbance of the control.

EIS data analysis and statistics
Changes in impedance were expressed using the dimension-

less parameter Cell Index (CI) [12, 18], which represents the
maximum value of the normalised impedance, Eq. 1
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12(2,f)I=12(0,17)]
""" T 1z(0.1)]

where | Z(t, 1) | is the magnitude of the impedance at a given
frequency and time point and | Z(0, f,)l is the magnitude of
the impedance at the same frequency at the beginning of the
experiment recorded in the absence of cells. In this work, for
each time point, the CI was calculated analysing the complete
spectrum (N = 30). MatLab (R2013a) was used to create spe-
cific algorithms for data processing and analysis.

To quantify the time dependence of cell death, the half
maximal inhibitory time (IT50) was calculated as defined by
[17].IT50 is analogous to the half maximal inhibitory concen-
tration (IC50), as a quantitative measure to indicate how much
time is required for the drug to cause 50% decrease in cell
viability. The sigmoidal fitting of the data and the IT50 values
were calculated using the logistic 4-parameter function
(Origin (version 9.0)).

For each experiment, the acquired EIS data on the micro-
electrode arrays were processed and averaged. Each experi-
ment was repeated at least twice using a minimum of 12 and a
maximum of 18 interdigitated electrodes n =12 or 18. Data
are presented as average + standard deviation.

(1)

Real-time BF imaging

Real-time BF imaging was performed to support the EIS data
by following the same protocol. HT1080 were seeded at the
density of 7.5 x 10* cells/cm? on laminin-modified transparent
96-well plates. BF imaging was performed using the
oCelloScope microscope scanning system (Philips BioCell
A/S, Allered, Denmark), located in a standard cell culture
incubator and maintained at 37 °C. Images were acquired
every 20 min for the first 6 h and every 2 h over the last
64 h. Three independent experiments were performed in qua-
druplicate and cells were monitored for changes in morphol-
ogy. The percentage of covered area was extracted from raw
images using a dedicated MatLab script by Philips BioCell
ASS.

Results

Chemotherapy represents one of the most commonly used
therapeutic strategies for treating cancer [29-31]. TDDSs
have been developed to increase the efficacy of treatment by
specifically targeting the tumour, thereby reducing side effects
of the administered drugs [32]. With the help of TDDSs, an-
ticancer drugs can be directed to the tumour site, resulting in
locally increased drug concentration and/or decreased expo-
sure of healthy tissue [33]. During the past 40 years, liposomal
TDDS have been in the spotlight for anticancer drug develop-
ment [34, 35]. Although most liposome-based TDDS
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strategies employ PEG to obtain stable and long circulating
formulations [36], this modification has shown to reduce cel-
lular endocytosis and release of the cargo [37]. Both intrinsic
and extrinsic stimulation strategies have been pursued to en-
sure a specific drug release trigger at the tumour site, follow-
ing more efficient endocytosis. Intrinsic stimulation strategies
exploit biochemical differences between healthy and cancer
cells, such as pH [38] and local expression of tumour-specific
enzymes [39], while extrinsic stimulation strategies involve
temperature-, light- and magnetic field—induced release [40].
MMPs are overexpressed in a wide range of tumours; there-
fore, these specific enzymes have been used in the develop-
ment of tumour-specific drug delivery systems [41]. In fact,
this group of extracellularly secreted enzymes is known to be
involved in several processes of cancer development, includ-
ing angiogenesis, invasion and metastasis, as they take part in
the proteolysis of the extracellular matrix proteins and base-
ment membranes [42]. Therefore, the ability of MMPs to de-
grade peptides and proteins is exploited to trigger and control
the liposomal drug release at the tumour site by using ad hoc
engineered liposome carriers [43]. Liposomes can be
functionalised with a lipid anchor coupled to a peptide
(lipopeptide), containing an MMP cleavage site, which is
cleaved by overexpressed MMPs in the tumour. The MMPs
can also cleave off PEG-modified peptides present on the
surface of the liposome membrane, leading to de-
PEGylation and electrostatic attraction of the subsequently
positively charged liposomes to the cancer cell surface and
subsequent internalisation (Fig. 1) [43].

Optimisation of cell seeding density

To ensure reliable EIS-based cytotoxicity assays, the initial
cell density must be optimised. As previously described
[17], the optimal seeding density must provide control growth
curves characterised by a stable steady state for the entire
duration of the experiment. Different densities (2.5 x 104,
7.5 x 104, 1x10° cells/cmz) of HT1080 cells were seeded
and their proliferation was continuously monitored over
70 h. Figure 2 a shows the CI profiles over 70 h related to
the adhesion and proliferation of HT1080 cells. Both 7.5 x 10*
and 1 x 10° cells/cm?” provide a steadily increasing CI profile
until reaching a plateau (CI=1.1 and 1.3) 60 and 50 h after
seeding, respectively. Reaching a plateau reflects the estab-
lishment of a confluent cell layer on the microelectrode array
surfaces. For the lower cell density (2.5 x 10* cells/em?), a
20 h lag phase is observed, followed by a slow but steady
increase in CI. Although all tested cell densities could in prin-
ciple be used for cytotoxicity experiments, higher cell seeding
densities provide better signal-to-noise ratio and, after
reaching a steady state, proliferation can be monitored for a
sufficiently long period to facilitate a reliable performance of
the assay. A cell density of 7.5 x 10* was chosen for all

subsequent experiments to obtain approximately 20% cell
coverage 24 h after seeding. This results in a growth curve
characterised by a stable steady state as well as good signal-to-
noise ratio.

Cytotoxicity of free OxPt

OxPt is a third-generation platinum-based anticancer drug
[44] which has shown potency against a wide range of cancer
cells, both in vitro and in vivo [45]. In clinical applications, it
is used as a chemotherapeutic agent for the treatment of met-
astatic colorectal carcinoma in combination with
fluoropyrimidines [46]. Among the several mechanisms of
action that have been proposed for OxPt, the main accepted
one is related to DNA intercalation and damage, resulting in
cell growth inhibition and apoptosis [47]. The cytotoxic effect
of different concentrations of free OxPt on HT1080 cells was
first evaluated using the MTS end-point assay, which reflects
decrease in the mitochondrial metabolism [10]. Based on the
linear portion of the plotted MTS assay results (Fig. 2b), final
OxPt concentrations of 0 (control), 25, 50, 100 and 200 uM
were chosen for the EIS assay (Fig. 2¢). Cells were seeded on
the microelectrode arrays with an initial density of 7.5 x 10*
cells/cm?. Ten hours after cell seeding, OxPt was added to the
cell media to achieve above-mentioned final concentrations.
Figure 2 ¢ shows the real-time cytotoxicity response of
HT1080 cells to the different OxPt concentrations (presented
as relative CI where 100% indicates the value for each popu-
lation before introduction of OxPt). As seen, the control ex-
periment shows a steady CI profile for the entire duration of
the experiment. The cytotoxic response is, as expected, faster
with increasing OxPt concentrations (Fig. 2¢). The CI profiles
related to 25, 50, 100 and 200 uM OxPt show an initial in-
crease, which after 10, 20 and 30 h, respectively, is followed
by a subsequent decrease towards 0. In our previous studies,
performed using the same microelectrode array chip under
both static and perfusion conditions [17], the same increase
in CI behaviour was observed and found to be due to an
intensified cellular metabolic activity [48, 49] as well as
changes in cell morphology and adhesion properties in re-
sponse to stress induced by accumulation of the drug before
onset of cell death [17, 50]. To quantify and compare the
cytotoxic effect of different OxPt concentrations, the IT50
values (Fig. 2d) were calculated for each condition, based on
the data presented in Fig. 2¢, showing a clear decrease in IT50
with increasing OxPt concentration.

Cytotoxicity of OxPt-loaded liposomes
The cytotoxic effect of OxPt-containing MMP-sensitive
PEGylated liposomes (PEG-Lipo-OxPt) was assayed and

compared with free OxPt. Although, HT1080 cells overex-
press MMPs both in vitro and in vivo [43], to mimic the
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Fig. 2 Evaluation of cytotoxicity of free OxPt on the HT1080 cell line
using real-time EIS and end-point MTS assay. a Optimisation of cell
seeding density for EIS measurements. b MTS assay evaluating cell
viability at different concentrations of free OxPt at different end-points.
¢ Real-time EIS assay evaluating cell viability at different concentrations

cleavage by MMPs, de-PEGylation of the PEG-Lipo-OxPt
with the protease thermolysin was also performed, generating
De-PEG-Lipo-OxPt, which was used as a de-PEGylation con-
trol for the cytotoxicity assay. De-PEGylation by MMPs or
thermolysin leads to the generation of cationic liposomes,
electrostatic attraction of the positively charged liposomes to
the cancer cell surface and subsequent internalisation (Fig. 1)
[43].

To perform real-time EIS assays, HT1080 cells were seed-
ed on the microelectrode arrays with the same initial density of
7.5 x 10* cells/cm? as above. Ten hours after cell seeding, the
different compounds (free OxPt, PEG-Lipo-OxPt, De-PEG-
Lipo-OxPt) were added to the cell media to achieve a final
concentration of 100 uM OxPt. A control experiment was
performed in drug-free medium. Figure 3 a shows the cyto-
toxic response of HT1080 cells to the different OxPt-
containing liposome formulations compared with the effect
of free OxPt. The control (without drug) shows a stable CI
profile after reaching confluence. When the cells were ex-
posed to PEG-Lipo-OxPt, the impedance profile showed a
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Concentration (uM)

of free OxPt. d Half maximal inhibitory time (IT50) extracted from ¢ for
the different concentrations of free OxPt. For b—d, the cell seeding density
was always 7.5 x 10* cells/cm?. Standard deviation where calculated
based on n=12-18 (a, ¢ and d) and n =3 (b)

negative CI peak down to 80% during the first 5 h after drug
addition, followed by a continuous increase until the onset of
the cytotoxicity at a CI of 140%, 25 h after addition of the
drug. Likewise, De-PEG-Lipo-OxPt induces a similar but
more pronounced response with a negative CI peak in the first
5 h after drug addition, down to 50% which increases up to
200% until the start of cytotoxicity at 25 h after addition of the
drug. Compared with free OxPt, the cytotoxic effect of the
liposome formulations (PEG-Lipo-OxPt and De-PEG-Lipo-
OxPt) is slower. However, both formulations lead to (i) a
decrease in CI in the initial 5 h, (ii) a dramatic CI increase
up to 26 h post drug addiction and (iii) onset of cytotoxicity
and cell death 70 h after drug treatment.

The behaviour of PEG-Lipo-OxPt and De-PEG-Lipo-OxPt
compared with free OxPt is expected and can be explained by
a slower release of the drug when contained in a liposome
formulation. The cytotoxicity of free OxPt is faster with cell
death appearing already 10 h after drug addition, when a slow
decrease in CI towards O takes place. The slower effect of
PEG-Lipo-OxPt compared to De-PEG-Lipo-OxPt is likely
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Fig. 3 Real-time EIS monitoring of the effect of different formulation of
OxPt on HT1080 cells. a Signal recorded when cells where incubated
with free OxPt, PEG-Lipo-OxPt and De-PEG-Lipo-OxPt. b Signal

due to the low MMP expression of HT1080 cells in vitro and
as consequence an incomplete cleavage of the PEGylated pep-
tides, thus reduced uptake and degradation of the liposomes.
Figure 3 b shows the CI profile recorded after exposure of
cells to OxPt-loaded Stealth liposomes. These liposomes are
not sensitive to extracellular MMPs and cannot be degraded
and should thus not have any cytotoxic effect. An initial large
Clincrease is however seen followed by a stabilisation around
a CI of 100%. Previously, it was found that Stealth do have a
low toxicity, suggesting a low spontaneous drug leakage (un-
published work), and low cell toxicity which is in good agree-
ment with our finding (Fig. 3b).

The initial negative CI peak obtained from PEG-Lipo-OxPt
and De-PEG-Lipo-OxPt was not observed for free OxPt or
Stealth and can be due to different mechanisms of cell endo-
cytosis for liposomes [51] compared with free drugs. The
more pronounced initial negative CI peak for De-PEG-Lipo-
OxPt suggests more effective endocytosis of these liposomes,
due to the direct exposure of cells to cationic lipids.

In order to further interpret and understand the EIS data, we
used real-time BF imaging as a comparison. The HT1080 cells
were seeded at 7.5 x 10* cells/cm” on laminin-modified trans-
parent 96-well plates (the same conditions and density as on
the microelectrode array). The cell growth and the effect of
liposomal formulations were monitored for 70 h.

The morphological changes in the HT1080 cells, induced
by free and OxPt-loaded liposomes, were recorded with real-
time BF imaging and compared with real-time EIS data, as
shown in Fig. 4 (see also Electronic Supplementary Material
videos V1 _Control, V2 FreeOxPt, V3 PEG-Lipo-OxPt,
V4 De-PEG-Lipo-OxPt and V5_Stealth). When evaluating
BF images recorded from cells exposed to free OxPt (Fig.

b 250
—=— Control
—— Stealth
200
9
< 1504
e
D
=
=
= 100~
7}
Q
50
0 T T T T T T
0 10 20 30 40 50 60 70

Time (hours)

recorded in presence of OxPt-loaded Stealth compared with the signal
in absence of the drug (control). Standard deviation where calculated
based onn=12 or 18

4F-H), no morphological changes are observed. The cell
death shown in Fig. 41-J correlates well with the EIS data with
a CI approaching 0 at 70 h. It should be noticed that for the
control, the CI was stable and cells alive, covering the bottom
of the cell culture plate after 70 h (Fig. 4A-E).

Endocytosis has previously been described as a result of
morphological changes of the plasma membrane [52], which
leads to a temporary decrease in cell adhesion. As can be seen
in Fig. 4L and Q, when cells are exposed to PEG-Lipo-OxPt
and De-PEG-Lipo-OxPt, they tend to round up and hence
decrease their adhesion to the surface. For both formulations,
the rounding up of cells after 5 h correlates well with the initial
abrupt dip in the CI measured with EIS at the same time point.
Subsequent re-adhesion of cells can be observed after 10 h
(Fig. 4M and R), which also can be followed by EIS as a
continuous increase in the CI until about 26 h, when cell death
sets in. From the BF images (Fig. 4N and S), no significant
difference can be seen in cell morphology upon treatment with
PEG-Lipo-OxPt and De-PEG-Lipo-OxPt. On the other hand,
this can clearly be distinguished using EIS. As previously
presented, the increase in Cl is attributed to intensified cellular
metabolic activity [48, 49] as well as changes in cell morphol-
ogy and adhesion properties in response to stress before onset
of cell death [17, 50]. When assessing the effect of the Stealth,
BF images (Fig. 4U—X) do not show any significant difference
in comparison with the control (Fig. 4A-D). However, EIS
measurements show an increase in CIuntil 26 h, followed by a
return to the initial CI. The observed increased in CI cannot be
readily explained, since the Stealth formulation should not be
taken up by the cells. The return of the CI to the initial level
indicates that Stealth only has a marginal toxic effect, which
also can be seen in Fig. 4Y.
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Fig.4 Representative real-time BF images (right) and EIS data (left, from
Fig. 3) of HT1080 cells recorded under the same conditions in the
absence (control) and presence of free OxPt and when exposed to

The relative surface coverage was calculated after 5 and
12 h, for BF images using the MatLab script (Philips
BioCell A/S), and for EIS data from the relative decrease in
CI, for PEG-Lipo-OxPt and De-PEG-Lipo-OxPt (Fig. 5).
Based on the information gathered from BF images, the effect
of the two liposomal formulations cannot be distinguished;
however, when looking at the EIS data, we observe a signif-
icant difference between PEG-Lipo-OxPt and De-PEG-Lipo-
OxPt, which clearly shows that EIS is more sensitive to cell
morphological changes than BF imaging.

Conclusions

Our findings show the benefit of using real-time detection
methods such as EIS for evaluating cytotoxic effects and the

@ Springer

different liposomal formulations: PEG-Lipo-OxPt, De-PEG-Lipo-OxPt
and OxPt-loaded Stealth. The arrows in the EIS figures indicate 0, 5,
10, 26 and 70 h. All scale bars in A—Y are 50 um

ability to record endocytosis events in cells. Real-time BF
imaging was used to visualize cell morphological changes in
order to explain the EIS results, especially during the first 5 h
when a short-term decrease in CI was observed representing
endocytotic events. The BF images clearly show a rounding
up of cells, detachment and a subsequent drastic decrease in
the cell coverage during these first 5 h for OxPt-loaded lipo-
somes (except for Stealth), which is a hallmark of liposome
endocytosis. This overall EIS response can be divided into
three different stages: (i) a decrease in CI within the first 5 h,
i.e. the same time point for which BF images show rounding
up and detachment of cells, demonstrating the capability of
EIS to record liposome endocytosis; (ii) reattachment of cells
and a subsequent increase in CI until onset of cytotoxicity; and
(iii) decrease in CI due to continued cytotoxicity. This behav-
iour was not observed when using free OxPt or OxPt-loaded
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Fig. 5 Comparison of relative decrease in surface area coverage (%)
between EIS and BF data after 5 and 12 h, for OxPt-loaded PEGgylated
(PEG-Lipo-OxPt) and de-PEGylated (De-PEG-Lipo-OxPt) liposomes.
Relative surface coverage was calculated from MatLab script for BF
images, and from CI for EIS data

Stealth liposomes, which do not undergo endocytosis. When
comparing the events recorded for PEG-Lipo-OxPt and De-
PEG-Lipo-OxPt, EIS was shown to be more sensitive to the
changes in cell morphology induced by liposome endocytosis
than BF imaging.
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