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for nuclear-targeted delivery of doxorubicin†
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Targeted delivery offers solutions for more efficient therapies with fewer side effects. Here, lipopeptides

(LPs) prepared by conjugation of the nuclear-targeting peptide analogue H-YKQSHKKGGKKGSG-NH2

(NrTP6) and two lauric acid chains are used to encapsulate the chemotherapeutic agent doxorubicin (DX)

through a solvent-exchange protocol. LPs spontaneously form nanosized rod-like assemblies in phos-

phate buffer. DX is trapped in the peptide regions of the assemblies. Confocal laser scanning microscopy

shows that the peptide assemblies translocate into the nucleus. Cytotoxicity studies over 72 h in A549 and

HeLa cancer cell lines show less toxicity for the LP encapsulated DX than for free DX. In contrast, subtoxic

doses of encapsulated DX are more effective than free DX in avoiding colony formation over 14 days, with

a complete absence of colonies for the LP-encapsulated DX. The results show a more efficient and slow

delivery of DX to the nucleus through LP encapsulation, paving the way for the use of lower DX doses as a

chemotherapeutic agent.

1. Introduction

Nucleolar targeting peptides (NrTP), capable of targeting the
nucleoli in the cells, were prepared through minimization of
crotamine, one protein component of the venom toxin derived
from the South American rattlesnake Crotalus durissus terrifi-
cus. NrTP consists of the residues (1–9)–(38–42) of crotamine
that correspond to the N- and C-termini, respectively.1 The

analogue H-YKQSHKKGGKKGSG-NH2 (NrTP6), in which Cys 4
was replaced by a Ser residue, resulted in a cell-penetrating
peptide (CPP) with low cytotoxicity.1–3 In a previous work,4 we
have described the synthesis and the self-assembly behaviour
of lipopeptides produced by anchoring 1, 2, and 4 lauric acid
chains, a linear twelve-carbon chain saturated fatty acid, to
NrTP6.5,6 The lipopeptides resulting from the conjugation of
NrTP6 and lauric acid form spherical, fibre-like, or rod-like
structures depending on the number of lipid chains in the
molecule, ionic strength, and the presence of phosphate
ions.7,8 The nanoscale structures formed by the self-assembled
lipopeptides show hydrophilic and hydrophobic regions,
corresponding to the peptide chains and the lipid domains,
respectively. The peptide is more voluminous than the lipid
and the structures formed are multilamellar. The presence of
lipid and peptide domains in the assemblies allows for the
encapsulation of both hydrophobic and hydrophilic drugs.
The targeting properties of NrTP6 make these assemblies par-
ticularly appealing for the delivery of drugs that need to be
directed to the nucleus for therapeutic action.

In this work, we explore the use of NrTP6 peptides with two
lauric acid chains (from now on LP, lipopeptide) for the deliv-
ery of doxorubicin (DX), a well-known chemotherapeutic agent
belonging to the anthracycline family. DX intercalates between
adjacent base pairs of DNA, interfering with both cell trans-
lation and replication and triggering cell death. DX has high
water solubility and can usually be administered without a
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carrier.9,10 Moreover, free DX easily enters cells, crossing cell
membranes and translocating into the nucleus. However, the
intravenous administration of non-encapsulated DX has
several drawbacks, as the drug can enter any cell, not just the
tumour site, and in addition, DX is cardiotoxic. Therefore,
there is a need for carriers that direct DX towards the tumour
and that ensure efficient nuclear delivery, which will help
reduce the amount of DX required for therapy and undesired
side effects.11–14 We will show here the cell uptake and intra-
cellular localization of LP assemblies, demonstrating that they
retain the nuclear-targeting properties of the unconjugated
peptides. Then, we will show DX encapsulation in the lipopep-
tides and conduct cell proliferation studies in selected cancer
cell lines after DX administration. The long-term action of the
formulation on cancer cells will be assessed by its capacity to
prevent cell colony formation. We will demonstrate that sub-
lethal doses of encapsulated DX are more efficient than free
DX in decreasing colony formation because of the targeted
delivery of DX when encapsulated in the assemblies.

2. Experimental
2.1. Materials

Doxorubicin, sulforhodamine B, and trichloroacetic acid were
purchased from Merck, Darmstadt, Germany.
Paraformaldehyde and nuclear staining Hoechst 33342 were
purchased from Thermo Fisher Scientific, Waltham, MA, USA.
Three cell lines were used: A549 (lung carcinoma) purchased
from Merck Darmstadt, Germany; HeLa (cervical adeno-
carcinoma) and MRC-5 (human lung fibroblasts) purchased
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). All three cell lines were cultured in Dulbecco’s
Modified Eagle’s medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% foetal bovine serum, strep-
tomycin (100 mg mL−1) and penicillin (100 UI mL−1), at 37 °C
and 5% CO2.

2.2. Lipopeptide synthesis

The peptide NrTP6 is synthesized by the Solid Phase Peptide
Synthesis (SPPS) technique through the Fmoc/tBu strategy.
The peptide is synthesized using a microwave peptide synthesi-
zer (CEM). NrTP6 has 14 amino acids with the sequence
YQSHKKGGKKGSG. Fmoc rink amide resin (390 mg,
0.64 mmol g−1 loading) is used as the solid support. A scale of
0.1 mmol is used. First, the resin is swelled in DMF; then,
Fmoc is removed using 20% piperidine/DMF. A 0.2 M concen-
tration of Fmoc amino acid is coupled for 2 min, using 0.5 M
DIC/Oxyma as the coupling reagents. After each coupling,
Fmoc is removed with 20% piperidine/DMF. Following the
coupling of all amino acids, the resin is removed from the
synthesizer and the peptide continues manually to couple the
fatty acids. Dodecanoic acid was used as the fatty acid in all
the lipopeptides. To incorporate two lauric chains, one Fmoc-
Lys(Fmoc)-OH is used for branching, and Fmoc is removed
and the lauric acid is coupled to give FA2-NrTP6.

2.3. Doxorubicin encapsulation in LP

To encapsulate DX in LP, both LP and DX were dissolved in
ethanol and mixed at a molar ratio of 3 : 1, respectively. Then,
ethanol was allowed to evaporate at 37 °C, and the resulting
powder was dissolved in 2 mM phosphate buffer (PB) to
achieve a final DX concentration of 1 mg ml−1. The suspension
was stirred for 24 h. Further dilutions were performed in
water. In each step of complexation and experimental hand-
ling, DX was carefully protected from environmental light.

2.4 Fluorescence spectroscopy

The drug encapsulation was monitored by fluorescence spec-
troscopy using the following parameters: wavelength range of
500–700 nm, excitation wavelength of 470 nm, emission and
excitation slit of 2.5 nm, scan speed of 200 nm min−1 and 10
accumulations. The emission spectra of DX were recorded
before and after encapsulation in LP. The ratio of the peaks of
the fluorescence intensity spectra of DX at 560 and 590 nm
was calculated to assess the polarity of the DX environment.

2.5 1H and DOSY NMR

All samples were dissolved in D2O and placed in 5 mm NMR
tubes. All NMR data were collected on a Bruker AVANCE III
NMR spectrometer (11.7 T) equipped with a 5 mm1H/19F BBI
probe with an actively shielded z-gradient that was used in
combination with a Bruker gradient amplifier providing a
maximum current of 10 A, which results in a 65 G cm−1 gradi-
ent. 1H diffusion NMR measurements15 were performed
without sample spinning at 298 K, using a stimulated echo
with bipolar gradient pulses from Bruker’s sequence library
(ledbpgp2s) with the following parameters: 16 k acquisition
complex points, SW 14 ppm, NS 240, DS 16, D1 2 s, D2O (little
delta) 0.6 s, P30 (big Delta/2) 1.8 ms, and 32 equally spaced
gradient strengths from 5 to 95%.

2.6 Transmission electron microscopy (TEM)

TEM analysis was performed with a JEOL JEM-2100F UHR
microscope operating at an acceleration voltage of 200 kV.
Carbon films (Aname, CF400-CU) were pre-treated in a glow
discharge chamber Emitek K100X (2 min, 35 mA). LP-DX solu-
tion (0.5 μL) was deposited on an activated carbon grid for
1 min. Staining was carried out with (NH4)2MoO4 (2%, 2 μL)
for 1 minute. Excess solution was removed by blotting using
filter paper. The sample was washed once with 5 μL of Milli-Q
water.

2.7 Dynamic light scattering (DLS)

Samples were analyzed for size distribution and zeta potential
using a Malvern ZetaSizer Nano ZSP with dynamic light scat-
tering with a DTS1070 cell at 25 °C with backscatter. The
measurements were done in triplicate.

2.8 DX release in vitro

The in vitro release of DX from LP-DX was assessed in 2 mM
PB with pH 7.4 using a dialysis method. LP-DX samples equi-
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valent to 0.1 mg of DX were dissolved in 1 mL of PB, placed in
Spectra-Por® Float-A-Lyzer® G2 (5 mL, MWCO 3.5–5 kDa)
dialysis tubes and dipped in 15 mL of 2 mM PB. The release
was allowed to proceed under stirring (200 rpm) at 37 °C for
96 h. The outer membrane buffer was completely replaced
with fresh pre-warmed buffer at different times (1 h, 2 h, 4 h,
6 h, 8 h, 24 h, 48 h, and 96 h), freeze dried, dissolved in 1 mL
of Milli-Q H2O and analysed. The amount of DX in the release
buffer was measured by fluorescence spectroscopy at 560 nm
and the cumulative release data were obtained using a cali-
bration curve for DX. Data were obtained as the average of two
independent experiments.

2.9 Flow cytometry

To study DX uptake via flow cytometry, A549 cells were seeded
at a density of 5 × 104 cells per well in 24-well plates. The fol-
lowing day, the cells were treated with free or encapsulated DX
at concentrations of 0.1 and 1 µg mL−1. At 4, 24 or 48 h, the
medium was removed, and the cells were rinsed with phos-
phate-buffered saline (PBS) and detached, rinsed with cycles of
centrifugation (300 g, 5 min, and room temperature) and
resuspension in PBS. Then, the cells were resuspended in 4%
paraformaldehyde (PFA) for 10 min to fix them and then
rinsed with additional cycles of centrifugation and resuspen-
sion in PBS. Finally, the cells were resuspended in 200 µl prior
to analysis. Flow cytometry studies were performed on a
MACSQuant10 flow cytometer (Miltenyi Biotec GmbH). DX was
excited using a 488 nm laser and the signal was acquired using
a 525/50 band-pass filter. Data were analysed using
MACSQuant Software: the cell population was gated according
to morphology, singlets and DX fluorescence. The data are
expressed as the percentage of DX-positive cells relative to the
parental population.

2.10 Confocal laser scanning microscopy (CLSM)

To study DX uptake via CLSM, A549 cells were seeded at a
density of 2 × 104 cells per well in 8-well-Ibidi plates. The fol-
lowing day, the cells were treated with free or encapsulated DX
at concentrations of 1 and 5 µg mL−1. At 4, 24 or 48 h, the cells
were rinsed with PBS and fixed using 4% PFA for 10 min. The
cells were rinsed with PBS and nuclei were stained with
Hoechst 33342 (Invitrogen, Waltham, MA, USA) following
company instructions. Images were acquired on a Zeiss LSM
880 confocal microscope (Carl Zeiss Microscopy, Jena,
Germany). For the visualization of Hoechst 33342, fluorescein-
labelled LPs and DX, 405 nm, 488 nm, and 561 nm were
chosen as the excitation wavelengths, respectively. The exci-
tation at 561 nm for DX was chosen to avoid the excitation of
fluorescein and to be sure that all fluorescence at this wave-
length comes from DX. All CLSM experiments were performed
with the same settings. For colocalization analysis of confocal
images, several regions of interest (ROIs) were selected in each
acquisition. The Pearson’s coefficient r for colocalization was
calculated using ImageJ software. Each event was then rep-
resented in the plot and the mean and SD are represented.
The statistical analysis was performed as described above.

2.11 Cell viability assay

For cytotoxicity evaluation of DX and LP-DX on cancer cell
lines HeLa and A549, and non-cancerous lung fibroblast cell
line MRC-5, the cells were seeded in a 96-well plate at a density
of 5–7.5 × 103 cells per well for 24 h and then treated with free
DX or LP-DX at increasing concentrations (0–10 µg mL−1) in
complete media. After 24 h, the supernatant was discarded,
and the sulforhodamine B (SRB) assay was performed as
described previously.16 The absorbance was measured at
570 nm using a Synergy H1 Multi-Mode Reader (BioTek
Industries, Inc., VT, USA). As compared to the untreated
control, the percentage of cell viability in treated wells was cal-
culated using the following equation: cell viability (%) =
(absorbance of treated cells/absorbance of control) × 100. The
viability inhibition concentrations at 50% (IC50) were then cal-
culated using GraphPad Prism 8.0 (San Diego, CA, USA) by
plotting absorbance data against the concentrations tested for
each sample.

For the cell proliferation assay, HeLa and A549 cells were
seeded at 5 × 103 cells per well for 24 h and then treated with free
DX or LP-DX at concentrations of 0, 0.04, 0.016, and 0.625 µg
mL−1 for 24, 48, and 72 h. After the indicated times, cell viability
was determined by the SRB assay as described above.

2.12 Colony formation assay

HeLa or A549 cells were seeded into 6-well plates with 500
cells per well and treated with a non-toxic dose of DX and
LP-DX for 48 h, after which the medium was replaced with the
normal medium and further cultured for 7 or 14 days. Blank
lipopeptides were used as a control. Colonies were fixed with
fixation solution (acetic acid : ethanol; 1 : 3) and stained with
0.1% crystal violet solution (Sigma). Colonies were imaged
using a digital camera and were counted with ImageJ software
(National Institutes of Health (NIH), Bethesda, MD, USA).

2.13 Statistical analysis

All the data were expressed as mean ± standard deviation (SD).
All the statistical analyses (Student’s t-test/one-way ANOVA)
were performed using GraphPad Prism 8.0 software (San
Diego, CA, USA). A statistical difference of p < 0.05 was con-
sidered significant.

3. Results and discussion

The chemical formula of NrTP6 with two lauric chains (LP,
lipopeptide) is shown in Scheme 1 together with the formula
of DX. DX was encapsulated in the LPs as explained in the
Experimental section. Both DX and the lipids were dissolved
in ethanol. The ethanol solutions of DX and LPs were mixed,
and the solvent was evaporated. The solid residue was resus-
pended in PB. 1H NMR spectra of DX, LP and LP-DX were
recorded (Fig. S1†). NMR peaks corresponding to both DX and
LP were found in the LP-DX spectra, but the signals were
broader than in the spectra of individual molecules,
suggesting the formation of a supramolecular structure and
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the complexation of DX with the LPs. In parallel, DOSY NMR
experiments showed that the encapsulation of DX was com-
plete (Fig. 1A). Diffusion times of free DX (red points, D = 1.99
× 10−6 cm2 s−1) could not be detected in the LP-DX formu-
lation (green, D = 3.49 × 10−7 cm2 s−1), which showed a single
diffusion time, meaning that no free DX is present and all DX
is encapsulated in the LPs.

DX was dissolved in ethanol in its protonated form,
DX·HCl, and it can be expected to remain protonated when
resuspended in water. Anthracyclines like DX are fluorescent,
and their fluorescence spectra are very sensitive to the polarity
of the environment. The fluorescence spectrum of encapsu-
lated DX is shown in Fig. 1B (DX in red and LP-DX in green).
The ratio of the intensity of the first and second emission
bands of DX (I1, 560 nm and I2, 590 nm, respectively), I1/I2,
used as a measure of polarity, had a value of 0.55, very close to
the I1/I2 of DX in water (0.52). If DX were in the hydrophobic
regions of the lipopeptide, the I1 intensity would increase and
I1/I2 would be larger than 1.11 Since we know from DOSY
experiments that DX was all encapsulated, we can conclude
that the molecule is located in the hydrophilic regions of the
assembly, probably trapped by hydrogen bonding interactions
between the peptides and DX. TEM images (Fig. 1C) show that
the assemblies with DX form nanorod structures with lengths
around 150 nm (Fig. 1D) and diameters of 20 nm. From the
size distribution analysis, we can conclude that most of the
rods have sizes between 100 and 200 nm but larger rods, up to
600 nm, can also be found. The observed diameter indicates
that the assemblies are multilamellar structures as observed

for the lipopeptides without encapsulated drugs in a previous
paper. The assemblies showed a zeta potential of +25.5 mV,
indicating positive charges.4 The in vitro release of DX from
DX-LP was performed in 2 mM PB (pH 7.4) at 37 °C, simulat-
ing physiological conditions. The cumulative release of the
drug was plotted against time (Fig. 1E) in order to obtain the
drug-delivery profile and analyse the release mechanism. The
release of DX is slow with a total amount of DX released after
96 h corresponding to 8% of the initial amount.
Physicochemical characterization of the assemblies leads us to
conclude that these are nanorods and that DX is located in the
peptide regions of the LP assemblies as sketched in Scheme 1.

Following the physicochemical characterization of the lipo-
peptide formulation with DX and having proved that DX was
successfully encapsulated, we proceeded to study the cell
uptake and DX delivery with the LPs by CLSM and flow cyto-
metry and by means of cell proliferation and colony assays.

Fig. 2A shows the CLSM images of A549 cells exposed to LP
with encapsulated DX and to free DX as a control. The cell
nucleus was stained with Hoechst 33342 for visualization. The
experiments were carried out at a concentration of 1 µg mL−1.
Free DX can be visualized in the nucleus after just 4 h. At 4
and 24 h, the DX intensity increases but at 48 h it largely
decreases, meaning also that the DX uptake is fast, being at
maximum before 48 h.

DX encapsulated in the LP can be barely seen in the
nucleus at 4 h but is present in the cytoplasm. Over longer
times, fluorescence around the nucleus increases, while at
48 h the fluorescence intensity starts decreasing. However, at

Scheme 1 Chemical structure of the NrTP6 lipopeptide (LP) with two lauric acid chains (A) and doxorubicin (DX) (B), and sketch of the nanorod
complex formed by DX and LP (C).
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48 h some LP-treated cells show colocalization of DX and
nuclear staining (blue and red light appear as pink), and the
nuclear morphology strongly suggests ongoing toxic action
(white arrows in Fig. 2), while other cells show a perinuclear
localization of DX, almost forming a halo around the nucleus
(white star in Fig. 2). This is indicative of a more progressive
uptake of the encapsulated DX by the cells. Colocalization of
DX and the nuclei was quantified via Pearson’s coefficient
(Fig. 2B) and confirmed this behaviour: at 4 h no clear corre-
lation is observed for free and encapsulated DX, possibly
because, as Fig. 2A shows, only some cells have already taken

up DX in the cells. At 24 hours, DX colocalizes with nuclear
staining (Pearson’s coefficient r 0.45 ± 0.19, indicating a mod-
erate correlation), while LP-DX does not show any significant
correlation at this time point. However, at 48 hours, the encap-
sulated DX shows moderate colocalization (Pearson’s coeffi-
cient r 0.63 ± 0.22), while the colocalization of free DX and
nuclei decreases (Pearson’s coefficient r 0.19 ± 0.16). These
data suggest a slower internalization and targeting of the
nucleus, by the encapsulated DX.

We also performed uptake experiments with LPs labelled
with fluorescein, which allows us to trace the location of the

Fig. 1 LP-DX physico-chemical characterization. (A) Independent DOSY NMR experiments in D2O: free DX in red and LP-DX in green. (B)
Fluorescent emission of free DX (red curve) and LP-DX (green curve), excitation at 490 nm and DX concentration: 0.06 mg ml−1. (C) TEM image of
LP-DX and scale bar: 500 nm. (D) Length distribution of LP-DX nanorods measured by TEM. (E) Kinetic study of the release of DX from LP-DX in
2 mM PB (96 h). Values are expressed as the mean of two independent experiments.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 4659–4669 | 4663

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/3

/2
02

6 
10

:4
1:

14
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04068f


Fig. 2 Confocal laser scanning microscopy of free and encapsulated DX. (A) CLSM images of A549 cells treated with 1 µg ml−1 of DX (free DX, left),
encapsulated DX (LP-DX, center) and mock-treated cells (control, right) at 4, 24, and 48 h. Reference bars equal to 20 µm. Blue: nuclei; red: DX;
pink: colocalization. White arrows point to nuclei with ongoing changes in morphology. The white star marks a cell with its nucleus surrounded by a
halo of DX. (B) Pearson’s correlation coefficient, r, at. 4, 24, and 48 h calculated to assess colocalization of nuclei staining (Hoechst 33342) and DX.
Each event reported for each condition is represented by a symbol, with the mean and SD. **p < 0.01, ***p < 0.001.
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lipopeptides in the cell. Fluorescein and DX fluorescence were
resolved without spectral overlap after laser adjustment.
Confocal images of the labelled LPs are shown in Fig. 3. LP
and DX fluorescence colocalize in the cytoplasm at 4 and 24 h,
and later at 48 h in the nucleus, and this suggests that DX is
reaching the nucleus encapsulated and it is liberated there,
rather than being released in endosomes. In the time frame of
our measurements, 48 h, we are unable to visualize DX fluo-
rescence not colocalizing with LP fluorescence, which suggests
that DX is retained in the LPs or if liberated remains close to
the LPs, and it is not possible to discriminate free and encap-
sulated DX with the resolution of confocal microscopy.
However, flow cytometry data and proliferation studies suggest
that DX is released slowly from the LPs.

We performed flow cytometry measurements to quantify
the uptake of LP-DX in A549 cells, assessing the fluorescence
intensity, coming from DX, at the cell level. The uptake studies
are shown in Fig. 4 and correspond to free and encapsulated
DX in A549 at 0.1 µg mL−1 DX. At 4 h, a small percentage of
cells already started the uptake of DX. Free DX uptake is
slightly faster than that of encapsulated DX (15.5% and 12% of
DX-positive cells, respectively). However, at 24 and 48 h, the
LP-encapsulated DX leads to higher percentages of internaliz-
ation compared to free DX, with a difference between encapsu-

lated and free DX of more than 20% at each time point. At
1 µg mL−1, virtually all cells resulted in a positive DX signal at
24 and 48 h, while at 4 h the percentage of DX-positive cells
was higher for encapsulated DX (data not shown). For the

Fig. 4 Percentage of DX positive A549 cells following exposure to
0.1 µg mL−1 of free or encapsulated DX (LP-DX), at 4, 24, and 48 h, as
measured by flow cytometry. Error bars represent the standard deviation
of duplicate samples. Each treatment condition is compared to the
untreated control at the corresponding time point, and significance is
calculated using an ANOVA test: ***p < 0.001.

Fig. 3 Uptake of fluorescein labeled LPs with encapsulated DX (1 µg mL−1) in A549 cells via CLSM. (A) 4 h, (B) 24 h, and (C) 48 h after treatment.
Reference bars represent 20 µm. Blue: nuclei : Hoechst 33342; green: fluorescein-labelled FA2NRP6; red: DX.
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lowest DX concentration used, 0.1 µg mL−1, the uptake of DX
correlates with the time of exposure, peaking at 48 h with
encapsulated DX. The difference in uptake at equal concen-
trations of free and encapsulated DX is due to the different
mechanisms of uptake involved. Free DX diffuses through the
cell membrane, while encapsulated DX enters the cell through
endocytic processes.

However, DX uptake and uptake kinetics may not correlate
with the cell toxicity as DX must reach the nucleus and interca-
late with the nucleic acids to induce toxicity. We have seen
from confocal images that there is a delay in observing DX
fluorescence in the nucleus when it is encapsulated compared
with free DX and that DX may remain encapsulated in the LP

assemblies up to 48 h. Cell proliferation assays were performed
in two cancer cell lines, A549, lung carcinoma, and HeLa cells,
cervical cancer, and in a non-cancerous cell line: MRC-5. HeLa
cells are known to be more DX sensitive than A549 cells.
Experiments were performed at DX concentrations from 0 to
10 µg mL−1 for 24 h. The impact of free DX, encapsulated DX
(LP-DX), and blank LP on cell viability was determined using
the SRB assay. The cytotoxicity of free DX and LP-DX on cancer
cell lines HeLa and A549 and non-cancerous lung fibroblast
MRC-5 cells is shown in Fig. 5A. Both DX and LP-DX are less
toxic to non-cancerous cells but show cytotoxicity in cancer
cells. Free DX and LP-DX showed a dose-dependent cytotoxic
effect in both cancer cell lines, while the blank LP has no

Fig. 5 Cytotoxicity and antiproliferative activity of DX and LP-DX on cancer cell lines HeLa and A549 cells and in the non-cancerous cell line
MRC-5. (A) Cytotoxicity of DX, LP-DX, and LP on cancer cell lines HeLa and A549 and non-cancerous cell line MRC-5. (B) IC50 values derived from
the SRB cytotoxicity assay of DX, LP-DX, and LP in HeLa, A549 and MRC-5 cells. (C) The effect of DX and LP-DX on cell proliferation in HeLa and
A549 cells. Cell viability was determined using the SRB assay. Data are expressed as the percentage of cell viability vs. untreated control cells. Each
value is the mean (± SD) from triplicate experiments. **p < 0.01 and ***p < 0.001 vs. free DX.
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dose-dependent effect. The IC50 values of free DX, LP-DX, and
LP against HeLa and A549 cells are shown in Fig. 5B. For HeLa
cells, IC50 values for free DX and LP-DX were 0.05 µg mL−1 and
0.25 µg mL−1, respectively. For A549 cells, IC50 values for free
DX and LP-DX were 0.41 µg mL−1 and 1.08 µg mL−1, respect-
ively. The results revealed that LP-DX exhibited lower cyto-
toxicity on HeLa and A549 cells compared to free DX, with IC50

values that increased by 5 and 2.6 fold, respectively.
We further compared the antiproliferative activity of free DX

and LP-DX on HeLa and A549 cells at various time points
(24 h, 48 h, and 72 h) (Fig. 5C). At the lowest DX concen-
trations, free DX has a stronger effect on cell proliferation than
encapsulated DX. The decrease in cell proliferation is more sig-
nificant for the free DX at all time points considered. As the
DX concentration increases, the differences in proliferation
between the cell lines diminish. For HeLa cells at the highest
concentration tested, the decrease in proliferation for encapsu-

lated and free DX is practically the same, while for the more
resistant A549, free DX continues to be more toxic. We know
from flow cytometry that the uptake of encapsulated DX is
always higher than for free DX, for the same administered
dose. Therefore, we can safely conclude that the amount of DX
interacting with the nucleic acids in the nucleus is smaller for
encapsulated DX, since toxicity depends on the amount of DX
in the nucleus. However, we observed that the fluorescence
intensity of DX is higher around the nucleus at longer time
points when DX is encapsulated, which corroborates that DX is
trapped in the lipopeptide assemblies and not released.

Since release may take place at a slow pace even if the
encapsulated DX is in close vicinity to the nucleus we decided
to assess the impact of DX over longer periods and we evalu-
ated the action of DX lipopeptide formulations on colony for-
mation.17 For this, cancer cell lines HeLa and A549 were
seeded at 500 cells per well in 6-well plates and then exposed

Fig. 6 Colony formation assay corresponding to HeLa and A549 cells exposed to DX or encapsulated DX (LP-DX). (A) Non-toxic doses of DX or
LP-DX on HeLa and A549 cells were determined after cell treatment for 48 h. (B and C) Colony formation assay of HeLa and A549 after treatment
with subtoxic doses of DX or LP-DX for 48 h and allowed to grow to form visible colonies. The right panel of B and C shows the quantitative analysis
performed using ImageJ software. Each value is the mean (± SD) from triplicate experiments. **p < 0.01 and ***p < 0.001 vs. untreated control; ##p
< 0.01 and ###p < 0.001 vs. DX.
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to free and encapsulated DX in subtoxic doses (corresponding
to a cell viability of more than 80%) for 48 h (Fig. 6A) and
allowed to grow and form colonies for 7–14 days. Subtoxic
doses were confirmed with no cytotoxic effects on non-cancer-
ous MRC-5 cells even when exposed for 96 h (ESI Fig. S2†).
The ability of colony formation was assessed at 7 days and 14
days for HeLa cells and A549 cells, respectively. Both HeLa and
A549 not exposed to DX form large colonies, as shown in
Fig. 6B and C. Free DX reduces colonies partially while encap-
sulated DX reduces colony formation completely as can be
observed in the light microscopy image. The suppression of
colony formation at longer time points than in the prolifer-
ation studies suggests that the encapsulated DX is acting on
the cells even if the dose of DX is below toxicity and that the
encapsulated DX may be released very slowly in the cells.
Indeed, we observe that more DX enters the cells when encap-
sulated and confocal microscopy hints that DX reaches the
nucleus with the lipopeptide assemblies. The fact that the lipo-
peptide carrier reaches the nucleus may enhance the efficiency
of DX action but also lead to a marked delay in toxicity and DX
action on cell metabolism as the DX liberation is slow.

4. Conclusions

We have loaded LPs with DX by mixing lipopeptides and DX in
ethanol, evaporating the solvent and resuspending in PB.
LP-DX self-assembles into nanorods. The loading of DX in the
lipopeptides is complete and DX is retained in the hydrophilic
regions of the assemblies, being released slowly. DX uptake in
cells is more pronounced when DX is encapsulated in LPs
than when free DX is used. CLSM images show that the lipo-
peptides target the nucleus and that DX largely remains encap-
sulated in the lipopeptide assemblies around the nucleus at
48 h. Despite the higher uptake of encapsulated DX than free
DX, the slow release of DX from the lipopeptides inside the
cells results in lower cell toxicity for the encapsulated DX.
However, over the long term encapsulated DX at subtoxic con-
centrations is more effective than free DX in preventing colony
formation. We conclude that this is because encapsulated DX
is more effective in reaching the nucleus than free DX, but the
slow release of DX results in observable effects at longer time
periods. These results open novel possibilities for targeted
nuclear delivery using lipopeptides. The capacity of the lipo-
peptide assemblies to reach the nucleus allows for a more
effective delivery of chemotherapeutic drugs with nuclear
action and foresees the use of lower doses of the drugs, which
will reduce the potential side effects of the chemotherapeutics.
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